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SWEET transporters of Medicago lupulina
in the arbuscular-mycorrhizal system
in the presence of medium level of available phosphorus

AA. Kryukov1 ®, A.O. Gorbunoval, T.R. Kudriashoval’ 2, O.B. Ivanchenko?, M.F. Shishova3, A.P. Yurkov!

T All-Russia Research Institute for Agricultural Microbiology, Pushkin, St. Petersburg, Russia
2 peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia

3 saint Petersburg State University, Biological Faculty, St. Petersburg, Russia
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Abstract. Arbuscular mycorrhiza (AM) fungi receive photosynthetic products and sugars from plants in exchange for
contributing to the uptake of minerals, especially phosphorus, from the soil. The identification of genes controlling
AM symbiotic efficiency may have practical application in the creation of highly productive plant-microbe systems.
The aim of our work was to evaluate the expression levels of SWEET sugar transporter genes, the only family in which
sugar transporters specific to AM symbiosis can be detected. We have selected a unique “host plant-AM fungus” model
system with high response to mycorrhization under medium phosphorus level. This includes a plant line which is highly
responsive to inoculation by AM fungi, an ecologically obligate mycotrophic line MIS-1 from black medick (Medicago
lupulina) and the AM fungus Rhizophagus irregularis strain RCAM00320, which has a high efficiency in a number of plant
species. Using the selected model system, differences in the expression levels of 11 genes encoding SWEET transporters
in the roots of the host plant were evaluated during the development of or in the absence of symbiosis of M. lupulina
with R. irregularis at various stages of the host plant development in the presence of medium level of phosphorus
available for plant nutrition in the substrate. At most stages of host plant development, mycorrhizal plants had higher
expression levels of MISWEET1b, MISWEET3c, MISWEET12 and MISWEET13 compared to AM-less controls. Also, increased
expression relative to control during mycorrhization was observed for MISWEET11 at 2nd and 3rd leaf development
stages, for MISWEET15c¢ at stemming (stooling) stage, for MISWEET1a at 2nd leaf development, stemming and lateral
branching stages. The MISWEET1b gene can be confidently considered a good marker with specific expression for ef-
fective development of AM symbiosis between M. lupulina and R. irregularis in the presence of medium level of phos-
phorus available to plants in the substrate.

Key words: arbuscular mycorrhiza; Medicago lupulina; Rhizophagus irregularis; SWEET; gene expression assessment;
sugar transporter genes.

For citation: Kryukov A.A., Gorbunova A.O., Kudriashova T.R., lvanchenko O.B., Shishova M.F,, Yurkov A.P. SWEET
transporters of Medicago lupulina in the arbuscular-mycorrhizal system in the presence of medium level of avail-
able phosphorus. Vavilovskii Zhurnal Genetiki i Selektsii=Vavilov Journal of Genetics and Breeding. 2023;27(3):189-196.
DOI 10.18699/VJGB-23-25

SWEET TpaHcropTepbl Medicago lupulina
B apOYCKVJISPHO-MUKOPM3HOII CCTEMe
B VCJIOBMSIX CpeHero YPOBHS JOCTVITHOTO pocdhopa

A.A. Kproxos! @, A.O. Topbynosal, T.P. Kyapsimosal 2, O.B. Meanuenko?, M.®. Illmmosa3, A.TT. FOpxos!

! Bcepoccninckuii HayuHo-UcceAoBaTeNIbCKUN UHCTUTYT CENbCKOXO3ANCTBEHHON MUKpobuosnoruy, MywkrH, CaHkT-MNeTepbypr, Poccnsa
2 CaHKT-TeTepbyprckui nonuTexHuyecknii yHusepcutet MeTpa Benukoro, CaHkT-MeTepbypr, Poccna

3 CaHkT-TMeTepbyprckuii rocyfapcTBeHHbIV YHUBEPCUTET, bBronorudyeckunin dakynotet, CaHkT-MNeTepbypr, Poccus

® rainniar@rambler.ru

AHHoTayus. Mprbbl apbycKynapHON Mrkopr3bl (AM) MOMOoraloT pacTeHUAM YCBanBaTb 13 NMOYBbI MUHEpasibHble BeLle-
CTBa, 0CO6eHHO Ppocdop, B TO BpeMs Kak MosyyatoT OT pacTeHMn NPoayKTbl GOToCMHTE3a — caxapa. BbisBneHve reHos,
KOHTPONMPYIOLWNX CUMOMOTUYECKYD 3bdPeKTUBHOCTE AM, MOXET UMeTb NpaKkTUYeckoe NpYMeHeHne Npy co3fgaHnm
BbICOKOMPOAYKTUBHBIX PACTUTESIbHO-MUKPOOHbIX cncTem. [o3ToMy Lienbio paboTbl 6bina oLeHKa YPOBHe sKcnpeccum
reHoB CemeNcTBa TpaHcnopTepoB caxapoB SWEET — eIHCTBEHHOrO CeMeNCTBa, rae MoryT ObiTb OGHapY»KeHbl cre-
undnyeckne gna AM-cmbruosa TpaHcnopTepbl caxapoB. Hamu paspaboTaHa yHUKanbHaA BbICOKOUYBCTBUTENIbHAA K
ypoBHio pocdopa 1 MUKOPM3ALMN MOAENbHasA CUCTEMA «PacTeHNE-X03AMH-AM-rpr6», BKIOYatoLLasn BbICOKOOT3bIB-
YMBYIO Ha MHOKYNAUMO AM-rpubamm 3KONOrMyeckn 06mMraTHo MUKOTPOdHY nnHMio MIS-1 nouepHbl XMeneBugHom

© Kryukov A.A., Gorbunova A.O., Kudriashova T.R., Ivanchenko O.B., Shishova M.F, Yurkov A.P, 2023
This work is licensed under a Creative Commons Attribution 4.0 License
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A.A. Kryukov, A.O. Gorbunova, T.R. Kudriashova
0.B. Ivanchenko, M.F. Shishova, A.P. Yurkov

SWEET transporters of M. lupulina in the arbuscular-mycorrhizal
system in the presence of medium level of available phosphorus

(Medicago lupulina) n wtamm AM-rpn6a RCAMO00320 Rhizophagus irregularis, obnagatownii Bbicokor 3p$eKTUBHOCTbIO
Ha MHOXecTBe BUAOB pacTeHuin. C NCNob30BaHMEM TOW MOAENIbHON CUCTEMbI B KOPHAX PacTeHUA OLeHeHbl n3me-
HeHWA B YPOBHe 3Kcnpeccun 11 reHoB, Kogmpyowmx TpaHcnopTepbl cemenctea SWEET, npu passutumn nnbo npu ot-
cyTCTBUM cumbro3a M. lupulina c R. irregularis B pa3nuuHble da3bl pa3BUTUA PaCcTEHUA-XO3ANHA B YCNOBUAX CpeaHe-
ro YpoBHA AOCTYMHOro ANA NuTaHmA pacteHuin docdopa B cybcTpaTe. Y MUKOPU30BAHHBIX PAaCcTEHUA OOHapPYXKeHbI
6onee BbICOKME YPOBHM 3KCMpeccumn B 6onblunHCTBE a3 pa3BuTMA pacTeHuA-xo3auHa ana MISWEET1b, MISWEET3c,
MISWEET12, MISWEET13 no cpaBHeHMio C KoHTponem 6e3 AM. MNoBblleHHasa OTHOCUTENIbHO KOHTPOMA SKCNpeccua npu
MUKOpU3aLmn Habnoganacb Takxe n gna MISWEETT1 B ¢pa3y pa3Butus 2-ro n 3-ro nuctbes, ana MISWEET15¢ - B a3y
cTebnesanus, ana MISWEET1a — B da3y 2-ro nnicTa, ctebneBaHuna n 6okosoro BetsneHus. lren MISWEET1b ¢ yBepeHHO-
CTblO MOXHO CUYMTaTb XOPOLUVMM MapKepoM o cneundulyeckorn sxkcnpeccreln ana sbdekTmsHoro passutua AM-cum-
6uo3a M. lupulina c R. irregularis B ycnoBumsax cpefHero ypoBHsA JOCTYMHOO ANA pacteHuin pocdopa B cybcTparte.

KnioueBble cnoBa: apbyckynapHaa mukopusa; Medicago lupulina; Rhizophagus irregularis; SWEET; oueHKa skcnpeccumn

reéHOB; reHbl TPAHCNOPTEPOB CaXapoB.

Introduction

Plant sugar transporters belong to three key families: Sucrose
Transporters (SUT = SUC), Monosaccharide Transporters
(MST, including subfamilies STP, TMT, PMT, VGT, pGlct/
SGBI1, ESL, INT) and Sugars Will Eventually be Exported
Transporters (SWEET). SUT transporters are involved in load-
ing the phloem with sucrose and its long-distance transport
from the leaves to other parts of the plant. There sugars are
broken down into monosaccharides and transported to the
cells by MST proteins.

The least studied of these groups is the SWEET family of
transporters. These are non-volatile and bidirectional trans-
membrane transporters of various sugars in all plant organs
and tissues. L.Q. Chen’s was first to account for this family
of transporters in 2010. It is in the SWEET family that the
proteins particular to AM-symbiosis could be identified, while
ones in the other two families had not yet been found (Chen
et al., 2010; Doidy et al., 2019). Currently, it is believed that
SWEET transporters are found in all living organisms (Feng
et al., 2015). At the same time, it is noted that the number of
isoforms of these transporters differs even in closely related
species. The numbering of new SWEET proteins and their iso-
forms in other organisms is executed according to gene ortho-
logy principals as with the proteins in Arabidopsis thaliana.

As a result of early studies of transporters, it turned out
that the SWEET plant genes, despite their low homology, are
grouped into four clades (Chen et al., 2015). Representatives of
each of the clades are observed in almost all terrestrial plants.
It is believed that the representatives of the four clades are
phylogenetically and functionally distinct. Thus, it is noted that
representatives of clades I and II transport hexoses, clade III,
mainly sucrose, and clade IV, mainly fructose (Chen et al.,
2012; Feng et al., 2015).

SWEET proteins are involved in a variety of processes. In
addition to the transport of sugars, they apparently participate
in the transport of other substances, for example, gibberellins,
as was shown for Arabidopis (Kanno et al., 2016). A great deal
of data in the literature deals with the functions of SWEET pro-
teins in different plant species. For example, the MtSWEET 1b
transporter may supply glucose to AM fungi (Anetal., 2019),
LjSWEET3 mediates sucrose transport (Sugiyama et al., 2017)
to nodules of Lotus japonicus. SWEET clade I transporters
are probably involved in the supply of sugars to symbiotic
systems (Doidy et al., 2019). Rhizosphere pathogens can cause
increased synthesis of clade III proteins. This, in turn, leads
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to additional sucrose transport to roots and contributes to the
nutrition of microorganisms in the rhizosphere (Doidy et al.,
2019).In2010, L.Q. Chen et al. demonstrated that pathogenic
bacteria, for example, of the genus Xanthomonas, can enter
tissues of the host plant and induce expression of the SWEET
genes. These encode transporters from clade III (primarily
SWEETI11 and SWEETI4) in order to produce sugars. Like
symbiotic AM fungi, pathogenic fungi induce gene expression
to produce sugars (Chen et al., 2010).

J. Manck-Gotzenberger and N. Requena (2016) note that
the genes of many transporters have a significant level of
expression in AM symbiosis, but are not necessarily par-
ticular to it. The work of A. Kafle shows that the orthologs
of SWEETI — MtSWEET].2 and PsSWEETI.2 — can be ex-
pressed both in mycorrhizal roots and in root nodules (Kafle
et al., 2019). Therefore, the orthologs of the transporters of
clades I (MtSWEET1-MtSWEET3) and III (MtSWEET9-
MtSWEET15) are primarily considered as active participants
in the symbiotic relationship “plant—-AM fungus” (Kryukov
et al., 2021).

The study of the role of SWEET transporters in the forma-
tion of symbiotic relationships has never been specifically
directed toward PMS. In this regard, the aim of this work
was to evaluate the expression of the SWEET genes in PMS
models during mycorrhization and its respective absence at
different stages of plant development.

Materials and methods

Plant and fungal material. Black medick (Medicago lupulina
L. subsp. vulgaris Koch) is a widespread species of the genus
Medicago, a self-pollinating diploid. In the present study, the
authors selected the MIS-1 line as being highly responsive to
mycorrhization from the black medick cultivar-population
VIK32 (Yurkov et al., 2015). Barring inoculation by AM-
fungus, and with low level of available inorganic phosphorus
(P,) in the soil, this line exhibits signs of dwarfism (Yurkov
et al., 2015, 2020). An effective strain RCAMO00320 of the
AM fungus Rhizophagus irregularis (formerly known as
Glomus intraradices Shenck & Smith) was used for inocula-
tion (CIAMS from the All-Russia Research Institute for Agri-
cultural Microbiology (ARRIAM) collection). An accurate
identification of the strain was carried out by the authors
(Kryukov, Yurkov, 2018). Since AM-fungi are obligate sym-
bionts, the strain is maintained in a cumulative culture of
Plectranthus sp. (exact species identification is currently being
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undertaken by the authors) under standard conditions in the
ARRIAM Laboratory of ecology of symbiotic and associative
microorganisms (Yurkov et al., 2010).

Vegetative method. The procedure for the method is de-
scribed in the work of A.P. Yurkov et al. (Yurkov et al., 2015).
Optimal conditions were provided for the development of AM
while preventing spontaneous infection with nodule bacteria
and other microorganisms. A mixture of soil and sand in a
ratio of 2:1 was autoclaved twice at 134 °C, 2 atm for 1 hour
with repeated autoclaving two days later; no signs of toxicity
appeared after such treatment. Specimens were planted with
two seedlings per one vessel filled with a soil-sand mixture
(210 g). Agrochemical characteristics of the soil are given
by (Yurkov et al., 2015). The content of P,O; in the soil
was 23 mg/kg of soil (as according to Kirsanov). Before the
experiment, 0.5 doses of phosphorus were added in the form
of CaH,PO,*2H,0 (86 mg/kg of soil) according to the pre-
scription of D.N. Pryanishnikov (Klechkovsky, Petersburg-
sky, 1967). The final phosphorus content in the soil-sand mix-
ture was 109 mg/kg and corresponded to the average P, level;
i.e. the availability of mobile phosphates in the soil in terms
of the content in the Kirsanov extract according to (Sokolov,
1975); pHy — 6.44. The first measurement of plants was
carried out 21 days after sowing and inoculation, followed
by measurement at key stages of black medick ontogenesis.
There was a total number of 7 measurements (Supplementary
Material 1),

The specimens involved Plectranthus roots inoculated and
uninoculated with R. irregularis strain RCAMO00320. During
collection, the material was frozen in liquid nitrogen and stored
for up to 6 months at —80 °C.

RNA isolation and evaluation of gene expression.
The selection of genes of interest was carried out based
on the results of M. truncatula transcriptome analysis
(MtSWEETIa = Medtr1g029380, MtSWEETIb =
Medtr3g089125, MtSWEET2a = Medtr8g042490,
MtSWEET2b = Medtr2g073190, MtSWEET2c =
Medtr6g034600, MtSWEET3a = Medtr3g090940,
MtSWEET3b = Medtr3g090950, MtSWEET3c =
Medtr1g028460, MtSWEET4 = Medtr4gl106990,
MtSWEETS5a = Medtr6g007610, MtSWEETS5b =
Medtr6g007637, MtSWEETS5c¢ = Medtr6g007623,
MtSWEET5d = Medtr6g007633, MtSWEET6 =
Medtr3g080990, MtSWEET7 = Medtr8g099730,
MtSWEET9a = Medtr5g092600, MtSWEETY9b =
Medtr7g007490, MtSWEETII = Medtr3g098930,
MtSWEETI2 = Medtr8g096320, MtSWEETI13 =
Medtr3g098910, MtSWEETI4 = Medtr8g096310,
MtSWEETI5a = Medtr2g007890, MtSWEETI15b =
Medtr5g067530, MtSWEETI5¢c = Medtr7g405730,
MtSWEETI15d = Medtr7g405710, MtSWEETI16 =
Medtr2g436310; sequence numbers from the database:
https://phytozome.jgi.doe.gov/pz/portal.html) with subsequent
selection of primer sequences for the genes of interest.

Three pairs of primers were tested for each gene. The ab-
sence of the second product was estimated based on electro-
phoresis and melting curves. The effectiveness of primers was
calculated on the basis of real-time PCR (quantitative poly-

T Supplementary Materials 1 and 2 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Kryukov_Engl_27_3.pdf.
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merase chain reaction in real time) serial dilutions of the
cDNA matrix. Only primers with efficiency equal to or close
to 100 % were used. The primer test was carried out for several
measurement periods (Supplementary Material 2).

In 2022, the conformity and quality of primers were verified
using M. lupulina MIS-1 transcriptomic data (MACE sequenc-
ing). Total RNA from plant material was isolated using the
trizole method with modifications (MacRae, 2007). The qua-
lity of DNAase treatment was tested by PCR for RNA with
the reference gene, actin tested immediately before cDNA
synthesis. cDNA synthesis was carried out using the Maxima
First Strand cDNA Synthesis Kit with dsDNase in accordance
with the manufacturer’s instructions (Thermo Scientific,
USA). ~1 mcg of total RNA was selected for cDNA synthesis.
cDNA quality was tested with a ubiquitin test.

Changes in gene expression were evaluated using the
RT-PCR method employing the BioRad CFX-96 real-time
thermal cycler (Bio-Rad, USA) and using a set of reagents
for RT-PCR in the presence of the SYBR Green I dye. The
parameters of the amplification cycles were as follows: 95 °C,
5 min, 1 cycle; 95 °C, 15,60 °C, 305,72 °C, 30 s, 40 cycles.
The specificity of amplification was evaluated using melting
curve analysis. Changes in the expression level of the gene
under examination were compared with the expression level
of the same gene in the control. Analysis was carried out us-
ing the 22ACT method. The levels of gene expression were
normalized with the selected reference gene, actin according
to (Yurkov et al., 2020). The PCR mix (10 ml) contained:
1 ml of 10x B + SYBR Green buffer, 1 ml of 2.5 mM dNTP,
1 ml of MgCl, (25 mM), 0.3 ml of each of a pair of primers
(10 mM for each primer), 0.125 ml (0.625 units) SynTaqg DNA
polymerase (manufacturer of mix components — Synthol,
Russia), 4.275 pl ddH,0O, 2 pl ¢cDNA sample. The relative
values of the cDNA gene expression level for each sample
were evaluated (experiment with AM, control without AM).
The biological repeatability is 3, the technical repeatability
is 4 measurements.

Evaluation of parameters of symbiotic efficiency and ac-
tivity. J.M. Philips and D.S. Hayman’s trypan blue staining
method was used for root samples (Phillips, Hayman, 1970).
The parameters of AM fungus activity in the root, the mycor-
rhization indices, are calculated according to (Vorob’ev et al.,
2016) as: a and b (abundance of arbuscules and vesicles in
mycorrhized parts of the roots, respectively), and M (intensity
of AM development in the root). They have the following
calculation formulas:

M= (95n5+70n4+1;;)n3+5n2+lnl)%’ )
where 75 is the number of visual fields with a mycorrhiza
density class — M = 5; n, — with M = 4; n, — with M =3, etc.;
M is estimated from 1 to 5 points: 1 evaluation score: 0—1 %
mycorrhiza at the root in the field of view of the microscope;
2 evaluation scores: 2—10 %; 3 scores: 11-50 %; 4 scores:
51-90 %; 5 scores: 91-100 % mycorrhiza in the root.

+ +
,_ (100m4, 5103(1)/12 LZD @

where mA,;=
_ (95nsmA;+70n,mA;+30n,mA,;+5n,mA;+ ln]mAl.)FO/ 3)
M(N—ny) ”
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where n;mA; is the number of visual fields with M =i, 4 =,
F is the incidence of mycorrhizal infection (the proportion
of visual fields with AM relative to the total number of visual
fields in one root sample), N is the total number of viewed
visual fields, n, is the number of visual fields without AM,
n, is the number of visual fields with a mycorrhiza density
class from 1 to 5, and 4, is the arbuscule density class from
1 to 3.

+ +
, _ (100mB, 510(;)7632 lomB),, @

where n,mB; is the number of visual fields with M = i and
B (vesicle density class) = j is calculated similarly to the
calculation for arbuscules (3); B; is the density class of arbus-
cules from 1 to 3. ‘

The symbiotic efficiency of AM was estimated as the dif-
ference in productivity index (crude weight of aboveground
parts) between the variant with AM inoculation (“+AM”) and
the control without AM (“without AM”), divided by the value
in the variant “without AM” as a standard calculation MGR
(mycorrhizal growth response) (Kaur et al., 2022). Biological
repeatability in assessing the parameters of the effectiveness
and activity of AM in each variant was equal to 8 plants.

Statistical analysis. ANOVA and Tukey’s HSD test
(p < 0.05) were used as a post-hoc test to compare the dif-
ferences in all indicators; Student’s #-test (p < 0.05) was also
used to assess the significance of differences in the average
values of gene expression levels between the “+AM” and
“without AM” variants.
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SWEET transporters of M. lupulina in the arbuscular-mycorrhizal
system in the presence of medium level of available phosphorus

Results

The results of the evaluation of the symbiotic efficacy and
parameters of mycorrhization showed that the studied sym-
biotic test system Medicago lupulina + Rhizophagus irregu-
laris should be considered highly effective (with high MGR)
and symbiotically active. Symbiotically active refers to the
presence of active mycorrhization of roots by mycelium,
arbuscules and vesicles under conditions of an average level
of phosphorus available to plants in the substrate.

Analysis of M. lupulina mycorrhization by AM fungus
R. irregularis showed that the intensity of mycorrhization
(M; Fig. 1, b) and the abundance of vesicles (b, see Fig. 1, d)
significantly decreased at the initiation of lateral branching
stage (48 days). However the abundance of arbuscules (a, see
Fig. 1, ¢), the principal symbiotic structures of AM, were
maintained at a high level along with the symbiotic efficiency
(MGR) calculated for the fresh weight of the aboveground
parts (see Fig. 1, a).

The obtained data on microscopy and MGR evaluation
indicate that highly effective and active PMS with an early
and prolonged response can be used as a genetic model for
the search and analysis of marker genes for the development
of effective AM symbiosis. It can be accessed from the early
stage (2nd leaf stage) to the late stage of the fruiting initiation
in conditions of an average P, level in the substrate. To this
end, the expression of 11 genes of the SWEET family was
evaluated. The relative level of transcripts (normalized values
of 272ACY) in the roots of M. lupulina with normalization to
control without AM was evaluated (Fig. 2).
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Fig. 1. The symbiotic efficiency of AM calculated from the fresh weight of the aboveground parts (a), the intensity of mycorrhization M (b), the
abundance of arbuscules (c) and the abundance of vesicles (d) formed by R. irregularis in the roots of M. lupulina.

The average values with the error of the average are presented; the LF is the aboveground parts; “day” is the day after sowing and inoculation. Values with

significant (p < 0.05) differences are marked with different letters (a, b, c, d).
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Fig. 2. Relative transcript level (normalized value of 222%Y) of the SWEET family genes in the roots of M. lupulina.

The average values with the error of the average are presented. * The presence of significant (p < 0.05) differences between the variant “without” (dark bars) and
the variant “+AM" with R. irregularis inoculation (light column); empty diagrams - the absence of gene expression in the variants; “day” - day after sowing and
inoculation. *** Specific gene expression in the variant “with AM”).
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It should be noted that some of the genes did not have a pro-
nounced difference in variants with and without mycorrhiza.
Nevertheless, results showed the presence of genes that had
significantly higher expression at AM for most stages of host
plant development: MISWEET3c, MISWEET1b, MISWEETI2,
MISWEETI3. Increased expression relative to the control
during mycorrhization was also observed for MISWEETII at
the Ist and 2nd stage of analysis (in the development stage
of the 2nd and 3rd leaf), for MISWEETI5c at the 3rd stage of
stemming. Significantly higher expression during mycorrhiza-
tion was shown by the genes MISWEET]a at the 1st, 3rd and
Sth stage (in the stage of the 2nd leaf, stemming and lateral
branching, respectively) and MISWEETIb at all 7 stages of
measurement. Furthermore, its expression at the 1st, 2nd
and 7th stages (in the stage of the 2nd and 3rd leaves and
the fruiting initiation stage, respectively) was also dependent
upon mycorrhization.

Discussion

According to the results obtained, in the roots of mycorrhizated
M. lupulina, a higher expression of SWEET family genes was
observed (see Fig. 2) in comparison to plants without AM:
in six genes at the stage of the second leaf (21 days); in three
genes at the stage of the stemming initiation (25 days); in six
genes at the stage of stemming (32 days); in three genes at
the stage of the lateral branching initiation (48 days); in two
genes at the stage of lateral branching (56 days); in three
genes at the stage of the flowering initiation (64 days); in three
genes at the stage of the fruiting initiation (75 days). Reduced
expression in the roots of plants with AM was characterized
(see Fig. 2) by: one gene at day 21; five genes at day 25; one
gene at day 32; four genes at day 48; eight genes at day 56;
four genes at day 64; two genes at day 75.

Based on this, it can be assumed that during the stem-
ming stage (32 days), the formation and maintenance of AM
required enhanced transport of sugars. This led to increased
expression of the largest number (6) of the SWEET family
of genes in AM, and to reduced expression of only one gene
during mycorrhization. On the other hand, the stage at the
lateral branching initiation (48 days) was characterized by
a sharp decrease in expression. Increased expression was
observed in only 3 genes with AM and the number of genes
with reduced expression increased to 4. The lateral branching
stage of stem (56 days) was accompanied by even weaker gene
expression. It should be noted that the observed relationship
with the development stage of the host plant also took place
in our previous studies (Yurkov et al., 2021), in which it was
shown that the role of the development stage in the forma-
tion of the plant metabolome was higher than the effect of the
actual inoculation by an effective AM fungus in conditions of
low P, level in the substrate. This explains why the analysis of
gene expression was carried out taking into account the timing
of plants entering new stages of development.

This study shows that the symbiotic pair “MIS-1 line of
M. lupulina + RCAMO00320 strain of R. irregularis” retains
high efficiency in conditions of medium P; (see Fig. 1, a),
although this efficiency is still lower than in conditions of
low P, (Yurkov et al., 2020, 2021). Furthermore, the model
PMS maintains high mycorrhization parameters throughout
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the entire development from the 2nd leaf stage to the late
stage of the fruiting initiation, apart from a decrease in the
parameters of the intensity of mycorrhization M and the
abundance of vesicles b at the lateral branching initiation (see
Fig. 1, b, d) (48 days). It is noteworthy that, in comparison
with the previous period, only at this stage was a lower rela-
tive expression observed in 8 out of the 11 studied genes in
AM infected roots: MISWEETa, MISWEETI1b, MISWEET3c,
MISWEETI11, MISWEET12, MISWEETI13, MISWEETI5c,
MISWEETI6 (see Fig. 2).

Studies with low P, level in the substrate also showed signi-
ficant changes at the initiation of lateral branching, but of a
different nature. At this point the development of AM-sym-
biosis was observed with the greatest efficiency and with
significant metabolic rearrangements (Yurkov et al., 2021).

Among the genes of the SWEET family examined, as a
rule, only the genes MISWEET1b, MISWEET3c, MISWEETI2,
MISWEET]3 were characterized by higher expression during
mycorrhization under conditions of medium P, in the substrate
(see Fig. 2).

The literature still offers insufficient and contradictory
data about the localization and function of proteins of the
SWEET family, but it can be assumed that some of these
aspects will be identical for homologues between different
plant species. Thus, it is known that VESWEET1 in Vernicia
fordii is found in leaves (Cao et al., 2019), SISWEETIa in
Solanum lycopersicum in young leaves and flowers (Ho et al.,
2019), TASSWEET1b1-1B in Triticum aestivum in the stem,
StSWEET1h and StSWEETi in leaves, stems, and root,
BrSWEETID in Brassica rapa in the root (Li et al., 2018);
MtSWEETI1b in M. truncatula in seeds and nodules (Hu et
al., 2019). It should be noted that the SWEET1b gene is fixed
in studies mainly in aboveground parts, when, as in our study,
its specificity in AM is demonstrated in roots under growth
conditions with a medium level of P, in the substrate.

The products of the orthologue of the MISWEET3c gene are
localized in flowers, leaf petioles, beans, stems, seeds, roots
and nodules in M. fruncatula and transfer glucose (Hu et al.,
2019); but, for example, in Lotus japonicus they transfer su-
crose, and not glucose. Other sources indicate 2-deoxyglucose
(Sugiyama et al., 2017). Thus, not only localization but also
the functions of the products of the SWEET family proteins
are still the subject of discussion.

The products of the orthologs of the MISWEETI2 and
MISWEETI3 genes carry sucrose in Solanum lycopersicum
and Manihot esculenta (Cohn et al., 2014; Zhao et al., 2018).
In M. truncatula, MtSWEET13 is found in flowers, leaves,
leaf petioles, stems and seeds, MtSWEET12 is found in all
organs (Hu et al., 2019). Thus, we observe that MISWEET 12
and MISWEET13 are polyfunctional. The functions of
MISWEETI?2 ortholog products are sucrose outflow from
leaves for phloem loading (Chen et al., 2012, 2015) and
resistance to pathogens (Cohn et al., 2014; Zhao et al., 2018;
Gautam et al., 2019). And the functions of MISWEETI3
ortholog products are pollen development (Sun et al., 2013),
resistance to pathogens (Cohn et al., 2014; Zhao et al., 2018),
possible deposition of primexin, phloem loading (Chen et al.,
2012; Gautam et al., 2019), and possible transport of gibberel-
lin (Kanno et al., 2016; Jeena et al., 2019).
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In our work, MISWEET1b showed high expression during
mycorrhization at all measurement periods (see Fig. 2). This
gene can be confidently considered a good marker of the ef-
fective development of AM-symbiosis of M. lupulina with
R. irregularis under conditions of an average P, level in the
substrate. It should be noted that MISWEETIb had a specific
expression in the roots at AM on the 1st, 2nd and 7th measure-
ments (at the stages of development of the 2nd, 3rd leaf, and
fruiting) (see Fig. 2). Perhaps in the initial stages (1 and 2),
this gene was specifically expressed for the formation of an
effective AM symbiosis (for the redistribution of sugars in
favor of the mycosymbiont). Then, at a later stage, it was
expressed because of a drop in symbiotic efficiency during
the transition to fruiting when the host plant again needed to
maintain an effective AM symbiosis to ensure seed maturation.

Thus these observations revealed a relationship between
the stage of development of the host plant M. lupulina and
the stage of development of AM symbiosis with R. irregula-
ris with the expression of a particular MISWEET1b gene in
AM infected plants. Our data are consistent with the results
of studies on other plant species. Thus, a recent work from
2016 has also mentioned orthologs of the MISWEETIb gene
as being symbiotic with AM in S. tuberosum and M. trunca-
tula (Manck-Gotzenberger, Requena, 2016; An et al., 2019;
Doidy et al., 2019; Kafle et al., 2019; Cope et al., 2022). For
genes of MISWEET3c orthologs were found in Lotus japoni-
cus and M. truncatula (Sugiyama et al., 2017; Cope et al.,
2022), orthologs of MISWEET12,in S. tuberosum and M. trun-
catula (Manck-Gotzenberger, Requena, 2016; Hennion et al.,
2019; Cope et al., 2022).

Based on the results of this work and analysis of the litera-
ture, it can be assumed that under different biotic and abiotic
conditions (for example, with different chemical composition
of the substrate, moisture, light, etc.), the expression and func-
tion of the SWEET genes may differ significantly.

Conclusion
The expression of the genes of the SWEET family during the
transition of plants from the initiation of one stage of develop-
ment to another has been practically ignored in the literature.
This study has managed to eliminate this drawback. For the
first time the analysis of their expression in the roots of an M.
lupulina line highly responsive to mycorrhization was per-
formed under conditions of average P, level in the substrate.
Results showed that the expression of the MISWEETI1b gene
specifically increased with a decrease in symbiotic efficiency
calculated by the weight of fresh aboveground parts. It is
likely that the high expression in AM plants at early stages
of development is associated with the active redistribution of
sugars during the formation of effective AM. At the fruiting
stage, on the other hand, it is a response to the needs of su-
gars for seed maturation. More than half of the studied genes
also showed increased expression, among which genes such
as MISWEET3c¢ and MISWEET1?2 should be singled out. The
results obtained are consistent with the literature in that AM-
specific genes of the SWEET family can be found among the
genes of clades I and II1.

Given the diversity of orthologs in other plant species,
there is reason to believe that not all the genes of the SWEET
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family have yet been identified, both in the plant we have
examined, M. lupulina, and in other species of the Medicago
genus. Research over the coming years will surely expand our
conception of what functions SWEET transporters perform in
Medicago plants.
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Effect of NAM-1 genes on the protein content in grain
and productivity indices in common wheat lines

with foreign genetic material introgressions

in the conditions of Belarus
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Abstract. Modern varieties of common wheat (Triticum aestivum L.) bred mainly for high productivity are often of low
grain quality. The identification of NAM-1 alleles associated with high grain protein content in wheat relatives has en-
hanced the significance of distant hybridization for the nutritional value of T. aestivum L. grain. In this work we aimed to
study the allelic polymorphism of the NAM-A1 and NAM-BT1 genes in wheat introgression lines and their parental forms
and evaluate the effects of various NAM-1 variants on the grain protein content and productivity traits in the field condi-
tions of Belarus. We studied parental varieties of spring common wheat, the accessions of tetraploid and hexaploid spe-
cies of the genus Triticum and 22 introgression lines obtained using them (2017-2021 vegetation periods). Full-length
NAM-AT nucleotide sequences of T. dicoccoides k-5199, T. dicoccum k-45926, T. kiharae, and T. spelta k-1731 accessions
were established and registered with the international molecular database GenBank. Six combinations of NAM-A1/B1
alleles were identified in the accessions studied and their frequency of occurrence varied from 40 to 3 %. The cumula-
tive contribution of NAM-A1 and NAM-B1 genes to the variability of economically important wheat traits ranged from
8-10 % (grain weight per plant and thousand kernel weight) to up to 72 % (grain protein content). For most of the
traits studied, the proportion of variability determined by weather conditions was small (1.57-18.48 %). It was shown
that, regardless of weather conditions, the presence of a functional NAM-BT allele ensures a high level of grain protein
content; at the same time, it does not significantly decrease thousand kernel weight. The genotypes combining the
NAM-A1d haplotype and a functional NAM-B1 allele demonstrated high levels of productivity and grain protein content.
The results obtained demonstrate the effective introgression of a functional NAM-B1 allele of related species increasing
the nutritional value of common wheat.

Key words: common wheat; wheat relatives; wheat introgressive lines; NAM-1 genes; grain protein content; productivity.
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BnusiHue reHOB NAM-1 Ha cogep>XaHue 6ejika B 3epHe

U IIOKa3aTeay IPOAYKTUBHOCTU Y JIMHUI MSTKO ITIIIeHUIIbI
C MHTpOTrpecCusIMI Uy>KepOagHOI0o reHeTuYeCcKoro Mmarepuasia
B YCJIOBUAX benapycu

O.A. OpAOBCKaH@, C.I. Bakyaa, K.K. fluesny, A.B. XotbiaeBa, A.B. KuabueBckuiz

WHCTUTYT reHeTkn n umtonoruy HauvoHanbHoi akagemun Hayk benapycu, MuHck, Pecny6nuka benapycb
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AnHoTayuma. CoBpeMeHHble copTa MArkon nwenuubl (Triticum aestivum L.), cenekuma KOTOpbIX Benacb B OCHOBHOM Ha
yBesiMyeHne NpPoayKTUBHOCTM, YacTO MMEIOT HEBbICOKOE KauecTBO 3epHa. ObHapy»KeHve y copofunyer nieHnLbl anne-
nen reHos NAM-1, accoummpoBaHHbIX C BbICOKUM cofiepaHnem 6enka, yBeNnUnno 3HaumMmoCTb OTAaNeHHON rmnbpu-
AU3aumm Ans NMoBblLIEeHUsA NTaTeNbHON LeHHOCTY 3epHa T. aestivum L. Llenbio HacTosLeid paboTbl 6binv n3ydeHue an-
nenbHoro coctaBa reHoB NAM-AT n NAM-B1 y MHTPOrpeccuBHbIX IMHWIA NLWEHNLbI U UX POANTENbCKMX GOPM 1 OLeHKa
addekTa pas3nnyHbix BapnaHToB reHoB NAM-1 Ha copgepKaHme 6esika B 3epHe 1 MPU3HaKun NPoAyKTUBHOCTY NLIEHWLbI B
nonesbix ycnosuax benapycu. iccneposanu poantenbckme copTa APOBOIN MAFKON MLLEHULbI, 06pa3Lbl TeTPanIonaHbIX
1 rekcanionfHbIx BUJOB poaa Triticum, a Takke 22 UHTPOrPeCcCcMBHbIE JIMHWM, NOyYeHHbIe C UX yyacTuem (BereTaLuyon-
HbIi nepuop 2017-2021 rr.). BnepBble ycTaHOBMEHbI 1 3apErMcTPYPOBaHbl B MEXAYHApPOAHON MONEKYNAPHO 6a3e faH-
HbiX GenBank nonHopa3mepHble HyKNeoTUaHble nocnenoBatesibHOCT reHa NAM-AT obpasuoB T. dicoccoides kK-5199,
T. dicoccum k-45926, T. kiharae, T. spelta k-1731. B nccnepyemon Bblbopke BbIABNEHO LWECTb KOMOMHaLMI annenen
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NAM-A1/B1, yacToTbl BCTPEYaemMoCTV KOTOpbIX Bapbunposanu ot 40 Ao 3 %. CoBmecTHbIVi BKNag reHoB NAM-AT n NAM-B1
B M3MEHYMBOCTb XO3ANCTBEHHO Ba)HbIX MPM3HAKOB MNweHnLbl cocTaBui oT 8-10 % (macca 3epHa C pacTeHua 1 Mac-
ca 1000 3epeH) go 72 % (HakonneHune 6enka B 3epHe). [1nA 60NbLINHCTBA N3YYEHHbIX MPU3HAKOB AOMA N3MEHYMBOCTHU,
obycnoBneHHas NorofHbIMU ycnosBuamMY, bbina Hesenuka (1.57-18.48 %). MokasaHo, UTo Hannume GyHKLMOHaNbHOIO
annens NAM-B1 obecneunBaeT BbICOKMI yPOBEHb HAKOMIEHUs Gesika B 3epHe He3aBMCKIMO OT MOTOAHBIX YCIIOBUIA U NpY
3TOM He NPUBOANT K CyLLEeCTBEHHOMY CHIXeHMIo Maccbl 1000 3epeH. Bbicokne nokasaTtenu NnpoayKTMBHOCTM 1 YPOBHA
HakornieHnA 6eska B 3epHe yCTaHOBJIEHbI A1 FeHOTUMOB, coueTalowmnx rannotun NAM-A1d n yHKUMOHaNbHbIV annenb
NAM-B1. MonyueHHble pe3ynbTaTbl CBUAETENbCTBYOT 06 3GbeKTUBHOCTY MHTPOrpeccun GyHKLMOHANbHOrO annens reHa
NAM-B1 oT BngoB-copoaunyen ansa nosbllleHNA NUTAaTeNIbHON LIEHHOCTU MATKOW MLUEHNLIbI.

KntoueBble cnoBa: MArkas niueHnLa; COPoANYM MLEHWLbl; NHTPOrPeCcCcuMBHbIE NTMHUK NweHnubl; reHbl NAM-1; copep»a-

Hue 6enka B 3epPHE; NPOAYKTUBHOCTD.

Introduction

Common wheat (Triticum aestivum L.) is an important
agricultural crop that plays a key role in providing food to
people across the globe. One of the priority directions of
wheat breeding is to improve grain quality, which is primarily
determined by the total protein content (Brevis et al., 2010).
Complex polygenic nature of the trait “grain protein content™,
its variability when exposed to external factors, as well as
the negative correlation between the protein content and pro-
ductivity, complicate the breeding process (Igbal et al., 2016).
In addition, low genetic diversity of modern varieties by
trait limits their use in breeding programs aimed at improv-
ing the nutritional value of wheat. Many related species of
T. aestivum are characterized by a higher grain protein content
compared to cultivated varieties (Peleg et al., 2008; Kumar
etal., 2019).

New opportunities that make it possible to increase the
total grain protein appeared in breeding with the identifica-
tion of the Gpc-B1 locus associated with protein content in
wild emmer 7. dicoccoides (AABB genome). The locus was
mapped in the short arm of chromosome 6B and upon detailed
clarification of its localization site boundaries, a sequence
was found identified as the NAM-BI gene belonging to NAC
family transcription factors (Uauy et al., 2006a). The genes
of this family are involved in the regulation of various plant
development programs, control of defense responses to biotic
and abiotic stressors, and they play an important role in plant
senescence (Puranik et al., 2012; Zhao et al., 2015). In addition
to the NAM-BI gene, common wheat also has homologous
NAM-A1 and NAM-DI genes on chromosomes 6A and 6D
(Avni et al., 2014).

A functional NAM-B1 allele (wild-type allele) was found
in wild emmer, providing high protein content in grain. The
allele includes three exons and two introns and encodes a
protein of 407 amino acid residues that has the conserved
N-terminal region, or the NAC domain with five subdomains
and the highly variable C-terminal transcriptional activation
region (Waters et al., 2009). A functional NAM-B1 allele is
not found in most modern wheat varieties. Varieties have, as
arule, a | bp insertion in the first exon leading to a frameshift
(mutant allele) or a gene deletion (partial or complete) and, as a
result, to an inactive protein or its absence (Uauy et al., 2006b).
Thus, a study of 218 wheat varieties from five main regions
of China did not reveal any single variety with a functional
allele of the NAM-BI gene (Chen et al., 2017). Molecular
characterization of the NAM-1 genes of Australian common
wheat varieties showed the presence of the wild allele of the
NAM-BI gene in only 2 out of 51 varieties (Yang et al., 2018).
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It was established that the NAM-A1 gene similar to NAM-B1
consists of three exons; it possesses typical characteristics of
NAC-family genes and is involved in the regulation of the
same processes as NAM-BI. As a result of the analysis of
the association of single nucleotide variants (SNPs) of the
NAM-A1 gene with nitrogen remobilization from leaves and
grain protein accumulation, two functional single nucleotide
substitutions were identified: at position 722 (T/C) and at po-
sition 1509 (A/del). Based on the data obtained, a classifica-
tion of NAM-A1 haplotypes was proposed: NAM-Ala (722C
and 1509A), NAM-A1b (722C and 1509del), NAM-A1c (722T
and 1509A), and NAM-A1d (722T and 1509del) (Cormier et
al., 2015).

The absence, in modern wheat varieties, of the functional
NAM-B1 allele, which provides for high grain protein con-
tent in various environmental conditions, has strengthened
the position of distant hybridization from a perspective of
increased nutritional value of wheat grain. In order to enrich
and to improve the common wheat gene pool, in the crossing
with 7. aestivum L. varieties we used accessions of the species
of the genus Triticum (1. dicoccoides, T. dicoccum, T. durum,
T spelta, and T. kiharae). An earlier study of genetic diversity
of'the collection of introgressive wheat lines using C-banding
and SSR analysis showed that in the genome of hybrid lines
the foreign genetic material is presented both in the form of
short fragments and whole chromosomes (Orlovskaya et al.,
2016, 2020).

In this work, we aimed to study the allelic composition
of NAM-A1I and NAM-B1 genes in introgressive wheat lines
and their parental forms and to evaluate the effect of different
variants of NAM-1 genes on grain protein content and wheat
productivity traits in the field conditions of Belarus.

Materials and methods

The study included five varieties of spring common wheat
(Rassvet, Saratovskaya 29, Festivalnaya, Belorusskaya 80,
and Pitic S62); tetraploid accessions 7. dicoccoides, T. di-
coccoides k-5199, T. dicoccum k-45926, and T. durum, and
hexaploid accessions 7. spelta k-1731 and T. kiharae of the
species of the genus Triticum, as well as 22 introgressive lines
we had developed (Supplementary Material 1)!. The acces-
sions of foreign donors were obtained from the collection of
N.I. Vavilov All-Russian Institute of Plant Genetic Resources
(VIR). Information about the pedigree of individual accessions
is not available as unpreserved (VIR catalogue numbers are
not indicated).

1 Supplementary Materials 1-8 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_Orlovskaya_Engl_27_3.pdf.
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The plants were grown in the experimental fields of the
Institute of Genetics and Cytology of the National Academy
of Sciences of Belarus, in 2017-2021 (Minsk), on sod-pod-
zolic loamy sand soil. The characteristic of weather conditions
in the region of our experiment in 2017-2021 is presented in
Supplementary Material 2. Data on average daily temperatures
and precipitation (http:/rp5.by) were used to calculate the
sum of active temperatures (SAT) and Selyaninov’s hydro-
thermal coefficient (HTC) (Mamontova, Khromov, 1974).
When harvesting, the following traits were taken into account:
plant height, the number of productive shoots per plant, the
length of the main spike, the number of spikelets and grains
of the main spike, grain weight per spike and plant, as well
as thousand kernel weight. To assess the traits, 15 plants of
each genotype were randomly selected.

To sequence full-length NAM-A1 gene sequences and
the first exon of NAM-B1, specific primers developed by
R. Yang et al. (2018), were used. The sequencing reaction
was performed using the BigDye Terminator v. 3.1 Cycle
Sequencing kit (Applied Biosystems, USA); the separation
of sequencing reaction products was carried out using the
ABI PRISM 3500 genetic analyzer (Applied Biosystems).
Alignment of nucleotide sequences and homology analysis
were performed using the BLAST analyzer of the National
Center for Biotechnology Information, USA (http://www.ncbi.
nlm.nih.gov/BLAST). The Chinese Spring variety was used as
a reference sequence, which, according to the literature data,
is the carrier of the NAM-A41a haplotype (722C and 1509A)
and the NAM-B1 mutant allele (T insertion at position +11)
(Yang et al., 2018).

The total protein content in wheat grain was determined
in accordance with GOST 10846-91 (2009) at the Central
Republican Laboratory of the State Institution “State Inspec-
torate for Testing and Protection of Plant Varieties” (Minsk,
Belarus). The essence of the method lies in the mineralization
of organic matter with sulfuric acid in the presence of a catalyst
with the formation of ammonium sulfate, the destruction of
ammonium sulfate with alkali with the release of ammonia,
the stripping of ammonia with water vapor into a solution of
sulfuric or boric acids followed by titration.

The results of the experiment were summarized using
descriptive statistics methods; two-way analysis of varian-
ce, regression, and correlation analyses (the Spearman’s
rank correlation coefficient was used). Statistical procedures
were implemented in the software packages Statistica 10.0,
MS Excel, and web application SNPstats. A quantitative
contribution of individual factors of the dispersion analysis
was calculated on the basis of the relation of the absolute fac-
tor variance to the sum of variances of that factor and other
factors, according to the formulae given in (Rokitsky, 1973).

Results

Allelic polymorphism of NAM-A1 and NAM-B1 genes

Full-length NAM-AI gene sequencing was carried out in
the parental varieties and accessions of species of the genus
Triticum, in 22 introgressive lines developed on their basis.
Among the parental forms, we detected haplotype NAM-Ala
in Festivalnaya and Rassvet varieties; accessions 7. durum,
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T. dicoccum k-45926, T. dicoccoides k-5199, T. dicoccoides,
and 7. kiharae; haplotype NAM-Alc in T. spelta k-1731; and
haplotype NAM-A1d in varieties Saratovskaya 29, Belorus-
skaya 80, and Pitic S62 (Supplementary Material 3).

A comparative analysis showed that NAM-Ala nucleo-
tide sequences of 7. dicoccoides k-5199, T. dicoccoides, and
T. kiharae accessions did not have 100 % similarity with the
NAM-Ala sequence of T. aestivum (MH160778) from the
GenBank database. The sequences of wild emmer accessions
(T. dicoccoides k-5199 and T. dicoccoides) that we studied
differed from NAM-Ala of T. aestivum (MH160778) in two
SNPs: positions 538 bp (C/A in exon 2) and 1139 bp (G/T
in exon 3) (99.9 % identity level). The SNP 1139 bp of G/T
results in the replacement of asparagine with tyrosine in the
amino acid sequence of protein. The level of similarity of
NAM-Ala of the T. kiharae accession with NAM-Ala from
the GenBank database (MH160778) was 99.7 % and differed
from it in six SNPs: in the positions of 189 bp (C/Ainexon 1),
306 bp (A/C in intron 1), 1133 bp (G/A in exon 3), 1271 bp
(G/T in exon 3), 1414 bp (C/G in exon 3), and 1491 bp (G/C
in exon 3). Three of these SNPs lead to changes in the amino
acid sequence of the protein: a G/A substitution in the position
of 1133 bp leads to the replacement of alanine with threonine;
G/T in the position of 1271 bp results in the replacement of
alanine with serine; and G/C in the position of 1491 bp replaces
glycine with alanine.

The NAM-AI gene sequence of 7. dicoccum k-45926
and 7. durum accessions was completely homologous to
the NAM-Ala allele sequence (GenBank: MH160778); the
NAM-A1I sequence of the T spelta k-1731 accession corres-
ponded to the NAM-Alc allele (GenBank: MH MH160777).
Nucleotide sequences of the NAM-A1 gene of T. kiharae,
T spelta k-1731, T. dicoccoides k-5199, and T. dicoccum
k-45926 accessions, which we described for the first time,
were registered with the International GenBank Database
(access codes MT572492, MT920417, MW384855, and
MW384856, respectively).

Analysis of NAM-A1 gene sequencing data in introgressive
wheat lines showed that 54.6 % of the lines had the NAM-A41d
haplotype; 36.4 % — the NAM-A1a haplotype; and 9.1 % —
the NAM-A1c haplotype. It should be noted that wheat lines
with foreign genetic material inherited, as a rule, the NAM-A1
gene of the original wheat variety but there were a number
of exceptions (see Supplementary Material 3). A haplotype
corresponding to a related species was identified in the lines
developed using 7. spelta k-1731 (lines 1-8 and 7, NAM-AIc);
in line 226-7 T. durum * Belorusskaya 80 (NAM-Ala); and in
line 20-1 T kiharae % Saratovskaya 29 (NAM-Ala). Among
the lines developed using 7. dicoccoides, only lines 11-1 and
13-3 obtained as a result of crossing with the Festivalnaya
variety inherited the NAM-A1 gene from wild emmer with the
SNPs only characteristic of it at positions 538 bp and 1139 bp
of the nucleotide gene sequence.

Analysis of the sequenograms of the first exon of the
NAM-B1 gene in the studied genotypes revealed a functional
allele (F') in all the accessions of related species, except for
T. durum, for which the NAM-B1 allele was not identified, and
in 5 out of 22 introgressive wheat lines (13-3 and 15-7-1 of
the T dicoccoides % Festivalnaya combination; 19 and 25-2
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of T. kiharae x Saratovskaya 29; and line 7 of the 7. spelta
k-1731 x Saratovskaya 29 combination). All parental varieties
and most of the wheat lines with the foreign genetic material
(77.3 %) had a mutant allele (NF).

Effects of NAM-A1 and NAM-B1 genes

on the productivity traits and the grain protein content
Genotyping results of common wheat introgression lines and
parental forms by NAM-A1 and NAM-B1 genes were compared
with the results of field trials and the data on grain protein
content for 2017-2021. The effect of genotype, environmental
factors, and their interaction were assessed using the general
linear model (GLM) of two-way analysis of variance (Supple-
mentary Material 4).

The combination of NAM-A41/B1 genes produces a statisti-
cally significant effect on the manifestation of all nine traits
studied, while exceeding a contribution of individual NAM-1
genes to the variability of protein content, plant height, the
number of spikelets per spike, and thousand kernel weight
(see Supplementary Materials 4 and 5). NAM-BI does not
significantly affect the spike length of wheat, while NAM-A41
or the combination of NAM-A41/B1 determine more than half
of the observed trait variation.

The greatest length of the main spike relative to other hap-
lotypes is typical for NAM-Alc plants (9.86 cm in average
over the 5-year observation period), and in the case of the
¢/F combination, this indicator increases up to 10.87 cm.
The effect of NAM-B1 allelic variants on the variability of
the number and weight of grains in the spike is almost three
times higher than the effect of NAM-A1 haplotypes, and it is
one-and-a-half times higher in the case of the NAM-A1 and
NAM-BIcombination.

The spike productivity in the group of samples with the wild
NAM-BI1 allele was significantly lower than in the genotypes
with a mutant allele (Supplementary Material 6). Thus, in the
spike of the vast majority of genotypes with a functional allele
(7 out of 10), the number of grains did not reach 30 pieces,
while in the spike of genotypes with a mutant allele, as a rule,
30-40 grains were formed. A significant variation in spike
productivity traits can be noted in both groups. Individual
genotypes with a functional allele demonstrated high indices
by these traits (lines 19 of 7. kiharae * Saratovskaya 29 (d/F’)
and 15-7-1 of T dicoccoides * Festivalnaya (a/F)). In all
three variants of variance analysis, thousand kernel weight
and the weight of grains per plant are the traits with a low
(up to 10 %) contribution of genetic variances; at that, the
weight of grains per plant is statistically independent of the
NAM-A1 haplotype and thousand kernel weight is indepen-
dent of the NAM-B1 allele. Variability of the protein content
in grain is 70 % associated with NAM-BI polymorphism,
and a contribution of NAM-A1 is significantly lower and it
slightly increases when considering a combination of gene
alleles (see Supplementary Material 5). Thus, on average,
during the 4-year period, the highest grain protein content in
the groups with different NAM-A1 haplotypes was observed
in the case of NAM-Ala genotypes (21.53 %); in the groups
with different NAM-B1 variants — in the case of the functional
NAM-B1 allele (22.53 %); and the maximum amount of pro-
tein was noted (23.72 %) in the case of the a/F combination
(Supplementary Material 7).
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The strength and direction of the relationship between the
different alleles of NAM-1 genes and economically valuable
traits was assessed using the Spearman’s correlation coef-
ficient (Table 1).

A medium-strength relationship was found between the
grain protein content and the allelic variants of NAM-1 genes,
but only the correlation with NAM-B1 is statistically signifi-
cant (see Table 1). Apart from that, significant dependence
was established between the NAM-B1 allelic variants and the
tilling capacity, the number and weight of grains per spike.
The NAM-A1 haplotype significantly correlated only with the
spike length; association with other productivity traits was
weak. Variance analysis results also showed that NAM-B1
allelic variants produce a significantly greater impact on the
variability of grain protein content, the number and weight of
grains per spike, and productive tilling capacity than NAM-A1
(see Supplementary Material 5). It should be noted that both
variance and correlation analyses established a low correlation
of NAM-1 genes with the traits “plant height”, “the number of
spikelets per spike”, “grain weight per plant” and “thousand
kernel weight” (see Supplementary Material 5, Table 1).

In total, six combinations of NAM-A1/BI alleles were
identified in the accessions under study and their frequencies
varied from 40 (d/NF) to 3 % (¢/NF'). Some combinations of
alleles are represented by a small number of samples (d/F,
¢/F, and ¢/NF'), and therefore, it does not seem possible to
speak about a significant difference of traits in plants with
such combinations of alleles.

Mean values of productivity traits of the genotypes carrying
various combinations of NAM-A1/B1 genes are demonstrated
in Table 2.

The genotypes combining different NAM-A1 haplotypes
with the functional NAM-B1 allele were taller and of a higher
tilling capacity than the plants with a corresponding haplotype
combined with the mutant NAM-B1 allele (see Table 2). The
maximum values for these traits are typical for ¢/F accessions:
93.36 cm and 3.86 pcs. An opposite trend was revealed for
spike productivity traits: all three NAM-A [ haplotypes in com-
bination with the functional NAM-B1 allele had a low number
and weight of grains per spike (see Table 2). The samples
with NAM-Ala and NAM-AIc haplotypes in combination
with the functional allele demonstrated a slight decrease in
thousand kernel weight compared with the genotypes com-
bining NAM-Ala and NAM-A1c and the mutant allele (see
Table 2).

For the plants with the NAM-A 1d haplotype, an increase in
thousand kernel weight in the group with the functional allele
was revealed (40.20 g for d/NF genotypes and 44.34 g for d/F
genotypes). It can be noted that NAM-A4 a accessions were the
least productive by this trait both in the group with functional
(37.97 g) and non-functional (38.93 g) NAM-BI alleles. The
presence of the mutant allele of the NAM-BI gene leads to
a decrease in the protein content relative to the combination
with the functional allele: for NAM-A41la haplotypes — by
3.6 % on average; for NAM-A1d by 2.3 %; and for NAM-Alc,
by 0.6 % (in the latter case, the decrease is not statistically
significant). The maximum amount of protein in grain was
accumulated by the lines with the a/F combination and the
minimal amount — by the lines with the d/NF and ¢/NF com-
binations (see Table 2).
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Table 1. Spearman’s correlation coefficient among the allelic NAM-A1 and NAM-B1 gene variants
and economically important traits of investigated wheat genotypes

Gene PH Tillering SL SS GS GWS GWP TKW Grain protein content
NAM-A1 -0.008 0.01 0.67* 0.06 0.08 0.22 0.20 0.18 0.43*
NAM-B1 0.33 0.53* -0.16 -0.17 -0.44*% -0.47% -0.18 -0.06 0.57*

Note. PH - plant height; SL — spike length; SS - spikelets per spike; GS - grain per spike; GWS - grain weight per spike; GWP - grain weight per plant;
TKW - thousand kernel weight. * Significant at p < 0.05.

Table 2. Mean values of productivity traits and grain protein content
in the groups of wheat genotypes with different combinations of NAM-T allelic variants

NAM-1 alleles d/NF a/NF a/F d/F c/F ¢/NF
. Frequen Cy . Of a||e|e co m b, n at,on 5 % ..... 4 0 ......................... 30 .......................... 13 .......................... 7 ........................... 7 ........................... 3 ..........................
. -|-r a,t ........................................................... X i 5 EM ...............................................................................................................................................................
Plantheightem 76194042  7879+057  7993+077  8173£109  9336+154 82954179
Tilng capacity,n 2894002 2974003  329%005  311£007  386£009 3194009
‘spikelength,cm 946004  882£005 787010  10.17£009  1075£019  878+011
Spikelets perspike,n 16414008 16274009 15864020  1458+022  1513£020  1532+025
Grainsperspike.n 35556030 3536037 28604060  2878+078  2784+055 2883064
Grainweightperspike,g 1434001 138+002  107£003 1274004 1084003  118+003
Grainweightperplant,g 3124004 314005  264+007  293+010 3112010 2904010
Thousand kernel weight,g 4020+023  3893+033  37.97+050 44344054 30124068  4125+072
Grainprotein content, % 190402 2007402  2372+03  2137+04 197702  1914+04

Note.a - NAM-ATa haplotype; d - NAM-A1d haplotype; c - NAM-ATc haplotype; F - functional NAM-BT1 allele; NF - mutant NAM-B1 allele; X — mean values of traits;

SEM - the standard error of the mean.

The role of weather conditions and their relationship
with NAM-1 genes regarding variability
of productivity traits and grain protein content
Regardless of the model used (NAM-A1 x weather conditions,
NAM-BI1 x weather conditions; and NAM-A1/BI x weather
conditions), the high statistical significance of the contribu-
tion of weather conditions of the year of growth was shown
for all the traits. However, the predominant role of this factor
(> 50.0 %) was found only in the variability of traits “plant
height” and “the number of spikelets per spike”. The interac-
tion of the NAM-A1/B1 gene combination with weather condi-
tions significantly affects all wheat productivity indices. The
contribution of this interaction is especially high (more than
60 %) in the variance of the traits “grain weight per spike and
plant”, “thousand kernel weight” and “tilling capacity”. The
impact of the interaction “NAM-B1 x weather conditions” on
productivity traits is lower than the contribution of other fac-
tors (see Supplementary Material 5). The only exception is the
trait “number of spikelets per spike”, for which a contribution
of genotype-environmental interactions with NAM-B1 is 3 %
and with NAM-A1 it is statistically insignificant (p = 0.23). It
should be noted that the interaction of weather conditions and
all three genetic factors did not affect grain protein content.
Different genotypes may respond to changes in environmen-
tal conditions differently. Additivity of NAM-A1/B1 effects and
weather conditions on the manifestation of the traits studied
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was tested using the log-additive linear regression model of
the SNPstats web application. For the traits “plant height”,
“tilling capacity”, “the number of spikelets per spike”, “weight
of grains per plant”, and “thousand kernel weight”, the mutual
enhancement of the effects of two factors was found: NAM-
A1/B1 alleles and weather conditions. The additive interaction
of the NAM-A1/BI genotype and the environment is statisti-
cally insignificant for the variability of traits “spike length”,
“the number and weight of grains in the main spike”, and
“protein content”.

Variability of the studied traits of genotypes carrying vari-
ous NAM-A1/B1 combinations was assessed under the condi-
tions of different growing seasons relative to the productivity
of plants with d/NF alleles in 2017 (see the Figure). With a
view to searching for meteorological factors that determine
genotype-environmental interaction, the following was car-
ried out: (1) a comparative analysis of the ranking of allelic
combinations in 2017-2021 conditions; (2) a correlation ana-
lysis of productivity traits with meteorological parameters
(see the Figure).

An analysis of correlation coefficients showed that most
of the traits studied were significantly influenced by weather
conditions during the grain filling stage — HTC and SAT in
July. The closest association was found between the HTC in
July and the plant height, the number of spikelets per spike,
the weight of grains per plant and thousand kernel weight (see
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The difference in productivity traits between the wheat plants with d/NF in 2017 and different combinations of NAM-A1/B1 alleles under the weather

conditions of Belarus in 2017-2021 (SNPStats results).

Combinations of NAM-A1/B1 alleles: —&— d/NF; -o— a/NF; —a— a/F; —— ¢/F; —A— d/F; —a— ¢/NF. Weather conditions: -6— EHS - effective heat sum; --¢- HTC -

hydrothermal coefficient; A - rainfall. Vegetation periods: May;

June;

July; —===- August; r* - the Spearman’s rank correlation coefficient,

which shows the strength of the relationship between productivity traits and meteorological parameters.

the Figure). During the grain filling stage, there is an increased
supply of mineral and organic substances to the wheat grain;
unfavorable conditions during this period significantly worsen
its quality and reduce yields. The optimal HTC in July (1.2) is
typical for the 2020 season. In July 2021, there was an increase
in air temperature and a lack of precipitation compared to the
norm, and the HTC was only 0.4, characterizing this period
as dry. In other years, the HTC in July significantly exceeded
the norm and amounted to 2.8, 2.8 and 2.4 in 2017, 2018 and
2019 respectively. It can be noted that the air temperature and
precipitation throughout the growing season of 2020 were
close to the climatic norm, which contributed to the maximum
realization of wheat productivity (Supplementary Material 8).
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The conditions of 2021 (soil waterlogging in May; drought
in July; and rains during grain ripening and harvesting) led
to a significant decrease in the yields of the genotypes under
study (see Supplementary Material 8).

“Plant height” is a trait with an additive contribution of
NAM-1 genes and weather conditions. The presence of the
functional NAM-B1 allele and the NAM-AIc haplotype is
associated with a statistically significant increase in culm.
Maintained soil moisture (HTC > 1) during the “booting—
flowering” period stimulates plant growth, while excessive
precipitation in July-August, on the contrary, negatively affects
plant height. For example, the average height of wheat plants
in 2019 (cold and wet summer) decreased by 10.6-14.5 cm,
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and in 2020 (the year close to the climatic norm) it increased
by more than 20 cm relative to 2017 values. Plants with the
NAM-A1c haplotype are the least sensitive to environmental
factors that reduce the stem height, while the growth of the
culm reaches 10-25 cm under favorable conditions.

It was shown that the tilling capacity of plants is negatively
affected by soil waterlogging and a large amount of precipi-
tation in August, which is associated with the inhibition of
secondary growth processes, lodging and disruption of gas
exchange in the root system. The trait is positively correlated
with the HTC of May and the SAT of July; that is, the absence
of frosts and drought at the tillering stage and the high inten-
sity of photosynthesis at the maturation stage. Plants with the
functional NAM-B1 allele form more stems under favorable
conditions and significantly reduce tillering capacity under
spring drought conditions (see the Figure).

SNPstats models failed to explain spike length variability
either by the additive interaction of NAM-A1 and NAM-B1
alleles or the interaction of genetic factors and growing condi-
tions. Both the spike length and the number of spikelets per
spike are influenced by the conditions observed at the stages
of booting and heading, namely, the HTC in June. Warm and
dry conditions in May-June 2018 were accompanied by a
decrease in the average length and the number of spikelets
per spike. However, for late-ripening genotypes with the ¢/F
combination, a decrease in the number of spikelets turned
out to be statistically insignificant. The number and weight
of grains in the main spike depend on the optimal moisture
conditions at the stage of germination and tillering, the sum of
active temperatures at the stage of heading and flowering. Low
yields of the main spike were noted in the conditions of 2017
and 2021, which were characterized by a low hydrothermal
coefficient in May, but differed in temperature and hydrologi-
cal regimes at the subsequent stages of the growing season. In
2021, the maximum number of grains formed in the main spike
was noted and in 2017 — the minimum one (see the Figure).

The weight of grains per plant and thousand kernel weight
are the most important indicators of wheat yield. In cases of a
significant difference in the mean values of traits in the plants
carrying NAM-A1/B1 combination variants, genetic factors
do not produce an additive effect. Regardless of the year of
cultivation, NAM-A1a and NAM-A1c haplotype combinations
with a functional NAM-B1 variant are associated with a slight
decrease in thousand kernel weight relative to combinations
with a non-functional gene variant. There were no significant
differences found between d/F and d/NF genotypes by seed
productivity traits (see the Figure). Late-ripening genotypes
carrying the NAM-AIc haplotype significantly increase thou-
sand kernel weight in the case of a combination of high HTC
in July and August, which was observed in 2019-2020 (see
the Figure).

For the formation of grain, wheat plants remobilize nitrogen
and carbohydrates from the flag leaf, and therefore, the protein
content in grain depends on the intensity of photosynthesis
and the photosynthetic surface area (Lawlor et al., 1989). High
HTC in June may produce a negative effect on the protein
content through a decrease in these parameters — low solar
insolation as a result of high cloudiness and an increase in the
lamina damage area caused by phytopathogens under high
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humidity conditions. Under unfavorable conditions for overall
productivity in 2021, plants with the functional NAM-B1 allele
accumulated more protein than the genotypes with a mutant
gene variant (see the Figure).

Discussion

The common wheat varieties we studied had the NAM-A41d
or NAM-Ala haplotype and the mutant allele NAM-BI,
which is consistent with the literature data. For example, in
the collection of Australian wheat varieties, accessions with
haplotypes NAM-Ala (50.1 %) and NAM-A1d (28 %) were
the most frequently occurring, while NAM-A1b (1.9 %) was
the least common (Yang et al., 2018). F. Cormier et al. (2015)
revealed in their studies that the NAM-A41d haplotype is typi-
cal for most modern European wheat varieties, while NAM-
Ala is more common among the varieties with high baking
properties. Wheat samples with the NAM-A1b haplotype were
not found in the collection we studied. The works of foreign
scientists provide data on the low frequency of occurrence of
this haplotype. For example, in the collection of 795 wheat ac-
cessions, only one accession with NAM-A41b was found. There
is an assumption that this haplotype has appeared recently as
a result of recombination between NAM-Ala and NAM-A1d
(Cormier et al., 2015).

The presence of functional NAM-B]1 alleles only in wheat
relatives among the parental forms we studied is confirmed
by the data of other researchers. Thus, in the work of C. Uauy
et al. (2006b), a functional NAM-BI allele was found in all
42 analyzed accessions of 7. dicoccoides and in 17 out of
19 accessions of 7. dicoccum (Schrank) Schuebl., while all
57 studied varieties of durum wheat and 34 of common wheat
either contained a 1 bp insertion or had a gene deletion. Among
367 common wheat accessions of the INRA core collection
(France) selected from 3942 genotypes of different geographic
origin, only 5 contained functional NAM-B]I alleles (Hagen-
blad et al., 2012). Due to the fact that currently cultivated
varieties are, as a rule, missing a functional NAM-B1 allele,
five introgressive lines of wheat with the allele that we have
developed are of great interest from the point of view of their
ability to enhance the quality of wheat grain.

Analysis of differences in the mean values of quantitative
traits in the groups carrying different NAM-A41 haplotypes
showed that during all years of the experiment, NAM-Ala
plants had a short spike, low grain weight per plant and
thousand kernel weight, and high protein content in grain;
NAM-A1c — the maximum plant height, tilling capacity and
spike length but low grain content and seed weight per spike;
NAM-A 1d — the minimum plant height, number of productive
shoots, and the maximum values of spike and plant producti-
vity traits. A number of studies have shown that the presence
of the NAM-A1a haplotype is associated with a shorter period
of grain filling and a more intense process of nitrogen remobi-
lization, which leads to increased protein content; but, at the
same time, to a decrease in the number of grains per spike
and thousand kernel weight, while the presence of NAM-Alc
or NAM-A1d leads to an increase in the grain filling period,
which results in an increase in the amount of nitrogen uptake
and wheat yield (Cormier et al., 2015; Alhabbar et al., 2018).
There is an assumption that NAM-A1a is a functional variant
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of the NAM-A1 gene, which is rarely found in elite modern
wheat varieties the breeding of which was carried out mainly
for productivity purposes.

The data we obtained on a high level of protein accumula-
tion in grain in wheat genotypes with the wild NAM-B1 allele
coincide with the results of many foreign scientists. The study
of'a series of almost isogenic lines based on common and du-
rum wheat in different countries across the globe (the USA,
Argentina, India, China, Australia, etc.) allowed us to conclude
that the introgression of a functional NAM-BI allele into the
genome of cultivated wheats of both ploidy levels leads to an
increase in the content of protein and key minerals in grain,
an improved harvesting nitrogen index, and increased protein
harvest (Tabbita et al., 2013; Maphosa et al., 2014; Mishra et
al., 2015; Kuhn et al., 2016).

Throughout the entire observation period, the genotypes
with a functional NAM-B1 allele were characterized by higher
plant height and tilling capacity, but lower indicators by spike
and plant productivity traits compared to the genotypes car-
rying a nonfunctional allele. However, we did not find any
significant impact of the NAM-BI allele state on thousand
kernel weight. In the literature, there are data on both posi-
tive and negative effects of the wild-type NAM-B1 allele on
the main components of wheat productivity (Carter et al.,
2012; Maphosa et al., 2014; Kuhn et al., 2016). A significant
increase in the productive stems in common wheat lines with
a functional NAM-B1 allele that we established was also de-
scribed in the works of other scientists (Tabbita et al., 2013;
Vishwakarma et al., 2016).

Tillering capacity is known to be determined by many en-
vironmental factors, including nitrogen availability (Wang,
Below, 1996). It is possible that a functional NAM-B1 allele
contributes to the formation of productive stems due to the
fact that it improves nitrogen metabolism (Tabbita et al.,
2013). According to the review article that summarizes the
data of 25 studies on the influence of allelic variants of the
NAM-B1 gene on 50 wheat traits, 36 % of the studies did not
show any significant differences in thousand kernel weight
between the genotypes with different allele variants of this
gene; correspondingly, 23 and 41 % of the studies revealed
both a significant decrease and a significant increase in this
indicator in the lines with a functional allele. It should be
noted that the majority of studies (79 %) did not establish a
statistically significant effect of NAM-BI polymorphism on
wheat yield, and only 4 % showed a decrease in the yield of
lines with a functional allele (Tabbita et al., 2017). This fact
is explained by a positive effect of a functional allele on the
formation of productive stems, since it is precisely due to high
tillering capacity that no significant decrease takes place in
grain yield, even despite low spike productivity (Tabbita et al.,
2013).

Evaluation of the effect of six combinations of NAM-A41/B1
alleles on the level of manifestation of a number of economi-
cally valuable wheat traits showed that the maximum height
and tillering capacity are characteristic of ¢/F genotypes; d/NF
genotypes are responsible for high productivity of spikes and
plants; and the highest grain protein concentration is deter-
mined by a/F (see Table 2). Similar results are presented in
(Alhabbar et al., 2018), regarding the influence of the allelic
composition of NAM-1 genes on the efficiency of nitrogen
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use, productivity and protein content in wheat grain. In this
study, the Mace variety, which has a non-functional NAM-B1
allele and the NAM-A1d haplotype, significantly outperformed
other genotypes in terms of yield but had the minimum grain
protein content. Varieties combining a functional allele with
different NAM-A1 haplotypes had high grain protein content,
while a negative correlation was found between the mutant
allele and grain protein content, regardless of the NAM-A1
haplotype (Alhabbar et al., 2018).

The combination of NAM-A1/B1 genes had a significant
effect on the formation of all the traits of wheat under study,
while the grain weight per plant was statistically independent
of the NAM-A1 haplotype, and the spike length and thousand
kernel weight were statistically independent of the NAM-B1
gene allele. It is also important to note a small joint contribu-
tion of these two genetic factors to the variability of most
productivity traits studied (7.59—-18.75 %), but the predomi-
nance of NAM-A1/B1 in the variability of protein content in
grain (72 %) should be mentioned at that.

It is known that, in addition to the genetic control, crop and
its components are significantly influenced by environmental
factors (Ahmed et al., 2020; Kronenberg et al., 2021). Our
study shows a high statistical significance of the contribution
of weather conditions to the variability of wheat quantitative
traits. A particularly high role of this factor (more than 50 %)
was revealed for the dispersion of traits with a wide reaction
rate and a high variation coefficient strongly dependent on the
ambient temperature and the amount of precipitation — “plant
height” and “the number of spikelets per spike”. For the rest
of the traits studied, the share of variability determined by
weather conditions was significantly lower and was in the
range of 1.57-18.48 %; and the impact of the “NAM-41/B1 x
weather conditions” interaction was of great importance
(> 60 %). According to the data we obtained, the effect of the
“NAM-B1 x weather conditions” interaction on productivity
traits is lower than the contribution of other factors; and for the
traits “the length of spike”, “the number of grains per spike”,
and “the grain protein content”, it is statistically insignificant
(see Supplementary Material 5).

It should be emphasized that NAM-B1 has a high degree of
impact on the level of protein accumulation (70 %), which,
along with a low contribution of weather conditions and the
absence of genotype-environment interaction, indicates the
effectiveness of functional allele introgression for the improve-
ment of the quality of wheat grain in Belarus. A number of
works by foreign scientists have shown a significant impact of
the “NAM-B1 x environment” interaction on wheat producti-
vity and grain quality traits. For example, the study by (Carter
et al., 2012), established that differences in environmental
conditions affect the expression of the NAM-BI gene, which
limits the use of functional allele introgression for increasing
the level of protein accumulation in spring wheat grains in
the regions with a short vegetation period. However, when
studying the effects of NAM-B1 on the total protein content in
grain and the main yielding components of common wheat in
Argentina, for most of the traits studied (including thousand
kernel weight and protein content), no significant interaction
“NAM-B1 % environment” and “NAM-B1 x genotype” was
shown, while the impact of “genotype” and “environment”
factors was statistically significant (Tabbita et al., 2013).
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Conclusion

For the first time, full-length nucleotide NAM-A 1 sequences of
accessions 7. kiharae, T. speltak-1731, T. dicoccoides k-5199,
and 7. dicoccum k-45926 were identified and registered with
the international molecular database GenBank. The studied
accessions of related common wheat species had the NAM-
Ala haplotype, except for T spelta k-1731 (NAM-A1c). Both
NAM-Ald and NAM-Ala haplotypes are characteristic of
T. aestivum varieties. Among the parental forms, a functional
allele of the NAM-B1 gene was found only in the accessions
of related species. Introgressive lines inherited, as a rule, the
variants of NAM-1 genes of the original wheat variety. Out
of 22 introgressive lines, the NAM-A1 haplotype of related
species was identified in 6 lines, while a functional NAM-B1
allele was detected in 5. Line 13-3 7. dicoccoides % Festi-
valnaya (a/F) and line 7 T. spelta k-1731 x Saratovskaya 29
(¢/F) had the NAM-A1 haplotype and the NAM-BI allele of
T. dicoccoides and T. spelta, correspondingly.

The genotyping results of introgressive lines of common
wheat and parental forms by NAM-A1 and NAM-BI genes
were compared with the results of field trials in the conditions
of Belarus and with the analysis data on protein content in
grain of 2017-2021. The combination of NAM-A1/B1 genes
had a significant effect on the formation of all the traits of
wheat studied, while the grain weight per plant was statistically
independent of the NAM-A41 haplotype, and the spike length
and thousand kernel weight were statistically independent of
the NAM-BI1 allele. A joint contribution of these two genetic
factors to the variability of economically valuable traits ranges
from 8-10 % (grain weight per plant and thousand kernel
weight) to 72 % (grain protein content).

For most of the traits studied, the proportion of variability
determined by weather conditions was small (1.57-18.48 %).
The closest correlation was established between the majority
of traits studied and the HTC during the grain filling phase.
The interaction “NAM-A1/B1 x weather conditions” deter-
mines 65—71 % of the variability of wheat grain productivity
traits, while it is not significant for the grain protein content.
The contribution of the “NAM-B1 % weather conditions” in-
teraction to quantitative traits is lower than the contribution
of other factors; and for the traits “spike length”, “the num-
ber of grains per spike” and “the grain protein content” it is
statistically insignificant. It was found that the presence of a
functional NAM-B1 allele provides for a high level of protein
accumulation in grain, regardless of weather conditions, and
at the same time, it does not lead to a significant decrease in
thousand kernel weight.

Evaluation of the effect of six combinations of NAM-41/B1
alleles on the level of manifestation of a number of economi-
cally valuable traits of wheat showed that high productivity
of spike and plant but a low level of protein content in grain
are characteristic of d/NF genotypes, while the highest protein
concentration and low indicators by main productivity traits
are characteristic of a/F. The optimal combination of the
wheat traits studied was established for d/F genotypes. The
results obtained prove the effectiveness of the introgression
of'a functional NAM-B1 allele of related species for increased
nutritional value of common wheat.
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Morphogenetic peculiarities of reproductive biology
in sugar beet (Beta vulgaris L.) breeding
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Abstract. This review considers the processes of morphogenesis used in the development of propagation methods
and the creation of a new starting material for sugar beet. It has been demonstrated that methods of particulation,
in vitro microcloning and cell breeding that reflect non-sexual forms of plant reproduction increase the effectiveness
of breeding experiments. The review describes the in vitro culture methods maintaing a tendency in plants for vege-
tative propagation and stimulating increase in genetic variability of properties when mutagens such as ethyl metha-
nesulfonate, alien genetic structures with mf2 and mf3 bacterial genes in Agrobacterium tumefaciens strains, and
selective agents (Cd** ions and abscisic acid) are incorporated into plant cells. It presents the results of using fluores-
cent microscopy, cytophotometry, biochemical analysis and determining the level of phytohormones and content
of nucleic acids in nuclei for forecasting the seed setting ability. It has demonstrated that long self-pollination of
plants causes decrease in fertility of pollen grains, resulting in the sterilization of male gametes and the appearance
of pistillody flowers. Self-fertile plants isolated from these lines serve as sterility fixers, while the apomixis elements
increased the ovule number, additional embryo sacs and embryos. A role of apomixis in contributing to variability in
the onto- and phylogenetic development of plants have been substantiated. The review reflects the morphological
features of the in vitro development of sexual and somatic cells in embryos during the formation of seedlings based
on floral and vegetative embryoidogeny. Use of the SNP and SSR (Unigenes) molecular-genetic markers having a
high polymorphism level has appeared effective to characterize the developed breeding material and hybrid com-
ponents when carrying out crossings. The study of sugar beet starting materials for the presence of TRs mini-satellite
loci making it possible to reveal O-type plants-pollinators (sterility fixing agent) and MS-form plants are of interest
for breeding as well. The selected material can be widely used in breeding to produce hybrids, allowing for a 2-3-fold
reduction of the development period. The review also discusses the prospects for the development and implementa-
tion of new methods and original schemes in sugar beet genetics, biotechnology and breeding.

Key words: sugar beet; reproduction; morphogenesis; embryoidogeny; molecular markers; self-incompatibility;
cytoplasmic male sterility (CMS); apomixis.
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MopdoreHeTndyecKkmie 0COO€HHOCT PENPOAYKTMBHOI OMOIOTN
B CeJIeKIIU caXapHOi cBeKJIbl (Beta vulgaris L.)

T.I1. XKysoxasoa @, A.A. Haabaupss, E.H. Bacuabuenxo @, H.H. Yepkacosa

Bcepoccnincknii HayuHo-uccnefoBaTeNbCKUM MHCTUTYT CaxapHOW CBeKbl 1 caxapa um. AJ1. MasnymoBa, noc. BHUCC, PamoHckuin paiioH,
BopoHexckan obnactb, Poccusa
® biotechnologiya@mail.ru; vasilchenko@inbox.ru

AHHoTauuA. B 0630pe paccMoTpeHbl npoLecchl MopdoreHesa, 3a[leiCTBOBaHHbIE NpKW pa3paboTke METOLOB pas-
MHOMEHUA 1 CO3[aHMA HOBOIO MCXOAHOrO MaTepuana caxapHol cBeknbl. [lokasaHo, 4To MeTofbl NAPTUKYNALMY,
MUKPOKIOHNPOBAHWSA in Vitro N KNEeTOUYHOWN CeneKkuun, oTpaxas Henonosble GopMbl PENPOAYKUMM PaCcTEHWUIA, NO-
BbILIAIOT PE3YNbTaTVBHOCTb CENEeKLMNOHHbIX SKCNepUMEHTOB. [priBeaeHbl JaHHble MPUMEHEHU METOLOB KyJbTy-
pbl in Vitro, COXpaHALWIMX CKNOHHOCTb PAaCTEHUI K BEreTaTuBHOMY Pa3MHOXEHUIO 1 CTUMYTIMPYIOLLMX MOBbILeHNe
reHeTVYeCcKon W3MEHUMBOCTM MPW MCMONb30BaHUM MyTareHoOB 3TUIMETaHCYNbGOoHaTa, METOLOB reHeTNYeCcKon
TpaHchopmaumm (baktepuanbHble reHbl mf2 1 mf3) u cenekTUBHbIX areHToB (MoHbl Cd*t 1 abcumsosas KucoTa).
OTpakeHbl pe3y/bTaTbl NPUMEHEHV METOAOB OLIEHKM CTENeHN CaMOHECOBMECTMOCTU pacTeHuii: GryopecueHT-
HOW MUKPOCKOMUU, LUTOGOTOMETPUN, U ONPERENEHNS YPOBHA GUTOrOPMOHOB 1 COAEPKAHUA HYKSTEMHOBBIX KUC-
NOT B AiApax KNeToK AnA NPOrHO3MpOBaHWs 3aBA3bIBAEMOCTY CEMsAH. BbIABNEHO, UTO AfIMTeNIbHOE CamMOoOorbleHre
pacTeHuii Bbi3biBaeT CHUKeHUE GepTUNbHOCTY NbibLEBbIX 3€PeH, CTEPUNM3ALIMIO MY>KCKX rameT 1 obpa3oBaHue
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Morphogenetic peculiarities of reproductive biology
in sugar beet (Beta vulgaris L.) breeding

NUCTUNOANIHBIX LiBeTKOB. CaModepTuiibHble pacTeHUsA, BbIAeNIEHHbIE 13 STUX INMHUIA, CNy»KaT 3aKpenuTenamm cTe-
punbHoCTY. B 0630pe NpofeMOHCTpMpOBaHa posib anOMUKCKUCa B peanv3auny M3MeHUYMBOCTY NPV OHTO- 1 ¢punore-
HEeTMYEeCKOM Pa3BUTUK pacTeHnin. OTpaxeHbl Mopdonornyeckrne 0Co6eHHOCTY Pa3BUTUA MONOBbIX 1 COMATUYECKUX
KNeToK 3apogbilent in vitro npu GopMMpoBaHMN MPOPOCTKOB Ha OCHOBE GOpPanbHON 1 BEreTaTyBHON 3MOpUo-
nporeHuun. MpumeHeHne MoneKynAapHo-reHeTuyecknx Mapkepos SNP 1 SSR, obnagatowmx BbICOKAM YPOBHEM MO-
numopdr3ama, okaszanocb 3GpHeKTUBHBIM 1A XapaKTEPUCTVKM CO3AaBaeMOoro cenekLyoHHOro mateprana rué6puaos
npwv NpoBefeHnn CKpelBaHuii. ViHTepec Ana cenekummn npeacTaBaaoT NCCNeA0BaHNA NCXOAHbIX MaTepranos ca-
XapHOW CBEKJIbl Ha HaNMYMe MUHMCATENINTHbIX TOKYcoB TRs, Mo3BONMBLLME BbIABNATL pacTeHua-onbinutenn O-tuna
(3aKkpenuTenb ctepunbHocTy) 1 pacteHna MC (MyckocTepusbHble) dopmbl. CO3LaHHbINM MaTepran MOXET HalTh
LIMPOKOE MNCMONb30BaHMe B CENeKUOHHON paboTe npu co3aaHnm rmbpraHbix GOpMm, COKpallas CPOKM cenekuum B
2-3 pa3a. O6cyfaloTcA NepCreKkTUBbl Pa3paboTKy 1 BO3MOXHOCTM MPUMEHEHUA HOBbIX METOAOB Y OPUTMHANbHbIX
CXeM B reHeTuKe, 6BMOTEXHONOMMN U CeNEKLUM CaxapHOW CBEKJIbI.

KnioueBble cfioBa: caxapHad CBeK/a; Penpoaykumsa; MopdoreHes; sMOproONJoreHns; MONeKynApHble MapKepbl;

CaMOHECOBMECTUMOCTb; LUTOoN1asmatnyecKkaa My>Kckaa CTepuibHOCTb (LUMC); anommkcmc.

Introduction

The first studies into the reproductive properties of
sugar beet date back to the early XX century, when the
systematic characterization of the species was carried
out and its evolutionary paths described. It was also
when the investigation of embryological patterns and
morphological properties of plant cells, organs, and
tissues started. The researchers began to focus on the
developmental nuances of sugar beet flowers, anthers,
and pollen grains. Studies into anatomical and embryo-
logical development patterns of ovules, embryos, and
seeds were initiated, handbooks of anatomical charts for
Beta vulgaris representing the key morphological traits
of the species were prepared. Later, more in-depth stud-
ies focused on formation of flowers and their elements,
reduction division stages, pollen development stages,
embryo sac development, as well as embryo and seed
formation. These efforts made possible the large-scale
research work on genetics and breeding of sugar beet,
laid foundation for genetic breeding programs, and
eventually stimulated the creation of the first multigerm
sugar beet cultivars (Mazlumov, 1970).

The late XX century marked a transition from popula-
tion breeding to hybrid breeding for cytoplasmic male
sterility (CMS), monogermity, and increased ploidy
level. This major shift was facilitated by the results of
studies into karyotype structure of the genus Beta, mi-
totic peculiarities, development of generative organs, as
well as fertilization and embryogenesis in development
of polyploids and self-pollinated lines. These findings
showed feasibility of heterosis breeding for cultivation
of hybrids with high crop yields and sugar contents
(Balkov et al., 2017). Cultivation of high-yielding
genotypes with valuable traits was also driven by the
studies of reproductive processes ensuring genetic
variability based on morphological, cytological, and
biochemical traits (Simko et al., 2012; Stevanato et al.,
2015).
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Reproductive biology studies the development of
plant organisms at molecular and subcellular, cellular,
organismic, and population levels to determine how
their traits are propagated to the next generation (Ma-
letskiy, 2005). This is why sugar beet breeding material
is analyzed using a wide range of methods intended for
various reproduction types, including genetic markers
(Banzal et al., 2014), cytology, embryology, physiology,
and morphology (Paesold et al., 2012; Tomaszevska-
Sowa et al., 2017). The studies are designed taking into
account the nuances of plant reproduction having to do
with multiple variants of procreation (sexual, asexual,
and apomictic), various morphogenetic pathways (em-
bryogenesis, embryoidogenesis, and hemmorhizoge-
nesis), and reproduction types (seed or vegetative) (Ba-
tygina, Vinogradova, 2007). This approach makes it
possible to predict the progeny genotype and shows new
opportunities for controlling specific ontogenetic stages
and designing new breeding programs (Maletskaya,
Maletskiy, 2010; Bartenev et al., 2018).

Genetic marker methods appear to be the most com-
mon techniques in plant breeding today. The high occur-
rence rate of molecular markers in the genome, studied
using the universal and continuously evolving analyti-
cal methods makes the use of DNA markers viable for
breeding purposes (Khlestkina, 2013). They make it
possible to not only accurately and quickly identify
genetic variability in sugar beet populations, lines, and
hybrids, but also determine the breeding value of the
experimentally obtained plant material (Nalbandyan et
al., 2020). Molecular markers ISSR (Inter-Simple Se-
quence Repeats), SSR (Simple Sequence Repeats), and
SNP (Single Nucleotide Polymorphism) are considered
the most efficient.

The goal of the present paper is to review the data
and methods (both proprietary and available in the lite-
rature) used for characterization of the morphogenetic
potential of sugar beet at various development stages.
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Reproduction of vegetative plant tissues
Particulation. A common way to fix the most valuable
traits and attributes of sugar beet breeding material is
to use the plant’s capability of vegetative reproduction,
which is due to the morphological and anatomical pe-
culiarities of the roots, stems, and shoot buds, as well
as to their ontogenetic transformation.

Growth and development processes in plants after
seed germination include root and leaf system forma-
tion. At this stage, the crown, i.e. the upper part of the
root, represents a reduced dome-shaped stem with a
rosette leaf arrangement. The apical bud is located at
the center of the rosette, and the axillary buds formed
by organogenesis at the base of leaves.

A successful vegetative reproduction in winter is
ensured by preliminary vernalization promoting epi-
genetic changes in the gene expression driving the
post-vernalization development of plants (Shevelukha,
1992; Lutova et al., 2010). The observed activation of
meristematic tissues (phellogen and cambium) stimulat-
ing the development of apical and axillary buds and then
central and lateral shoots ensures rapid reproduction of
the breeding material through traumatic particulation
(Barykina et al., 2004). Here, the selected super-elite
roots (pedigree) were divided into 4-8 groups, with one
group cloned, and the rest grown for seeds.

The main shortcomings of the method were the sig-
nificant time it took to achieve material uniformity (up
to 5 years), the limited number of reproduced clones,
and high labor intensity. At the same time, this approach
made it possible to preserve the genotypes with high
crop yields and sugar contents relatively pure for several
generations and thus found its use in breeding schemes
based on individual selection combined with cloning
and hybridization (Balkov et al., 2017).

The reproduction process was later intensified by
cloning the plants using rooted lateral shoots (with 3—8
leaves) developing from axillary buds. The method en-
sured a significant increase in number of rooted shoots
and grown plants, but gained no traction in sugar beet
breeding.

The particulation ability of sugar beet is a backup re-
production mechanism, which combined with seed re-
production ensures the organism’s flexibility, survival,
and overall preservation of the B. vulgaris species.

Microcloning. Biotechnology methods for mass ve-
getative reproduction in vitro appear to show the most
promise in breeding (Murashige, 1974). These methods
rest upon the ability of somatic cells to recover the or-
ganism’s continuity with all its traits while cultivation
(Atanasov, 1993).
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It was found that a plant can develop from vegeta-
tive cells in two ways: either formed from callus tissue
through regeneration of buds and embryoids or from
apical meristems, axillary and dormant buds as a result
of activation processes (Katayeva, Butenko, 1983; Ru-
sea et al., 2020). However, long-term subculturing of
the callus led to changes in ploidy, accumulation of ge-
netic mutations, and loss of morphological potential.
Shoot meristems, laminae, petioles, anthers, ovules,
embryos, and seeds are the most common explants
for micropropagation (Leyke et al., 1980). Hormonal
activation of this material leads to the development
of shoot buds and seedlings (Ilyenko, 1983; Seman,
Farago, 1988).

The most convenient way to refine sugar beet micro-
cloning process is through the use of apical meristem
due to its cells” high genetic stability and high morpho-
genetic ability (Znamenskaya, 2010). Apical meristem
is responsible for creation of the above-ground organs
of plants, developing in a modular fashion (a shoot
element includes a leaf, an internode, and an axillary
bud), and meristematic stem cells can differentiate and
stimulate the development of new organs (Lutova et al.,
2010). Another linchpin of the method is totipotency, a
unique property of plant cells allowing them to recreate
a plant organism with all of its traits, when isolated from
aparent organism and affected by exogenous factors of
a culture medium (Shevelukha, 1992).

Cultivation of the starting material for explantation
under cover, which made the contamination of explants
1.5 times as low, was a necessary condition for mi-
crocloning refinement (Znamenskaya, Zhuzhzhalova,
1989). The next mandatory stage of the cultivation
process was using the optimized sterilization protocol
for apical explant meristems that were soaked in 0.05 %
corrosive sublimate solution for 1-3 hours.

Maintaining the optimal hormonal balance of 0.2—
0.3 mg/l of gibberellin, 6-benzylaminopurine (BAP),
and kinetin (1:1:1) in the culture medium stimulated
morphogenesis. Root formation was induced by add-
ing 1 mg/l of indole butyric and indole acetic acids
into the medium. With these contents, the number of
lateral shoots per explant increased to 9—10, microclone
height — to 73.4 mm, and root formation — to 74.3 %.
This method made it possible to obtain an unlimited
number of clones from one donor by halving the breed-
ing cycle duration and thus circumventing the biennial
life cycle of sugar beet (Znamenskaya, Zhuzhzhalova,
1989). The totipotency allowed the progeny of the
derived lines to preserve genotype, phenotype, ploidy,
monogermity, and CMS fixing ability in the field.
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To ensure the long-term use of the obtained strain
material in breeding practice, the three-year cycle of
breeding, biotechnological, and agronomic techniques
is used (Kolesnikova, Zhuzhzhalova, 2018). At the first
stage, the selected hybrid genotypes are transferred to
an in vitro culture and then transplanted to the gene
bank of elite clones to ensure the long-term preserva-
tion of valuable traits of the material. The second stage
includes micropropagation of elite regenerants, rooting,
and transplanting into greenhouse soil substrate to form
stecklings (small roots) of approximately 100 g in size.
At the third stage, the plants are grown for elite seeds.
The seeds of a simple hybrid and a heterosis pollinator
are harvested separately. This approach has contributed
significantly to the development of new-generation
high-yielding hybrids as a result of breeding and seed
farming efforts at the A.L. Mazlumov All-Russian Re-
search Institute of Sugar Beet and Sugar (Ramon, Vo-
ronezh Region) and is applied commercially.

Cell breeding. Breeding at the cellular level includes
development of the methods for cultivation of isolated
plant cells, organs, and tissues to increase hereditary
variability. Through that, the methods involving the
introduction of various chemical and physical factors,
such as mutagenic substances, genetic constructs with
alien genes, selective agents, etc., into culture media sti-
mulate variability in plant organisms and increase their
stability against environmental stresses (Dubrovna,
2017; Kourelis, van der Hoorn, 2018).

The experiments showed that exposure to 2 to 6 MM
ethyl methanesulphonate mutagen (EMS) for 30 mi-
nutes has a stimulating effect on sugar beet petioles
(Hohmann et al., 2005; Vasilchenko et al., 2020b). The
diploid material demonstrated high regeneration ability
0f38.1-53.1 %, and in haploids it reached 71.3-87.5 %.
This method also ensured genetic variability of rege-
nerants by increasing ploidy level of haploids to that
of diploids and polyploids. Molecular genetic analysis
using the specific SSR marker mSSCIR 47 identified
9 lines, where exposure to mutagen caused genotypic
changes. Cultivation of the identified lines under cover
made it possible to preserve up to 92 % of microclones
and obtain small roots 30 to 89 g in size. (Vasilchenko
etal., 2020a). The plant material will be further studied
at the A.L. Mazlumov All-Russian Research Institute
of Sugar Beet and Sugar using the TILLING method
(Targeting Induced Local Lesions in Genomes) deve-
loped by C.M. Mc Callum et al. (2000).

The use of genetic constructs Agrobacterium tumefa-
ciens with bacterial genes mf2 (Bacillus thuringensis)
and mf3 (Pseudomonas fluorescens) inducing non-
specific resistance against fungal and viral pathogen
also proved to be effective (Dzhavakhia et al., 2005;
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Vasilchenko et al., 2009). Cocultivation of sugar beet
tissues and A. tumefaciens with alien genes mf2 and
mf3 produced Fusarium rot resistant GM crops, whose
transgenic nature was confirmed by molecular and
biochemical analysis, as well as by phytopathological
assessment under cover (Khussein et al., 2013; Vasil-
chenko et al., 2014). The total of seven new sugar beet
lines with mf2 gene and eight lines with mf3 gene have
been derived so far.

The effect of heavy metal ions, particularly Cd**, on
the cultivated seedlings was noteworthy (Cherkasova
et al., 2020). Several samplings with cadmium acetate
(Cd(CH;CO,),) content of 4 MM showed high adapt-
ability and survivability of regenerants up to 74.8 %,
which indicated their high resistance. Molecular genetic
analysis of these microclones showed the presence of
significant SNPs in MTP4, which presumably played
a major part in development of resistance against this
particular abiotic stress (Nalbandyan et al., 2019; Khus-
sein et al., 2021). The obtained results have allowed
researchers at the A.L. Mazlumov All-Russian Research
Institute of Sugar Beet and Sugar create and test iso-
genic lines of sugar beet showing promise in terms of
heavy metal resistance.

It is known that abscisic acid (ABA) acts as a stress
hormone in plants, causing stomatal conductance and
transpiration reduction as a drought resistance mecha-
nism (Lutova etal., 2010). ABA controls abiotic stresses
in plants (salinity, drought, and temperature) by putting
plant tissues (cells, buds, and leaves) into resting state
via stomatal closure. It is also possible that the role of
this hormone is to trigger the resistance mechanism,
which then develops on its own regardless of the hor-
mone’s content (Titov et al., 2007). This is why the
investigation of ABA properties in vitro may facilitate
the development of drought-resistant breeding mate-
rial. The optimal ABA content (2.0-3.0 mg/1) ensuring
the ratio of drought-resistant sugar beet regenerants
at 70.0-87.5 % has been found in (Cherkasova et al.,
2018, 2021). Thus, abscisic acid can be used to simu-
late droughts, when developing the sugar beet strains
tolerant to osmotic stresses.

Improving the adaptive properties of regenerants in
the reproductive cycle by increasing their genetic vari-
ability makes it possible to obtain new starting material
and quickly reproduce it.

Reproductive ability of generative organs

Self- and cross-incompatibility

Sugar beet is a monoecious hermaphroditic species
characterized by cross-pollination and the self-incom-
patibility preventing self-fertilization. Most plants in
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sugar beet populations of mixed origin (65.3-78.1 %)
are self-incompatible. These plants do not set seeds in
isolation after 1-2 inbreedings. The occurrence rate of
self-compatible (self-fertile) plants in varietal popula-
tions is 4.3-12.9 %, given the pollen grain fertility of
up to 83.6-98.2 %. Self-fertile strains are typically
characterized by higher crop yields and sugar contents,
but some evidence shows that inbreeding depression is
not completely suppressed.

Experiments showed that in some strains the self-
incompatibility of individual plants was barely affected
by environmental changes in cultivation conditions
(Kornienko, Znamenskaya, 2001). For instance, plants
cultivated in different environmental areas only showed
minor differences in seed setting, with the average value
of 7.4 % in Ramon (Voronezh Region) and 6.3 % in
Przhevalsk (Kyrgyzstan). At the same time, a number
of authors demonstrated that seed setting in self-polli-
nating plants at lower temperatures was significantly
higher than that at higher temperatures. This discovery
formed the basis for the seed reproduction method
at low temperatures used to create a vast collection
of inbred sugar beet strains (Maletskii, Maletskaya,
1996). The discrepancies in the results of various studies
indicate the complexity of seed reproduction processes
in sugar beet. Genetic and physiological mechanisms
underlying these processes require additional research
and remain relevant in the context of sexual repro-
duction.

According to the relevant genetic data, the incompa-
tibility in sugar beet is a rather complex gametophytic
system based on the complementary interaction of
alleles 2—4 of S-loci (Larsen, 1977). These data were
taken into consideration in production of strain material
by self-pollination with circumvention of physiological
self- and cross-incompatibility barriers for successful
transition from population breeding to interstrain hete-
rotic hybrid breeding.

The primary internal factor affecting the seed setting
under inbreeding is genetic and hormonal regulation
of the fertilization process. The seed setting in self-
compatible strains remained at the self-pollination
level or decreased slightly. Intrastrain crosses in par-
tially compatible strains increased the seed setting by
a multiple of 1.5-13. Selection of individual plants
from strains of interest differing in pollen recognition
by the stigma and pollination ability turned out to be a
promising technique as well. This selection has made it
possible to produce strain material with prevalent traits
of the female or male parent to increase the effective-
ness of close (intrastrain) crosses (Kornienko et al.,
2014).
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To determine the degree of incompatibility and in-
vestigate the pollen tube growth, fluorescence micro-
scopy modified for sugar beet studies was used (Zay-
kovskaya, Zhuzhzhalova, 1976; Vaisman et al., 1984).
The method was applied to identify potential seed
productivity of plants as early as the flowering stage,
and thus made it possible to determine the seed set-
ting and assign pairs while of breeding material hy-
bridization based on pollen tube growth activity. The
incompatibility response localization manifested itself
clearly in the morphological changes in pollen tubes,
thickenings, bulgings, inhibited growth activity at the
stigma or in the calcium oxalate deposition area in
the ovary. Presumably, Ca** ions play a major part in
pollen tube growth, since it is one of the first pollen
germination regulators (Bednarska, 1989). No other
element facilitating germination in absence of Ca** was
found.

Based on period of self-incompatibility gene activity
and localization of gene products, sporophytic and ga-
metophytic incompatibility types were defined. From
the morphological perspective, sporophytic responses
are localized at the stigma, and gametophytic ones — in
the style. The current concept is that the self-incom-
patibility response localization in sugar beet matches
that in the species with gametophytically controlled
self-incompatibility (Vishnyakova, 1998).

Nucleic acid content in ovary and ovule cell nuclei
observed by cytophotometry was another indication
of incompatibility gene activity in sugar beet (Zhuzh-
zhalova et al., 2007). Compatible pollination was
usually reflected in these cells by increase in nuclear
RNA content and total nuclear nucleic acid content.
The RNA/DNA ratio under incompatible pollination
remained the same as in non-pollinated pistils. A sig-
nificant increase in RNA content of up to 36 % was
recorded after the third day of delayed pollination. It
is possible that genetically determined incompatibility
mechanism manifesting itself at this stage in DNA
molecules indicates functional changes in ovule nuclei
associated with fertilization process, as in other plants
(Kovaleva, 1991). Thus, we may assume that fertiliza-
tion stimulates transcription and reduplication processes
facilitating increased RNA contents and total nuclear
nucleic acid contents. Weakening of the incompatibi-
lity barrier correlates with RNA accumulation in cell
nuclei. The data obtained also show that genetic and
physiological incompatibility properties are currently
understudied and still remain a relevant issue.

The further studies showed that pollen tube growth
processes were also accompanied by complex hormonal
rearrangement in the stigma and style. This is confirmed
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by the experiments determining contents of endogenous
phytohormones, i.e. ethylene, IAA, ABA, gibberel-
lins, and cytokines, in sporophytic tissues of the pistil
(Kovaleva et al., 2016). This is why the inner workings
of'the plant reproduction system, and especially the role
of self- and cross-incompatibility, will still be relevant
research issues in the near future.

The use of this trait was a reasonable way to over-
come the incompatibility barrier in order to advance
the research of heterosis breeding, including controlled
crossses and production of interstrain hybrids using the
fertile base.

Cytoplasmic male sterility

Normal (N) and sterile (S) are two types of cytoplasm
found in sugar beet, and their effects are regulated by
two recessive genes x and z (Owen, 1952). Complete
male sterility is designated as Sxxzz. The presence of
dominant genes in the heterozygous state produces
semi-sterile forms SXxzz and SXxZz. However, the
causes of CMS in sugar beet have not been studied
completely and still require more in-depth research
(Dymshits et al., 2010).

In the context of breeding, an CMS trait is fixed and
maintained in the selected sugar beet strains by inbreed-
ing with an CMS maintainer of high pollen fertility and
seed setting (Balkov et al., 2017). Peculiarities of ge-
netic variability in breeding material are identified using
DNA markers. Micro-satellite analysis (SSR) made
it possible to identify polymorphisms of MS strains,
multigerm pollinators (MP) of sugar beet, and their
hybrids (Nalbandyan et al., 2021). This analysis was
facilitated by determination of polymorphism content
(PIC) for each locus. The use of Unigenes SSR markers
(9 primer pairs) made it possible to clearly differentiate
the material based on calculation of genetic distances
and identify parent components best suited for crosses.
Primers with the highest SSR polymorphism such as
Unigene 22373, Unigene 27833, Unigene 16898, Uni-
gene 7492, Unigene 24552 were recommended for
identification of sugar beet breeding materials (Nal-
bandyan et al., 2021).

The studies into presence of CMS-associated mini-
satellite locus TRs in the starting material were of
interest in terms of sugar beet breeding (Nishizava et
al., 2000; Bragin et al., 2011). Experimental screening
of the sugar beet breeding material based on mini-satel-
lite loci TR1 and TR3 showed the presence of N- and
S-type mitochondrial genomes (Fedulova et al., 2022).
MS-plants included amplicons with lengths of 400 bp.
O-type pollinator plants (sterility maintainers) were
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characterized by DNA amplicon lengths of 700 bp. for
TR1 primer and 500 bp for TR3. The selected material
makes the breeding cycle 2-3 times as short and may
therefore become widely used in hybrid breeding.

It was observed in breeding research that male
sterility occurring in self-fertile strains after multiple
inbreedings manifests itself in formation of pistillate
flowers (Oshevnev et al., 1986a, b). Stamens and
anthers in these flowers are replaced with pistillate
structures, i. e. stigmas or ovules without embryo sacs.
Phenotypic ratio determined for the progeny of strain
material in process of breeding showed that pistillate
trait was controlled monogenically (Oshevnev, Griba-
nova, 2010). Strains with sterile anthers were used as
female parents for interstrain sugar beet hybrids. Fertile
plants with high self-compatibility (self-fertility) se-
lected from this material were used as pollen sterility
maintainers in hybrid breeding. The scheme for pro-
ducing O-type strains based on the pistillate trait was
the finishing stage of a consistent transition to breeding
for heterosis (Oshevnev, Gribanova, 2010).

The results obtained have shown that sterilization of
male gametophyte may follow different scenarios, but
eventually results in gynodioecy, i. e. the occurrence of
plants with hermaphrodite and female flowers in the
population. The further investigation of this phenome-
non is of great significance for genetic research.

Apomixis (agamospermy)
The use of apomixis (agamospermy) is among the most
significant trends in plant breeding. This reproduction
mode with no gamete fusion in some cases ensures
maternal inheritance, uniformity of progeny, and high
yields in an unlimited line of generations. Thus, the
analysis of morphogenetic processes and investigation
of embryological development nuances in agamosper-
mous sugar beet strains have a potential to reveal new
breeding applications of apomictic reproduction.
Genetic polymorphism of plant reproduction modes
with no gamete fusion is typically represented by two
main types of apomixis known as gametophytic and
sporophytic, and by embryoidogeny, i.c. somatic
embryo formation in the ovule or on vegetative organs.
Gametophytic apomixis. Cytological studies showed
that sugar beet plants tend to form embryos with hap-
loid set of chromosomes by apogamy from embryo sac
nuclei, i.e. synergids or antipodals. However gameto-
phytic apomixis in sugar beet manifested itself in the
form of diplospory (Fomenko et al., 2003), which could
possibly be explained by the use of breeding material
obtained by artificial pollination with pollen exposed
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to high doses of gamma radiation ranging from 1500 to
3000 Gy (Agafonov et al., 1992). Cytological study of
the plants obtained from this material demonstrated that
meiosis in megasporogenesis did not produce mega-
spore tetrads. As a result, embryo sac cells with a non-
reduced number of chromosomes formed directly from
the megasporocyte, which commonly causes unstable
genetic changes. At the same time, the method made
it possible to create several sugar beet gamma-strains
with signs of facultative apomixis and CMS fixation
ability. The hybrids obtained using the apomictic strain
v-MC-2113 showed crop yields of up to 122.2 % and
sugar contents of up to 104.5 % compared to the control
(Bogomolov, 2010). This plant material is currently
used in breeding.

Sporophytic apomixis. This apogamy type is based
on embryo development from somatic cells of a female
parent with a diploid set of chromosomes taken from
nucellus, integuments, or endosperm of the female pa-
rent or daughter embryo cells created as a result of ferti-
lization (Batygina, 2010). The experiments in sugar beet
found multiple instances of budding or ovule splitting
into two or more new ones. As a result, several embryos
with different inheritance, i. e. a sexual embryo and em-
bryos formed from nucellar or integumentary somatic
cells, developed in seeds. The embryos developing
from endosperm nuclei were typically observed in the
chalazal end of the embryo sac in process of creating
polyploid or aneuploid sugar beet strains (Yarmolyuk
et al., 1990).

The discovered embryo development peculiarities
have shown that coexistence of sexual and asexual
modes of seed reproduction leads to significant differ-
ences in quality of seed material (Zaykovskaya, Pere-
tyat’ko, 1977). The genetic diversity of strain material
in these cases causes some issues for hybrid breeding.

Embrioidogeny. This plant reproduction type repre-
sents a special category of vegetative reproduction
with embryoid (somatic embryo) as its structural unit.
Similarly to sexual embryos, it is an initial stage of a
new organism, rather than its part (bud, leaf, or root) as
observed in cutting propagation by gemmorhizogenesis
(Batygina, 2010). Floral and vegetative embryoidoge-
ny types are defined based on origin and location of
somatic embryos on the parent plant.

Floral embryoidogeny in sugar beet represents em-
bryo development from haploid nuclei of the embryo
sac (egg cell, synergids, and antipodals) and diploid
tissue cells of the ovule (nucellus, integuments, and
endosperm). Embryological studies into in vitro cultiva-
tion of non-fertilized ovules made it possible to identify
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the formation stages of haploid embryos (Podvigina,
2010; Tomaszevska-Sowa et al., 2017). It was found
that division of haploid cells of the egg apparatus or
antipodals produced a multicellular proembryo similar
in its development to a sexual embryo. This technique
made it possible to obtain genetically and morphologi-
cally diverse material with high homozygosity from
donor plants (5-6 times as fast). The present studies
made it possible to accelerate the creation of homo-
zygous lines, which were then widely used in sugar
beet breeding (Batygina, 2010; Kikindonov et al., 2016;
Lamaoni et al., 2018; Pazuki et al., 2018).

Vegetative embryoidogeny is based on embryo de-
velopment from somatic cells of vegetative organs.
In vitro cultivation of sugar beat petioles on the Mu-
rashige—Skoog medium supplemented with 6-BAP
(0.2-0.3 mg/l) and 2.4-D (0.1 mg/l) stimulated mor-
phological development of seedlings from epidermal
cells of the petiole similar to formation stages of ga-
metes in embryo sac. At first, formation of one or se-
veral initial cells similar to embryo sac gametes was
observed. These cells had denser cytoplasm and a large
nucleus with a nucleolus. Then, transverse fission of the
initial cell occurred forming the future root cells. Sub-
sequent divisions produced embryo-like structures, i. e.
embryoids, transforming into seedlings (Bogomolova,
Zhuzhzhalova, 1998). The data obtained agree with
the findings of foreign authors, who also observed the
development of structural elements similar to hypocotyl
with leaves from epidermal cells at the adaxial surface
of the cultivated sugar beet petioles (Mahmoud et al.,
2017).

Parthenogenesis. This apomictic reproduction type
implies embryo development from an egg cell not in-
volving a male gamete or from sperm not involving an
egg cell (Maletskiy, 2005). According to the relevant
concepts, parthenogenetic development of a sugar
beet embryo is attributed to epigenetic inheritance
and variability. It is associated with the internal or
external signals received by ovule cells of flowering
plants and making them change their development
program. Investigation of sugar beet strains with de-
fected pollen (CMS) in the field showed that their seed
reproduction rate was on par with the biparental mode
or outperformed it. Parthenogenetic seed progeny de-
monstrated high occurrence rate of seeds with haploid
sets of chromosomes. Haploids amounted to 3—10 %
of the total germinated seeds, which is four orders
higher than normal and matches the occurrence rate
of haploids in the culture medium in vitro (Maletskiy
et al., 2015). At the same time, it should be noted that
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obtaining haploids in parthenogenetic progeny is 3—4
orders cheaper than in vitro.

The further research of parthenogenesis may show
new opportunities in commercial breeding due to the
significant simplification and cost-effectiveness of MS-
hybrid breeding processes. Thus, we may assume that
this way of obtaining haploids may become one of the
most efficient sugar beet breeding techniques. Initiation
of various reproduction modes in sugar beet plants is
ensured by potential capabilities of the reproductive
system of the species, which makes it possible to main-
tain species and population homeostasis in general.

Conclusion

The wide variety of ways to develop new traits and
attributes in plants is the key feature of reproductive
biology techniques for sugar beet. The pregenerative
development stage turned out to be best suited for vege-
tative development and production of a new breeding
material capable of maintaining valuable traits using
particulation and micropropagation. These methods are
backup reproduction mechanisms, which, combined
with seed reproduction, ensure the organism’s flexibility
and make it possible to preserve the genotype, pheno-
type, ploidy level, and other valuable traits in the field.

Cell breeding methods produce the material with
altered ploidy that is resistant against environmental
stresses. Morphogenetic reproduction techniques pro-
ducing strain material with modified traits and facilitat-
ing the transition from population to hybrid breeding
may be considered the best studied ones. A number of
breeding processes and mechanisms, such as self- and
cross-incompatibility, CMS, and apomixis have contri-
buted significantly to the development of various trends
in reproduction systems. Experimental studies based
around apogamy, diplospory, and parthenogenesis have
demonstrated new opportunities in commercial breed-
ing and biotechnology. However, the agamospermy
methods remain insufficiently studied to be applied in
commercial breeding.

The studies into apomictic reproduction of sugar
beet have shown the most promise in plants with CMS
due to the fact that inheritance of individual traits in
hybrid progeny is driven by gene transfer from female
parents. Cytoplasmic male sterility is accompanied by
the presence of two types of intracellular organelles in
cytoplasm (mitochondria and chloroplasts with their
own genetic material in the for of mtDNA and cpDNA).
Cytological and molecular genetic studies of sugar
beet with CMS are of interest, because genotypic and
phenotypic polymorphism can be identified in aga-
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mospermous progeny. This will open new opportuni-
ties for applying innovative technologies to produce
homozygous sugar beet material with new traits for
breeding purposes.
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Evaluating the role of selection in the evolution
of mitochondrial genomes of aboriginal peoples of Siberia
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Abstract. Studies of the nature of mitochondrial DNA (mtDNA) variability in human populations have shown that pro-
tein-coding genes are under negative (purifying) selection, since their mutation spectra are characterized by a pro-
nounced predominance of synonymous substitutions over non-synonymous ones (Ka/Ks < 1). Meanwhile, a number of
studies have shown that the adaptation of populations to various environmental conditions may be accompanied by a
relaxation of negative selection in some mtDNA genes. For example, it was previously found that in Arctic populations,
negative selection is relaxed in the mitochondrial ATP6 gene, which encodes one of the subunits of ATP synthase. In this
work, we performed a Ka/Ks analysis of mitochondrial genes in large samples of three regional population groups in
Eurasia: Siberia (N = 803), Western Asia/Transcaucasia (N = 753), and Eastern Europe (N = 707). The main goal of this
work is to search for traces of adaptive evolution in the mtDNA genes of aboriginal peoples of Siberia represented by
populations of the north (Koryaks, Evens) and the south of Siberia and the adjacent territory of Northeast China (Bu-
ryats, Barghuts, Khamnigans). Using standard Ka/Ks analysis, it was found that all mtDNA genes in all studied regional
population groups are subject to negative selection. The highest Ka/Ks values in different regional samples were found
in almost the same set of genes encoding subunits of ATP synthase (ATP6, ATP8), NADH dehydrogenase complex (ND1,
ND2, ND3), and cytochrome bc; complex (CYB). The highest Ka/Ks value, indicating a relaxation of negative selection,
was found in the ATP6 gene in the Siberian group. The results of the analysis performed using the FUBAR method
(HyPhy software package) and aimed at searching for mtDNA codons under the influence of selection also showed the
predominance of negative selection over positive selection in all population groups. In Siberian populations, nucleo-
tide sites that are under positive selection and associated with mtDNA haplogroups were registered not in the north
(which is expected under the assumption of adaptive evolution of mtDNA), but in the south of Siberia.

Key words: mitochondrial DNA; natural selection; Ka/Ks-testing; human populations; Siberia.
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O11eHKa pojy OT60pa B 3BOIIOLNY MUTOXOHIPUAJIbHbIX TEHOMOB
KOPEeHHOro HacesjieHUs: Cubupu

B.A. Maaspuyk @, M.B. Aepenxo

NHcTuTyT 6rionornyecknx npobnem Cesepa [lanbHeBOCTOUHOro oTAeneHuns Poccrinckoii akagemun Hayk, MarapaH, Poccun
® malyarchuk@ibpn.ru

AHHoOTauumA. iccnepoBaHua xapaktepa nsmeHuYnBocTn mutoxoHgpuanbHon AHK (vtHK) B nonynaunax yenoeeka Bbl-
ABUAN, YTO 6ENOK-KOAMPYIOLME reHbl HAXOAATCA Mo AeNCTBMEM OTPULATENbHOTO (ounLatoLLero) otbopa, MOCKObKy
MyTaLMOHHbIe CNeKTpbl reHoB MTAHK XapakTepusyioTcs BbipaXkeHHbIM NpeobsiagaHnemM CUHOHUMUYHBIX 3aMeH Haj
HECMHOHVMUYHBIMK (BenuuymHa napameTpa Ka/Ks < 1). Mexgy Tem B pAfe nccnefoBaHuii NokasaHo, YTo aganTtauumsa
nonynAUuniA K pasinyHbIM YCIOBUAM NPUPOAHON CPefbl MOXKET COMPOBOXAATbCA OCnabneHreM oTpuLaTeENbHOro OT-
60pa B HekoTopbix reHax MTAHK. Tak, paHee Oblfio YCTAaHOBMIEHO, UTO B apKTUYECKMX MOMYNALMAX OTPULATESNbHbIN
oT6op ocnabneH B MATOXOHAPWANbHOM reHe ATP6, kogupyowem ofHy 13 cybbegnHuy ATO-cmHTasbl. B HacToAwein
pabote nposefeH Ka/Ks-aHann3 MUTOXOHAPMANbHBIX FEHOB B 60MbLIMX BbIOOPKax Tpex pervoHasbHbIX rpynn Hace-
nenna Eespasun: Cnbupm (N = 803), 3anagHoin Asun/3akaBkasba (N = 753) n BoctouHon EBponbl (N = 707). OcHoBHas
Lenb paboTbl — NOWCK CNeAOB afanTyBHOW 3Bonoummn B reHax MTAHK KopeHHoro HaceneHnus Cubupu, npeactaBneH-
HOrO HaceneHmem cesepa (KOpAKY, 3BeHbl) U tora Cnbrpmn n npuneratolyein Tepputopmm CeBepo-BoctouHoro Kutas
(6ypsaTbl, 6apryTbl, xamHuraHe). C nomoubto ctaHgapTHoro Ka/Ks-aHanmsa yctaHoBneHo, yto Bce reHbl MTAHK Bo Bcex
N3YYeHHbIX PermoHanbHbIX FPynmax HaceneHna UCNbITbIBAKOT AeNCTBME oTpuLaTenbHoro otbopa. Hanbonee Bbicokme
3HaueHuA Ka/Ks B pa3nnyHbix permoHanbHbix BbIOopKax 06HapyKeHbl MPakTUYeckn B O4HOM M TOM e Habope reHos,
Koampyowmx cyoveanHubl ATO-cuHTasbl (ATP6, ATP8), HAJH-pernpporeHasHoro komnnekca (ND1, ND2, ND3) v uu-

© Malyarchuk B.A., Derenko M.V., 2023
This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

B.A. Manapuyk
M.B. lepeHko

2023
273

OueHKa ponu oT6opa B 3B0MIOLMM
MUTOXOHZPUANbHbIX FEHOMOB KOPeHHOro HaceneHus Cubupu

Toxpom bc;-komnnekca (CYB). Camoe Bbicokoe 3HaueHne Ka/Ks, ykasbiBatoljee Ha ocnabneHve oTpuuaTenbHOro oT-
60pa, BbIABNEHO B reHe ATP6 B cMbupcKol rpynne. Pe3ynbTaThl aHanmsa, BbINOHEHHOTO € Momollbio MeTofa FUBAR
(naket nporpamm HyPhy) n HanpasneHHoro Ha nouck kogoHos MTAHK, HaxoasawWwmxcsa nog AencTsnem otobopa, Takke
nokasanu npeobnagaHue BANAHUA OTpULATENIbHOrO OTOOPa Haf NONOXKMUTENbHBIM OTOOPOM BO BCEX Mpyrnnax Hacene-
HMA. B cbupcKmx nonynauuax HyKNeoTugHble No3numm, HaxoaaLmeca noj AecTBrEM MONOXNTeNbHOro otbopa n
accouunpoBaHHble ¢ rannorpynnamv MTAHK, 3apernctpupoBaHbl He Ha ceBepe (YTO OXKMAAETCA B NPELNONOKEHUN

apganTtueHol agontounn MTAHK), a Ha tore Cnubupu.

KnioueBble cnioBa: MutoxoHapuanbHas [HK; ectecTBeHHbINn oT60p; Ka/Ks-TecTbl; nonynsauum Yenoseka; Cnbupb.

Introduction

Mitochondrial DNA (mtDNA) is a valuable tool for study-
ing the evolutionary history of humans, which is associated
with such features of the mitochondrial genome as maternal
inheritance without recombinations and a high mutation
rate compared to the nuclear genome (Brown et al., 1979;
Giles et al., 1980). The gradual accumulation of mutations in
mtDNA haplotypes leads to the formation of groups of phy-
logenetically related haplotypes (i. ¢., mtDNA haplogroups),
which are characterized by a population-specific distribution
(Wallace, 1995). At the beginning of studies, continental mac-
rohaplogroups were discovered, and later, as the resolution
of mtDNA analysis increased — from sequencing of certain
mtDNA regions to sequencing of complete mitogenomes —
ethnospecific mtDNA haplogroups were identified (Olivieri
etal., 2017; Derenko et al., 2019; Garcia et al., 2020).

The results of population genetic studies of the last 20 years
point to the great importance of negative (purifying) selection
in human mitochondrial genome evolution (Mishmar et al.,
2003; Elson et al., 2004; Kivisild et al., 2006; Ingman, Gyl-
lensten, 2007; Sun et al., 2007; Derenko, Malyarchuk, 2010;
Eltsov et al., 2010; Malyarchuk, 2011; Litvinov et al., 2020).
This is primarily due to significance of this genetic system,
which ensures the effective functioning of the mitochondrial
respiratory chain. Genes encoding subunits of protein com-
plexes of the respiratory chain (NADH-ubiquinone-oxido-
reductase, cytochrome bc,, cytochrome c-oxidase, ATP-syn-
thase) make up about 70 % of the mitochondrial genome.
The high stability of these genes is due to the significant
prevalence of synonymous substitutions in various mtDNA
genes (Ks) over non-synonymous ones (Ka), leading to amino
acid substitutions.

Meanwhile, early studies have shown that mitochondrial
genes may be subject to positive selection, leading to the pre-
valence of non-synonymous substitutions over synonymous
ones, due to the adaptation of human populations to various
natural environmental conditions (Mishmar et al., 2003). Thus,
a deviation from the neutral model of mtDNA variability was
found in different population groups of Eurasia and America.
An analysis of the distribution of Ka/Ks values has shown
that negative selection is relaxed in the mitochondrial ATP6
gene in the Arctic zone, in the CYB gene in the temperate
zone (Europe), and in the CO/ and ND3 genes in the tropics
(Mishmar et al., 2003; Ingman, Gyllensten, 2007).

The prevalence of elevated Ka/Ks values in the A7P6 gene
in the Arctic zone (in Siberian and North American popula-
tions) in comparison with other regions was explained by
the adaptation of populations to the Far North environmental
conditions (Mishmar et al., 2003). The ATP6 gene encodes

subunit 6 of mitochondrial ATP synthase, which is involved
in the coupling of ATP production and heat to maintain body
temperature, and therefore it is suggested that polymorphic
variants that reduce coupling efficiency may be beneficial
under cold stress conditions, as they increase heat production
and overall metabolic rate (Mishmar et al., 2003).

Later, it was also shown that higher Ka/Ks values in the
ATP6 gene prevail in East Asians (Elson et al., 2004; Sun et
al., 2007). In another study of the mitochondrial genomes of
the North Asian populations, the highest Ka/Ks values were
also found in the ATP6 gene (Ingman, Gyllensten, 2007). The
accumulation of non-synonymous mutations in this gene was
considered by the authors as an evolutionarily slow process of
gradual relaxation of negative selection over many thousands
of years. This scenario is also supported by evidence that some
ancient non-synonymous substitutions were defining mtDNA
haplogroups that have become widespread in northern Asia
(Ruiz-Pesini et al., 2004). For example, there is the G8584A
substitution, which defines the M8 macrohaplogroup and its
predominantly North Asian haplogroup C, the C8794T substi-
tution, which determines the haplogroup A, and the A8701G
substitution, which delineates the macrohaplogroup N as a
whole. It is assumed that such mtDNA replacements are as-
sociated with changes in energy metabolism and, thus, con-
tributed to adaptation to northern conditions, being potential
candidates for adaptive selection (Ruiz-Pesini et al., 2004).

Another scenario, as noted above, is that mutational changes
in the ATP6 gene occurred as a result of relaxed negative selec-
tion, and the increase in the frequency of these polymorphic
variants in northern populations was facilitated by genetic
drift, the effects of which are better manifested in populations
with a small effective size (Ingman, Gyllensten, 2007).

The results of Ka/Ks analysis of mitochondrial genes in
cancer tissues demonstrated a significant relaxation of negative
selection in many mtDNA genes under conditions of aerobic
glycolysis, which actively occurs in cancer cells (Stafford,
Chen-Quin, 2010; Liu et al., 2012; Skonieczna et al., 2018).
When comparing the Ka/Ks spectra in healthy and cancer-
ous tissues, it turned out that in the mitochondrial genes of
affected cells in various types of cancer, a statistically signifi-
cant relaxation of negative selection is observed in all genes,
except for ATP6 and ATPS, as well as ND3 and CO?2 (Liu et
al., 2012). With respect to the genes encoding subunits of ATP
synthase, this means that the mitochondria of healthy cells are
likely to be characterized by such a significant relaxation of
negative selection that it practically does not differ from that
under conditions of carcinogenesis. However, the reasons for
such behavior of the mitochondrial ATP6 and ATPS genes in
the norm are not fully understood.
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Thus, the results of studies of the evolution of protein-
coding mtDNA genes in human populations testify to a rather
high stability of mitochondrial genes; however, the differences
that were revealed between populations indicate a possible
influence of positive selection on some mtDNA genes due to
the adaptation of populations to different climatic conditions.
In a number of studies, this issue was considered based on
populations of East Asia, including the aboriginal populations
of Siberia, but the sample sizes of populations studied were
insufficiently representative (less than 100 complete mitoge-
nomes) (Mishmar et al., 2003; Elson et al., 2004; Kivisild et
al., 2006; Ingman, Gyllensten, 2007; Sun et al., 2007).

In this paper, we present more detailed information on the
effect of selection on the mitochondrial genomes of human
populations based on the results of Ka/Ks analysis of mtDNA
genes in aboriginal populations of Siberia (N = 803) in com-
parison with populations of Western Asia and Transcaucasia
(N =753) and Eastern Europe (N = 707).

Materials and methods

Whole mtDNA genome data from Siberian and East Asian
populations published in GenBank (https://www.ncbi.nlm.nih.
gov/genbank/) were analyzed. The data are represented by the
Koryaks (N=154) and Evens (N =219) from the northern part
of Siberia, and by the Mongolic-speaking Buryats, Barghuts
and Khamnigans (N = 430) from the southern part of Siberia
and adjacent territories of Northeast China. For comparison,
we used data on the whole mitogenome variability in popu-
lations of Western Asia (Persians, Qashqais, Lebanese) and
Transcaucasia (Armenians and Azeri) (N =753), as well as in
populations of Eastern Europe (Russians, Ukrainians, Volga
Tatars and Estonians) (N = 707).

We analyzed the distribution of Ka/Ks values (the ratio
of the number of non-synonymous substitutions for a non-
synonymous site (Ka) to the number of synonymous substitu-
tions for a synonymous site (Ks)) in the mtDNA L-strand en-
coded genes ND1, ND2, CO1, CO2, ATPS, ATP6, CO3, ND3,
ND4L, ND4, ND5 and CYB. For Ka/Ks analysis, we used the
programs of the package DnaSP v. 5 (Librado, Rozas, 2009).
The effect of negative selection is assumed at Ka/Ks < 1
and positive selection at Ka/Ks > 1. To analyze the effect of se-
lection on mtDNA protein-coding genes, the HyPhy software
package was also used (http://www.hyphy.org) (Kosakovsky
Pond et al., 2005). To identify codons under the influence of
negative and positive selection, the FUBAR method (Fast Un-
constrained Bayesian AppRoximation) was used. This method
allows you to quickly analyze large sets of molecular data
using the hierarchical Bayesian method and the Monte Carlo
method for Markov chains (MCMC) (Murrel et al., 2013).

Results and discussion

The results of the analysis of the distribution of Ka/Ks values
in the protein-coding genes of the mitochondrial genome in
aboriginal populations of Siberia demonstrate that in all but
one of the cases, the values of this parameter are below 1,
which indicates the effect of negative selection on mtDNA
genes (Table 1). The highest Ka/Ks values were detected in
the ATP6 gene. Moreover, among the Koryaks, a Paleo-Asia-
tic people that originated in Northeast Asia under extreme
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environmental conditions, the Ka/Ks value exceeds 1, which
indicates the effect of positive selection on this mitochondrial
gene.

Table 2 shows Ka/Ks values in three regional population
groups. In the Siberian group of populations, the highest va-
lues were found in the ATP6, ATP8, ND2, and CYB genes; in
the populations of Western Asia and Transcaucasia — in the
ATP6, ATP8, ND1, ND2, and CYB genes; in the populations
of Eastern Europe — in the ATP6, ATP8, ND1, ND3, and CYB
genes. Therefore, the results of analysis indicate that in dif-
ferent regions of Eurasia the highest Ka/Ks values are found
in about the same sets of mitochondrial genes. The maximum
values of this parameter were revealed in the genes encoding
subunits of ATP synthase, which is consistent with the results
of previous studies (Mishmar et al., 2003; Ingman, Gyllensten,
2007; Sun et al., 2007) and points to a relaxation of negative
selection in the ATP6 and ATPS genes, especially in Siberian
populations.

To assess selective pressure acting on individual mtDNA
sites (with taking into account their location in the phylogene-
tic tree of mtDNA haplotypes), we used hierarchical Bayesian
analysis implemented in the FUBAR program of the HyPhy
package (http://www.hyphy.org). This method has a higher
efficiency of detecting codons that are under the influence of
positive and negative selection — for example, in comparison
with the FEL (Fixed Effects Likelihood) and MEME (Mixed
Effects Model of Evolution) methods of the HyPhy package,
which are also widely used to study selective processes (Murrel
etal., 2012, 2013).

Our study demonstrated that in Siberian populations, 11.4 %
(411) codons, which are roughly evenly distributed over the
mtDNA genes, are under the influence of negative selection.
The effect of positive selection was found only in 4 codons of
the ND5 and CYB genes (Table 3).

When only the populations of the northeastern part of Sibe-
ria (Koryaks and Evens) are analyzed, another codon, which
is characterized by a borderline posterior probability value of
0.9, is revealed in the ND4 gene (see Table 3). In this case, the
nucleotide substitution in the ND4 gene, leading to the N390S
amino acid substitution, determines the C5a2 phylogenetic
cluster, which is interesting in that it is distributed mainly
among the Koryaks.

All other substitutions are found in mtDNA clusters charac-
terized by a more southern distribution — they are associated
either with major mtDNA haplogroups widespread in East
and South Asia (for example, N9a and Fla’c’f) or in Western
Eurasia (for example, H11, K, J1¢), or with relatively small East
Asian mtDNA haplogroups found also in Buryats, Barghuts,
and Khamnigans (D4jla, D4g2al) (see Table 3).

Thus, oddly enough, despite the expected effect of positive
selection on individual mtDNA sites due to the adaptation of
aboriginal populations of Northeastern Siberia to a cold climate,
the effect of positive selection was found only in southern-
most Siberian populations. Similar conclusions follow from
the results of the analysis of mtDNA protein-coding genes in
Siberian populations obtained using other methods, FEL and
MEME (results not shown).

For comparison, data sets for populations of Western Asia/
Transcaucasia and Eastern Europe were also analyzed (see
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Table 1. Ka/Ks values for mtDNA genes
in aboriginal populations of Siberia
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MUTOXOHZPUWasIbHbIX FEHOMOB KOPEHHOro HaceneHus Cnbupu 27.3

Table 2. Ka/Ks values for mtDNA genes
in regional populations

mtDNA Koryaks Evens Mongolic-speaking
gene (N=154) (N=219) populations
(N =430)
ND, ................ 00” ................... 0075 ................... 0109 ...........................

NDZ ................ 0217 ................... 0188 ................... 021 ..............................

Cm ................. 0008 ................... 0032 ................... 0032 ...........................

COZ ................ 0049 ................... 0004 ................... 0042 ...........................

ATP8 ............... 0018 ................... 072 ..................... 0617 ...........................
ATP6133 ..................... 071 ...................... 0934 ...........................
C03 ................ 000003 ............... 000003 ............... 0032 ...........................

ND3 ................ 0548 ................... 004 ..................... 016 .............................

ND4L .............. 000001 ............... 016 ..................... 013 .............................

ND4 ................ 0225 ................... 028 ..................... 012 .............................

ND5 ................ 0184 ................... 0075 ................... 0068 ...........................

CYB ................. 04 ....................... 028 ..................... 0146 ...........................

mtDNA Siberia Western Asia Eastern Europe
gene (N=2803) and Transcaucasia (N=707)
(N=753)
ND, ................ 0075 ................. 031 ................................ 033 .....................

NDZ ................ 0203 ................. 0263 ............................. 02 .......................

Cm ................. 0028 ................. 005 ............................... 0025 ...................

COZ ................ 0031 ................. 0042 ............................. 0053 ...................

ATP8 ............... 056 ................... 028 ............................... 071 ......................

ATP6 ............... 0932 ................. 0397 ............................. 034 .....................

C03 ................ 0022 ................. 0” ................................ 019 .....................

ND3 ................ 0174 ................. 031 ................................ 038 .....................

ND4L .............. 0”5 ................. 0072 ............................. 0045 ...................

ND4 ................ 018 ................... 0025 ............................. 0028 ...................

ND5 ................ 0092 ................. 0022 ............................. 0037 ...................

CYB ................. 0209 ................. 031 ................................ 047 .....................

Table 3. mtDNA nucleotide positions affected by positive selection in regional population groups (FUBAR method)

Gene, codon, Nucleotide position, a B
substitution substitution

ND5, T8A 12358, A>G 2.234 14.049
NDsSTV 13105456 2375 16015
DS A47ST 13759,G5A 2155 12928
omFsL 14798,T>C 249 3074
ND4,N39OS 1928,A5G 3058 2089

ND2, A331T 5460,G> A 1.379 28.771
cosEsIl 0957,T>C oy 7623
e e e o
NDsFazRL 13768T>C 1746 11402
e e L — e

ATP6, 1121V 8887,A>G 1.198 7.492
ND4lsoP nosT>C 1139 21786
NDsSV 13105456 24 13831
NDSTSM 13934,C>T 272 15421
omLsse 15519,T5C R/ 21875

PP(a<p) BF (a < B) mtDNA haplogroups associated
with certain substitution

0.915 31.42 N9a, D4j1a
092 .................... 3 331 .................. D 49231 ............................................
0917 ................. 3 221 .................. F 1a,c,f|_”1 ......................................
0969 ................. 8 947 ................. K '”c ...............................................
09 ...................... 1504C5a2 ................................................

0.991 467.9 Hile,J1b1,K1a12, W
09074249 ................. N 1b1a3 ...........................................
0959 ............... 1028 ................... K 1a2,N1b1’N1a3 ...........................
09074221 .................. U 3b ..................................................
093 .................... 5 74 ................... H V ....................................................

0.902 33.35 W1e, R1
0968 ............... ”11 .................... K 1a2,N1a3 ......................................
0902 ................. 3 364 ................. R 1a1lu4d2 .....................................
09234335J1c3,u3a .........................................
0969 ................. 1120 ................. H 34 ..................................................

Note. a - rate of synonymous substitutions; 3 — rate of non-synonymous substitutions; PP — posterior probability; BF — Bayes factor. PP for codons, which are

under the influence of positive selection, is > 0.9.
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Table 3). In the first case, 19.5 % (700) codons were found
under the influence of negative selection, in the second case —
16.4 % (589) codons. Under the influence of positive selection,
five codons were identified in both regional population groups
(see Table 3). All substitutions are associated with mtDNA
haplogroups widespread in Western Eurasia, and therefore
it is difficult to accept (at least in the absence of a special
analysis) that the fixation of these substitutions in haplogroup
trunks occurred due to the adaptation of populations to natural
environmental conditions. It should be noted that in two cases
there is evidence of the influence of positive selection on the
same codon in different geographic regions: a nucleotide sub-
stitution at position 11025, which determines the haplo-
groups K1a2 and N1a3, in the populations of Western Asia/
Transcaucasia and Eastern Europe, and a nucleotide substi-
tution at position 13105, which defines haplogroup D4g2al
in Siberian populations and haplogroups R1al and U4d2 in
populations of Eastern Europe (see Table 3).

Conclusion

Thus, our study aimed at the effects of selection on mtDNA
genes in different regional groups of Eurasia using standard
Ka/Ks analysis showed that all mtDNA genes are characterized
by low values of this parameter (Ka/Ks < 1), indicating the
influence of negative selection. The highest Ka/Ks values in
different regional population groups were found in almost the
same set of genes encoding subunits of ATP synthase (47P6,
ATPS8), NADH dehydrogenase complex (ND1, ND2, ND3), and
cytochrome bc, complex (CYB). The highest value of Ka/Ks,
indicating a relaxation of negative selection, was found in the
ATP6 gene in Siberian populations; moreover, in Koryaks, the
effect of positive selection on this gene was formally recorded
(Ka/Ks =1.33).

Meanwhile, the results of the analysis aimed at searching for
mtDNA codons affected by selection showed a multiple pre-
vailing negative selection over positive one in all population
groups under study. In Siberian populations, codons affected
by positive selection and associated with mtDNA haplogroups
have been revealed only in populations of the southern part of
Siberia and the adjacent territory of Northeast China (among
the Buryats, Barghuts, and Khamnigans). In the regional
groups of Eurasian populations, codons of this kind were found
in different mtDNA genes (ND2, ND4, ND5, CO3, CYB), but
in the ATP6 gene a single codon (at position 121) was detected
in the East European group of populations rather than in the
Siberian one. Apparently, further studies of the direction and
strength of natural selection on mitochondrial genomes in
different regional population groups of Eurasia are required.
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Genetic control of N-glycosylation of human blood plasma proteins
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Abstract. Glycosylation is an important protein modification, which influences the physical and chemical properties as
well as biological function of these proteins. Large-scale population studies have shown that the levels of various plas-
ma protein N-glycans are associated with many multifactorial human diseases. Observed associations between protein
glycosylation levels and human diseases have led to the conclusion that N-glycans can be considered a potential source
of biomarkers and therapeutic targets. Although biochemical pathways of glycosylation are well studied, the under-
standing of the mechanisms underlying general and tissue-specific regulation of these biochemical reactions in vivo is
limited. This complicates both the interpretation of the observed associations between protein glycosylation levels and
human diseases, and the development of glycan-based biomarkers and therapeutics. By the beginning of the 2010s,
high-throughput methods of N-glycome profiling had become available, allowing research into the genetic control of
N-glycosylation using quantitative genetics methods, including genome-wide association studies (GWAS). Application
of these methods has made it possible to find previously unknown regulators of N-glycosylation and expanded the
understanding of the role of N-glycans in the control of multifactorial diseases and human complex traits. The present
review considers the current knowledge of the genetic control of variability in the levels of N-glycosylation of plasma
proteins in human populations. It briefly describes the most popular physical-chemical methods of N-glycome profil-
ing and the databases that contain genes involved in the biosynthesis of N-glycans. It also reviews the results of studies
of environmental and genetic factors contributing to the variability of N-glycans as well as the mapping results of the
genomic loci of N-glycans by GWAS. The results of functional in vitro and in silico studies are described. The review sum-
marizes the current progress in human glycogenomics and suggests possible directions for further research.
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T IHCTUTYT NepcneKTUBHBIX NCCNefoBaHil NPOBEM NCKYCCTBEHHOTO UHTENNEKTA U UHTENNEKTYaNbHbIX CUCTEM

MockoBcKkoro rocygapcTeeHHOro yHmsepcuteta um. M.B. JlJomoHocosa, Mocksa, Poccusa
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AHHoTayusA. [MMKO3UIMPOBaHNeE ABNAETCA BaXKHOW MoanduKaLmeid 6enkoB, KoTopas BIUAET Kak Ha X GU3NKO-Xu-
MUYecKmne CBOMCTBA, TakK M Ha BbIMOJIHAEMble MK Buonornyeckne ¢yHKUmnU. MacwTabHble NonynALuOHHbIE MCCre-
[O0BaHUA NMOKasanu, YTo YPOBHU pa3nnuHbix N-rMKaHoB 6e/1KoB Mia3Mbl KPOBU acCOLUMPOBAHbI C PUCKOM Pa3BUTHSA
paga MynbTudaKkTopHbIX 3aboneBaHuii yenoseka. HaliieHHble accoymauymm CTanm OCHOBaHMEM AN PacCMOTPEHUSA
N-rivKaHOB B KauyecTBe MOTEHLMANbHOIO NCTOYHUKA 6MOMapKEPOB U TepaneBTUYECKMX MULIeHel. brioxmmnueckne
nyTvi N-rIMKO3nIMpoBaHyisa XOPOLLO U3yUYeHbl, OAHAKO MOHUMaHVe MeXaHU3MOB 06LLeil 1 TKaHecneunpruecKkon pery-
NAUMKN STUX BUOXUMUNYECKMX PeaKUWii in vivo BeCbMa OrpaHNYeHHO. DTO 3aTPYAHSAET Kak MHTepnpeTauuio Habnogae-
MbIX accoLmaLmin yposHeid N-rnvkaHoB € 3a601eBaHNAMU YeNOBEKa, Tak 1 pa3paboTKy 6BMOMapKepOoB 1 MOSIEKYAPHDBIX
MUILLEeHelN Ha UX ocHoBe. [Mporpecc B 06nacTyi TexHonoruii aHanusa N-rmmko3mnupoBaHmns 6ekoB NMO3BOUI K Havasy
2010-x ronoB NPOBOANTb UCCNIeAoBaHWA perynAauuy N-rivKo3unMpoBaHUs C MOMOLLbIO METOLOB reHEeTNYeCKOoro aHa-
n13a, B TOM YKCIIe MOSIHOFEHOMHOTO NCCNefOBaHUA reHeTUYEeCKX accoumauuii. NpriMeHeHne 3TrX MeTOA0B AaeT BO3-
MO>KHOCTb HaXO[UTb HOBble, paHee Hen3BeCTHble perynAaTopbl N-rMKO3UNMPOBaHUA 1 pacluMpsAeT NpecTaB/eHre O
ponui N-rMKaHoOB B KOHTPOJIe MyNbTUGAKTOPHbIX 3a60neBaHMii U KOMIMIEKCHBIX MPY3HAKOB YenoBeKa. B ;aHHOM 0630-
pe Mbl paccmaTprBaeM COBPEMEHHOE COCTOSIHVE NCCNEeAOBaHNIA FeHETUYECKOTO KOHTPOSISA NONYNALMOHHON N3MeHUU-
BOCTV ypOBHeii N-rnunko3unupoBaHns 6enKoB nNnasmbl KpoBU YenioBeka. OnuncaHbl COBpeMeHHble GU3UKO-XMUYecKmne
MeToabl 3MepeHust N-rMKOMHOro npoduns, npusefeHbl 6a3bl aHHbIX, COAepKallue reHbl, BOBIeUYeHHble B G1IOCWH-
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[eHeTnyecknin KOHTPonb N-rMMKO3MNNPOBaHMA
6enKOB Nna3mMbl KPOBY YENOBEKA

Te3 N-rnmkaHoB. CucTeMaT3npoBaHbl pe3ynbTaTbl UCCIEA0BaHWI BK1aAa CPeA0BbIX U reHeTnYecKnx GpakTopos B nony-
NALMNOHHYIO0 N3MeHUNBOCTb N-IIMKaHOB, @ TakXKe pe3yNbTaTbl KAPTUPOBAHWA FEHOMHbIX TOKYcoB N-riMkaHOB MeToAoM
NMOSIHOreHOMHOT0 1ccnefoBaHKA accoumaunii. lpeacTaBneHbl pesynbTaTbl NOceayoWwmnX GYHKLMOHANbHbIX MCCnefo-
BaHWI in vitro v in silico, NO3BONMBLINX NPeLNOXNUTb HOBbIE FeHbl-KaHAuAaTbl, perynupytowne N-rnnko3mnmposaHme
6enkoB. B 3aKk/oueHne KpaTKo NoKasaH TeKyLMiA Nporpecc B 0611acTyi IMNKOreHOMUKM YenoBeKa 1 OmncaHbl BO3MOX-

Hble NyTV AanbHenWnX nccnegoBaHuim N-rnmkoma.

KntoueBble crioBa: rMUKOM; riKaHbl; N-rnnkosvnnupoBaHue; reHetuka; NrA.

Glycomics as a branch of glycobiology

Glycans, also known as poly- or oligosaccharides, are po-
lymers consisting of monosaccharides joined together by
glycosidic linkages. Glycans may covalently bind to proteins
and lipids by glycosidic bonds to produce glycoproteins and
glycolipids, respectively. Glycosylation is one of the most
common (Craveur et al., 2014) post- and co-translational
protein modifications. It is found that about 20 % of all
proteins in nature are glycosylated (Khoury et al., 2011).
Meanwhile, over 40 % (by weight) of all proteins in human
blood plasma are N-glycosylated (Clerc et al., 2016). Gly-
cosylation affects not only physical and chemical properties
of proteins, such as solubility, spatial configuration, folding,
etc. (Varki, 1993; Ohtsubo, Marth, 2006; Skropeta, 2009),
but their biological function as well. Glycoconjugates, i.e.
glycoproteins and glycolipids with covalently bound gly-
cans, are present in cells of all multicellular organisms
(Varki, Kornfeld, 2015).

Glycoproteins and glycolipids at the surfaces of cell mem-
branes are involved in various cellular interactions, including
cell-cell, cell-extracellular matrix, and cell-macromolecule
interactions, as well as interactions between organisms
(host-parasite, symbiont-symbiont, etc.) (Ohtsubo, Marth,
2006; Skropeta, 2009; Lauc et al., 2016; Poole et al., 2018),
which plays a major part in development and functioning of
multicellular organisms (Gagneux et al., 2015).

Numerous studies into the chemical structure of glycans
and their metabolism have been carried out in the early 20th
century. At the time, however, glycans were primarily con-
sidered as structural elements and energy sources for living
systems. An explosive development of chemical, physical,
and molecular biological methods in glycan research has
given birth to a new branch of molecular biology called
glycobiology. This domain includes studies of chemical
and physical properties of glycans, enzymology of glycan
synthesis and degradation, their evolution, mechanisms of
glycan recognition by proteins, and the role of glycans in
functioning of biological systems, development of human
diseases and biological traits, as well as development of
new methods for management, prophylaxis, diagnostics, and
prediction of diseases (Varki, 2017). Today, glycobiology
is a rapidly developing science, and its findings are of great
significance for many related fields, including biomedicine
and biotechnology (Nikolac Perkovic et al., 2014; Varki,
Kornfeld, 2017).

Similarly to genomics, transcriptomics, proteomics, and
metabolomics, glycomics is a systematic investigation into
glycome, i.e. a variety of all glycans and their contents in a

given specimen, whether it be a cell culture, tissue, organ,
or the whole organism. The diversity of possible glycocon-
jugates is beyond imagination. Although the number of mo-
nomers incorporated into glycan structure is relatively small,
monomers may form various glycosidic bonds to create an
abundance of possible glycans. The diversity of glycoconju-
gates is further increased due to the possibility of a protein
having not one, but several glycosylation sites.

In the early XXI century, high-throughput physical and
chemical methods were developed, which made it possible to
carry out large-scale cohort studies to discover the associa-
tions between N-glycome and human diseases and biological
traits. Currently, the associations of N-glycans with many
multifactorial diseases in humans (Gudelj et al., 2018a;
Dotz, Wuhrer, 2019; Reily et al., 2019), including type 2
diabetes and monogenic forms of diabetes (Thanabalasing-
ham et al., 2013; Keser et al., 2017), rheumatoid arthritis
(Gudelj et al., 2018b), the Parkinson’s disease (Russell et
al., 2017), inflammatory bowel disease (Trbojevi¢ Akmacié
et al., 2015; Clerc et al., 2018), as well as cardiovascular
(Connelly et al., 2016; Wang et al., 2016) and oncological
diseases (Fuster, Esko, 2005; Saldova et al., 2014; Mehta et
al., 2015; Taniguchi, Kizuka, 2015), have been identified.

The results of observational studies of the associations
between protein glycosylation and human diseases do not
shed a light on cause-and-effect relationships between them
and molecular biological mechanisms underlying these re-
lationships. From 1983 onward, there have been a number
of studies into the functional consequences of changes in
protein glycosylation (Anthony et al., 2012; Cobb, 2020).
Glycosylation of immunoglobulin G (IgG) appears to be
the most deeply studied in this regard, due to its importance
for adaptive immunity. The IgG molecule has a conserved
glycosylation site Asn297, located in the conserved domain
CH2 of the heavy chain. This domain plays a major part
in binding to Fcy receptors, which in turn affects the effec-
tor function of IgG. It was shown that a decrease in IgG
fucosylation level intensified antibody-dependent cellular
cytotoxicity (Peipp et al., 2008). The further crystallography
investigation demonstrated that the lack of IgG fucosyla-
tion led to higher affinity between the Fc domain of IgG
and the receptor FcyRIITA, while the presence of fucose in
IgG glycan resulted in steric hindrances during the interac-
tions (Mizushima et al., 2011).

Given the above, a conclusion can be made about the
fundamental importance of glycosylation research for the
problems of diagnostics, prediction, prophylaxis, and ma-
nagement of human diseases. In 2012, the National Aca-
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demy of Sciences of the United States presented a report on
the necessity of a large-scale glycome study, the reasoning
being that glycans are directly involved in pathogenesis of
almost all the known diseases (http://www.nap.edu/catalog.
php?record id=13446).

Structure and diversity of glycans
Carbohydrates are among the main groups of macromole-
cules identified in biology, along with proteins, lipids, and
nucleic acids. The polymerization ability and a large num-
ber of chiral atoms allow monosaccharides to form a large
variety of stereo- and regioisomers. Four main groups of
carbohydrates are determined based on the degree of po-
lymerization as follows: monosaccharides (glucose, fruc-
tose, galactose, etc.), disaccharides (molecules consisting
of two monosaccharides joined together by a glycosidic
bond, e.g. sucrose, lactose, and maltose), polysaccharides
with repeating units forming linear or branching compounds
(O-antigens of bacteria, amylose, cellulose, and chitin), and
glycans, 1. e. complex oligosaccharides with non-repetitive
units, which can be free or bound to proteins or lipids (gly-
coproteins, proteoglycans, and glycolipids).
Protein-bound glycans are in turn divided into N-, O-,
and C-glycans. N-glycans form a glycosidic bond to the
nitrogen atoms (N) of asparagine amino acid; O-glycans — to
the hydroxyl groups of serine and threonine amino acids,
and C-glycans — to carbon atoms of the tryptophan amino
acid. C-glycosylation is rarely observed compared to N- and
O-glycosylation (Chauhan et al., 2013).
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An important difference between N- and O-glycosylation
is that the N-glycosydic bond only forms with the aspara-
gine of the Asn-X-Ser/Thr motif, where “X” may represent
any amino acid, except for proline, whereas no such motif
is known for O-glycans. In addition, there is a PNGase
F enzyme that specifically cleaves the N-glycosydic bond
between a glycan and a protein, which leads to the release
of N-glycans into solution for further analysis (Vilaj et al.,
2021). As opposed to N-glycosylation, O-glycosylation site
does not have a consensus sequence, and the available me-
thods for O-glycan isolation (beta elimination) show lower
specificity compared to that for N-glycans (Mulloy et al.,
2015). It is part of the reason why technologies and protocols
of glycan structure identification and high-throughput analy-
sis are currently more refined for N-glycans, which are the
subject matter of this survey.

The most common monomers in N-glycans include mo-
nosaccharides, such as mannose, fucose, galactose, N-ace-
tylglucosamine (GlcNAc), and N-acetylneuraminic acid
(Fig. 1). N-glycan structure always includes a backbone
(Manal-3(Manal-6)Manf1-4GlcNAcB1-4GIcNAcp1-
Asn-X-Ser/Thr) the other monomers bind to by glycosidic
linkages. Glycans may have a branching structure with
one or more branches called antennae. Monomers, such as
galactose, N-acetylneuraminic acid, or fucose, can bind to
any of the antennae. Fucose can also bind directly to the
backbone. Negatively charged N-acetylneuraminic acid is
the only monomer in N-glycans that carries a charge. The
glycans not containing N-acetylneuraminic acid are neutral-

4 Fucose

0 N-acetylneuraminic acid

Y O Galactose

© Mannose

[l N-acetylglucosamine

Fig. 1. Examples of N-glycan structures: structure b represents a glycan with a large number of mannose residues, while the other
glycans have a complex structure. Structures a, ¢, d—f are biantennary glycans, g—i are triantennary glycans, and structure j is a

tetraantennary glycan.

N-glycan backbone fucosylation is seen in structures g, e, f, and i; antennary fucosylation (fucose is bound to an antenna) is seen in struc-
tures g, i, and j. A bisecting N-acetylglucosamine (GIcNAc) residue is seen in structures ¢ and f. Galactose and N-acetylneuraminic acid

residues are shown in structures c—j and e—j respectively.
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ly charged. N-acetylneuraminic acid in N-glycans is always

bound to a galactose residue.

The Oxford glycan notation, one of the most commonly
used glycan nomenclatures (Harvey et al., 2009), operates
as follows:

1. The letter “F” at the very beginning of the name indicates
the presence of fucose bound to the backbone.

2.1t is followed by the “AN” sequence, where N is the
number of antennae (branches) in the glycan structure.

3. Then, if the sugar backbone is bisected, the letter “B”
(bisecting) is added.

4. If antennary branches are fucosylated, the letter “F” is
added.

5. If the glycan structure includes galactose bound to one or
several antennae, then the sequence G[n1,n2,...]N follows,
where N is the number of galactose residues in a glycan,
and nl indicates the carbon atom of galactose, with which
glycosidic bond is formed.

6. If the glycan structure includes N-acetylneuraminic acid
bound to one or several antennae, then the sequence
S[n1,n2,...]N follows, where N is the number of N-ace-
tylneuraminic acid residues in a glycan, and nl indicates
the carbon atom of N-acetylneuraminic acid, with which
glycosidic bond is formed.

For example, the designation FA2 shows the presence of a
fucose residue bound to the backbone and two antennae in the
glycan structure. The designation A3BG3S1 shows that glycan
structure includes three antennae, sugar backbone bisection,
three-antenna galactosylation, and one-antenna sialylation.

Genes involved in biological pathways

of N-glycosylation

As opposed to mRNA and proteins encoded in the genomic
DNA sequence and synthesized as a result of matrix pro-
cesses, a glycan structure is not encoded in the genome
directly, and its biosynthesis is a branching network of
biochemical reactions (Lombard et al., 2014). The final
structure of a glycan is determined by the interaction of a
multitude of molecules and factors, including substrates
and their accessibility, the enzyme activity associated with
glycan biosynthesis and degradation, their localization and
competition for substrate, and transport proteins (Kukuruz-
inska, Lennon, 1998; Nairn et al., 2008, 2012; Moremen et
al., 2012). It was also shown that structure and diversity of
N-glycans present in specific cells and tissues is partially
regulated at the level of gene transcription encoding the
proteins involved in glycan synthesis and degradation (Nairn
et al., 2008, 2012; Moremen et al., 2012).

Glycan biosynthesis occurs in the endoplasmic reticu-
lum (ER) and Golgi apparatus (GA). The KEGG database
currently includes the data on over 300 enzymes involved
in glycan synthesis and degradation processes (Kanehisa
et al., 2017). Glycosyltransferases transporting activated
monosaccharides to growing glycans are among the key
enzymes directly involved in N-glycan biosynthesis. The
dedicated CAZy database (Lombard et al., 2014) provides
annotation and classification for over 200 glycosyltrans-
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ferases, at least 40 of them associated with the protein
N-glycosylation pathway. In addition, K.S. Egorova et al.
developed the CSDB_GT database (Egorova et al., 2021)
including the experimentally confirmed CAZy activities.
N-glycan biosynthesis stages and the respective glycosyl-
transferase genes are described in detail in surveys (Saito,
Ishii, 2002; Mohanty et al., 2020).

Physical and chemical methods

for high-throughput N-glycan sequencing

Rapid development of glycobiology combined with the huge
success of epidemiological population studies boosted the
development of high-throughput glycome profiling methods
for blood plasma proteins. In the recent decade, several high-
throughput N-glycome profiling methods have been deve-
loped (Huffman et al., 2014), specifically high and ultra-high
performance liquid chromatography (HPLC and UHPLC),
multiplex capillary gel electrophoresis with laser-induced
fluorescence detection, (xCGE-LIF), liquid chromatography
electrospray mass spectrometry (LC-MS), matrix-assisted
laser desorption/ionization time-of-flight mass spectromet-
ry (MALDI-TOF-MS). Representative N-glycosylation pro-
files of human blood plasma proteins obtained using three
different methods are presented in Fig. 2.

A detailed comparison of the five most common N-gly-
come profiling methods for human blood plasma proteins
is presented in the review (de Haan et al., 2022). Despite
the differences in technologies, all these methods include
several key stages, such as sample preparation (cell culture,
tissue, organ, or organism), N-glycan isolation (for example
by cleaving from glycoconjugates), separation of N-glycans
and content measurement (absolute and relative values)
(Huffman et al., 2014).

Each of these glycan analysis methods has its advantages
and shortcomings. UHPLC and xCGE-LIF are used to ana-
lyze glycans cleaved from proteins, while MALDI-TOF-MS
and LC-MS based on mass spectrometry make it possible to
analyze glycopeptides with the protein regions containing
covalently bound glycans, which provides valuable infor-
mation on glycosylation of specific proteins. Compared to
UHPLC and xCGE-LIF, MALDI-TOF-MS and LC-MS
perform better with regard to distinguishing glycans with
different molecular weights, but are unable to distinguish
glycan stereoisomers. UHPLC and xCGE-LIF provide more
accurate quantitative estimates due to their high resolution.
In addition, they are characterized by high performance and
lower initial costs compared to the methods based on mass
spectrometry.

UHPLC has turned out to be the most popular high-
throughput N-glycome profiling method for blood plasma
proteins among the listed above (Akmaci¢ et al., 2015) due
to its relative cheapness, improved resolution (compared to
HPLC), and high performance. By the time this review was
composed (October 2022), human blood plasma glycome
had been studied in about 200,000 samples all over the
world, with about 80 % of the samples studied using UHPLC
(G. Lauc, personal message).
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Fig. 2. N-glycosylation profiles of blood plasma proteins obtained using UHPLC, XxCGE-LIF, and MALDI-MS.

N-glycome profile obtained using: a - xCGE-LIF (Reiding et al., 2019); b - UHPLC (Reiding et al., 2019; Zaytseva et al., 2020); ¢ - MALDI-MS after differential esteri-
fication of N-acetylneuraminic acid (Vreeker et al., 2018; Reiding et al., 2019; Zaytseva et al., 2020). Modified after (de Haan et al,, 2022).

Heritability of N-glycosylation levels
of human blood plasma proteins
By the early 2010s, the development of high-throughput
glycome profiling and genetic analysis methods had made it
possible to carry out the first research efforts in genetic con-
trol of glycosylation based on the findings of cohort studies.
There were a number of reasons why N-glycome of blood
plasma became the main research focus: first, compared
to other human tissues, blood plasma is a more accessible
subject matter; second, as said above, the technologies for
N-glycan level measurement and structure identification
were more refined. The most common glycoproteins studied
in human blood plasma were immunoglobulins G, A, and M,
fibrinogen, transferrin, haptoglobin, etc. (Clerc et al., 2016),
while liver cells and antibody-producing cells were the main
glycoprotein source (Uhlén et al., 2015; Clerc et al., 2016).
Population variability of human blood plasma glycans,
their heritability (trait dispersion due to genetic differences),
as well as the effects of various environmental factors on
glycan levels were studied in (Knezevic et al., 2009). Glycan
levels were measured using HPLC. The authors of the paper
made several major conclusions. First, high population vari-
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ability of glycosylation levels was discovered. Second, the
authors discovered the significant effect biological sex and
age had on glycan levels. Third, heritability of glycan levels
varied (the average heritability index h>= 34.7 % and the
standard deviation of 15.5 %), which implies that glycans
were controlled by both genetic and environmental factors.

In (Zaytseva et al., 2020), the authors assessed the herita-
bility of 39 N-glycan traits measured using UHPLC. It was
shown that the heritability was over 50 % (average heritabi-
lity index h?>=48.0 % and the standard deviation of 17.7 %)
for 24 out of 39 traits, which confirmed the hypothesis on
the significant effect both environmental and genetic factors
had on blood plasma glycome. In (Clerc et al., 2016; Uhlén
etal., 2019), the authors pointed out the highest heritability
(>50 %) in biantennary glycans with backbone fucosylation
and reduced sialylation of antennary chains included in
immunoglobulins, primarily IgG being the most common
glycoprotein among all human blood plasma proteins.
Average and high heritability (30-62 %) was observed in
bi- and triantennary glycans with high sialylation of anten-
nary chains. In (Jain et al., 2011), the authors assumed that
high heritability in this case might be explained by the pre-
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sence of these structures in a large number of glycoproteins
(transferrin, hemopexin, alpha-1-antitrypsin, alpha-1-acid
glycoprotein) causing errors in estimating genetic factors for
each of them in isolation, and by the fact that these glycans
were primarily contained in glycoproteins synthesized by
liver cells, specifically acute-phase proteins, the glycosyla-
tion of which was significantly affected by the environment.

Despite the fact that heritability studies have made it pos-
sible to estimate the portion of trait variability controlled by
genome, they have not revealed specific genomic regions
affecting the manifestation of traits. The latter may be found
using quantitative trait gene mapping methods, in particular
genome-wide association studies.

Genome-wide association studies of N-glycan
levels associated with blood plasma proteins
Genome-wide association study (GWAS) is the most com-
mon method for mapping loci of human diseases and com-
plex traits. This method implies the analysis of associations
between a large number (hundreds of thousands to tens of
millions) of genetic markers distributed across the whole ge-
nome and the studied trait. Typically, large samples (several
thousand to millions) of species or individuals are analyzed.
The availability of these data makes it possible to essentially
test the whole genome for associations with the studied trait
and find new previously undiscovered associations between
loci and traits. GWAS studies are usually designed around
several samples. The findings from samples are combined
using genome-wide meta-analysis techniques (Winkler et
al., 2014), which increases the total sample size and the
statistical power of the association analysis.

The presence of the association between a genomic locus
and the studied trait does not by itself clarify the molecular
biological mechanism underlying the discovered association.
The discovered loci may contain from one to tens of genes,
but they can also include none (Fig. 3) (Visscher etal., 2012,
2017). There is a multitude of reasons why an association can
occur, 1. e. the presence of encoding substitutions in the locus
affecting the structure and functioning of the gene product
(protein or RNA) or the presence of substitutions affecting
the specificity of binding between transcription factors and
regulatory regions. The number of functional variants may
vary from one to many (Yang et al., 2012).

Identification of functional genes in the discovered loci
and the mechanisms of their effect on the studied traits is
the critical problem of functional studies performed using
molecular and cellular biology methods. Here, the number
of possible hypotheses to be tested grows geometrically (in
theory) depending on the number of possible molecular as-
sociation mechanisms. Taking into account the complexity,
expensiveness, and labor intensity of molecular and cellular
biological methods, primary bioinformatic prioritization
of hypotheses on the association mechanisms becomes
extremely important. Numerous methods for in silico func-
tional annotation have been developed (Yang et al., 2012;
Bulik-Sullivan et al., 2015; Pers etal., 2015; McLaren et al.,
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2016; Staley et al., 2016; Zhu et al., 2016; Pasaniuc, Price,
2017; Hemani et al., 2018) making it possible to prioritize the
hypotheses on association mechanisms, thereby increasing
the efficiency of future molecular and biological research.

The subject matter in the available studies of genetic con-
trol of glycosylation using the GWAS approach was as fol-
lows: the total N-glycome of human blood plasma proteins
(the subject matter of this review) (Lauc et al., 2010a, b;
Huffman et al., 2011; Sharapov et al., 2019, 2020), N-gly-
come of immunoglobulin G, i.e. the most common N-gly-
coprotein in blood plasma (Lauc et al., 2013; Shen et al.,
2017; Wahl et al., 2018; Klari¢ et al., 2020; Shadrina et al.,
2021), and N-glycome of transferrin (Landini et al., 2022)
secreted by liver.

At present, the results of five GWAS studies of the total
N-glycome of human blood plasma proteins are available
(Lauc et al., 2010a, b; Huffman et al., 2011; Sharapov et
al., 2019, 2020).

GWAS studies of the total N-glycome

of human blood plasma proteins

The first GWAS studies into N-glycosylation levels of hu-
man proteins were performed in 2010-2011 (Lauc et al.,
2010a, b; Huffman et al., 2011). The authors used HPLC to
analyze glycosylation levels, and the marker density of the
genetic data was relatively low by today’s standards at up
to 2.5 million SNPs per genome. Six loci (FUTS, HNF'1A,
FUT3/FUT5/FUT6, MGATS, B3GAT1, SLCY9A49) associated
with N-glycosylation of human blood plasma proteins were
identified in these GWAS studies. It should be noted that
none of the studies used independent samples to confirm
the results.

The study published in 2019 (Sharapov et al., 2019) used
the data from the TwinsUK Registry (Spector, Williams,
2006; Moayyeri et al., 2013). The genome-wide genotyp-
ing data and the primary UHPLC data on the N-glycome
of blood plasma proteins were available for 2763 partici-
pants. The SNP number was increased from 2.5 to 8.5 mil-
lion by means of imputation using the data of the 1000 Ge-
nomes Project and the appropriate quality control. As a
result, the association was confirmed for 5 out of 6 previous-
ly identified loci (except for SLC949), and 10 new loci were
discovered.

Based on four studies (Lauc et al., 2010a, b; Huffman et
al., 2011; Sharapov et al., 2019), associations with 16 loci
were found, with 15 of them confirmed later in (Sharapov
et al., 2020) (see the Table) using the largest (at the time
of the study) collection of genomic and glycomic data for
4802 specimens from four samples, namely EPIC-Potsdam,
PainOmics, SOCCS, and SABRE, described in detail in
the appendices (Sharapov et al., 2020). To put it briefly,
the participants of the aforementioned studies were geno-
typed using the following DNA chips: EPIC-Potsdam (Hu-
man660W, 560,000 SNP, HumanCoreExome, 410,000 SNP,
InfintumOmniExpressExome, 850,000 SNP), PainOmics
(Ilumina HumanCore BeadChip, 720,000 SNP, Illumina
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Fig. 3. Examples of regional association plots visualizing the association between the trait and genetic markers in the locus.

A negative decimal logarithm of the p-value is plotted on the Y-axis. Genomic coordinates of the genetic marker (SNP) are plotted on
the X-axis. The association signal may be located in the encoding region of several genes (a) or may not include any genes at all (b).

GSA, 300,000 SNP), SOCCS (HumanHap300/Human-
Hap240S, 510,000 SNP), SABRE (Illumina Human Core
Bead Chip, 330,000 SNP).

EPIC-Potsdam cohort study included 27,000 participants
at the ages from 35 to 65, who were selected randomly from
the population of the city of Potsdam (Germany) in the years
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from 1994 to 1998 (Boeing et al., 1999). PainOmics (Allegri
et al., 2016) was the case-control study aimed at finding
potential biomarkers for dorsalgia and therapeutic targets for
its management. The sample of 3400 participants including
the residents of Italy, Belgium, England, and Croatia was
composed in the years from 2014 to 2016.
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Loci the associations of which were confirmed using independent samples

(except for KREMENT) in (Sharapov et al., 2020)

SNP Position Gene EA/RA EAF Trait BETA SE p N
rs186127900 ...... 1 25318225 .......... RUNX3 ...................... G/T099FA26252 ........................... 1 24019 ........... 1 16E_1O ....... 1 245 .....
rs12572202135015347 ........ MGAT5 ..................... A/GOZ6 .......... G4tota|A4tota|02200261“5_20 ...... 4343 .....
r548396043142960273 ........ SchAg ..................... C/TOSOFBSZ/FSZ ....................... _020003387E_”3592 .....
17775791 3186722362 STEGALT CT 026 FGISUFGI+FGISI) -049 002  B60E-97 4343
r53115663 .......... 631601843 .......... PRRCZA .................... C/T018M9 ................................. _015003 ........... 1 63E_07 ...... 4343 .....

r56421315750355207 .......... IKZF, ........................ C/GO37 .......... A2[6]BG1n ..................... _023002 ........... 1 19E_27 ...... 4802 .....

rs13297246933128617 .......... B4GALT7 ................... A/G017FA262n031003 ........... 1 28E_24 ...... 4051 ......

r53967200 .......... 1 1126232385 ...... 5T3GAL4 .................. C/T086 .......... 6453/6454063003 ........... 1 ZOE_1064802 .....

r57928758 .......... 1 1134265967 ...... B3GAT7 .................... G/Tow .......... A4G4S3 ......................... _036003643E_273592 .....

rs7353% ............. 1 2121438844 ..... HNF,A ...................... C/T035 .......... G3Fa/G3tota| ................ _021002 .......... 491E_20 ...... 4343 .....

rs11621121 ......... 1 465822493 ........ ,_-U7-8 ........................ C/T042FG3/G3tota| .................. _031002894E_45 ...... 4187 .....

1535500487 14105089599 G, TMEMI2  C/T 075  FA23IGIn 020 003 138609 2469

r53760776 .......... 1 95839746 .......... ,_-U7-6 ........................ A/Goog .......... G3Fa/G3t0ta| ................ _048005385E_232469 .....

159624334 222416625  SMARCBI,DERL3, C/G 017  FA26BGIn 031 003 715626 4051
CHCHD10

r59096742239859169 ........ MGAT3 ..................... A/C070FBn ................................. _022002 ........... 1 88E_20 ...... 4343 .....

15140053014 2220550678  KREMENI  Ins/Del 098  FA23IGIn 068 023 00027 459

Note. EA/RA - effect allele/reference allele; EAF - effect allele frequency; BETA/SE - effector allele effect on a trait and its standard error.

The Scottish project SOCCS (Theodoratou et al., 2016;
Vuckovi¢ et al., 2016) was the case-control study aimed at
investigating the risk factors of colorectal cancer. The data
on 2000 colorectal cancer patients and 2100 control subjects
were collected in the research. SABRE is the population
study initiated in 1988 (Tillin et al., 2012). Overall, the data
on 4800 participants aged from 40 to 69 residing in West
London (Great Britain) were collected.

To prioritize new protein glycosylation regulator genes
in the confirmed loci and pose hypotheses on potential
mechanisms at work in these loci, the authors of (Sharapov
etal.,2019) used a combination of quantitative genetics and
bioinformatics methods and approaches as follows.

1. Gene prioritization based on the results of eQTL coloca-
lization analysis. Colocalization methods, particularly
the SMR/HEIDI method (Zhu et al., 2016) used by the
authors, made it possible to identify genes, the changes
in the expression of which (at the mRNA level) mediated
the association between SNPs and the studied trait.

2. Gene prioritization based on the determination of pos-
sible functional consequences of nucleotide substitu-
tions with high SNP linkage disequilibrium associated
with N-glycome traits. The VEP (McLaren et al., 2016),
FATHMM-XF (Rogers et al., 2018), and FATHMM-InDel
(Ferlaino et al., 2017) methods were used to select SNPs,

where substitutions changed the primary amino acid se-
quence of a protein and/or were recognized as pathogenic.
Genes with sequences affected by said substitutions were
prioritized as candidate genes.

3. Gene prioritization based on their involvement in various
biological pathways. The DEPICT method (Pers et al.,
2015) prioritized genes and biological pathways based
on the results of enrichment analysis (overrepresenta-
tion of genes pertaining to specific biological pathways
in the associated loci), which in turn was performed
based on the pre-calculated probability of involvement
of a specific locus in a particular gene network and/or
biological pathway.

If the methods above failed to achieve gene prioritization
for a certain locus, then the gene closest to the SNP with
the most significant association in the locus was selected.

Candidate genes involved in N-glycosylation

of blood plasma proteins

As aresult of in silico studies within the investigation of the

total N-glycome of blood plasma (Sharapov et al., 2019),

20 candidate genes were prioritized for 15 loci (Fig. 4).
The detailed description of these genes and the hypothe-

ses on their possible roles in N-glycosylation regulation of

human blood plasma proteins are presented in this section.
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Candidate genes

HNF1A* MGAT5 IGH
IKZF1* MGAT3 HLA
RUNX3* FUT3/FUT5/FUT6’ SLC9A9
SMARCB1? FUT8 DERL3/CHCHD10?
ST6GAL1T NRTN'
ST3GAL4
Transcription B4GALT1 Other mechanisms
regulators B3GATT

Glycosyltransferase
genes

Fig. 4. Candidate genes regulating N-glycosylation levels of human
blood plasma proteins suggested in (Sharapov et al., 2019).

The asterisks indicate the genes experimentally confirmed to be involved
in N-glycosylation regulation. The superscripts indicate prioritization of
candidate genes within the locus.

The genes coding for glycosyltransferase enzymes in-
volved in N-glycan biosynthesis emerge as candidate genes
in 8 loci (MGATS, MGAT3, FUT3/FUTS/FUT6, FUTS,
ST6GALI, ST3GAL4, B4GALT1, B3GATI) out of 15.

MGATS coding for GnT-V enzyme, 1. e. alpha-1,6-manno-
sylglycoprotein 6-beta-N-acetylglucosaminyltransferase, is
the candidate gene in the locus on the second chromosome,
125 Mbp. This enzyme transports the N-acetylglucosamine
residue to the mannose of N-glycan, which produces a tri- or
tetraantennary N-glycan. The locus with MGATS5 showed an
association with glycomic traits reflecting tri- and tetraanten-
nary glycan levels (Sharapov et al., 2019).

MGAT3 coding for N-acetylglucosaminyltransferase
GnT-I11, i. e. beta-1,4-mannosylglycoprotein 4-beta-N-ace-
tylglucosaminyltransferase, is the candidate gene in the locus
on the 22nd chromosome, 39 Mbp. This enzyme transports
the N-acetyl glucosamine residue to the mannose of N-gly-
can so as to produce backbone bisection. The pleiotropic
effect of this locus on both N-glycan levels and MGAT3 ex-
pression in CD19+ cells (B-lymphocytes) was demonstrated
(Sharapov et al., 2019; Klari¢ et al., 2020).

FUTS coding for Fuc-TVIII enzyme, i.e. alpha-(1, 6)-fu-
cosyltransferase, is the candidate gene in the locus on the
14th chromosome, 66 Mbp. This enzyme transports fucose
residue to N-acetylglucosamine of the N-glycan backbone,
and through that is responsible for N-glycan backbone fu-
cosylation. It is worth noting that loci FUTS and MGAT3
showed association with traits FBS2/(FS2+FBS2) and FBS2/
FS2 reflecting the presence of backbone bisection in bian-
tennary glycans with backbone fucosylation (Sharapov et
al., 2019), which is consistent with the known phenomenon
of interference of Fuc-TVIII and GnT-III enzyme activities
(Brockhausen, Schachter, 1996).

FUT6, FUTS, FUT3,and NRTN are candidate genes in the
locus on the 19th chromosome, 5.8 Mbp. NRTN codes for a
neurotrophic factor regulating neuron survival and function-
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ing. FUT6 and FUT3/FUT5 code for Fuc-TVI and Fuc-TIII
enzymes, i. e. fucosyltransferase 6 and 3, respectively, trans-
porting fucose residue from the GDP-fucose to the N-acetyl-
glucosamine by forming an alpha-1,3(4)-glycosydic bond.
These enzymes are responsible for antennary fucosylation of
N-glycans. In (Sharapov et al., 2019), it was shown that this
locus is associated with antennary fucosylation in tri- and
tetraantennary glycans. It is of note that rs17855739 SNP
is located in FUT6. This SNP codes for G>A substitution
(A allele frequency in human populations is about 12 %,
according to the TopMED database), which leads to the
replacement of negatively charged glutamic acid with posi-
tively charged lysine at position 247 (p.Glu247Lys). This
substitution is located in the catalytic domain of Fuc-TVI
enzyme and causes enzyme inactivation, and therefore
this variant may have functional effect on glycosylation of
human blood plasma proteins. It should be mentioned that
FUT3, FUTS, and FUT6 descend from a common ancestral
gene as a result of two duplications (Dupuy et al., 2002). In
addition, FUTS5 expression at the transcription and transla-
tion level in a human organism is much weaker compared
to FUT3 and FUT6 (Taniguchi et al., 2014).

ST6GALI is the candidate gene in the locus on the third
chromosome, 186 Mbp. ST6GAL1 codes for alpha-2,6-sia-
lyltransferase 1. This enzyme catalyzes the formation of the
alpha-2,6-glycosydic bond between N-acetylneuraminic acid
and N-acetylglucosamine bound to galactose of N-glycan.
The ST6GALI locus showed the association with the levels
of mono- and disialylated N-glycans and their precursors
(Sharapov et al., 2019).

ST3GALA4 is the candidate gene in the locus on the 11th
chromosome, 126 Mbp. ST3GAL4 codes for alpha-2,3-sia-
lyltransferase enzyme transporting the N-acetylneuraminic
acid residue. This locus showed an association with the le-
vels of various sialylated N-glycans (Sharapov et al., 2019).

B4GALTI is the candidate gene in the locus on the 9th
chromosome, 33 Mbp. B4GALTI codes for galactosyltrans-
ferase enzyme binding galactose to various substrates,
including N-acetyl glucosamine. The B4GALTI locus was
associated with the levels of galactosylated biantennary
N-glycans and their precursors (Sharapov et al., 2019). It
is also known that a series of mutations in B4GATLI leads
to a congenital disorder of glycosylation (Staretz-Chacham
et al., 2020).

B3GATI coding for galactosylgalactosylxylosylprotein-
3-beta-glucuronosyltransferase 1 enzyme is the candidate
gene in the locus on the 11th chromosome, 134 Mbp. This
enzyme catalyzes the transport of glucuronic acid in HNK-1
epitope biosynthesis. This epitope is expressed on lympho-
cytes, but its presence on blood plasma proteins remained
undiscovered for some time. The association of this locus
with N-glycan levels in blood plasma proteins was first
shown in (Huffman et al., 2011). The presence of glucuronic
acid in N-glycome of blood plasma, which can explain the
association of the locus, was discovered in (Sharapov et
al., 2019).
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Candidate genes in seven other loci are not glycosyl-
transferase genes. Three genes, SMARCBI, DERL3, and
CHCHD10, were prioritized in the locus on the 22nd chro-
mosome, 39 Mbp. The strongest association signal in the
locus is observed in the coding sequence of SMARCBI gene.
SMARCBI codes for the protein of hSWI/SNF complex act-
ing as a chromatin remodeler. SMARCBI gene product plays
a major part in carcinogenesis inhibition, cell proliferation
and differentiation (Pottier et al., 2007).

DERL3 codes for the enzyme involved in the degradation
of luminal glycoproteins with incorrect tertiary structure in
the endoplasmic reticulum (Oda et al., 2006). The pathogenic
variant 1s3177243 is also found in this locus, in the coding
sequence of DERL3 gene.

CHCHD10 codes for mitochondrial protein observed in
fibrils of mitochondrial cristae. It was shown that genetic
association of this locus with N-glycan levels in proteins
may be mediated by the effect of nucleotide substitutions on
CHCHD10 expression in blood cells (Sharapov et al., 2019).
The direct involvement of mitochondrial proteins in gly-
cosylation processes remained undiscovered before 2017,
when the paper showing the role of mitochondrial fragmenta-
tion and the number of ER-mitochondria contacts in repre-
sentation of sialylated glycans on the surface of glioblastoma
cells, which in turn affected glioblastoma cell recognition
by lymphocytes, was published (Martinvalet, 2018).

The locus on the 14th chromosome, 105 Mbp, contains
the /GH gene cluster coding for heavy chains of immuno-
globulins. IgG is the most common N-glycoprotein in hu-
man blood plasma (Clerc et al., 2016), and its constitutive
N-glycosylation site is located in the heavy chain.

SLCY9A49 is the candidate gene in the locus on the third
chromosome, 142 Mbp. SLC949 codes for the Na*/H pump,
presumably regulating the pH level in the Golgi apparatus
(GA). Protein glycosylation occurs in the GA, and, accord-
ing to the available data, it is a pH-sensitive process (Kel-
lokumpu, 2019). The processes in the GA affect the synthesis
of heterodimeric complexes responsible for glycosylation
(Hassinen et al., 2011). It was shown in (Rivinoja et al.,
2009) that a pH increase in the GA may disrupt terminal
N-glycosylation (including sialylation) due to incorrect
localization of glycosyltransferases. In accordance with this
hypothesis, the SLC949 locus showed an association with
tetra-sialylated N-glycan levels in (Huffman et al., 2011)
and with sialylated N-glycan levels in (Sharapov et al.,
2019).

HNF14 is the candidate gene in the locus on the 12th
chromosome, 121 Mbp. A detailed functional study into this
locus in (Lauc et al., 2010a) showed that HNF /A coding for
the hepatocyte transcription factor regulates the expression
of most fucosyltransferase encoding genes, FUT3, FUTS,
FUT6, FUTS, FUTI10, and FUTI1, in the HepG2 cell line
obtained from liver cells. The same study demonstrated that
HNF 14 regulates the expression of genes encoding the key
GDP-fucose synthesys enzymes, and GDP-fucose acts as a
substrate for fucosyltransferases. This implies that HNF'14
plays a major part in glycan fucosylation processes.
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IKZF 1 is the candidate gene for the locus on the 7th chro-
mosome, 50 Mbp. It was shown earlier (Lauc et al., 2013)
that this locus was associated with IgG glycosylation, and
IKZF1 was suggested as the candidate gene for the locus.
IKZF'1 encodes the DNA-binding protein Ikaros, a tran-
scription regulator involved in chromatin remodeling. It is
of note that the /KZFI locus showed the association with
levels of N-glycans with backbone fucosylation in blood
plasma proteins, with which the FUTS locus was associated
(Sharapov etal., 2019). IKZF I is considered as an important
lymphocyte differentiation regulator (Sellars et al., 2009;
Marke et al., 2018).

Since IgG-secreting cells are lymphocyte derivatives,
IKZF1 gene was selected as the candidate gene in the locus,
and the hypothesis on its role in regulation of backbone
fucosylation in IgG N-glycans through FUTS8 expression
regulation was posed (Sharapov et al., 2019). In addition, it
was experimentally shown in (Klari¢ et al., 2020) that IKZF'1
knockdown in MATAT6 1gG-secreting cells leads to more
than tripled FUTS expression and increased fucosylation
level in the secreted IgG.

RUNX3 is the candidate gene in the locus on the first
chromosome, 25 Mbp. This gene codes for Runt domain-
containing protein, a transcription factor, which, similarly
to IKZFI (Sellars et al., 2009), plays a major part in B-lym-
phocyte maturation and differentiation.

The candidate genes for the HLA locus (human major
histocompatibility complex) on the sixth chromosome,
25-32 Mbp, are not presented due to a high chance of false
positive. The HLA locus is unique in terms of quantitative
genetics of multifactorial human traits (Kennedy et al.,
2017). This locus shows the highest gene density in the
human genome; it also demonstrates the highest degree of
polymorphism at the nucleotide level; locus alleles show
high linkage disequilibrium throughout the whole locus
spanning 8 Mbp.

Gene regulatory network of N-glycosylation

of human blood plasma proteins

The recent studies into N-glycome of blood plasma (Sha-
rapov et al., 2019, 2020) have demonstrated a significant
association of 15 loci with 116 out of 117 glycan traits. In
total, significant association has been shown by 214 locus-
trait pairs. These data were used in (Sharapov et al., 2019) to
reconstruct the gene regulatory network of N-glycan levels
in blood plasma proteins (Fig. 5). This network visualizes
the association between the discovered loci and N-glycan
levels in blood plasma proteins.

To build the network, glycomic traits were classified into
four groups based on the tissue secreting N-glycoproteins
into blood plasma. The first group included the traits re-
flecting N-glycan levels in immunoglobulins (IgA, IgG,
IgD, IgE, 1gM) secreted by lymphocytic series cells, i.e.
B-lymphocytes, plasmoblasts, and plasmocytes. The se-
cond group were the traits reflecting N-glycan levels in
proteins (transferrin, haptoglobin, etc.) primarily secreted
by hepatocytes, i.e. liver cells. The third group were the
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indicate genetic associations with p-value < 2.67-1073,

traits reflecting N-glycan levels in proteins secreted by both
B-lymphocytes and their descendants and hepatocytes. The
fourth group included the traits that were not classified. The
classification was based on the data on glycoprotein presence
published in (Clerc et al., 2016), where the authors evaluated
the contribution of each N-glycoprotein into the N-glycome
of human blood plasma.

The loci and the associated traits in the network may
be visually divided into two partially overlapping subnet-
works. The first subnetwork is formed by loci containing
ST3GAL4, B3GAT1, MGATS, HNF 1A, FUT3/FUT6, FUTS,
and SLC949 genes. This subnetwork is associated with
N-glycans linked to N-glycoproteins secreted into the blood
stream by liver cells. Most of these traits reflect levels of tri-
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or tetraantennary N-glycans absent in immunoglobulins.
This network includes the HNF'1A locus encoding a hepa-
tocyte transcription factor. The HNF'14 locus, is associated
with the same traits as the FUT3/FUT6 locus, which agrees
with the role of HNFIA in fucosyltransferase expression
regulation proved earlier (Lauc et al., 2010a). The results
obtained make it possible to pose a hypothesis that this gene
subnetwork regulates glycosylation processes in hepato-
cytes. The role of candidate genes from this network is to
be tested in liver cells, e.g., hepatocytes, or cells close to
them, e. g., HepG2 cell line.

The second subnetwork is formed by loci containing
FUTS, FUT6/FUT3, SLC9A49, IKZF1, MGAT3, RUNX3,
SMARCBI/DERL3/CHCHD10, B4GALTI, ST6GALI,
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and IGH/TMEM 121 genes. These loci are associated with
N-glycans linked to immunoglobulins secreted into blood
stream by lymphocytary series cells. In addition, it was
shown in GWAS studies of N-glycan levels in IgG that these
loci are associated with IgG N-glycosylation (Shen et al.,
2017; Klari¢ et al., 2020). Since IgG is the most common
glycoprotein in blood plasma, it can be hypothesized that
candidate genes from this network regulate N-glycosylation
processes in B-lymphocytes and their descendants. The role
of candidate genes from this network should likely be tested
in antibody-producing cells and cells close to them.

The role of transcription factor /KZF'1 in FUTS expres-
sion regulation in the lymphoid line GM 12878 was proved
in (Klari¢ et al., 2020). Furthermore, /KZF I knockdown re-
sulted in increased fucosylated protein level, which proves
the role of transcription factor /KZF in protein fucosylation
regulation as a result of in vitro experiment.

The GWAS approach was used to identify a total of
16 loci, and associations of 15 of them were confirmed in
independent samples. An in silico study was performed for
15 confirmed loci, and 20 candidate genes were suggested.
As a result of in vitro experiments, the role of transcrip-
tion factor /KZF1 in protein fucosylation regulation and
the role of HNF'14 in fucosyltransferase expression regula-
tion were proved. The role of transcription factor RUNX3 in
N-glycosylation regulation was confirmed by targeted ge-
nome editing (using CRISPR-dCas9 system) in cell lines
VPR-dCas9 and KRAB-dCas9 HEK-293F secreting IgG
into the environment. Comparison of the IgG N-glycosyla-
tion profile with the non-modified control cell line showed
that increased RUNX3 gene expression leads to a significant
reduction of galactosylated structures with a further increase
in agalactosylated structures (Mijakovac et al., 2022).

Conclusion

The results of GWAS studies of N-glycan levels in blood
plasma proteins confirm the understanding of N-glycosyla-
tion of human blood plasma proteins as a complex process
controlled by genes involved in various biological pathways
and expressed in various tissues. The candidate genes sug-
gested as a result of a large-scale in silico investigation
(Sharapov et al., 2019) of the confirmed loci make it possible
to pose functional hypotheses on the mechanisms under-
lying the effect of the discovered loci on N-glycosylation
of blood plasma proteins. These hypotheses will be of use
in the planning of in vitro and in vivo molecular genetic
studies of glycome and its role in pathogenesis of socially
and economically important human diseases. The results
of the performed in vitro experiments solidify the scientific
credence of functional hypotheses with regard to candidate
genes suggested using the GWAS approach.

There are several development trends for human popu-
lation glycogenomics. Larger-scale GWAS studies into
N-glycan levels using larger samples will be performed.
New functional genomic data applicable to studying N-gly-
cosylation processes will be available, which, combined with
the GWAS results, will make it possible to identify more loci
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and potential N-glycosylation regulators. The application of
the GWAS approach in glycosylation regulation studies is
currently restricted to the analysis of the total N-glycome of
blood plasma and N-glycome of IgG and transferrin. The
development of N-glycome profiling technologies will ex-
pand the variety of proteins, the individual N-glycosylation
profiles of which will be studied. On the other hand, high-
throughput technologies for N-glycome profiling in other
human tissues are likely to emerge. The advancements
listed above will make it possible to better understand
N-glycosylation regulation in human proteins and through
that determine the role of glycosylation in pathogenesis of
glycome-associated diseases and boost the development of
new methods for prediction, prophylaxis, diagnostics and
management of these diseases.
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(Tetranychidae: Tetranychinae): a review of methods
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Abstract. Spider mites (Acari: Tetranychidae) are dangerous pests of agricultural and ornamental crops, the most
economically significant of them belonging to the genera Tetranychus, Eutetranychus, Oligonychus and Panonychus.
The expansion of the distribution areas, the increased harmfulness and dangerous status of certain species in the
family Tetranychidae and their invasion of new regions pose a serious threat to the phytosanitary status of agro- and
biocenoses. Various approaches to acarofauna species diagnosis determine a rather diverse range of currently exist-
ing methods generally described in this review. Identification of spider mites by morphological traits, which is cur-
rently considered the main method, is complicated due to the complexity of preparing biomaterials for diagnosis and
a limited number of diagnostic signs. In this regard, biochemical and molecular genetic methods such as allozyme
analysis, DNA barcoding, restriction fragment length polymorphism (PCR-RFLP), selection of species-specific primers
and real-time PCR are becoming important. In the review, close attention is paid to the successful use of these me-
thods for species discrimination in the mites of the subfamily Tetranychinae. For some species, e.g., the two-spotted
spider mite (Tetranychus urticae), a range of identification methods has been developed - from allozyme analysis to
loop isothermal amplification (LAMP), while for many other species a much smaller variety of approaches is available.
The greatest accuracy in the identification of spider mites can be achieved using a combination of several methods,
e.g., examination of morphological features and one of the molecular approaches (DNA barcoding, PCR-RFLP, etc.).
This review may be useful to specialists who are in search of an effective system for spider mite species identification
as well as when developing new test systems relevant to specific plant crops or a specific region.

Key words: spider mites; species identification; allozyme analysis; MALDI-TOF MS; DNA barcoding; PCR-RFLP; ITS; COI.
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BumoBas ngeHTUdUKAaINS MayTUHHBIX KiIelllei
(Tetranychidae: Tetranychinae): 0630p MeTOo0B
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2 Cn6upcKuit pepepanbHbiit HayuHbIVi LLeHTp arpobroTexHonoruin Poccinckon akaaemmm Hayk, p. n. KpacHoob6ck, HoBocnbrpckas obnactb, Poccus
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AnHoTayuma. MNMayTrHHble kKneww (Acari: Tetranychidae) aBnatoTca onacHbIMU BpeanTensaMm CenibCKOX03ANCTBEHHbIX
N [EeKOPATUBHBIX Ky/bTyp; Hanbosiee SKOHOMMYECKU 3HAauMMble M3 HUX OTHOCATCA K popaam Tetranychus, Eutetra-
nychus, Oligonychus n Panonychus. PaclumpeHiie apeanoB pacnpocTpaHeHns, ycuneHne BpegoHOCHOCTY 1 cTaTyca no
CTENEeHN ONacHOCTUN OTAESNbHbIX BULOB TETPAHUXMA, MHBA3MA OMACHbIX BpeauTene B HOBbIE PErMOHbI MPeACTaBAAT
cepbesHyto yrpo3sy Ana GUTocaHNTapHOro COCTOAHMUA arpo- 1 61oLeHO30B. Pa3fniMyHble NOAXOAbI K BUAOBOW AvarHo-
CTVKe akapodayHbl onpefenaT 4OCTaTOYHO Pa3HOOOPa3HbIV CNEKTP CYLLeCTBYIOLUX B HAaCTOALLee BPeMA METOAOB,
obuwaa nHdopmauma No KOTopbIM NprBefeHa B fJlaHHOM o63ope. VgeHTndrKauma nayTUHHbIX Knewiein no mop¢o-
NOrMYECKMM NPU3HaKaM, CYMTAIOWAACA OCHOBHbBIM METOLOM, OC/IOXKHEHa BCNeACTBME TPYAOEMKOCTM MOArOTOBKM
6uomaTepuana Ana ANarHOCTUKM U OrPaHMYEHHOTrO YMCia AUAarHOCTUYECKMX MPU3HAKOB. B CBA3M C 3TUM BaxHoe
3HaueHvie NprobpeTaT BUOXMMMYECKME 11 MOSIEKYIAPHO-TEHETMYECKME METObI, Takue KaK affio3VIMHbIV aHanms,
[HK-wTprxKoanpoBaHue, NONMMOPOU3M SAnHbI pecTpuKLmnoHHoro ¢parmenTa (MLP-NAPD), nogbop Bugocnewyu-
dunuHbIX Npanmepos, MLP B peanbHOM BpeMeHN 1 n3oTepmmyeckas amnandurkaumua. B o63ope npucranbHoe BHU-
MaHuVe yAesieHo ycrnexam NpUMeHeHNA STUX METOAOB ANA BMAOBON ANCKPYMUHALMN Kneweln nogcemericTea Tetra-
nychinae. [Insi HEKOTOPbIX BUAOB, HanprMep 06bIKHOBEHHOIO MAyTMHHOTO Knewwa (Tetranychus urticae), pa3paboTtaH
CNEeKTP METOA0B NAEHTUOUKALUN — OT aNfo3MMHOIO aHanm3a Ao NeTieBow n3otepmudeckon amnandrkaumv (LAMP),
Torga Kak Ans MHOrMX Apyrux BULOB [OCTYMHO ropasfo MeHbluee pa3Hoobpasme nogxoaos. Hanbonbluein TouHOCTH
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BrpgoBas ngeHTdUKaLms nayTUHHBIX Knewein
(Tetranychidae: Tetranychinae): 0630p meTofoB

B OMpeAeNieHnN NayTUHHBIX KNewlel MOXHO [oOUTbCA, UCMONb3ys KOMOVHALMI0 HECKOMNbKNX METOAOB, Hanpumep
0CMOTP MOPGONOrMYecKnx NPU3HAKOB 1 OANH 13 MoneKynAapHbIx noaxoaos (AHK-wTpuxkoanposanwue, MNUP-MNOAPO
n ap.). 0630p MOXeT 6bITb Nosie3eH cneymanncTam, HaxoaAWMMCS B Noucke 3GpdeKTMBHON CUCTEMbI ANA BUAOBOW
OVNCKPUMMHALMY NAyTUHHBIX KNELWen, a TakKe Npu pa3paboTKe HOBbIX TECT-CUCTEM, aKTyalbHbIX A1 KOHKPETHbIX

KynbTyp paCTeHI/IIZ mnnun onpeneneHHoro perMoHa.

KnioueBble cfioBa: NayTUHHbIE KNewwy; MoneKynapHaa ngeHtudurkaumna; annosnmHblin aHanus; MALDI-TOF MS; OHK-

wrpuxkoaunposaxue; NUP-MAPO; ITS; COL.

Introduction

Herbivorous mites cause significant damage to agricultural
and ornamental crops. The harmfulness of the mites is
manifested in a decrease in yield and deterioration in the
quality of crop production; leads to a decrease in drought
resistance and winter hardiness as well as to the loss of
decorative properties of cultivated plants (Devi et al.,
2019; Chaires-Grijalva et al., 2021; Obasa et al., 2022;
Ulyanova et al., 2022). Changes in weather and climate
conditions in almost all regions of the world, including the
Russian Federation, contribute to a wider spread and mass
reproduction of pests, transformation of their geographical
habitats, changes in the population dynamics and trophic
relationships with the host plants (Musolin, Saulich, 2012;
Zeynalov, 2017; Koshkin et al., 2021), which fully applies
to herbivorous acarofauna (Volkova, Matveikina, 2016;
Zeynalov, Orel, 2021), e.g., expansion of habitats, in-
creased harmfulness, and the emergence of populations
resistant to acaricides have recently been observed in spi-
der mites (Acari: Tetranychidae), one of the main groups
of phytophagous mites (Balykina et al., 2017; Zeynalov,
Orel, 2021). The phytosanitary situation is complicated
by the high risk of introducing quarantine species with
the plant material imported as part of international trade
for the purpose of growing, propagating and selling flower
and other plant products (Rak, Litvinova, 2010; Petrov et
al., 2016; Kamayev, 2018; Kamayev, Mironova, 2018;
Vésquez, Colmenarez, 2020).

The Tetranychidae family is subdivided into two sub-
families, Bryobiinae and Tetranychinae, and includes at
least 71 genera and more than 1250 described species,
100 of which are dangerous pests (Migeon et al., 2010).
The most common species of the Tetranychidae family
belong to genera Tetranychus, Eutetranychus, Oligony-
chus, and Panonychus (Ben-David et al., 2007). Among
them, the two-spotted spider mite (Tetranychus urticae
Koch.) and European red mite (Panonychus ulmi Koch.)
are regarded as the most harmful species (Ben-David et al.,
2007). T. urticae is ubiquitous and damages a wide range
of crops as well as ornamental woody and herbaceous
plants from various botanical families. The habitats of the
two-spotted spider mite and other representatives of this
family in open-ground agro- and biocenoses have been
gradually expanding, covering more and more territories
of Russia (Kamayev, Karpun, 2020; Ulyanova et al., 2022).
The harmfulness of the spider mites that damage conifer-
ous plants has been increasing as well. Thus in the south

of Western Siberia, the spruce spider mite (Oligonychus
ununguis Jacobi) damaging the European and Siberian
spruces and Siberian fir used for planting greenery in urban
areas has become a threat (Ulyanova et al., 2022). The risk
of importing quarantine pests with planting material has
also increased, e.g., the sugi spider mite (Oligonychus
hondoensis Ehara), invasive for this territory, was found in
the Krasnodar Region (Kamayev, Karpun, 2020).

Correct identification of spider mite species is of great
scientific and practical importance for the study of their
population dynamics and timely control of their numbers
in agro- and biocenoses as well as for the elimination of
international plant quarantine-based trade barriers (Li et al.,
2015). Currently, several methods are in use to diagnose
the members of the Tetranychidae family, including iden-
tification by the morphological characteristics of adult as
well as biochemical (protein-based) and molecular (DNA-
based) methods. The objective of this review is to consider
the modern methods and approaches used to identify the
most common species of spider mites (Tetranychidae:
Tetranychinae).

Morphological methods

At present, the identification of herbivorous mites is car-
ried out mainly by the traditional methods based on visual
examination of morphological features. The foundations
of the morphological method in determining spider mite
were laid in the former USSR by prominent scientists
V.I. Mitrofanov, 1.Z. Livshits and Z.I. Strunkova who
hugely contributed to the establishment of a whole area of
scientific research devoted to species Tetranychidae fami-
ly diagnosis (Mitrofanov et al., 1987). The approach was
further developed in the research and applied works by
S.Ya. Popov et al. (Popov, 2013), A.K. Akhatov (2016) et
al., many of which still remain relevant.

Determination of the mite’s genus and species is usually
based on the shape and size of male genitalia (Morpho-
logical Identification. .., 2014). However, their microscopic
size, slight differences in diagnostic features in the species
belonging to the same genus, and the laboriousness of pre-
paring the biomaterial for analysis significantly complicate
their morphological identification (Konoplev et al., 2017).
Another drawback of this approach is the impossibility
of determining the species based on other stages of their
development (eggs, larvae, nymphs), since diagnostic dif-
ferences exist only in adults. Moreover, for some closely
related species, morphological identification is almost
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impossible, e.g., genus Amphitetranychus includes three
species and only one of them, 4. viennensis, can be recog-
nized by the shape of the aedeagus, while 4. quercivorus
and A. savenkoae are difficult to separate based on this trait
(Arabuli et al., 2019).

The slides are prepared using modified Faure—Berlese
media, of which Hoyer’s medium (Walter, Krantz, 2009) is
the most common for fixing herbivorous mites and consists
of 50 ml of distilled water, 30 ml of gum arabic, 200 ml
of chloral hydrate, 20 ml of glycerin. Mites are placed in
a drop of medium on a glass slide and covered with a cover-
slip. The slide is heated at temperatures of 40—-60 °C with
exposure time varying from 24 hours to 5-10 days, or
3 hours at 70-85 °C (Kamayev, 2019), which contributes to
the clarification and straightening of the mite, so its proper
diagnosis can be performed. If slides are to be stored for
a long time, one is recommended to dry them additionally
in a thermostat at a temperature of 40-45 °C for 5-7 days.
After drying, the edges of the coverslips are filled with
varnish, so the slides can be stored indefinitely. Mite species
are diagnosed in transmitted light using a phase-contrast
microscope at a 10 to 1000-time magnification.

In general, the morphological method requires consider-
able time and is very demanding in terms of qualification
and experience of those who apply it. In some cases, mor-
phological identification is supplemented by ecological and
behavioral responses of the species, as well as by informa-
tion on the host plant on which the species has been found,
which can facilitate species identification (Akhatov, 2016).
Some features of the life cycle, such as the diapausing
phase, wintering sites, diapause exit time, concentration
on certain organs of host plants, and the specificity of
damage symptoms, can also play an important role in the
species diagnosis.

Species crossing

Genetic incompatibility when crossing closely related spe-
cies of tetranychid mites is considered one of the best crite-
ria for their discrimination. The reproductive barriers can be
caused either by the morphological features (the size of the
aedeagus knob exceeding the size of the female epigyne) or
by the death of zygotes, which affects the viability of eggs
or manifests itself in a different sex ratio in the offspring.
For instance, the experiments of Russian researchers on
crossing between species Tetranychus atlanticus, T. urti-
cae, and T. sawzdargi showed their complete genetic iso-
lation (Popov, 2013). The reproductive isolation of two
morphologically related species of Amphitetranychus spp.,
manifesting itself in the absence of female offspring, was
confirmed in the reciprocal crossing of 4. savenkoae and
A. quercivorus (Arabuli et al., 2019).

According to a number of scientists (Popov, 2013; Ara-
buli et al., 2019), a combination of the morphological
method with the crossing results for closely related or
distant species is a reliable criterion for spider mite species
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diagnosis. Unfortunately, this method is only applicable
for scientific purposes, and cannot be used for practical
applications.

Biochemical methods

One of the biochemical methods for identifying species
of spider mites is allozyme analysis that is protein elec-
trophoresis enabling for efficient detection of enzyme
polymorphisms (Navajas, Fenton, 2000). To perform the
analysis, a single individual is homogenized, its protein
extract is isolated and subjected to electrophoresis. In the
electric field, proteins are separated according to their
size and net electrical charge. After electrophoresis, the
gel is histochemically stained to detect specific enzymes.
Based on the number and arrangement of the stained frac-
tions, one can make judgments about the alleles encoding
a given enzyme in each individual (Kutlunina, Ermoshin,
2017). For correct identification, it is important to choose
the enzyme system in which there will be no variability in
stripe patterns within a species (polymorphic alleles) and
common stripes across species (Gotoh et al., 2007).

The analysis has been widely used to identify insects
(Turak, Hales, 1994) and ixodid ticks (Lampo et al., 1997).
It has also been applied for spider mite identification, using
such enzymes as esterase, phosphoglucosemerase, and
malate dehydrogenase (Enohara, Amano, 1996; Goka,
Takafuji, 1998; Gotoh et al., 2004, 2007; Arabuli et al.,
2019). Such spider mite species as Panonychus citri and
P. mori were first identified using allozyme analysis of es-
terases (Osakabe, 1987). Later it was shown that the same
method could be used to identify three more species of the
Panonychus mites endemic for Japan (Gotoh, 1992) (see
the Table). Using esterase zymograms, Gotoh et al. (2007)
were able to distinguish females of four Tetranychus spe-
cies, and based on the analysis of phosphoglucomutase
isoenzymes — all 13 Japanese species of genus Tetranychus
(see the Table). The allozyme analysis of esterases was also
used for species diagnosis of the representatives of genus
Amphitetranychus (Arabuli et al., 2019). The obtained
zymograms were species-specific and made it possible to
confidentially distinguish all three species (see the Table).

Thus, allozyme analysis is an effective tool for identify-
ing spider mite species and has a much higher resolution
than the morphological method. However, it does not
evaluate all possible allele variants present in populations
(Altukhov, 2003).

Another biochemical method proposed for the iden-
tification of spider mites is matrix-assisted laser de-
sorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) (Kajiwara et al., 2016) that has been
a well-established method for identifying microbial spe-
cies (Singhal et al., 2015). In recent years, this method
has also been used to investigate plant pests and insects,
such as nematodes, Drosophila fruit flies, mosquitoes, etc.
(Ahmad et al., 2012).
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In this method, species identification is achieved via
comparing the spectra of the studied samples with the
samples from the spectral database of previously identi-
fied organisms. The databases provided by instrument
manufacturers currently do not contain reference spectra
for plant pests and parasites, but the instrument software
usually provides an option to integrate your own reference
spectra into existing databases and subsequently perform
automated comparisons (Murugaiyan, Roesler, 2017).
To create the reference spectra, it is necessary to use the
samples whose species have been identified by, e. g., mor-
phological methods.

One of the method’s important advantages if compared
to other identification techniques is the fast sample prepara-
tion and short testing time (Murugaiyan, Roesler, 2017).
For diagnosis, it is sufficient having just one individual,
whose protein extract must first be isolated using 70 %
formic acid and acetonitrile, or the mite can be directly
located on the metal target of the device, where formic acid
and acetonitrile are added, followed by a matrix solution
(Kajiwara et al., 2016). The method’s main disadvantage
is the high cost of the device, but the price of one analysis
is very low and includes just the cost of the matrix solu-
tion and the calibration standard (provided that there is a
reusable steel plate for samples).

Kajiwara et al. (2016) showed that closely related spe-
cies of Tetranychus spider mites (see the Table) had dif-
ferent mass spectra allowing for their identification. The
identification was performed by comparing the three main
spectral peaks within a m/z range from 2000 to 10 000 cor-
responding to ribosomal proteins. In adults of both sexes,
all three peaks were differentiated, which made it possible
to attribute them to the same species. In the case of nymphs,
only two of the three main peaks could be identified. Minor
peaks were either sex- or developmental stage-specific and
were not used for identification (Kajiwara et al., 2016).

In general, MALDI-TOF MS is a promising method for
the identification of spider mites, but its application is still
limited and requires further research. In particular, there
may be spectral differences between geographically diffe-
rent populations, which has been shown for some insects
(see Murugaiyan, Roesler, 2017 and references to this ar-
ticle), and it is also assumed that the spectra of one species
can be influenced by its host plant (Kajiwara et al., 2016).

Molecular methods

For the purposes of mite species diagnosis, the molecular
methods based on DNA sequencing are used along with
biochemical ones. In these methods, the DNA fragments
amplified by PCR serve as biological barcodes to identify
the species a sample belongs to (Hajibabaei et al., 2007).
Both nuclear and mitochondrial genome sequences can
be used as such barcodes. Since more and less conserved
regions alternate within a ribosomal DNA cluster (genes
188, 5.8S, 28S rRNA and internal transcribed spacers 1, 2
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(ITS1, ITS2), respectively), it becomes possible to select
different marker sequences to separate taxa of different
ranks. The 18S and 28S rDNA gene sequences can be used
to compare phylogenetically distant taxa (Matsuda et al.,
2014), and the ITS regions are effective for distinguishing
between species and even populations (Hillis, Dixon, 1991;
Hurtado et al., 2008). Among the mitochondrial genes,
the cytochrome ¢ oxidase subunit I (COI) gene sequence
is used to identify species and analyze phylogenetic rela-
tionships. In addition to the Folmer fragment (Barcode of
Life (BOLD), Folmer et al., 1994) being the 5'-terminal
sequence of the COI gene, other gene sequences are used
for barcoding spider mites (Hinomoto et al., 2007; Ros,
Breeuwer, 2007; Matsuda et al., 2013; Inak et al., 2022).

In (Ben-David et al., 2007), the authors used the ITS2
sequence as a barcode to distinguish 16 species of spider
mites of the Tetranychidae family endemic for Israel (see
the Table), and the barcode sequence of each type was
uniquely distinguishable from all others. The effectiveness
of the DNA barcoding for species identification was also
confirmed by COI gene fragment-based identification of
the spider mite species collected from agricultural fields in
Vietnam (Hinomoto et al., 2007) (see the Table).

The results also demonstrated the method’s limitations,
e.g., some samples could not be classified due to lack of
sequence information in the databases. Other species, such
as T urticae and T. turkestani, T. neocaledonicus and
T. glovery, could not be uniquely identified by their DNA
sequences. The impossibility to distinguish between 7. urti-
cae and T. turkestani based on the COI gene sequence was
also confirmed in the mites collected in different regions of
Russia and Turkey (Konoplev et al., 2017; inak et al., 2022),
which can be overcome by further accumulation of data on
the sequences of different DNA regions from morphologi-
cally identified samples. Matsuda et al. (2013) identified
the mite species of genus Tetranychus by sequencing the
ITS and COI genes. The authors concluded that 10 out
of 13 species of the Japanese mites of genus Tetranychus
can be identified using the ITS sequence, while the COI
gene sequence made it possible to identify all 13 species
(see the Table).

In contrast to genus Tetranychus, where some species
cannot be distinguished based on DNA sequences, this
method proved to be effective for genus Oligonychus
(Matsuda et al., 2012), so all 17 Japanese species were
successfully distinguished based on any of the sequences
(COI, ITS, and 28S rDNA), including those that were dif-
ficult to differentiate by morphological characters, such
as O. castaneae and O. coffeae (see the Table). Molecular
analysis of the COI gene sequence of the mites of genus
Amphitetranychus showed that the sequence is effective
for the identification of all three species (Arabuli et al.,
2019) (see the Table).

Thus, the DNA barcoding is an effective tool for the
identification of individual genera of spider mites (such
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as Oligonychus and Amphitetranychus). However, some
closely related species (e. g., from genus Tetranychus) may
be indistinguishable from each other by their barcode
sequences, as it has been shown for 7. kanzawai, T. para-
kanzawai, and T. ezoensis having similar ITS sequences
(Matsuda et al., 2013); and 7. urticae and T. turkestani
having similar COI gene sequences (Hinomoto et al., 2007;
Konoplev et al., 2017). For these species, other marker
genes should be selected.

The desire to reduce the time spent for analysis has led
to the development of faster methods for identifying spi-
der mites, one of these being PCR-restriction fragment
length polymorphism (PCR-RFLP). In this method,
fragments of genomic DNA (nuclear or mitochondrial),
amplified by PCR, are subjected to hydrolysis by restric-
tion endonucleases. The restriction products are subjected
to gel electrophoresis, so a conclusion can be made about
the presence or absence of a restriction site in this sample
and, as a result, a species can be identified.

PCR-RFLP is widely used for species identification
of various organisms (Ratcliffe et al., 2003; Han et al.,
2004; Alam et al., 2007). In spider mites, the method was
first applied to distinguish between three species of genus
Panonychus and T. urticae (Osakabe, Sakagami, 1994) (see
the Table). Later, Gotoh et al. (1998) were able to differenti-
ate T urticae and T. pueraricola by applying PCR-RFLP
to the ITS2 region. In (Hurtado et al., 2008), the authors
applied the method to the ITS fragment (ITS1, 5.8S tDNA,
ITS2) to identify five species of spider mites that inhabited
Spanish citrus orchards (see the Table). The most harmful
was the common spider mite (7. urticae) that made it neces-
sary to quickly distinguish it among the others, which was
achieved through the Rsal enzyme patterning the restriction
fragments, while hydrolysis with two other enzymes made
it possible to identify the other four species (Hurtado et
al., 2008). The PCR-RFLP applied to ITS regions is used
in the Japanese Imported Plant Quarantine Department
(Arimoto et al., 2013; Li et al., 2015) and enables one to
detect all 14 spider mite species found in Japan, including
five exotic ones (Osakabe et al., 2002, 2008; Arimoto et
al., 2013) (see the Table). Meanwhile, the PCR-RFLP ap-
plied to the COI region was successfully used to identify
four spider mite species thriving on cassava in Colombia
(Ovalle et al., 2020) (see the Table).

PCR-RFLP is a relatively inexpensive and effective
method for spider mite identification, used in many coun-
tries around the world (Hurtado et al., 2008; Arimoto et
al., 2013; Ovalle et al., 2020). However, it can only be
applied to those species it has been developed for, e. g., to
identify mites in an area whose species composition is well
established. When new species are added to the system,
their RFLP pattern should be analyzed and, if the pattern
matches the existing ones, the system should be modified
by selecting other diagnostic restrictases. The RFLP pattern
can also vary in different populations of the same species
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due to nucleotide substitutions at the restriction site (Ari-
moto et al., 2013).

Another approach for rapid mite identification has been
selection of species-specific primers. The DNA regions
where such primers are defined should be common for the
species being determined, but the sequences themselves
should differ between species of the same genus (Shim et
al., 2016). In this case, both whole pairs of species-spe-
cific primers can be used, as well as a combination of one
universal primer and the second primer being unique for
a particular species. Such primers increase the accuracy
and speed of PCR-based identification of spider mite spe-
cies, but their development is not a trivial task. Khaing et
al. (2014) succeeded in selecting pairs of species-specific
primers for the ITS2 region for four species of spider mites
belonging to genus Panonychus (see the Table). Later, spe-
cies-specific primers were developed for the spider mites
of genus Tetranychus (see the Table) common in Korea and
very similar morphologically (Shim et al., 2016).

Combining several species-specific primers in a single
tube allows applying the multiplex approach to identify
several species at once. In this case, the melting temperature
ofthe primers should be high, and the resulting amplicons —
short, but different in length. Additionally, multiplex PCR
requires selecting amplification conditions, such as the ratio
of primer pairs and the elongation time (Z¢1¢ et al., 2018).
Z¢l1¢ et al. (2018) designed and successfully multiplexed
primers complementary to the ribosomal locus in a single
reaction to identify the most common spider mites found
in southwestern Europe (see the Table). Multiplex PCR
has also been used to discriminate between the two main
spider mite species, 7. urticae and T turkestani found in
Iranian greenhouses (Sinaie et al., 2018).

Using real-time PCR for species identification signifi-
cantly reduces the time for analysis because this method
does not require gel electrophoresis since the accumulation
of the PCR product is monitored directly during the reac-
tion using optical sensors built into the cycler. Two types
of labels are used to detect a PCR product: intercalating
agents (e.g., SYBR Green) or modified oligonucleotides
containing fluorophores (DNA probes) (Bikbulatova et al.,
2012). In addition, real-time PCR analysis combines primer
annealing and elongation steps, resulting in a shorter reac-
tion time than conventional PCR (Li et al., 2015).

Li et al. (2015) developed the TagMan PCR detection
system to distinguish 7. urticae among other closely related
species that has proved to be highly specific and reliable.
TagMan is one of hybridization DNA probes — an oligo-
nucleotide complementary to the amplified internal region
of the DNA fragment, labeled at the ends with fluoro-
phores — being a reporter and a quencher, respectively.
When they are on the same probe, the quencher absorbs
the signal from the reporter. During amplification, the poly-
merase moving along the DNA destroys the probe, so the
reporter and quencher move away from each other, and the
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reporter’s fluorescence becomes noticeable (Bikbulatova
et al., 2012). The species-specific primers and probe were
designed for T urticae’s ITS1 sequence, since it contained
more intraspecific polymorphisms than the ITS2 sequence
widely used for Tetranychus species phylogeny and iden-
tification (Li et al., 2015).

Another team (Chen et al., 2020) developed TagMan
species-specific probes for the identification of spider mites
thriving in the cotton fields of Australia (see the Table),
and selected the conditions for their use in one test tube
(multiplex approach). An important feature of this approach
was the possibility of extending it to other types of spider
mites with minor modification. Since it used a pair of
primers universal for spider mites for amplification, it was
necessary, when adding another species to the test system,
to develop and add a species-specific probe for it and select
reaction conditions (Chen et al., 2020). The authors used
DNA probes for three species of mites in one reaction and
considered it was possible to increase their number to five
(add or replace with DNA probes for the required species)
to diagnose up to five different mite species with one PCR.

Another method that can be used for species identifica-
tion purposes is loop mediated isothermal amplification
(LAMP) (Tomita et al., 2008). Unlike the classical PCR,
LAMP uses a different thermostable polymerase with high
displacement capacity that can itself displace the second
strand without thermal denaturation. That is why LAMP
reaction takes place at the same temperature (60—65 °C)
and does not require an DNA amplifier. Another feature
of LAMP is that not two, but four or six primers are used
during the reaction, which determines its high specificity
(Notomi et al., 2000). On the other hand, selecting such
primers for LAMP is a rather laborious task. The reac-
tion’s product can be detected in several ways, including
the naked eye after adding a fluorescent dye to confirm the
reaction has taken place (Tomita et al., 2008). Thus, this
method not only does not require special equipment or
specially trained specialists, but is also suitable for large-
scale field studies (Hsieh et al., 2012; Sinaie et al., 2019).

As a well-established technique, LAMP has been used
in a wide range of applications, including the identification
of plant pathogens and insect species (Ahuja, Somvanshi,
2021; Dermauw et al., 2022). For the identification of the
common spider mite, a highly sensitive method combining
PCR and LAMP (PCR-LAMP) has been developed (Sinaie
etal., 2019). It includes the standard PCR performed prior
to isothermal amplification to reduce the false negatives and
increase the sensitivity of the LAMP assay. The authors
have shown that PCR-LAMP is a fast and reliable method
for T" urticae biomaterial detection.

Conclusion

Our review of currently available methods for diagnosing
the most significant species of herbivorous mites (Tetra-
nychidae: Tetranychinae) has demonstrated that a wide
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variety of approaches have been accumulated that can be
used by choice, depending on the goals of species iden-
tification. The morphological methods, despite the com-
plexity of required preliminary operations to prepare mites
for analysis, still remain the main ones in determining
this group of phytophages. However, the new approaches
developed in recent decades and based on biochemical
and molecular markers open up even greater opportunities
for faster and more accurate identification of species. For
instance, some species of spider mites such as 7. urticae
can be properly diagnosed using one of the molecular
approaches (DNA barcoding, PCR-RFLP, TagMan PCR,
etc.). At the same time, some other species have not yet
been diagnosed based on their DNA sequences. In such
cases, the use of several identification methods at once
is justified. Such an integrated approach was applied to
the diagnosis of the species of genus Amphitetranychus
(Arabuli et al., 2019) whose morphological characteristics
were supplemented by biochemical, and molecular ones
and verified in crossing experiments. It is important to
note that several approaches can be implemented on the
same individual, provided that DNA extraction methods are
used without destroying the sample (Khaing et al., 2013;
Shim et al., 2016) or a whole mite is used as a PCR matrix
(direct PCR) (Sakamoto, Gotoh, 2017), and for subsequent
morphological characterization. It has been shown that,
after such manipulations, specimens retain their morpho-
logical features intact, including dorsal setae and aedeagus
(Sakamoto, Gotoh, 2017).
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LIM-kinase 1 effects on memory abilities and male courtship song
in Drosophila depend on the neuronal type
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Abstract. The signal pathway of actin remodeling, including LIM-kinase 1 (LIMK1) and its substrate cofilin, regulates
multiple processes in neurons of vertebrates and invertebrates. Drosophila melanogaster is widely used as a model
object for studying mechanisms of memory formation, storage, retrieval and forgetting. Previously, active forgetting
in Drosophila was investigated in the standard Pavlovian olfactory conditioning paradigm. The role of specific dopami-
nergic neurons (DAN) and components of the actin remodeling pathway in different forms of forgetting was shown. In
our research, we investigated the role of LIMK1 in Drosophila memory and forgetting in the conditioned courtship sup-
pression paradigm (CCSP). In the Drosophila brain, LIMK1 and p-cofilin levels appeared to be low in specific neuropil
structures, including the mushroom body (MB) lobes and the central complex. At the same time, LIMK1 was observed
in cell bodies, such as DAN clusters regulating memory formation in CCSP. We applied GAL4 x UAS binary system to
induce limk1 RNA interference in different types of neurons. The hybrid strain with limk1 interference in MB lobes and
glia showed an increase in 3-h short-term memory (STM), without significant effects on long-term memory. limk1
interference in cholinergic neurons (CHN) impaired STM, while its interference in DAN and serotoninergic neurons
(SRN) also dramatically impaired the flies’ learning ability. By contrast, limk1 interference in fruitless neurons (FRN) re-
sulted in increased 15-60 min STM, indicating a possible LIMK1 role in active forgetting. Males with limk1 interference
in CHN and FRN also showed the opposite trends of courtship song parameters changes. Thus, LIMK1 effects on the
Drosophila male memory and courtship song appeared to depend on the neuronal type or brain structure.

Key words: Drosophila; LIMK1; conditioned courtship suppression paradigm; memory; forgetting; dopaminergic neu-
rons; cholinergic neurons; fruitless; male courtship song.
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BausiHye LIM-KHa3bl 1 Ha DaMsTh I OpadyHVIO [IEeCHIO
CaMIIOB APO30(UJbl 3aBUCHUT OT TUIIa HEVIPOHOB

A.B. Xypasaes! @, E.C. 3aromaenal’ 2, E.C. Erososa?, A.A. Emeaun?, B.B. Coxyposa?, E.A. Hukutunal> 2, E.B. Cassareesa-Tlomopal

! NHctutyT drsnonorum num. W.IM. Masnosa Poccuiickoin akapemun Hayk, CaHkT-TeTtepbypr, Poccus
2 Poccuickuin rocyaapCTBeHHbIN Nnefarornyeckuniin yHusepcutet um. A.U. fepuena, CaHkT-MNetepbypr, Poccns
& beneor@mail.ru

AHHoTauumA. CUrHanNbHbI Kackag peMoaeNnvpoBaHMA akTUHA, B COCTaB KOToporo BxoaAT LIM-knHasa 1 (LIMK1) n ee
cy6cTpat KOPUAMH, YYacTByeT B peryiauum pasfnyHbiX NPOLECCOB B HEMPOHAX MNO3BOHOYHbIX N 6ECMO3BOHOUHbIX
XKUBOTHBbIX. Drosophila melanogaster wimpoko ncnonb3yeTca Kak MOAeNbHbIN 00beKT ANsA 13yUYeHns MexaH3MoB op-
MUPOBAaHWsA, COXPAHEHUA 1 BOCNPOV3BEAEHMs NaMATK, a Takxke 3abblBaHuA. PaHee akTMBHOe 3abbiBaHue y fpo3odu-
Nbl NCCNe0BaNnM C MOMOLLbIO KIAaCCUYeCKOro NaBfIOBCKOro 0Nb$akTOPHOro 0byyeHus. bbino nokasaHo, YTo B pasHbIX
dopmax 3abbiBaHUA yyacTBYIOT crieyuduryeckme godbammHepruyeckmne HempoHbl U KOMMOHEHTbI akTUHOBOIO KacKaga.
B naHHom paboTe mbl oueHnBany ponb LIMK1 B npoueccax namati 1 3abbiBaHusA y 4po30dunbl B napagurme ycnos-
HO-pedneKTOPHOro NoAaBNeHUsA yxaxnBaHua. B mosre gposodunbl yposeHb LIMKT n docdokodunuta nsbrpatens-
HO CHWKEH B OTAENbHbIX CTPYKTYpax Helponuns, BKoYas Sonact rpUGoBUAHBIX TeN U LeHTPasbHbIA KOMMIEKC.
B 10 e Bpema LIMK1 npucyTcTBYeT B Tenax HEPBHbIX KNETOK, TaKMX KaK KnacTepbl fodaMMHEPrnyeckrx HeMpoHOB,
perynupyiowmne popmMmnpoBaHne NamaTyi NPy yCnoBHO-pedIeKTOPHOM NoAaBeHNN yxaxneaHua. C ncnonb3oBaHnem
cncTembl 6GrHapHoro ckpewmBaHua GAL4A x UAS mbl uHnymmposanu PHK-nuHtepdepeHumio limk1 B pa3nmyHbix TMnax
HepPBHbIX KNETOK. Y rmbpuiHbIX NMHNMiA ¢ nHTepdepeHumein imk1 B nonactax rpmboBMAHBIX TeN 1 runm Habno[anocb
ycuneHne 3-4acoBoi KpaTKOCPOUYHOW NamaATy, 6e3 BMAMMOro BAWAHMUA Ha AONFOCPOYHYI0 NamATb. MHTepdepeHums
limk1 B XonvHepruyecknx HempoHax NPMBOAMIA K CHUXKEHMIO KPaTKOCPOYHOW NamATH, B AodamMUHEpPrnyecknx u ce-
POTOHUHEPrMYECKMX HEMPOHAX ee pe3ybTaToM Obl1o TakKe CYLeCTBEHHOE HapyLUeHre CMOCOOHOCTU MyX K 06yye-
Huto. HanpoTue, uHtepdepeHuus limk1 B HelipoHax fruitless ycunvsana 15-60-MUHYTHYIO KPaTKOCPOUHYIO MamATb, UTO
YKa3blBaeT Ha BO3MOXHyto ponb LIMK1 B npoueccax akTvBHOro 3abbiBaHusA. Y caMmuoB ¢ uHtepdepeHuuei limki 8
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Bnuanwe LIM-KnHasbl 1 Ha namATb 1 6payHyio NecHto
camLoB Ap030$WIIbl 3aBUCUT OT TVNa HENPOHOB

XONMHeprnyeckyx u fruitless HelipoHax Tak»ke ObINM OTMEYEHbl Pa3HOHaMNPaB/IEHHbIE U3MEHEHNS MapamMeTpoB bpay-
Hol necHu. Taknm obpaszom, 3¢ dekTbl LIMKT Ha namaTb 1 6payHyto necHio camuoB Apo30dusibl ONpesenaTca TMNom

HePBHbIX KNETOK WS CTPYKTYPOIi MO3ra.

KnioueBble cnoBa: gpo3oduna; LIMK1; ycnoBHo-pednekTtopHoe noaaBieHmne yxaxmBaHus; namaTb; 3abbiBaHuvie; joda-
MUHEPrnYecKkmne HeMPOHbI; XONMHEPrYeckne HeMpPOHbI; fruitless; GpayHas necHsa camua.

Introduction

Memory formation and forgetting serve as the basis of be-
havioral plasticity. Whereas memory is a specific process of
information acquisition, storage and retrieval by the nervous
system, active forgetting is defined as “a mechanism or series
of mechanisms to remove memories that become unused”
(Davis, Zhong, 2017). Associative memory formation and
active forgetting occur in both mammals and invertebrates,
including Drosophila melanogaster (Medina, 2018), which
is a well-known object of classical genetics. Having a short
life cycle and relatively simple nervous system, the fruit fly
makes it easy to perform genetic analysis of the molecular
basis of behavioral and cognitive processes.

There are several experimental techniques to form asso-
ciative memory in Drosophila, including short-term memo-
ry (STM) and protein synthesis-dependent long-term me-
mory (LTM). The most widely used technique is classical Pav-
lovian learning with negative electroshock reinforcement,
or olfactory aversive learning (OAVL), which revealed genes
responsible for different types of memory (Tully et al., 1994).
More natural is conditioned courtship suppression para-
digm (CCSP) (Siegel, Hall, 1979; Kamyshev et al., 1999).
GALA4 x UAS binary expression system (Duffy, 2002) is used
to study the effects of specific genes on memory processes.
The fine neural organization of the mushroom bodies (MB),
a principle structure responsible for associative olfactory
learning in Drosophila, was evaluated in detail. The MB out-
put neurons (MBON) are the main effectors of MB, whereas
specific clusters of dopaminergic neurons (DAN) regulate the
activity of MB — MBON synaptic contacts (Aso et al., 2009,
2014a, b). Among them are aSP13 DAN of the protocerebral
anterior medial cluster (PAM), which innervate y5 area of
MB, playing a crucial role in CCSP learning and memory
(Keleman et al., 2012).

The molecular and neural mechanisms of active forgetting
implicate the activity of DAN and Racl-dependent signal
pathways (Medina, 2018). Small GTPases of the Rho family,
including Rho and Rac, regulate neuronal actin polymerization
during the Drosophila nervous system development. Rho via
its effector ROCK or Rac/Cdc42 via its effector Pak activate
LIM-kinase 1 (LIMK1), which phosphorylates Drosophila
cofilin (twinstar) protein, blocking its actin-depolymerization
activity and inhibiting axon growth. Rac also acts through Pak-
independent pathway to antagonize LIMK 1 and promote axon
growth (Ng, Luo, 2004). In addition to its role in neurogene-
sis, Rac is crucial for both interference-induced and passive
forgetting in OAVL paradigm. PAK/LIMK 1/cofilin pathway
probably acts downstream Rac1 (Shuai et al., 2010). Forgetting
specific types of memory depends on different signal proteins
(Zhang et al., 2016; Gao et al., 2019).

Forgetting in OAVL paradigm is caused by several DAN
of the protocerebral posterior lateral 1 (PPL1) cluster, which
innervates some MB structures, such as pedunculus, lower
and upper stalk. Memory acquisition and forgetting are regu-

lated by different dopamine receptors, dDA1 and DAMB
respectively (Berry et al., 2012). Coincidence of conditioned
and unconditioned stimuli creates a memory trace in MBON-
v20'1, probably inhibiting the MB > MBON-y2a'1 synapses.
The unconditioned stimulus alone activates DAN-y2a'l,
which in turn disinhibit MB > MBON-y2a'l synapses and
cause forgetting (Berry et al., 2018). DAN that innervate the
MB a0’ tip induce the interference-based forgetting through
the scaffold protein Scribble, binding together Racl, PAK3
and cofilin (Cervantes-Sandoval et al., 2016).

Whereas multiple data prove the importance of DAN and
actin-remodeling signal pathway for forgetting in OAVL para-
digm, there is virtually no data for molecular mechanisms of
memory decay in CCSP. Effects of LIMK1-dependent signal
cascade on CCSP learning and memory were firstly shown for
the temperature-sensitive mutant agn®3, with LIMK 1 increase
in the adult brain compared to the wild type Canton-S (CS).
Temperature rise leads to a decrease in agn®3 LIMKI1 level,
simultaneously restoring its learning ability and 3 h memory,
which are drastically impaired in the norm (Medvedeva et al.,
2008). agn’3 has multiple polymorphisms within and near
limk1 gene, as well as a changed profile of microRNA expres-
sion, and can serve as a model object for Williams syndrome
(Nikitina et al., 2014; Savvateeva-Popova et al., 2017). The
temporal profile of STM learning index (LI) was assayed
in CCSP for agn'3, as well as for the wild-type strains with
limk1 polymorphisms, CS and Oregon R. Only CS was able to
learn and store memory up to 24 h (Zalomaeva et al., 2021).

The behavioral effects of LIMK 1 changes in agn®? do not
give information about specific cell types, where LIMK1 can
be involved in learning and memory. In this study, we per-
formed the analysis of memory decay for several Drosophila
GAL4 x UAS strains with neuronal type-specific /imkl RNA
interference. LIMK1 distribution in the Drosophila brain
structures was studied in detail using confocal microscopy. The
effect of limkl interference on fly memory ability depended
on both neural type and memory form. LIMK 1 also appeared
to be involved in regulation of male courtship song: limkl
interference in different neuronal types specifically affected
some song parameters.

Materials and methods

Drosophila strains. Fly strains were provided by the Research

Center “Biocollection of Pavlov Institute of Physiology RAS

for the study of integrative mechanisms of the nervous and

visceral systems”. The strain numbers (#) are given in accor-

dance with the Research Center and Bloomington Drosophila

Stock Center, USA (Cook et al., 2010). The following strains

were used:

1. Canton-S (CS) — the wild-type strain with /imkl polymor-
phisms.

2. agn®3 — temperature-sensitive mutation on CS genetic
background with /imkl polymorphisms, characterized by
learning and memory defects.
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3. Strains expressing GAL4 in specific neuronal types:
#6794: w[*]; P{w[+mC]=nrv2-GAL4.S}8 P{w[+mC]=
UAS-GFP.S65T}eg[T10]. GAL4 and green fluorescent
protein (GFP) are expressed in nervous system under Nrv.2
regulatory element;

#6793: w[*]; P{w[+mC]=ChAT-GAL4.7.4}19B

P{w[+mC]=UAS-GFP.S65T}Myo31DF[T2]. GAL4 and

GFP are expressed in cholinergic neurons (CHN) under

ChAT and VAChKT regulatory elements;

#7009: w[1118]; P{w[+mC]=Ddc-GAL4.L}Lmpt[4.36].

GALA4 is expressed in dopaminergic (DAN) and seroto-

ninergic (SRN) neurons;

#30027: w[1118]; P{w[+mW.hs]=GawB }fru[NP0021].

GALA4 is expressed in fruitless neurons regulating mating

behavior.

4. Act-GAL4: w[1118]; P{w[+mC]=} 25FO1/CyO, y[+];
Canton-S background. GAL4 is expressed in the whole
body under actin promoter.

5. Strains with UAS-dependent /imkl suppression:

#26294: y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02063}

attP2. The strain expresses interfering RNA against /imk1

(RNAI) under UAS (limk1-KD, knockdown).

#36303: y[1] v[1]; P{y[+t7.7]=CaryP}attP2. The control

strain with genetic background identic to that for #26294,

but lacking RNAi (limk1“+").

6. Strains with GFP gene regulated by UAS:

#32186: w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-mCDS8::

GFP}attP40.

#32202: w[*]; P{y[+t7.7] w[+mC]=10XUAS-IVS-GFP-

WPRE}attP2.

To induce /imk! RNA interference in specific neuronal
types, a strain carrying GAL4 activator expressed under tis-
sue-specific promoter was crossed to UAS strain #26294. The
cross product of a GAL4 strain and #36303 strain served as
a control.

Flies were raised on the standard yeast-raisin medium at
25+0.5°C and a 12:12 daily illumination cycle. For behavioral
tests, experimental males were collected without anesthesia
and kept individually. 5-6-day-old males were used in experi-
ments. Females (CS) were collected as virgins and brought
together with CS males for fertilization in CCSP one day
before experiment.

Antibodies. Primary antibodies: Rat anti-LIMK1 multi-
specific monoclonal (Enzo Life Sciences, ALX-803-343-
C100); mouse anti-Drosophila cysteine string protein (CSP);
rabbit anti-Drosophila tyrosine hydroxylase (TH) (Abcam,
ab128249); rabbit anti-GFP (Abcam, ab290).

Secondary antibodies: Goat anti-mouse Alexa Fluor 488
(Invitrogen, A32723), donkey-anti-rat Alexa Fluor 594
(ThermoFisherScientific, A-21209), goat anti-rabbit Alexa
Fluor 633 (Invitrogen, A21071).

RNA extraction and RT-PCR analysis of limkl ex-
pression. The level of /imkl expression was assayed using
semi-quantitative PCR in complex with reverse transcription
(RT-PCR). Flies were anesthetized by freezing. 10 male flies
or 70 male heads were homogenized in 300 pl TRI reagent
(MRC, TR 118). Total RNA was extracted from homogenates
according to the manufacturer’s protocol. The quality of
RNA was checked by 1.5 % agarose gel electrophoresis. 1 pg
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RNA was reverse-transcribed by MMLYV reverse transcriptase
(Evrogen, #SK022S) according to the manufacturers’ protocol,
using random hexamer primers and RNAse inhibitor (Syntol,
#E-055). Semi-quantitative PCR was performed on a StepOne
Plus (Applied Biosystems, Inc., USA) using qPCRmix HS
SYBR+LowROX (Evrogen, # PK156L) containing direct and
reverse primers (0.5 mM each). Baseline and cycle threshold
values were determined by automatic analysis using StepOne
software v2.3 (Applied Biosystems, USA). rp/32 transcript
was used as an internal control. The predesigned /imkl pri-
mers (PP12636 in FlyPrimerBank, http://www.flyrnai.org/
flyprimerbank) were used to bind all five /imk! cDNA iso-
forms, both premature and mature forms, as primers do not
span the exon-intron borders. The relative limkl transcript
level was calculated using the comparative AACt method. The
number of biological replicates (independent RNA extractions
with reverse transcription) was 3—5, the number of technical
replicates was 3.

The primer sequences were the following:

rpl32:

Forward: 5'-TATGCTAAGCTGTCGCACAAATGGC-3'

Reverse: 5'-GTTCTGCATGAGCAGGACCTCCA-3’

limkl:

Forward: 5'-GTGAACGGCACACCAGTTAGT-3'

Reverse: 5'-ACTTGCACCGGATCATGCTC-3’

PCR parameters:

1. 1 cycle: 95 °C — 5 min.
2.45 cycles. 95°C—-205s,60°C—-20s,72°C-20s,77 °C -

15 s (detection).

3. Melting curve: 95 °C — 15 s, 60 °C — 1 min, 60-95 °C

(A0.3°C, 155).

Immunofluorescent staining of Drosophila brains.
5—-6-day-old imago males were anesthetized by freezing. The
brains were prepared in PBS buffer (pH 7.5) using needle-
sharp tweezers (Merck, T4412), fixed in 4 % paraformalde-
hyde in PBS for 1 h at RT and stained according to (Thapa et
al., 2019), without a freezing stage. Antibodies were diluted
in PBT (0.2 % Tween 20, 5 % BSA in PBS) as 1:200, for
anti-CSP — 1:20. Previously, for better staining of brains, we
increased the time of incubation with primary antibodies up
to 5 days (Zhuravlev et al., 2020). Here, the incubation was
performed at 4 °C for 3 days (with primary antibodies) or
overnight (with secondary antibodies). Brains were mounted
with Vectashield mounting medium containing DAPI (Vector
laboratories, H-1200-10).

Protein distribution analysis in the brain by confocal
microscopy. Brains were scanned frontally using laser scan-
ning confocal microscopy (LSM 710 Carl Zeiss; Confocal
microscopy Resource Center; Pavlov Institute of Physiology
of the Russian Academy of Sciences, St. Petersburg, Russia).
Scanning was performed using X63 objective at different
depths (z-step 2 pm). Images were analyzed using Fiji soft-
ware. The brain structures were visually mapped using the
Drosophila brain online atlas (Virtual Fly Brain). To measure
the average level of LIMKI inside the brain structures, the
average signal intensity was measured in three small square
areas (~10 x 10 pum) within each of the structures. The average
values were obtained and normalized to the average structure
intensity for the given brain. Colocalization Threshold analysis
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was performed to measure co-localization of LIMK1 with
neurospecific markers. To prepare figures, auto contrast func-
tion was used for each optical slice.

Learning and courtship suppression tests in Drosophila
males. Flies learning and STM were estimated in CCSP, as
described in (Zhuravlev et al., 2022). In the case of long term
memory (LTM), learning was performed by placing flies in
food-containing glasses (20 mm diam., ~20 mm high) for
5 h (Kamyshev et al., 1999). Courtship index (CI) and learn-
ing index (LI) were estimated at the following time points
after learning: for short-term memory (STM) analysis: 0 min
(learning), 3 h; for STM decay analysis: 15, 30, 60 min,
24 h; for LTM analysis: 0 min, 2 days, 8 days. In all groups,
naive males (without mating experience) served as a control
to calculate LI:

LI = [(CI — CI;)/CI;] % 100 % = (1 — CL,/Cly) x 100 %,

where Cly is the middle CI for naive males, and Cly is the
middle CI for males after training. The naive and trained
males were the same age. The decrease in LI compared to
LI (0 min) was considered a time-dependent memory decay.
The decrease in LI for a mutant strain compared to that for the
wild-type strain CS was considered a strain-specific impair-
ment of learning or memory.

Courtship song analysis. The 5-day-old imago male
courtship song was recorded as in (Savvateeva-Popova et
al., 2008). A naive male of the studied line and a fertilized
female (CS) were placed together in a Perplex chamber with
a latticed bottom on top of a microphone. The chamber was
placed in a foam box in a soundproof room. The sounds were
recorded for 5 min using Audacity software (Mazzoni, Dan-
nenberg, 2020). The sound signals were filtered to exclude
noises, obtaining signals within 100-800 Hz. The level of
noise was decreased using a standard Audacity plugin. The
software Drosophila courtship song analysis (DCSA) (Iliadi
et al., 2009) was used to automatically detect pulse and sine
song components.

The results of analysis were manually edited. The mean
values of the song parameters were calculated for each fly.
The following parameters were estimated: pulse song index
(PInd, % of the total time), pulse song initiation frequency
(PFr; 100/s), sine song index (SInd, % of the total time), sine
song frequency (SFr, 100/s), interpulse interval (IPI, ms),
period of song pulse train (Per, s), intertrain interval (ITL, ms),
train duration (TrainDur), pulse number in train (PulseN), sine
song duration (SDur, ms), sine song amplitude (SAmp, C.U.),
IPI variance (Var(IPI), ms?). Per is the time between the starts
of the neighboring trains. ITT is the time between the end of
the previous and the start of the next train.

Statistical analysis. Analysis of LIMK1 mRNA level was
performed using two-sided #-test, Social Science Statistic
online resource (p < 0.05). Analysis of LI and courtship song
parameters was performed using two-sided randomization
test at significance level a of 0.05 (n = 20), using Drosophila
Courtship Lite software (Nikolai Kamyshev, 2006, nkamster@)
gmail.com), with 10000 iterations. The program is freely
available from the author upon request. Randomization test
was reported to be better for LI comparison than ¢-test or
some nonparametric tests (Kamyshev et al., 1999). Court-
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p <0.01
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% W /imk1-KD
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1.0
0.5
Act-Gal4 6794

Fig. 1. Comparative levels of imk1 RNA in the UAS > GAL4 hybrids with
and without limk1 RNA interference.

X axis: GAL4 strains. Y axis, conditional units (C.U., expression levels are norma-
lized to the average value). Statistical differences: * between limk1-KD > GAL4
and limk1"+" > GAL4 (two-sided t-test; p and n are shown above the charts).
Standard error is shown.

ship song parameters were also analyzed using two-sided
Mann—Whitney U-test. Python 3 scripts were used to draw
the box plots charts.

Results

limk1 RNA level in Drosophila UAS x GAL4 hybrids

To check that GAL4 really induces /imk! RNA interference
in 26294 strain, we compared /imkl RNA level in the UAS (f)
> GAL4 (m) hybrids. Females with and without transgenic
RNAI for limkl suppression (limkl-KD and limkl“+”, re-
spectively) were crossed to Act-GAL4 males, expressing
GAL4 in the whole body. The level of total /imkl RNA was
approximately 2-fold lower in the hybrid with /imk! interfer-
ence. These data confirmed the efficiency of RNAi-dependent
limk 1 suppression in 26294 strain (limkI-KD) upon its activa-
tion by GAL4. At the same time, there were no differences for
limk1-KD > 6794 and limk1“+” > 6794, where RNA expres-
sion was measured in heads and was regulated by neuronal
type-specific GAL4 (Fig. 1). Thus, /imkl RNA differences
after neural type-specific limkl RNA interference might be
local or too low to be detected in the whole Drosophila heads.

LIMK1 distribution in the Drosophila brain

When studying LIMK1 distribution, we focused on the
central part of the Drosophila brain, without the optic lo-
bes (OL), mainly at the level of the superior medial protoce-
rebrum (SMP) and gamma-lobes (yL) of MB. Here the PAM
clusters of DAN are located (Mao, Davis, 2009), responsible
for the Drosophila courtship learning and memory (Keleman
etal., 2012). Additionally, the area including the central com-
plex (CC) and calyx (Cal) surrounded by Kenyon cells (KC)
was studied. The CSP-positive neuropil structures and tyrosine
hydroxylase (TH)-positive DAN cell bodies and processes
served as landmarks in describing the LIMK1 distribution.
The following description is given for the wild-type strain
CS (see the Table and Suppl. Material 1)!.

1 Supplementary Materials 1-6 are available in the online version of the paper:
https://vavilovj-icg.ru/download/pict-2023-27/appx9.pdf
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LIMK1 and TH distribution in the Canton-S brain (visual analysis)

Semicircular tracts (#1) move laterally;

rity (#3) above yL. TH level is low in yL

Granularity (#5) at the area of B'L tips,

The cell bodies and processes of DAN

z N Neuropil structures (CSP) TH-positive structures
| 0 AL and SMP; the part of yL is observed as Two bilaterally symmetrical clusters
a shading (CSP lever is lower) of PAM cell bodies, the processes
of which form two semicircular
tracts (#1), enveloping SMP below
Il 3 yL of MB, subdivided into three unequal
parts; the putative y5 area is marked two tracts (#2) above SMP; granula-
with an asterisk (*); AOT lateral to SMP
11l 7  ylLis half hidden by 'L, with the horizon- Granularity (#3) above and laterally
tal BL below it. The beginning of a/a’L the B'L area; tracts (#2) join at the
is seen central line (#4). TH level is low in BL
\Y 11 aland d'L.The part of yL (#7) lateral
toal where the PAM processes converge
\Y 14 The tips of aL and a'L; the part of EB Area 5 is subdivided into two (#8),
corresponding to ('L tips.
Commissure (#9) above (#8)
Vi 16  EB;aL and yL join to the pedunculus Commissure #9 above EB
(Ped) of MB
VIl 20 CC(EB,FBand No) Commissure #9 continues laterally
Vil 26 CC(FB), W, Ped Tracts around FB
IX 29 CCisnolongervisible
clusters around Cal are partly visible
X 36 Cal, KCand PB; Ped below Cal - DAN clusters around Cal:

a small shading (#14)

PPL1 and PPM2

LIMK1 level

AL and SMP: high; thin tissue layers
resembling the neuropil glia: high;
cell bodies surrounding neuropil:
relatively low; cell nuclei: low

yL: lower than in SMP; the thin tissue layers
surrounding AL and SMP: high

Area #5: low; granularity along the central
axis of the brain (#6): high; yL (#7): very low

Ped and EB: low; the semicircular
granularity (#10) above and laterally EB:
high; commissure (#11) between EB
and the esophagus (ES): high

CC and Ped: low; tissue layers surrounding
neuropil structures: high

Commissure (#12) above CC and semicircular
structures (#13) surrounding wedge: high

The great commissure (#GC) above the ES:
high; glia-like layers among neuropil: high

Cal and PB: high; KC: relatively low; glia-like
layers (#15) in the bottom part near ES: high

Note. The depth of the studied zone (Z) is given for the brain optical slices, from the PAM cell bodies to CC (I-V) or from CC to Cal (VI-X). N is the number of the
brain optic slice for a given zone (step 2 um). For different brains, there may be slight differences in depth of the given N.

The brain structures (here and below): g, a; 3, ’and yL — the corresponding lobes of MB, AL - the antennal lobes, AOT - the anterior optic tubercule, Cal - the calyx
of MB, CC - the central complex, EB - the ellipsoid body of CC, ES - the esophagus, FB - the fan-shaped body of CC, KC - the Kenyon cells, MB — the mushroom
body, MBI - the median bundle, No - the noduli of CC, PB - the protocerebral bridge, Ped - the pedunculus of MB, SEG - the subesophageal ganglion, SMP - the
superior medial protocerebrum, W — wedge. DAN clusters, according to (Mao, Davis, 2009): PAM - the protocerebral anterior medial cluster, PPL - the protoce-

rebral posterior lateral clusters, PPM - the protocerebral posterior medial clusters.

The distribution of DAN clusters corresponded to that
described in (Mao, Davis, 2009). PAM clusters were clearly
observed near SMP, with processes extending towards the
central part of the brain. The processes formed glomerular
structures around the MB horizontal lobes (y, 3 and B'L), pro-
bably being the synaptic endings innervating the correspond
areas. The structure #3 was located above yL, the structures
#5 and 8 — in the 'L area, the commissure #9 was seen in the
central part of the brain. TH signal was relatively low in fL
(see Suppl. Material 1). PPL1, PPM2 and other DAN clusters
were observed around Cal, sending their processes to the dif-
ferent brain areas (Fig. 2, a).

LIMKI1 was concentrated in the neuropil structures of the
anterior part of the brain, such as SMP and AL. The LIMK1-
positive granularity was observed inside SMP, between the B’
tips (#8) and around the ellipsoid body (EB) of CC (#10, 11).
LIMKI1 level was also high in thin tissue layers adjacent
to neuropil and some neural tracts, such as #12 around the
great commissure, #13 around wedge (W) and #15 near eso-
phagus (ES), morphologically resembling glia (Hartenstein,
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2011). LIMKI signal was lower in cell bodies of the neurons
surrounding AL (ALCB), probably being the cell bodies of the
projection neurons, as well as in KC surrounding Cal. Here,
LIMK1 was mainly concentrated in the cytoplasm, beyond
the nuclei. LIMK1 level was significantly decreased in all the
MB lobes and pedunculus (Ped), as well as in the CC struc-
tures, whereas in Cal and the protocerebral bridge (PB) it was
relatively high (see Suppl. Material 1). LIMK1 and TH co-
localization was observed in SMP, AL, Cal, the TH-positive
cells and processes, and in glomerular densities, such as #3,
5 and 6 (see Fig. 2, b).

To check that the antibody specifically binds to LIMK1, the
distribution of LIMK1 main product p-cofilin was assayed in
CS. The pattern of p-cofilin distribution was generally similar
to that for LIMK1 (Suppl. Material 2). The level of p-cofilin
was low in MB (including Cal) and CC (mostly EB, as well
as in the case of LIMK1). In contrast to LIMK1, p-cofilin was
mainly concentrated in the cell nuclei in the peripheral area of
the fly brain, such as Kenyon cells around Cal, as well as in PB,
subesophageal ganglion (SEG), and cell bodies surrounding
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Fig. 2. LIMKT1 spatial distribution in the CS brain.

a, Z-projection. AL level (above) and Cal level (below). Color scheme: green - CSP, red — TH, yellow - LIMK1, blue — DAPI.
b, Co-localization of TH and LIMK1 in different optic zones. Color scheme: green - LIMK1, red — TH, white - the areas of LIMK1 -
TH co-localization. The scale bar size is 50 um. See the Table for abbreviations and description of the optic zones.

AL. p-Cofilin was also localized in diffuse layers within the
brain structures, such as EB, probably formed by glia. The
p-cofilin-enriched cells were found in SEG, forming structures
with two glomerular branches (*), and around CC structures,
fan-shaped body (FB) and EB (**).

Several GAL4 activators were used to initiate /imk! RNA
interference. Both 6793 and 6794 strains specifically express
the green fluorescent protein (GFP) under GAL4 promoter.
In strain 6794, GAL4 was reported to be expressed in OL,
thoracic ganglion, different nerves, and cortex glia (Sun et
al., 1999; Okamoto, Nishimura, 2015). In 6794 > limkl-KD
hybrid, GAL4-driven GFP expression was detected in glia-
like cells, surrounding the neuropil structures, such as AL,
SMP, CC and its parts, as well as in the MB lobes, Ped and
some KC (Suppl. Material 3, @). GFP level was higher in alL
and BL compared to o'L, 'L and yL. The signal was lower
in Cal and virtually absent in most neuropil structures, such
as AL, SMP, CC and others. Thus, /imk! interference should
occur in Cal and some glia cells, where the levels of both
GAL4 and LIMK1 were relatively high. Similar distribu-

tion was observed in the control 6794 > limk[*“+” strain (see
Suppl. Material 3, b). In the strain 6793, GAL4 is expressed
in cholinergic neurons (CHN), with GFP signal in OL, AL
with the surrounding interneurons, the parts of CC, the great
commissure (GC), Cal and the mechanosensory area of SEG
(Salvaterra, Kitamoto, 2001). In the strains 6793 > limk-KD
and 6793 > limkl“+” (see Suppl. Material 3, c, d), we ob-
served a strong GFP signal in cell bodies surrounding SMP
and AL, as well as in some KC, several neuropil structures
(AL, o/BL, EB, FB), and GC. In all the studied strains, LIMK 1
distribution character appeared to be similar to that in CS.
To check that GAL4 is active in 7009 and 30027 strains,
we crossed them to strains expressing GFP under GAL4 pro-
moter. In 7009 > 32186 hybrid, we observed a prominent GFP
signal in cell clusters near SMP, morphologically similar to
the TH-positive PAM clusters. Some cells might be SRN, but
they constitute the minority of the observed neurons in this
area (Albin et al., 2015; Kasture et al., 2018). The processes
of PAM neurons extended to the horizontal MB lobes, includ-
ing yL, and the densely innervated B'L tip (#5) connected by
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a commissure, and to a much lesser extent the BL tip (Suppl.
Material 4, a). EB was surrounded by the GFP-positive pro-
cesses extending from different parts of the brain. The GFP-
positive DAN around Cal were also observed. Hence, GAL4
activator of 7009 should suppress /imk! inside DAN, including
PAM neurons, which regulate memory storage in CCSP. The
fruitless-positive neurons (FRN) are responsible for mating
behavior. In 30027 > 32202 hybrid, we observed GFP in
some KC, in the cell bodies located near SMP and AL, and
glomerular structure, forming a ring-like structure around Ped
(see Suppl. Material 4, b). Similar structures were described
in (Yu et al., 2010). The distribution of LIMK1 in the hybrid
strains with and without /imk/l knockdown in the above neu-
rons was similar to that in CS (Suppl. Material 5).

The normalized intensity of LIMK1 signal was calculated
for several brain structures (Fig. 3). The LIMK relative levels
in specific structures were very similar for the CS brain and
the average brain of all the strains. The biggest differences
were observed for the TH-positive glomerular structure #6
(TH+(6)), which is possibly responsible for memory forma-
tion in CCSP. In the average brain, ALCB had the normalized
LIMK1 level about 1. Compared to them, AL, SMP and
TH+(6) structures had the higher LIMK1 level, whereas the
MB lobes, EB and Ped had the lower LIMK1 level. In agn®3,
AL and ALCB had the higher LIMK1 level compared to CS,
whereas most of the rest studies structures had lower LIMK 1
level. This corresponds to more contrast LIMK1 staining in
agn's3 relative to CS (Suppl. Material 6). There were no pro-
minent differences after /imkl knockout, except for several
structures with minor changes. The interstrain differences
might be local or beyond the resolution of the method.

3 h STM differs in hybrids

with and without limk1 interference

3 h STM was estimated for limk1-KD (f) > 6794 (m) and the
control limk1“+” (f) > 6794 (m) hybrids. In both cases, we
observed the decrease of courtship index (CI) after learning,
with its partial recovery after 3 h. The box plot height was
minimal for CS and rather big for UAS x GAL4 hybrids,
showing that the value of courtship suppression significantly
varied for individual flies. All strains were capable to learn in
CCSP, with learning index LI (0 h) immediately after training
ofabout 60-70 % (Fig. 4, @). The CS LI was still high after 3 h,
indicating STM preservation, in agreement with (Zhuravlev et
al., 2022). The strain with /imkl interference also preserved
STM: although its LI (3 h) was only about 20 %, it did not
statistically differ from that for CS, as well as from LI (0 h). In
the control strain, LI (3 h) decreased compared to LI (0 h) and
did not differ from zero, indicating the impaired STM. Thus,
while 3 h memory storage or retrieval was impaired in the
control strain, /imk! interference seems to improve 3 h STM.
At the same time, it did not affect the impaired 8 day LTM,
with only minor positive effect on 2 day LTM (see Fig. 4, b).

Neuron type-specific limk1 interference

differentially affects STM dynamics

To investigate the dynamics of STM decay in different strains
with limk] interference, we performed LI analysis immediately
and 24 h after learning (Fig. 5). To exclude the possible effect
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of eye color on learning and memory abilities, we applied
GAL4 (f) > UAS (m) crossing scheme, where both the strain
with /imkl knockdown and the control strain had the same
wild-type eye color. For 6794 activator (MB and glia), the
control strain showed nearly the same LI within 24 h, whereas
the strain with /imkl interference demonstrated a steeper
forgetting curve. Hence, 6794 > [imkl-KD showed high LI
after learning, but seemed to increase the speed of memory
forgetting on the interval 0-30 min. /imkI knockdown in CHN
(6793) was associated with significant decrease of LI within
60 min after training.

For DAN and SRN activator (7009), both the strain with
limkl interference and the control strain showed nearly the
same dynamics of STM decay, except for 30—60 min period.
limk1 interference was associated with a dramatic defect on
learning: LI did not differ from zero. LI (24 h) was negative
in both hybrids, possibly being the effect of sensitization:
males did not suppress the courtship activity but courted more
actively some time after training. For FRN activator (30027),
the effect of /imkl knockdown was the opposite to that of
MB/glia and CHN activators: /imk! interference decreased
the speed of forgetting, and LI (30 min) did not differ from
zero. Thus, the effect of limk [ interference on STM dynamics
appeared to depend on the neuronal type.

LIMK1 interference in CHN and FRN neurons

differentially affects courtship song parameters

Finally, we studied the influence of /imk! interference on the
male courtship song parameters. The hybrids with CHN and
FRN drivers were studied (Fig. 6). There were no interstrain
differences in interpulse interval (IPI), the species- and popu-
lation-specific parameter (Ritchie et al., 1994), and IPI vari-
ance (Var(IPI)), the marker of neurodegenerative processes
(Savvateeva-Popova et al., 2003). limk! interference in CHN
(6793) decreased the pulse song index and frequency (PInd,
PFr), increasing the mean period (Per), intertrain interval (ITI),
train duration (TrainDur), sine song duration (Sdur) and train
pulse number (PulseN). On the contrary, in the strain with FRN
activator (30027), limkI interference resulted in PFr increase,
as well as Per, ITI, SInd and SDur decrease. /imkl knockdown
by two different activators had the opposite effects on PInd,
PFr, Per, ITI and SDur, leveling the initial differences between
SInd, TrainDur and PulseN. Thus, /imk! interference in CHN
seemed to decrease the rate of switching from the singing
mode to silence mode and back, resulting in longer trains and
ITI, while /imkI interference in FRN neurons generally had
the opposite effect.

Discussion

In mammals, LIMK - and cofilin-dependent actin remodel-
ing is widely involved in regulation of synaptic processes,
such as exocytosis, receptor trafficking and remodeling of
dendritic spines. These processes underlay long-term potentia-
tion (LTP), long-term depression (LTD) and different forms of
memory. LIMK1 also affects gene expression through CREB
and LTM formation. Deregulation of LIMK1-dependent
actin remodeling is involved in multiple pathologies, such as
Alzheimer’s and Parkinson’s diseases, Williams syndrome,
schizophrenia, and autism (Ben Zablah et al., 2021).
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Fig. 3. LIMK1 relative level in different brain structures.

The normalized levels are shown in conventional units (C.U.). All - the averaged brain of the all studied strains. Statistical differences (two-sided t-test): * from
CS (p < 0.05,0.01, 0.001 for one, two and three asterisks, respectively); # from the control hybrid without limk1 interference; blue > cyan and red > pink color
change - the difference from ALCB (p < 0.05; blue and red - no difference). N = 47-61 (All), 5-6 (CS), 4-6 (agn's3), 7-8 (6794 > limk1-KD), 7-10 (6794 > limk1"+"),
5-6 (6793 > limk1-KD), 6-7 (6793 > limk1“+"), 3-5 (7009 > limk1-KD), 3-5 (7009 > limk1“+"), 4 (30027 > limk1-KD), 3-4 (30027 > limk1“+"). Standard error is shown.
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Fig. 4. The memory abilities of the Drosophila strain with limk1 suppression by 6794 activator.

a, STM. b, LTM. Cl - courtship index; box plot and whisker chart, median is shown by the bold black line. LI - learning index. Statistical differences: # from CS, $ from
LI (0 h/0 day) (two-sided randomization test; p < 0.05, n = 20).

FTEHETUKA HACEKOMDIX / INSECT GENETICS 257



A.V. Zhuravley, E.S. Zalomaeva, E.S. Egozova, A.D. Emelin
V.V. Sokurova, E.A. Nikitina, E.V. Savvateeva-Popova

LIM-kinase 1 effects on memory abilities and male
courtship song in Drosophila depend on the neuronal type

cl LI
6794 % limk1-KD limk1"+" )
(MB, glia) 100 - ~ @ Naive
o o o o
. % —m— limk1-KD
80r "8 8 —— [imk1"+"
60 3 60
40+ - 40 $
8 »<:
20 B - 20 L
0 I . . .
0 15 30 60 24H 0 15 30 60 24H 0 15 30 60 24H
6793 %
100 r
(CHN) %
o
80 + 80 r
60 - 60
a0t ° - . 40
*
20 B - 20 L
o ° S# \¥$
1 o —=u
0 . . -
0 15 30 60  24H 0 15 30 60 24H 0 15 30 60 24H
7009 %
(DAN/SRN) 1907 r
80 3
60 [ o r
o
40+ ° L
o
o
20 r
2 | ¥
0 0 15 30 60 24H 0 15 30
%
30027 100 )
(FRN) T . T
80 o L
) 8
60 I -
8
40+ L
° o
20 1 r o
0 0 15 30 60 24H 0 15 30 60 24H

Fig. 5. STM dynamics in Drosophila strains with neuron type-specific limk1 suppression.

Cl - courtship index, LI - learning index. X axis: time (min; 24H — 24 hours). Stat
randomization test; p < 0.05, n = 20).

In mature neurons, actin is enriched in both pre- and post-
synaptic structures, such as dendritic spines, regulated by
Rho signaling pathway. The action of LIMKI1 on actin po-
lymerization and memory processes is rather complex, being
dependent on the mode of LIMKI1 regulation (transient or

istical differences: # from CS, $ from LI (0 min), * no difference from zero (two-sided

long-term overexpression) and cofilin level. While the active
cofilin destabilizes fibrillar actin, in high concentrations it
increases actin polymerization and nucleates actin filaments
in dendritic spines during long-term potentiation (reviewed
in Cuberos et al., 2015). Thus, it is hard to predict the integral
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Fig. 6. Courtship song parameters in Drosophila hybrids with neuron type-specific imk1 interference.
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ters. Median is shown by the red line, the mean value is shown by the green line.

effect of LIMK1 and cofilin activity on memory processes.
It was crucial to check the behavioral effects of Drosophila
limk1 suppression in specific types of neurons.

Using paraffin section staining, both LIMK1 and its product
p-cofilin were shown to be homogeneously distributed in the
brain neuropil, with maximum level in CC (Lopatina et al.,
2007). Our results of the confocal microscopy analysis gave
a different picture of LIMK1 distribution, quite similar for all
the studied strains. We have shown a specific LIMK1 decrease

in MB, which is responsible for associative learning, as well as
in CC, involved in higher movement control (Strauss, Heisen-
berg, 1993). This puts under question the role of LIMKI in
the aforementioned processes. However, LIMK 1 was present
in the cell bodies and processes of DAN, which interact with
MB and CC (Mao, Davis, 2009) and regulate memory and
forgetting. The observed p-cofilin distribution resembled this
for LIMK1: its level was low in the MB lobes and CC. The low
level of p-cofilin in the MB lobes had been previously shown
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(Abe et al., 2014). In contrast to LIMK1, p-cofilin level was
low in Cal formed by PN and KC terminals and high in cell
nuclei. The latter corresponds to its functioning in the cell, as
cofilin phosphorylation is necessary for its translocation into
the nucleus (Abe et al., 1993).

The effectiveness of /imkI suppression at the RNA level was
confirmed using Act-GAL4 activator in the whole Drosophila
body. GAL4 was also active in specific brain areas of the cor-
responding strains. However, we failed to quantitatively check
the changes of /imkl expression in Drosophila UAS x GAL4
hybrids with neuronal-specific GAL4 expression. The de-
crease in LIMKI1 level might be local or too small. limkl
interference might also induce the compensatory activation
of LIMK1 translation.

To study limkI knockdown effects on memory, we used
CCSP modification applied by (Kamyshev et al., 1999):
training was performed with the mated female. In this case,
courtship learning results from the rise of sensitivity to the
antiaphrodisiac cis-vaccenyl acetate (cVA) due to unsuccessful
courtship. ¢VA is not required for learning, being necessary
for memory performance. aSP13 DAN, which innervate the
fru-positive tip of YL, are necessary and sufficient for courtship
learning (Keleman et al., 2012). 24 h memory consolidation
requires the prolonged aSP13 stimulation and Orb2 dimeriza-
tion in some y neurons (Kriittner et al., 2015). o/ neurons are
involved in LTM processes (Redt-Clouet et al., 2012; Jones
et al., 2018). Hence, other DAN innervating o/pL of MB,
including PAM and PPL1 cells (Aso et al., 2014a), may also
be involved in LTM.

The behavioral differences were observed after /imk/ in-
terference, e. g., the restoration of 3 h STM for limkl-KD >
6794 strain. GAL4 drivers themselves affected memory
abilities, which were generally decreased compared to CS.
The drivers also significantly affected the forgetting curves.
Thus, we studied the effects of limkl interference relative to
a control strain with the same GAL4 driver. We applied two
different crossing schemes — UAS (f) > 6794 (m) (for 3 h
STM and LTM analysis) and reverse (in the other behavioral
experiments). In the first case, the control UAS > limk[“+”
hybrid had bright eyes due to v/1] recessive allele, in contrast
to UAS > limk1-KD hybrid with the wild type dark red eyes.
The observed 3 h STM differences are unlikely to be asso-
ciated with the differences in eyes pigmentation, as v/1] flies
showed a normal 3 h STM and 2 day LTM in CCSP (Nikitina
etal., 2021), while both forms of memory were impaired in the
control strain. However, memory retention depends on parent
affect, with some paternal epigenetic factors affecting STM
strength (Medvedeva etal., 2021). For 6794 > limk[-KD strain,
we did not see STM difference from the control strain, though
learning ability slightly increased after /imkl knockdown (see
Fig. 5). Thus, when studying LIMK1 effects on learning and
memory, it is necessary to consider the crossing direction.

Acetylcholine is the major excitatory neurotransmitter in
Drosophila. Among CNH are: PN forming synapses on KC
of MB (Yasuyama et al., 2002), the MB intrinsic neurons that
are responsible for olfactory memory, expressing ChAT and
VAChT (Barnstedt et al., 2016), and the o/f core neurons re-
quired for LTM consolidation (Yi et al., 2013). In the hybrids
with 6793 driver (GAL4 expressed in CHN), GFP level was
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specifically high in a/BL compared to the other MB lobes.
Here, limkl interference resulted in faster STM forgetting.
This contradicts the cofilin role in active forgetting shown in
OAVL, where cofilin was proposed to be regulated by LIMK 1
(Shuai, Zhong, 2010). The involvement of LIMK1 and co-
filin in forgetting may occur locally, within specific neuronal
populations or synaptic terminals. At the same time, LIMK1
may be crucial for memory storage and retrieval in CCSP.
The glutamatergic MBON M6 neurons serve for STM output:
aSP13 DAN prolongs potentiation of YL — M6 synapses (Zhao
et al., 2018). Some cholinergic MBON appeared to regulate
the Drosophila visual appetitive memory (Aso et al., 2014b).
As the extrinsic MB cells responsible for CCSP memory were
similar to those used for appetitive memory (Montague, Baker,
2016), the decrease in 60 min STM might occur due to /imkI
suppression in some of these neurons.

The hybrids with 7009 driver (DAN and SRN) showed
generally low CI values and negative LI values 24 h after
learning. Males of these strains had pale pink eyes because of
defects of eyes pigmentation, due to non-complete w/1118]
rescue. w/1118] males demonstrated low courtship activity
and success, presumably due to some defects of sexual de-
velopment and maturation (Xiao et al., 2017). However, the
control 7009 > limkl“+” strain had normal LI up to 60 min
after training. /imkl knockdown by 7009 driver was associated
with dramatic defects of learning and memory: LI just after
training did not statistically differ from zero. Thus, LIMK1-
dependent signaling in DAN and SRN seems to be important
for learning and memory in CCSP.

limkl knockdown by 30027 driver (FRN) decreased the
forgetting rate in the time interval 30—60 min. This corre-
sponds to the role of actin-remodeling pathway in forgetting
in OAVL paradigm (Shuai et al., 2010). LI of the control
strain did not differ from zero starting from 30 min after
learning, while /imkl knockdown increased it. In males, FRN
are responsible for courtship behavior. There are ~1500 FRN
in the Drosophila brain, including sensory organs, lateral
horn, lateral protocerebrum, SMP arch and motor control
centers. Together they provide multisensory integration to
regulate the male courtship process (Yu et al., 2010; Liu et
al., 2019). Some CHN and DAN are also Fru-positive, such
as ~300 yL neurons and aSP13 DAN located in SMP, which
regulates courtship learning and memory. The activity of fru
gene was reported to decrease upon LTM formation in CCSP
(Winbush et al., 2012). Hence, suppression of some FRN ac-
tivity may be associated with memory prolongation and con-
solidation.

In addition to memory processes, /imkI interference affected
some parameters of the male courtship song. As well as for
courtship memory, we observed the opposite functional effects
of limk1 knockdown in FRN and CHN. FRN of the P1 class
initiate Drosophila courtship behavior and trigger courtship
song. pIP10 neurons possibly convey the P1 signal to thoracic
dPR1 and vPR6 neurons, proposed to be the parts of a central
pattern generator (CPG), which defines the time and shape of
the pulse song. vPR6 possibly encode IPI (von Philipsborn et
al., 2011). Pulse and sine CPG either contain FRN or interact
with them. As sine and pulse song normally do not overlap,
the mutually inhibitory mechanisms must exist, switching
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between quasilinear and relaxation modes of oscillation for
sine and pulse song, respectively. Some descending interneu-
rons may control the type of the song, while the others trigger
singing or terminate the song (Clyne, Miesenbdck, 2008).

Indeed, we observed the opposite changes of PInd/PFr and
SInd/SDur upon /imk1 interference in CHN and FRN, moving
the balance toward the sine and pulse song, respectively. The
increase in PFr after /imkl knockdown in FRN might indicate
the negative role of LIMK 1-dependent signaling on activity
of the pulse CPG or the upstream brain centers, which switch
them from active to silent mode. CC is important for control of
stability of pacemakers, which regulate the rhythmic structure
of courtship song. PB destruction leads to sound signal distor-
tions, FB and EB destruction additionally decreases sine and
pulse trains (Popov et al., 2004). CC includes a large number
of neuronal types, such as CHN, DAN, SRN, and others. CHN
are present in FB, EB, No and PB (Kahsai, Winther, 2011),
similarly to what we observed in our research. Hence, they
probably play some role in regulation of male singing. The
opposite effects of limk! interference in CHN and FRN may
indicate a specific role of LIMK1 in courtship controlling
network, whereas the other parts of the brain possibly have
a total antagonistic effects on its activity. Alternatively, CHN
and FRN fru neurons may differ in some aspects of regulation
of LIMK1-dependent signaling pathway.

Conclusion

In summary, we have shown that effects of /imk! interference
in Drosophila male courtship memory and song depend on
both the neuronal type and specific behavioral parameter.
limk1 interference in CHN and FRN had generally opposite
effects, whereas its suppression in DAN and SRN impaired the
flies’ ability to learn. Using activator strains with a narrower
pattern of GAL4 expression would help to better localize the
brain structures, where LIMK1 regulates memory and for-
getting in CCSP. Among such putative structures are yL and
aSP13 DAN innervating y5 area, as well as other DAN par-
ticipating in memory formation, consolidation and retrieval.
Studying the behavioral consequences of /imkl overexpression
in different brain areas will complement the estimates of the
effects of its suppression. The above investigation should also
focus on LIMK1 partner proteins, such as cofilin in its active
and phosphorylated form.
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Abstract. The picobirnaviruses (Picobirnaviridae, Picobirnavirus, PBVs) are currently thought to be animal viruses, as
they are usually found in animal stool samples. However, no animal model or cell culture for their propagation has yet
been found. In 2018, a hypothetical assumption about PBVs belonging to prokaryotic viruses was put forward and
experimentally substantiated. This hypothesis is based on the presence of Shine-Dalgarno sequences in the genome
of all PBVs before three reading frames (ORF) at the ribosomal binding site, with which the prokaryotic genome is
saturated, while in the eukaryotic genome such regions occur with low frequency. The genome saturation with the
Shine-Dalgarno sequences, as well as the preservation of this saturation in the progeny, according to scientists, allows
us to attribute PBVs to prokaryotic viruses. On the other hand, there is a possibility that PBVs belong to viruses of euka-
ryotic hosts - fungi or invertebrates, since PBV-like sequences similar to the genome of fungal viruses from the families
of mitoviruses and partitiviruses have been identified. In this regard, the idea arose that, in terms of reproduction
mode, PBVs resemble fungal viruses. The divergence of views on the true PBV host(s) has sparked discussions among
scientists and required further research to elucidate their nature. The review highlights the results of the search for a
PBV host. The reasons for the occurrence of atypical sequences among the PBV genome sequences that use an alter-
native mitochondrial code of lower eukaryotes (fungi and invertebrates) for the translation of viral RNA-dependent
RNA polymerase (RdRp) instead of the standard genetic code are analyzed. The purpose of the review was to collect
arguments in support of the hypothesis about the phage nature of PBVs and to find the most realistic explanation
of the reasons for identifying non-standard genomic sequences for PBVs. Based on the hypothesis about the genea-
logical relationship of PBVs with RNA viruses from other families with similar sesgmented genomes, such as Reoviridae,
Cystoviridae, Totiviridae and Partitiviridae, virologists support the assumption of a decisive role in the origin of atypical
PBV-like reassortment strains between PBVs and viruses of the listed families. The collected arguments given in this
review indicate a high probability of a phage nature of PBVs. The data presented in the review show that the belonging
of PBV-like progeny to prokaryotic or eukaryotic viruses is determined not only by its genome saturation level with a
prokaryotic motif, standard or mitochondrial genetic code. The primary structure of the gene encoding the viral capsid
protein responsible for the presence or absence of specific proteolytic properties of the virus that determine its ability
for independent horizontal transmission into new cells may also be a decisive factor.

Key words: picobirnavirus; genome segment; host cell; mitochondrial genetic code; phylogenetic tree; reassortment.
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O npupoe NMMKOOGMPHaBUPYCOB

A10. Kaunukos @, H.B. Enudanosa, H.A. HoBukosa

Huxeropofcknin HayyHo-McCNeaoBaTeNbCKUA MHCTUTYT ANVAEMUONOTUM U MAKPOOVONOrin M. akagemnka W.H. bnoxuHoii PocnotpebHaasopa,
HwxxHuin Hosropop, Poccus
® akashn@yandex.ru

AHHoTayua. CuntaeTcs, 4To NKobmpHasupycsl (Picobirnaviridae, Picobirnavirus, MBB) ABnA0TCA BUPYCaMU XKNBOTHbIX,
TaK Kak 1x 0OblYHO HaxoAAT B obpasLax CTyna *KMBOTHbIX. OfHaKO A0 CMX MOP He HalnAeHa MOAENb XUBOTHOTO NN
KneTouHas KynbTypa Afia Ux pasmHoxeHus. B 2018 r. 6b110 BbIABUHYTO 1 SKCNepPUMeHTanbHO 060CHOBAHO rMNoTeTH-
Yyeckoe NpeanosnoxeHune o NnpuHagnexxHoctn NMbB K Bupycam npokapuoT. Ta rmnoTesa 0OCHOBaHa Ha NPUCYTCTBUAM B
reHome Bcex BB nepep Tpems oTKpbITbiMK pamkamu cunTbiBaHus (ORF) B caliTe cBA3bIBaHNA C prbGOCOMON nocneno-
BaTenbHocTen WanHa-JanbrapHo, KOTOPbIMM HACbILLEH FeHOM MPOKapPMOT, TOFAA Kak B FeHOME 3yKapuroT Takue yyacT-
KW BCTPEYAOTCA C HU3KOW YacToTol. HacbllweHHOCTb reHoMa nocnegoBatenbHoctaMmY LWaiHa—[anbrapHo, a Takxe
COXpaHeHue Takow HaCbILEHHOCTN Yy MOTOMCTBA, MO MHEHMIO YUYeHbIX, Mo3BonAeT oTHecTu BB K Brpycam npokapurorT.
B TO e Bpems CyLlecTBYeT BEPOATHOCTb NprHaanexxHocTy MNBB K Bupycam 3yKaproTUyYecKux Xo3ses — rpubos nnm
6eCrno3BOHOYHbIX, MOCKONbKY Obiny 06HapyeHbl NBB-nofo6Hble NocnefoBaTeNbHOCTY, CXOfHbIE C TEHOMOM BUPY-
COB rpuboB 13 CEMENCTB MUTOBUPYCOB 1 MapTUTUBUPYCOB. B CBA3M C 3TUM BO3HMKIO NPeAcTaBieHne, YTo Mo Cro-
coby penpogykuumn MNMBB HanoMuHaT BUPYCbI FprboB. PacxoxaeHne BO B3rMAAax Ha UCTUHHOIO X03fAMHa (X03AeB)
MBB BbI3BaNO AUCKYCCUIO CPEAN YUYeHbIX U NOTPeboBano fanbHeNWNX NCCNeA0BaHUIA A1A BbIACHEHUA UX MPUPOADI.
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O npupope
NMKoBMpHaBMPYCOB

B 0630pe ocBelleHbl pe3ynbTaThl MCCef0oBaHMI MO NOUCKY xo3anHa MNBB. MNMpoaHanu3npoBaHbl NPUYNHBI NOABIEHNA
cpean MHoOXKecTBa XapakTepHbix ana BB nocnegoBaTenbHOCTEN reHOMa aTUMWYHBIX NOCIeA0BaTENIbHOCTEN, UCNOSb-
3ytoLWwmx Ana TpaHcaauum BupycHoi PHK-3aBucrmoin PHK-nonvumepasbl (RARp) BMeCTO cTaHOapPTHOFO FreHETNYECKOTO
Kofa anbTepHATUBHbIN MUTOXOHAPUANbHBIA KOL HU3WKMX SyKapuoT (rpnbos 1 6ecno3BoHOYHbIX). Llenb o63opa co-
cToANa B cbope apryMeHTOB B NOAAEPXKKY rnnoTesbl, nonarawoein darosyto npupogy MNBB 1 nonck Hanbonee peanu-
CTUYHOIO OOBACHEHUA NPUYVH BbIABAEHUA HECTaHAAPTHbIX Ana NBB reHoMHbIX nocnefoBaTenbHocTen. Onupasch Ha
runoTesy o reHeanormnyeckom poactse NBbB ¢ PHK-Brpycamn n3 gpyrnx cemeincTs co CXOAHbIM CETMEHTUPOBAHHbIM re-
HOMOM, Takumu Kak Reoviridae, Cystoviridae, Totiviridae v Partitiviridae, Bupyconorn nogaep»unsatoT NpesnosioxxeHmne
0 peLuatoLlet Ponu B NPOUCXOXKAEHNM aTUNNYHbIX MBB-Nofao6HbIX WTaMMoB peaccopTauuy mexay MNbB n Bupycamu
nepeymncrieHHbix cemencTs. CobpaHHble apryMeHTbl CBMAETENIbCTBYIOT O 60MbLIOI BEPOATHOCTU haroBol MPUPOAbI Y
MBB. MNpepcTaBneHHble B 0630pe AaHHble CBUAETENbCTBYIOT, UTO NprHagnexxHocTb MNBB-nogo6HOro NoTomcTBa K BU-
pycam NpoKapuoT WM SyKapuoT OnpefenaeTca He TOSIbKO CTENEeHbIO HacbILEeHNA ero reHoma npoKapuoTUYecknm
MOTVBOM, CTaHAAPTHBLIM VN MUTOXOHAPWANbHBIM reHEeTUYECKUM KOoZoM. Pelaiolm GpakTopomM MOXKeT ABAATLCA TaK-
e NnepBUYHan CTPYKTYpa reHa, KogupytoLero 6enok BUPYCHOro Kancraa, OTBEYatoLero 3a Hanmyme uim oTcyTcTeme
cneunduYecKnx NPOTEONNTNYECKMX CBOWCTB Y BUPYCA, ONPEfensAtoLLMX ero CoCO6HOCTb K CaMOCTOATENbHOMY ropu-
30HTaJIbHOMY PaCcnpPOCTPaHEHMIO B HOBbIE KNIETKU.

KnioueBble cnoBa: MMKOBUPHABMPYC;, CErMEHT FeHOMa; KNEeTKa-X03AVH; MUTOXOHAPWANbHbLIN FeHEeTUYECKUA KOp;
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d)VIJ'IOFeHeTVNeCKOG AepeBo; peaccopTayuns.

Introduction

Picobirnaviruses (PBVs) are small, nonenveloped bisegmen-
ted double-stranded RNA viruses that have been detected in
awide variety of animal species including invertebrates and in
environmental samples. Since PBVs are ubiquitous in faeces/
gut contents of humans and other animals with or without diar-
rhea, they were considered opportunistic enteric pathogens of
mammals and avian species. However, an animal cell culture
or a gnotobiotic animal for propagation of this virus has not
yet been identified. This fact led some researchers to doubt that
picobirnaviruses belong to eukaryotic viruses. Indian scientists
Krishnamurthy, Wang (2018) have analyzed a large number of
full-size (almost full-size) genomic sequences of PBVs found
in faeces of humans and animals as well as environmental
samples. This analysis revealed prokaryotic motifs (regions)
in the PBV genome located before the open reading frames
at the ribosomal binding site. Based on the data obtained,
a hypothesis was put forward and experimentally substanti-
ated that PBVs belong to prokaryotic viruses — bacteriophages
(Krishnamurthy, Wang, 2018), which was later supported by
a number of other studies (Adriaenssens et al., 2018; Boros
et al., 2018; Kleymann et al., 2020).

On the other hand, after the discovery of new PBV-like
nucleotide sequences encoding RNA-dependent RNA poly-
merase, but using an alternative (non-standard) mitochondrial
genetic code (of molds or invertebrates) for translation, it was
suggested that PBVs could be fungal viruses with a reproduc-
tion mode resembling that of mitoviruses (Yinda et al., 2019;
Kleymann et al., 2020).

These contradictions, which have caused a discussion in
the scientific community on the nature of the true host(s) of
PBVs, can be resolved by a hypothesis put forward in 2018
by Wolf et al. (2018) and supported by other researchers
(Chauhan et al., 2021). This hypothesis explains the origin
of abnormal strains of PBVs by the tendency of these viruses
to abrupt genetic modification following the reassortment of
genome segments described earlier (Concei¢do-Neto et al.,
2016) and the acquisition of the ability of the bacteriophage
to reproduce in the cells of the organism of another taxonomic
group — the lower eukaryote.

This review analyzes the available publications on modern
ideas about the origin and evolution of PBVs, as well as a
discussion on the prokaryotic or eukaryotic nature of their true
hosts. The purpose of the review was to collect arguments to
support the hypothesis about the phage nature of PBVs and
to search for the most realistic explanation of the reasons for
the identification of genomic sequences that are nonstandard
for viruses.

Characteristics of PBVs

Picobirnaviruses (PBVs) are small, noneveloped particles
33-37 nm in diameter with icosahedral type of symmetry
(T = 2) belonging to the only genus Picobirnavirus within
the family Picobirnaviridae of the order Diplohnavirales.
Double-stranded (ds) RNA-genome of PBVs consists of two
segments 2525 and 1745 bp in length (Fig. 1). Information
about the structure of the virion and genome of PBYV, the area
of prevalence, connection with diarrhea, the level of excretion,
the opportunistic (conditionally pathogenic) and zoonotic na-
ture of the virus, the wide tissue tropism and genetic variability
is given in previously published reviews (Ganesh et al., 2014;
Kashnikov et al., 2020; Ghosh, Malik, 2021). The methods
of amplification, PCR diagnostics and genome sequencing of
these viruses are also described there.

Using phylogenetic analysis based on the nucleotide se-
quence of the RNA-dependent RNA polymerase (RdRp) gene
located in the segment 2 of the genome, researchers divide
PBVs into five genogroups: GI, GII (Rosen et al., 2000), GIII
(Smits et al., 2014), GIV and GV (Li et al., 2015), among
which there are genetically variable clusters. Genogroups
GI and GII are more common in the PBV cluster detected
in vertebrates and humans. Genogroup GIII has been identi-
fied in invertebrates (Shi et al., 2016) while genogroups GIV
and GV have been identified in fungal and prokaryotic host
cells (Knox et al., 2018). All five PBV genogroups identified
in one host (marmot) are shown in the phylogram (Fig. 2) in
the study (Luo et al., 2018). The main PBV genogroups are
genogroups GI and GII, of which PBVs of genogroup GI
are the most common (Shi et al., 2016; Kumar et al., 2020;
Ghosh, Malik, 2021).
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Fig. 1. Genomic organization of the human PBV (strain Hy005102) belonging to the genogroup | (Ghosh, Malik, 2021).

Segment 1 of Hy005102 genome consists of three open reading frames (ORF) ORF1, ORF2, ORF3. Reading frame ORF3 encodes the precur-
sor of the virus capsid protein. Segment 2 has one ORF encoding viral RNA-dependent RNA polymerase (RdRp). ORF1 and ORF2 products

are not identified.
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Fig. 2. Phylogenetic tree showing the presence of five proposed PBV
genogroups identified in marmot is built on the basis of the nucleotide
sequences of the complete RdRp gene.

Sequences of picobirnaviruses obtained from marmot are shown in red. Se-
quences of picobirnaviruses obtained from other hosts are shown in black
(Luo et al., 2018, with modifications).
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It has been established that viruses belonging to the same
RdRp-genogroup can be detected in suspected hosts belong-
ing to different species. It has also been shown that PBVs
of different genogroups are detected in the host of the same
species (Ganesh et al., 2014; Malik et al., 2014; Woo et al.,
2014, 2019; Liet al., 2015; Gallagher et al., 2017; Navarro et
al., 2017; Boros et al., 2018; Duraisamy et al., 2018; Ghosh
et al., 2018; Yinda et al., 2019; Joycelyn et al., 2020; Kley-
mann et al., 2020; Ghosh, Malik, 2021). At the same time,
the true host of viruses has not yet been identified. Among the
higher eukaryotes, they did not succeed in identifying either
a cell culture or gnotobiotic animals for the virus propagation
(Ganesh et al., 2014; Malik et al., 2014; Delmas et al., 2019;
Kleymann et al., 2020).

In the future, as the PBV studies continued, researchers
began to doubt the fact that the cells of higher eukaryotes
could be the hosts of these viruses (Adriaenssens et al., 2018;
Boros et al., 2018; Krishnamurthy, Wang, 2018). Recently it
has been discovered that PBVs differ from dsRNA viruses of
higher eukaryotes (Reoviridae) not only in the architecture of
the capsid, but also in presumably being able to infect proka-
ryotic cells (Knox et al., 2018; Krishnamurthy, Wang, 2018).

Hypothesis about the phage nature of PBV
and associated doubts
Prior to the hypothesis of Krishnamurthy and Wang (2018),
PBVs were thought to be eukaryotic viruses because they
were identified in a wide variety of animal species, including
invertebrates. Since PBVs are ubiquitous in the gut contents
of humans and other animals with or without diarrhea, they
were considered opportunistic enteric pathogens. But intes-
tinal virom in animals contains not only eukaryotic, but also
prokaryotic viruses, which usually make up the largest share
of it (Yinda et al., 2018). It was logical to assume that PBVs
are not present in the gut cells, but in the gut contents and can
be prokaryotic viruses of the gut microbiome (Adriaenssens
et al., 2018; Kunz et al., 2018; Delmas et al., 2019; Bell et
al., 2020; Guajardo-Leiva et al., 2020; Ghosh, Malik, 2021).
In this case, the level of virus identification should cor-
respond to the number of bacteria in which they multiply. In
particular, the study of Kleymann et al. (2020) reported high
rates of identification of GI PBVs (35.36 %, 29/82) in Indian
mongoose stool samples on the island of St. Kitts (one of the
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Lesser Antilles). The percentage of PBV identification on
the island of St. Kitts could mean the concentration of host
bacteria in this area. Moreover, there was a difference in the
frequency of PBV identification in mongooses from the ur-
ban and wild habitats, 33.33 % (19/57) and 40.00 % (10/25)
respectively, which could indicate a difference in bacterial
load in these places.

The suggestion that the PBVs may be prokaryotic viruses
appeared when researchers began to analyze the diversity of
full-sized (almost full-sized) sequences of their genome. With
the help of next-generation sequencing technologies (NGS)
and polymerase chain reaction (PCR) using specific primers,
they succeeded in identifying some features of the PBV ge-
nome that indicate that these viruses may actually be proka-
ryotic or fungal viruses (Shi et al., 2016; Adriaenssens et al.,
2018; Boros et al., 2018; Krishnamurthy, Wang, 2018; Wolf et
al., 2018; Yinda et al., 2018; Delmas et al., 2019; Kleymann
et al., 2020; Ghosh, Malik, 2021).

In 2018, while analyzing different reference genomes of
RNA-containing viruses individually and at the family level,
Indian scientists Krishnamurthy and Wang have discovered
conservative regions in the PBV genome called Shine—Dalgar-
no sequences or SD-sequences (Krishnamurthy, Wang, 2018).
Such regions are present in the genomes of all prokaryotic and
eukaryotic viruses and usually consist of six nucleotides —
AGGAGG. They are located in the 5'-untranslated region
before the open reading frames (ORFs) at a distance of 1 to
18 nucleotides (spacer region) to the start codon (AUG) ini-
tiating the translation of the viral genome products (Krish-
namurthy, Wang, 2018; Ghosh, Malik, 2021). Functional
SD-sequences are ribosome binding sites and promote the
translation of viral proteins.

However, genome enrichment with SD-sequences was ob-
served only in families of viruses that infect prokaryotes, but
not in families infecting eukaryotes. This observation made it
possible for Krishnamurthy and Wang to suggest that the high
frequency of appearance of SD-sequences in the viral genomes
may be a defining feature of the prokaryotic type of virus, and
any viral families the genomes of which are enriched with such
SD-regions are prokaryotic viral families. Among the viruses
infecting prokaryots, for example, some bacteriophages of the
family Cystoviridae have a high content of SD-sequences,
the genome of which consists of several fragments of dsSRNA
(Mindich, 1988; Boros et al., 2018).

In the PBV genome, SD-sequences were present before all
ORFs in segments 1 and 2. The level of enrichment with SD-
regions in PBVs is higher than in any known prokaryotic virus
family and this level was constant (in 100 % of the studied
genes), while not in all prokaryotic viruses it is maintained in
the virus replication process. Such a high level of preservation
of prokaryotic regions in the PBV genome should correlate
with the level of their preservation in the genome of bacteria of
a certain type from the spectrum of hosts that PBV's can infect.
This level varies in different viral families (Krishnamurthy,
Wang, 2018). Preservation of the level of enrichment with
prokaryotic regions in the genomes of prokaryotic viruses
depends on whether the host bacterium itself retains them in
its genes. It is known that not all bacterial species preserve
the prokaryotic Shine—Dalgarno sequence to the same extent.
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For example, in the genome of bacteria belonging to the type
Firmicutes, the prokaryotic motif is preserved in more than
80 % of genes, while in Bacteroides, less than 10 % (Omotajo
et al., 2015). It is known that different families of bacterial
RNA-viruses can consist of evolutionarily related viruses
capable of infecting one type of bacteria. From this fact it
follows that PBVs can infect bacteria within the type Fir-
micutes that most corresponds to the level of preservation of
the prokaryotic motif in genes (more than 80 %) to PBVs and
is most common in the fecal microbiota (Sekelja et al., 2011).

The hypothesis about the phage nature of PBVs put forward
by Krishnamurthy and Wang (2018) is confirmed by the results
obtained by other researchers (Adriaenssens et al., 2018; Boros
etal.,2018; Kleymann et al., 2020). In particular, the study of
Boros et al. (2018) revealed in the genome of chicken PBVs
SD-regions that were located in segment 1 before the three
ORFs and in segment 2 before ORFs above the initiation co-
dons. Using 6xHis tagging and western blotting of genomic
segment 1 of PBVs containing the SD-motif, these resear-
chers have succeeded in showing in vivo the possibility of its
expression and functionalization in Escherichia coli (Boros
et al., 2018). The results obtained, according to the authors,
serve as proof of the existence of a bacterial culture for the
reproduction of PBVs.

The assumption that PBVs represent a new family of RNA
bacteriophages with a high level of genomic diversity was
also confirmed in the work of Adriaenssens et al. (2018). The
authors of this work found a hexameric prokaryotic AGGAGG
motif in 100 % of the genomic sequences of PBVs, while
eukaryotic viruses from different families had SD-regions
with low frequency and mainly consisted of tetramers (AGGA,
GGAG, GAGQG) (Adriaenssens et al., 2018). The review of
Ghosh, Malik (2021) presents a number of conservative pro-
karyotic sequences (motives) found before all ORFs in seg-
ments | and 2 of PBV and PBV-like genomes, indicating
the location and with access numbers in GenBank (Ghosh,
Malik, 2021).

However, despite the practical results obtained, indicating
the possible PBV affiliation to prokaryotic viruses, many
authors believe that it is premature to talk about the final
proof of the phage nature of PBVs (Ramesh et al., 2021). The
host in which PBVs would successfully reproduce has not
yet been identified. Given the fact that the gut microbiome
consists of several hundreds of mostly uncultivable bacteria,
the identification of true bacterial or archeal host(s) of PBVs
(if any) will be challenging (Boros et al., 2018).

In addition, ORFs encoding the RdRp gene were found in
the genome of some PBV strains, in which, during translation,
instead of the expected standard genetic code, an alternative
code of fungi and invertebrates was used (Shi et al., 2016;
Yinda et al., 2018, 2019; Kleymann et al., 2020). So an as-
sumption was made that the PBV hosts may be cells of lower
eukaryotes.

PBV-like strains with nonstandard genetic code

As is known, the gene sequences in the viral genomes have
their characteristic conserved regions — motifs by which vi-
ruses are identified. Motives characteristic of PBV and PBV-
like genomes include the prokaryotic region Shine—Dalgar-
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Genome of mitoviruses with mitochondrial genetic code
(motifs characteristic of viruses with standard genetic code
are absent)
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Fig. 3. Mitoviruse (a) and picobirnaviruse (b) genomes.

no AGGAGG (Adriaenssens et al., 2018; Boros et al., 2018;
Ghosh et al., 2018; Krishnamurthy, Wang, 2018; Yinda et
al., 2018, 2019; Guajardo-Leiva et al., 2020; Joycelyn et al.,
2020; Kleymann et al., 2020), terminal sequences 5'-GUAAA
and 3’-ACUGC (Ghosh et al., 2018; Delmas et al., 2019;
Woo et al., 2019; Kleymann et al., 2020), and three regions
represented in amino acid sequences DFXKFD, SGSGGT and
GDD (Kleymann et al., 2020).

When translating the RdRp gene of most picobirnaviruses,
the standard genetic code is used. However, recently, new
PBV-like RdRp gene sequences with an alternative (non-
standard) mitochondrial genetic code have been identified in
human (Woo etal., 2019), mongoose (Kleymann et al., 2020),
bat (Yinda et al., 2018) and invertebrate (Shi et al., 2016) fecal
samples. The mitochondrial code is characteristic of viruses
of mold fungi and invertebrates. In particular, five PBV-like
genomic sequences consisting of dSRNA with mitochondrial
code were isolated from the gut contents of bats (Yinda et al.,
2018). In four of them (P11-300, P11-378, P14-90 and P15-
218) they failed to identify the presence of the capsid gene.
These PBV-like genomes contained only RdRp gene sequence
with the mitochondrial genetic code of the mold. The absence
of the capsid protein gene in them resembled the genome of
mitoviruses from the family Mitoviridae, which are known
to infect the mitochondria of unicellular mold fungi (Fig. 3)
(Hillman, Cai, 2013; Shi et al., 2016).

The mitovirus genome as well as four abnormal PBV-
like genomes consists of dSRNA and encodes only RdRp.
Mitoviruses lack a capsid, replicate in mitochondria and use
the genetic mitochondrial code of mold fungi for the RdRp
translation. So an assumption was made that mold fungi can
also be PBV hosts (Yinda et al., 2018; Kleymann et al., 2020).

However, unlike mitoviruses, the noncapsid PBV-like
strains identified by Yinda et al. (2018) in a single segment of
the RdRp genome contained conserved regions characteristic
of PBVs. In the genome of the fifth PBV-like strain (P16-366),
in addition to the conservative features of the RdRp gene
characteristic of PBVs, a sequence encoding the capsid protein
was found. This strain was clustered on the phylogenetic tree
along with GII PBVs. However, it used an alternative genetic
code and was very similar in terms of genome organization
to fungal viruses of the family Partitiviridae (Duquerroy
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et al., 2009). These families have a minimalistic genome
consisting of two dsRNA segments encoding RdRp and the
capsid protein, respectively, which in these families is clearly
homologous (Wolf et al., 2018).

Similarly, researchers Kleymann et al. (2020) isolated the
MI17A strain among typical PBV-like strains from mongoose,
the RdRp gene of which retained all conservative for PBVs
motives, but had an alternative mitochondrial mold code, and
the capsid sequence in the genome of this strain was absent.
Assumption that PBVs can be fungal or invertebrate viruses,
as Ghosh, Malik (2021) rightly noted, has further complicated
the discussion about the true PBV hosts.

Discussion on the origin

of abnormal PBV-like strains

During the discussion about the true PBV hosts, researchers at-
tempted to interpret the causes of the appearance of PBV-like
strains (Shackelton et al., 2008; Wolfetal., 2018; Yinda et al.,
2018; Shahi et al., 2019; Ghosh, Malik, 2021). In particular,
Yinda et al. (2018) suggested that PBV-like strains found in
the gut contents of different eukaryotic hosts, with a genome
resembling the mitovirus genome, may have a reproduction
mode similar to mitoviruses. Following the assumption of
Yinda et al. (2018), the capsid protein gene is not needed
with this reproduction mode, since mitoviruses do not use the
pathway of the independent horizontal transmission from cell
to cell, but are transmitted vertically from mother to daughter
cells (during division) or horizontally (by merging hyphae).
Similarly, when assembling new PBV-like particles, simplified
structures can be formed with the adaptation to the existence
in a fungal cell characteristic of mitoviruses and lost capsid
protein gene. Such an interpretation of the appearance of
noncapsid RNA viruses is consistent with one of the trends
in the evolution of RNA viruses associated with the loss of
their structural module by their genome, noticed by Wolf et
al. (2018).

The trend in the evolution of RNA viruses associated
with the loss of the genome segment with the capsid gene is
demonstrated by the pedigree diagram of eukaryotic viruses
with the RNA genome, shown in Figure 4. This scheme also
explains the origin of capsidated RNA viruses of unicellular
eukaryotes.
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Fig. 4. A rough scheme of the key steps of RNA virus evolution (Wolf et al., 2018).

The evolution of capsid-free viruses of lower eukaryotes
(fungi and invertebrates) follows the path of genome reduction
due to the loss of the capsid protein gene of the probable ances-
tor — levivirus infecting prokaryotes (the vector of evolution
under the number | in Figure 4, leading to the appearance at
the end of the family Narvaviridae). In accordance with the
scheme, the ancestor of mitoviruses from the family Mito-
viridae descended from the family Leviviridae, previously
containing the capsid protein gene. An illustrative example of
genome reduction is hypoviruses — capsid-free viruses with
dsRNA, the structure and phylogenetic analysis of the genome
of which showed that they originated from potiviruses that lost
the capsid protein (Dawe, Nuss, 2013; Chauhan et al., 2021)
and the capsid protein gene, entering the cells of unicellular
eukaryotes. Replication of mitoviruses occurs only in mito-
chondria, where their capsid-free (‘naked’) RNA genomes
(replicons) are replicated. With the loss of the structural gene,
mitoviruses have lost the ability for independent horizontal
transmission (Shackelton, Holmes, 2008).

Similarly, the origin of the group of capsid-free PBV-like
strains isolated by Yinda et al. (2018) and Kleymann et al.
(2020) from Cameroonian bats (P11-300, P11-378, P14-90
and P15-218) and from a mongoose (strain M17A) can be
explained by the loss of a genome segment encoding the capsid
protein by the parent strain.

On the other hand, a capsid-free RNA virus (mitovirus) in
the process of evolution could gain a capsid (the final direction
of vector 1, leading to the occurrence of the family Ourmia-
viridae due to the fusion of its ‘naked” RNA replicon with
the replicon of the capsid protein of +eukaryotic RNA virus,
possibly having the eukaryotic virus as an ancestor (evolution
vector 2 in Figure 4). Encapsulated strains of RNA viruses,

and probably PBV-like analogues, could have occurred in this
evolutionary way.

Researchers explain shuffling or loss of genome segments
in RNA viruses by another trend in their evolution — the
ability to reassort — to redistribute gene modules (RdRp and
capsid protein) between closely related virus families with
similar genes. Reassortment modification of the genome has
also been observed in PBVs (Concei¢do-Neto et al., 2016).
The creative role of reassortment between families of RNA
viruses with similar genes explains the origin of the PBV-
like strain P16-366 found by Yinda et al. (2018) in bats. This
strain contained, together with the gene sequence RdRp (with
a non-standard mitochondrial code), the sequence encoding
the capsid protein. The proposed genetic similarity between
families of viruses with a bisegmented dsRNA genome is
based on the hypothesis of a reassortment mechanism for the
evolution of these viruses.

On the relationship of PBVs

with families of viruses with the dsRNA genome
The phylogenetic relationship between the families of RNA
viruses with a segmented genome is based on the informa-
tion about the primary structure of the RdRp gene. This gene
is universal and, despite a much greater distribution among
eukaryotic viruses, is present in almost all RNA viruses (in-
cluding capsid-less RNA replicons) with the exception of some
satellite viruses (Dolja, Koonin, 2018).

The universality of the RARp gene indicates the possibility
of its common origin in RNA viruses. In 2018, Wolf et al. put
forward a hypothesis suggesting the presence of phylogenetic
relationships between families of RNA-containing viruses,
and a phylogenetic tree was constructed (Fig. 5), the topo-
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Fig. 5. Phylogenetic tree of viruses with the RNA-genome built on the basis of gene sequences of RNA-dependent RNA polymerase and reverse tran-

scriptase (Wolf et al,, 2018).

Five main branches are shown, among which three branches 1, 2 and 4 directly relate to the origin of PBV-like strains.

logy of which demonstrates a possible relationship between
the families.

The phylogenetic tree constructed on the basis of a set
of phylogenetic data gives an idea of the possible origin of
PBVs. This tree confirms the evolution scenario in which
the last common ancestors of virus lineages with a dsSRNA
genome were simple viruses the segmented genome of which
contained two genes (RdRp and capsid protein). According
to the authors of the hypothesis, all viruses with a dsSRNA
genome in branches 2 and 4 of the phylogenetic tree have
similar capsid proteins that can be combined with the genome
RdRp from different viruses with +RNA genome.

Viruses with the dsRNA genome — Partitiviridae, Pico-
birnaviridae, Cystoviridae, Reoviridae and Totiviridae form
separate lineages in two branches of the phylogenetic tree.
Viruses of the family Picobirnaviridae are located on the
same line with the families Hypoviridae, Amalgaviridae
and Partitiviridae. The most phylogenetically close families
forming one cluster are Picobirnaviridae and Partitiviridae.
The close location of these families demonstrates a high de-
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gree of relationship between them. These families are united
by a similar organization of virions and homologous capsid
proteins (Duquerroy et al., 2009; Wolf et al., 2018). The dif-
ference between these viruses lies in the fact that the surface
PBYV capsid proteins, unlike those of partiviruses, have per-
foration activity, which determines the ability of the virus to
penetrate into the cell. In addition, due to the ability of PBVs
for horizontal transmission, two segments of its genome are
combined into one capsid during assembly, and in partiviruses,
the RdRp gene and the capsid protein gene use separate capsids
(Vainio et al., 2018).

The PBV capsid protein gene is distantly related to the
capsid protein genes of other viruses with the dSRNA genome
(Totiviridae, Reoviridae and Cystoviridae), which make up
three parallel evolutionary lineages in branch 4 of the phylo-
genetic tree (Wolf et al., 2018). Significant homology of the
genes encoding the capsid protein of viruses of the families
Reoviridae, Totiviridae, Cystoviridae, Picobirnaviridae and
Partitiviridae was noted earlier (E1 Omari et al., 2013; Lvov
et al., 2013; Luque et al., 2014).
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Three evolutionary lineages of branch 4 of the phylogene-
tic tree are formed by families of viruses infecting both pro-
karyotes (Cystoviridae) and eukaryotes (Reoviridae, Totivi-
ridae). The location of these viral families on one branch,
according to the authors of the phylogenetic tree, does not
exclude the possibility of the origin of eukaryotic +RNA
viruses from their prokaryotic analogues. They admit that
mitoviruses (replicating in the mitochondria of mold cells)
originated from an ancestor common with leviviruses — a pro-
karyotic RNA virus parasitizing in enterobacteria. The proof
of this is the evolutionary relationship between cystoviruses
(bacterial viruses) and reoviruses (Poranen, Bamford, 2012;
El Omari et al., 2013).

According to supporters of the creative role of reassort-
ment, the origin of the PBV-like strain P16-366 could result
from a reassortment between an as yet undiscovered PBV
relative from branch 2, which has passed to reproduction in
the mitochondria of fungal cells, and one of the viruses with
the dsRNA genome of branch 4 (see Fig. 5). Moreover, it was
noted that genetic restrictions on the ability to create reas-
sortants during coinfection with viruses of families forming
branch 4 of the phylogenetic tree may be less strict for the
prokaryotic virus family Cystoviridae. The appearance of the
encapsulated PBV-like strain P16-366 occurred due to the
unification of the segment with the gene RdRp of the +RNA
virus of branch 2 (possibly a naked RNA replicon) using the
mitochondrial code, with a fragment of the capsid gene of the
dsRNA virus of branch 4.

Another direction in the evolution of viruses with a biseg-
mented dsRNA genome is the acquisition of partition — the
packaging of genome segments into one (monopartite) or
separate (bi-multipartite) particles. This trend is interesting
because it gives us some insight into the nature of the hosts
of PBV-like strains (prokaryotic or eukaryotic). For example,
bi-partition is observed only in fungal viruses with a dsSRNA
genome and in plant viruses with a ssDNA genome (Begomo-
viruses) (Nibert et al., 2013). In bacterial viruses in general and
with a segmented dsRNA genome, in particular (Cystoviridae),
the packaging of genome segments into individual particles
is not observed. Partition is related to the virus transmission
mode (independent or non-independent). For example, par-
titiviruses parasitizing in fungal cells do not have the ability
for independent (horizontal) transmission and they are bipar-
tite, while PBVs transmitting independently are monopartite.
The horizontal (independent) transmission pathway allows
them to transfer both segments of the genome into a new cell
with a high probability. The ability for independent (hori-
zontal) transmission into new cells can be considered as one
of the main criteria for determining the true host of the de-
tected virus.

Presence of a molecular apparatus

for penetration into the cell is an important
criterion determining the nature of the PBV host
During familiarization with the studies solving the question
of the nature of PBV and PBV-like strains, we came to un-
derstand that the belonging of these viruses to the bacterial
viruses, higher or lower eukaryotes can be determined not
only by the characteristic saturation level of their genome with
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a prokaryotic motif, standard or mitochondrial genetic code.
This affiliation should no less be determined by the presence
or absence of specific (in relation to the host cell) proteolytic
activity of the capsid protein, which determines the possibility
of independent penetration of the virus into the cell. The abi-
lity for independent horizontal transmission is characteristic
of animal viruses and phages, while it is absent in viruses of
lower eukaryotes (partitiviruses, mitoviruses). PBV capsid
proteins have perforating activity (Duquerroy et al., 2009).
This makes PBVs capable of independent penetration into
cells and, therefore, can characterize them as bacterial viruses.
Thus, we can conclude that in solving the question of the
true PBV host in which they can reproduce, in addition to
conservative motifs characteristic of the PBV genome, the
determining factor is the presence of a mechanism of specific
horizontal penetration into the cell — capsid proteins with spe-
cific perforating activity. If these proteins are specific to the
receptors of a prokaryotic cell, for example, Firmicutes cells
(Adriaenssens et al., 2018), then we are dealing with a phage,
if they are specific to the receptors of a eukaryotic cell — with
avirus of higher eukaryotes, and if there are no capsid proteins
at all, then such a virus can be attributed to viruses of lower
eukaryotes (not capable of independent transmission).

Assumption about the origin
of atypical PBV-like strains does not contradict
the hypothesis of the phage nature of PBVs
The existence of atypical PBV-like strains cannot constitute
a refutation of supposed phage nature of PBVs for a number
of reasons. According to the hypothesis of Wolfetal. (2018),
there is a related relationship between the families of viruses
with the dSRNA genome in the structure of the phylogenetic
tree, as evidenced by the presence of homologous genes and
a common ancestor related to prokaryotic RNA viruses. More-
over, the families of eukaryotic and prokaryotic RNA viruses
may be related, as evidenced by the evolutionary relationship
between cystoviruses and reoviruses (Poranen, Bamford,
2012; El Omari et al., 2013). This supports the assumption
of the possibility of the exchange of homologous segments of
the genome between prokaryotic viruses and related viruses
of lower eukaryotes, when both are in the mold fungus cell.

It has recently become known that bacterial viruses can not
only infect bacterial cells, but also pass through the epithelial
cells of eukaryotes using the mechanism of phage transcytosis.
From epithelial cells through the blood or lymph, phages can
enter various organs and tissues of animals. However, phages
can penetrate inside eukaryotic cell only with a bacterial cell
infected by them (Nguyen et al., 2017). The ubiquitous isola-
tion of PBVs from environments where bacteria occur means
that these viruses may not be intracellular eukaryotic viruses,
but prokaryotic viruses of the gut microbiome (Kashnikov et
al., 2020; Ghosh, Malik, 2021). The assumption that PBVs
can infect prokaryotic cells is confirmed by the presence of
a conservative prokaryotic Shine—Dalgarno sequence in their
genome (Adriaenssens et al., 2018; Boros et al., 2018; Krish-
namurthy, Wang, 2018).

The identification of atypical PBV-like sequences with
a non-standard mitochondrial genetic code of fungi and in-
vertebrates can serve as evidence that PBVs are capable of
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reproducing their own kind in the cells of lower eukaryotes,
undergoing genetic changes when changing hosts (Yinda et
al., 2018; Kleymann et al., 2020; Ghosh, Malik, 2021).

Therefore, it can be assumed that PBVs can get into euka-
ryotic cell (whether it is a cell of a fungus, an invertebrate or
another host), where they will meet eukaryotic or prokaryotic
virus with similar genome. Viruses like mitoviruses, partiti-
viruses, or cystoviruses may be among the PBV reassortment
partners. After rearranging the genome segments of the PBVs
with partner viruses, PBV-like reassortants described by Yinda
et al. (2018) and Kleymann et al. (2020) can apppear. Then,
according to the assumptions of the authors of the reassortation
interaction hypothesis, depending on the presence or absence
of prokaryotic motives and motives characteristic of PBVs,
as well as depending on the genetic code used by the genes
of a new virus (standard or mitochondrial) will determine
not only the degree of its relationship with PBV, but also its
prokaryotic or eukaryotic nature.

The hypothesis explaining the formation of atypical PBV
strains through the exchange of homologous genome segments
between related viral families does not exclude the possibility
of their appearance using satellite relationships between PBVs
and helper viruses from 2nd or 4th branches of the phyloge-
netic tree. Viruses from the families Partitiviridae, Totiviridae,
Reoviridae are known as helper viruses, which require some
satellite dsSRNAs for their reproduction (Lvov et al., 2013).
Assuming that PBV is a satellite that uses an RdRp enzyme
for reproduction in the fungal cells similar to mitovirus (from
branch 2), it is possible to explain the appearance of non-capsid
PBV-like strains with mitochondrial genetic code P11-300,
P11-378,P14-90 and P15-218, isolated by Yinda et al. (2018)
or M17A isolated by Kleymann et al. (2020).

By using as a helper a virus from branches 2 or 4 (similar
to Partitiviridae, Reoviridae, Totiviridae or Cystoviridae) the
appearance of the encapsulated PBV-like strain P16-366 can
be explained. In other words, in this case, the ability of the
progeny resulting from the interaction of the satellite virus
with the helper virus to reproduce in a bacterial cell or in the
mitochondria of mold will depend on the nature of the helper
virus. And this does not contradict the supposed prokaryotic
nature of PBVs, but only means the possibility of its change
in the reassortment process.

Arguments in support of the hypothesis

that PBV belongs to prokaryotic viruses

PBVs are found wherever bacteria are found — in environmen-
tal samples, in lower eukaryotes (fungi and invertebrates), in
the gut contents of higher eukaryotes (including reptiles). This
means that PBVs may not be intracellular eukaryotic viruses
but prokaryotic viruses of the gut microbiome (Ghosh, Malik,
2021).

Like prokaryotic cystoviruses, PBV genomes contain and
preserve in a saturated state (in both genome segments in
each reading frame) functional binding sites for bacterial-type
ribosomes (Shine—Dalgarno sequences), while in eukaryotic
viruses the genome is not saturated with them (Boros et al.,
2018; Krishnamurthy, Wang, 2018).

The identification of related PBYV strains in different animal
species may mean that the PBV hosts are a specific type of
bacteria, possibly Firmicutes, found in the gut of different
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vertebrates and invertebrates. The level of preservation of
prokaryotic sites in the genome of these bacteria (more than
80 % of the genes) corresponds to that of PBVs (Krishna-
murthy, Wang, 2018).

PBYV identification in the gut, respiratory organs of animals
(cattle, humans, monkeys, pigs), in blood and respiratory
samples (Lee, Bent, 2014; Blanco-Picazo et al., 2020) does
not refute the assumption that bacterial cells can be their hosts.
Phages cannot directly infect cells of different organs of higher
eukaryotes, but they can get into these organs by non-specific
translocation through gut epithelium with blood flow (Nguyen
etal., 2017) or with the help of bacteria in which they multiply
(Dabrowska et al., 2005). This is how phages penetrate into
the blood, lymph, organs and even the brain.

The presence of a capsid protein with perforating activity
(the ability to penetrate through the cell membrane), as in
viruses capable of infecting animal cells (Duquerroy et al.,
2009), does not contradict the fact that PBVs can be proka-
ryotic RNA viruses. It is known that representatives of the
family of bacterial RNA viruses also have a molecular ap-
paratus for penetrating into bacterial cells using transcytosis
(Reed et al., 2013; Nguyen et al., 2017).

The acquisition of immunity to PBVs by infected animals
also does not mean that PBVs can be considered eukaryotic
viruses, since it has been established that host immune re-
sponses can also occur against bacterial viruses (Dabrowska
et al., 2005; Gorski et al., 2006). Possibly, PBVs cause an
immune response to infection not of the host cells, but of the
bacterial cells that make up its microbiome, which does not
exclude the possibility that PBVs are prokaryotic viruses.

Like the phages, which are virulent and moderate, in an
infected organism, PBVs can be active (excreted) and inac-
tive (temporarily not excreted), while infected animals will
be asymptomatic carriers (Ganesh et al., 2014; Malik et al.,
2014; Kumar et al., 2020; Ghosh, Malik, 2021).

The identification of PBV-like strains with the RdRp gene
using an alternative mitochondrial genetic code of eukaryotes
(mold, invertebrates) for translation is also not a refutation of
the assumption that PBVs belong to prokaryotic viruses. Ac-
cording to the hypothesis of Wolf et al. (2018), they are the
result of reassortment between the PBVs and the families of
RNA viruses with a similar genome. The appearance of atypi-
cal PBV-like strains only indicates the possibility of an evolu-
tionary transition from the prokaryotic nature of the virus to
the eukaryotic nature and back as a result of rearrangement of
genomic segments, and is explained by a change in the degree
of saturation of the genome of the new virus with prokaryotic
regions, which may change its nature. The possibility of satel-
lite relationships between PBVs and RNA viruses of lower
eukaryotes such as Partitiviridae, Totiviridae and Reoviridae,
which are known as helper viruses, is not excluded. There are
known cases of satellite relationships between prokaryotic
and lower eukaryotic viruses infecting one single-celled host,
allowing phages to reproduce new progeny in a eukaryotic
cell (Gogarten, Townsend, 2005; Claverie, Abergel, 2009;
Thannesberger et al., 2017).

The expression and functioning of PBV segment 1 in vivo
in Escherichia coli (Boros et al., 2018) was carried out, which
confirms the existence of a bacterial culture for the propaga-
tion of PBVs.
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Conclusion

The arguments given convincingly show that PBVs can indeed
be prokaryotic viruses, since they are found wherever bacteria
are found — in environmental samples, in the gut contents of
vertebrates, in the cells of fungi and invertebrates.

Similar to prokaryotic cystoviruses, PBV genomes contain
and retain functional binding sites for bacterial-type ribo-
somes in a saturated state, while in eukaryotic viruses the
genome is not saturated with these motifs. The high level of
preservation of prokaryotic sites in the PBV genome suggests
that they belong to a new family of RNA viruses that infect
a certain type of bacteria with a high content of SD-sequences
in the genome. Such host bacteria of PBVs can be Firmicutes
found in the gut of vertebrates and invertebrates, which have
a similar level of prokaryotic motifs characteristic of bacteria.
The high frequency of the presence of SD-sequences in the
PBV genome can be considered one of the main criteria for
identifying new virus families for affiliation to a prokaryotic
or eukaryotic host.

But in order for a virus to be finally classified as a phage,
its genome must contain a structural gene encoding a protein
with specific proteolytic properties that determine the ability
of the virus to independently penetrate into a bacterial cell.
A protein with proteolytic properties is present in the PBV
capsid, which indicates the ability of this virus for horizontal
transmission (independently) from cell to cell and from one
host to another. At the same time, the identification of PBVs
in the gut of various hosts may suggest that their horizontal
transmission can be carried out by bacteria and, therefore,
these viruses themselves are phages. The identification of
PBVs in various tissues of the body can also be explained by
the fact that, being phages, they are capable of nonspecific
translocation through the walls of gut epithelial cells.

The selection of a culture for the virus propagation is ne-
cessary for the final determination of its nature. To date, the
belonging of PBVs to viruses of higher eukaryotes has not
been proven, since it was not possible to isolate them from
eukaryotic cell cultures. To establish definitively whether
PBVs are prokaryotic viruses, it is necessary to direct efforts
to select a host for their reproduction among prokaryotic cells
obtained from the gut microbiome of mutants and conditions
for the cultivation of these cells.

And, finally, the presence of probable relatives among the
families of RNA viruses with similar genes with which PBVs
can exchange genome segments, replicating atypical genetic
variants, does not contradict the correctness of the hypothesis
about the phage nature of PBVs, but indicates their potential
ability to adapt to new conditions of existence, allowing them
to infect eukaryotic or prokaryotic host cells.
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Abstract. Bacterial species of the genus Rhodococcus are known to be efficient degraders of hydrocarbons in contam-
inated soil. They are also employed for bioremediation of polluted environments. These bacteria are widely met in soil,
water and living organisms. Previously, we have isolated the Rhodococcus gingshengii strain VKM Ac-2784D from the
rhizosphere of couch grass growing on oil-contaminated soil. This strain can effectively degrade oil and some model
compounds (naphthalene, anthracene and phenanthrene). The results of phylogenetic analysis show that this strain
belongs to the species R. gingshengii. To understand the catabolic properties of this strain, we have studied its gene
clusters possessing such properties. The alkane destruction genes are represented by two clusters and five separate
alkB genes. The destruction of aromatic compounds involves two stages, namely central and peripheral. The R. ging-
shengii VKM Ac-2784D genome contains four out of eight known central metabolic pathways for the destruction of
aromatic compounds. The structure of the gene clusters is similar to that of the known strains R. jostii RHA1 and R. ru-
ber Chol-4. The peripheral pathways include the genes encoding proteins for benzoic acid destruction. The presence
of biphenyl 2,3-dioxygeneses as well as gene clusters of benzoate and 2-hydroxypentandienoate pathways suggests
that R. gingshengii VKM Ac-2784D could degrade polychlorinated biphenyls. The biodegradation ability can be en-
hanced by biosurfactants, which are known to be synthesized by Rhodococcus. The R. gingshengii VKM Ac-2784D
genome contains the otsA, otsB, treY, treZ genes. The bioinformatics data are supported by the previous biochemical
experiments that allow a mixture of species with a wide variation of metabolic pathways to be obtained.

Key words: biodegradation; Rhodococcus; oil destruction; genomics.
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OO6HapyKeHMe I'eHHbIX KJIaCTepOB OMOMeCTPYKIIM aJIKaHOB
I apOMaTNUYeCKINX COeAMHEHI B TeHOMeE
Rhodococcus qingshengii VKM Ac-2784D

10.A. Mapxosal, VI.C. TTerpyumul 2@, A.A. Beaosexer
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AHHoTayua. MHorve npefctaBuTeny poga Rhodococcus N3BeCTHbI Kak aKTBHbIE BMOECTPYKTOPbI KOMMOHEHTOB
HedTV (B TOM YmMCne afkaHOB) U apOMATUYECKUX COefUHeHUN. MprcTanbHOe BHUMaHMe, KOTOpoe CTanu yaenaTtb
POLOOKOKKaM B MocnefHee Bpems, ABNAETCA ClefCTBMEM UX BbICOKOTO KaTabonuueckoro noteHumana. PaHee Hamu
BblgeneH wramm Rhodococcus gingshengii VKM Ac-2784D 13 pusocdepbl Nbipes, MponspacTtasluero Ha Hedrtesarpas-
HeHHoI nouse. Mo pe3ynbTaTam GUIOreHeTUYECKOro aHanr3a 3TOT LUTaMM MOXeET ObITb OTHeCeH K Buay Rhodococcus
gingshengii. Ha cerogHAWHWIA AeHb paclumndpoBaHbl Ny TN 1 UAEHTUPMLNPOBAHDI FeHbl AECTPYKLUM MHOTUX 3arPA3HA-
Tenei. nA oLeHKN cnocobHOCTH paccMaTPMBAEMOrO WTaMMa K aerpagauumn HedTr 1 HedpTenpoayKToB Mbl CCeLo-
Basv reHHble KnacTepbl, aCCOLMNPOBAHHbIE C TaKoW CNOCOOHOCTLI0. DepMeHTbl 4eCTPYKLMM anKkaHOB NpeACcTaBneHb
LBYMA KnacTepamu 1 NATbIO OTAENbHO PacrofioxeHHbIMY reHamu alkB. JecTpyKumsa apomaTyeckmx CoOeAUHEHWNI co-
CTOUT U3 ABYX 3TanoB: nepudepryeckoro n LeHTpanbHoro. leHom R. gingshengii VKM Ac-2784D copepuT yeTbipe
13 BOCbMW U3BECTHbIX LIeHTPasbHbIX MyTen AeCTPyKLUUN apoMaTUyecKknx coeguHeHnin. CTpyKTypa reHHbIX KnacTepos
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O6Hapy»keHvie reHOB AeCTPYKLMMN KOMMNOHEHTOB HehTU
B reHome Rhodococcus gingshengii VKM Ac-2784D

CXO[IHa C OMUCaHHbIMY B NUTepaType wrammamu R. jostii RHA1 n R. ruber Chol-4. Mepudepnueckmne nyt npeacrasne-
Hbl KNTaCTEPaMU FeHOB, KOAVPYIOLUX BENKM AECTPYKLUMMN GEH30MHOW KACNIOTbI, reH 6rdeHnn 2,3-4uoKcmreHassl 1 ea
reHa 6uderun-2,3-guon 1,2-AUOKCUreHasbl, y4acTBYyOLWNX B KaTabonnsme 6udernna. Mpucytctene reHoB brdeHnn
2,3-ANOKCUreHasbl, KacTepa reHoB 6eH30aTHOro 1 2-TMAPOKCUNEHTaANEHOATHOIO NyTell YKa3blBaeT Ha CNOCOOHOCTb
nccnefyemoro WraMma AecTpyKTMpoBaTh NONUXIOPUPOBaHHbIe 6deHUNbl. YCunuTb akTMBHOCTb GUOAECTPYKLMN
3arpAsHUTenell NomoralrT cypdakTaHTbl, yyylualowme JOCTYNHOCTb pa3fiaraemMblx BewecTs. 1A HeKoTopbiX BUAOB
Rhodococcus onucaHbl 6riocypdakTaHTbl Ha OCHOBE Tperano3bl. B reHome R. gingshengii VKM Ac-2784D npucyTcTBy-
10T reHbl, KoanpytoLmne 6enkn buocnMHTe3a CyppakTaHTOB — OtsA, otsB, treY, treZ. [laHHble 61onHGOPMALMOHHOTO aHa-
Nn3a COrnacyTca C pesynbTaTamyl paHee NPOBeAEHHbIX GUOXUMUNYECKUX NCCefoBaHNIA. 3HaHME MeTaboMyecKoro
noTeHLUMana oTaeNbHOro OpraHn3Ma, NoyyYeHHoe B pesynbTaTte aHany3a reHoma, No3BOANT CO3AaBaThb afanTUPOBaH-
Hble K 3afaHHbIM YCNOBUAM cMecK H6aKkTepranbHbIX WTaMMOB, 06beAuHALWE MAKPOOPraHU3Mbl C PasHbIM CreK-

TPOM MEeTaboNIMYEeCKMX MyTeln AeCTPYKLUN.

KnioueBble cnoBa: buopecTpykuus; Rhodococcus; HedTepecTpyKLUs; reHOMMKa.

Introduction

Rhodococcus is a genus of Gram-positive bacteria of the
Actinobacteria phylum, which are widespread in nature.
These bacteria have been isolated from soil, water and li-
ving organisms. Some species of Rhodococcus are known to
be pathogens, e.g. R. hoagii (former R. equi), which causes
zoonotic infection, and R. fascians phytopathogen (Garrido-
Sanz et al., 2020).

Over the last decade, rhodococci have attracted consider-
able interest owing to their high catabolic properties. These
bacteria are able to degrade various pollutants (polyaromatic
hydrocarbons, PAHs; dioxines, dioxin-like polychlorinated
biphenyls, etc.) and, therefore, can be employed for biore-
mediation of soils (Martinkova et al., 2009).

The application of rhodococci in bioactive mixtures re-
quires an understanding of which pollutants are capable of
destroying a microorganism. This goal can be achieved by
the joint use of bioinformatic and biochemical approaches.
Currently, most of the genes and pathways of pollutants de-
gradation are known.

To date, numerous gene clusters of rhodococci genomes,
which encode oil-degrading enzymes, have been reported
(Zampolli et al., 2019). The key components of alkane
degradation are alkane-monooxigenase (gene alkB, soluble
di-iron monooxygenase, SDIMO) and cytochrome (CYP153,
member of superfamily P450). Enzymes AlkB and CYP153
are usually involved in the oxidation of liquid alkanes, while
SDIMO exerts an action on short-chain alkanes (<C8) (Cole-
man et al., 2011).

The destruction of aromatic compounds involves central and
peripheral pathways. The latter are diverse: more than twenty
such pathways are known in the literature. Owing to these
pathways, rhodococci can oxidize polyaromatic hydrocar-
bons (PAHs), biphenyls, steroids or phthalates to common in-
termediates, which are further oxidized by central destruction
routes. Eight central destruction pathways are described for
Rhodococcus species: B-ketoadipate, phenylacetate, 2-hydro-
xypentadienoate, gentisate, homogentisate, hydroxyquinol,
homoprotocatechuate, and a pathway with an unknown sub-
strate (Guevara et al., 2019). Genes encoding proteins of pe-
ripheral pathways are usually located in plasmids, while genes
of central pathways are localized in a chromosome.

Biosurfactants play an auxiliary role in the degradation of
hydrophobic compounds. These surface-active agents (SAAs)
improve bioavailability of the degrading substances. Rhodo-

cocci can synthesize the biosurfactants from trehalose and
mycolic acids (Kuyukina, Ivshina, 2010).

In the present work, we tried to determine the genes en-
coding the above metabolic pathways in the Rhodococcus
qingshengii VKM Ac-2784D genome as well as to evaluate
the ability of this strain to degradation of oil components.

Materials and methods

The Rhodococcus qingshengii VKM Ac-2784D strain was
isolated from the rhizosphere of couch grass (Elytrigia repens)
growing on oil-contaminated soil near Tyret village, Irkutsk
region, Russia (Belovezhets et al., 2017). It was found that
this strain can oxidize both polyaromatic hydrocarbons (PAHs)
and alkanes (Belovezhets et al., 2017).

To study genomic features and biodegradation potential,
the whole genome was sequenced, assembled, annotated
and submitted to NCBI GenBank (accession no. CP064920,
Petrushin et al., 2021). The annotated R. gingshengii
VKM Ac-2784D genome contained 5775 genes encoding
5716 protein-coding sequences, 53 tRNAs, 3 noncoding RNAs
(ncRNAs), and 3 rRNAs.

The sequence of the 16S rRNA subunit was assembled from
the initial sequencing data using MATAM software (Pericard
et al., 2018). To compare genomic features and define phy-
logenetic relationship of the R. gingshengii VKM Ac-2784D
strain, the phylogenetic tree was built using 16S rRNA se-
quences of strains, described in recent reviews of Rhodococ-
cus systematics (Gtrtler, Seviour, 2010; Sangal et al., 2019).
The phylogenetic tree was built with MEGA X using the
Tamura—Nei model and other settings set to default (Kumar
et al., 2018). For close related species, average nucleotide
identity distance matrix and phylogenetic tree were built using
pyani v. 0.2.11 software, mode “ANIm” (https://github.com/
widdowquinn/pyani) with default settings. These distances
were calculated by the MUMmer algorithm (Deloger et al.,
2009) using whole genomes divided to fragments as described
in (Richter, Rossell6-Mora, 2009).

Genes related to the metabolism of alkanes, biphenyls and
other pollutants were located using BLAST search against
whole genome of the R. gingshengii VKM Ac-2784D strain
with known sequences of functional genes, described in pre-
vious studies. All figures, gene annotations were performed
using UGENE software (Okonechnikov et al., 2012). Meta-
bolic pathway models were analyzed in RAST SEED (Over-
beek et al., 2014) online service.
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Results

Phylogenetic relationship of R. gingshengii VKM Ac-2784D
To identify phylogenetic relationship of the R. gingshengii
VKM Ac-2784D strain, a traditional approach based on the
construction of a phylogenetic tree according to 16S rRNA
sequences was used (Fig. 1). In Figure 1, accession numbers
in NCBI GenBank are given for each strain with its species
name. Several dozens of species belong to Rhodococcus. To
make the picture of the tree clearer, only the species that are
close to R. gingshengii VKM Ac-2784D are shown. Two
closest species are R. gingshengii and R. erythropolis. Both of
them are well-known degraders of oil components (Tancsics
etal., 2015).

The selection of related strains

with oil-degradation activity

Although more than 50 rhodococci are known, we focused
our attention on the species capable of degrading oil compo-
nents, and the whole genome of which was disclosed. After
literature analysis, 30 Rhodococcus genomes were selected
for further study. For these species, the whole-genome and
phylogenetic tree were built on the basis of average nucleo-
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tide identity distance matrix (presented as heatmap) (Fig. 2).
This approach permits to consider the whole genomic data
and not only differences in 16S rRNA fragments. Despite the
fact that species of some strains were not determined, it was
suggested that Rhodococcus sp. BH4, like R. gingshengii
VKM Ac-2784D, is referred to R. gingshengii. It should be
noted that R. erythropolis and R. rhodochrous ATCC 17895
species differ considerably from R. gingshengii. Interestingly
enough, one of the first known oil-degrading strains R. jostii
RHAL is very close to Rhodococcus sp. DK17.

Gene clusters of alkanes degradation

It was previously reported that the core gene of alkane degra-
dation, alkB, is usually co-located with genes of rubredoxin
(alkG1, alkG2 or rubAl, rubA2) or rubredoxin reductase
(alkT or rubB) (Whyte et al., 2002). In the present work, it
was shown that R. gingshengii VKM Ac-2784D genome has
two clusters containing genes of alkane-monooxigenase and
rubredoxins (Fig. 3). Also, five separately located genes of
alkane-monooxigenase were found (three in chromosome and
two in plasmid). The R. gingshengii VKM Ac-2784D genome
includes 14 genes of cytochrome P450 (11 in chromosome
and 3 in plasmid) and has no SDIMO encoding genes.

0.001
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Fig. 1. Phylogenetic tree of R. gingshengii VKM Ac-2784D and closer species.

The tree was constructed using 16S rRNA sequences of strains. Accession numbers in NCBI GenBank are given for each strain with its species name.
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Fig. 2. Heatmap and the phylogenetic tree of R. gingshengii VKM Ac-2784D and related species possessing oil-degrading activity.

Scale ANIm_percentage_identity shows the similarity percentage of a given pair of the genomes (from 0 to 1).

Central pathways of PAHs destruction

Four central pathways of destruction were revealed for
R. gingshengii VKM Ac-2784D: B-ketoadipate, phenylacetate,
2-hydroxypentadienoate, homogentisate. The structure of
the gene clusters (Fig. 4) is similar to that of the previously
described strains: R. jostii RHA1, R. ruber Chol-4 (Navarro-
Llorens et al., 2005; Yam et al., 2010; Gibu et al., 2019;
Guevara et al., 2019).

Peripheral pathways of PAHs destruction

Generally, the aromatic ring is cleaved by dioxygenase sys-
tems Rieske 2Fe-2S, which are involved in the degradation
of biphenyls, ethylbenzene and naphthalene (gene clusters
including the bph, ethb and nah genes). These systems possess
a wide range of substrate specificity and can be present in
the Rhodococcus genome simultaneously (Shumkova et al.,
2015). The R. gingshengii VKM Ac-2784D genome contains
88 probable oxygenases: 25 dioxygenases and 63 monooxy-
genases.

Several gene clusters in the R. gingshengii VKM Ac-2784D
genome belong to peripheral pathways. Among them are
1,2-dioxygenase, 2,3-dioxygenase, benzoic acid degradation
gene as well as two genes of biphenyl-2,3-diol, which partici-
pate in biphenyl catabolism. The structure of the bphABCDK
gene cluster is shown in Figure 5. Moreover, the genes encod-
ing dioxygenases, responsible for the intradiol and extradiol
aromatic ring-cleavage, were found. At the same time, the
R. gingshengii VKM Ac-2784D genome contains no tmo
gene cluster, which takes part in transformation of toluene
to n-cresol.

Biosurfactants synthesis

For some Rhodococcus species, gene clusters related to the
trehalose-based synthesis of biosurfactants were documented.
The pioneering works dedicated to synthetic approaches to
such surfactants dealt with the pathogenic bacteria Mycobac-
terium tuberculosis (De Smet et al., 2000). Similar approaches
were proposed for Rhodococcus species (Retamal-Morales et
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Fig. 3. The structure of gene cluster encoding alkane-monooxigenase, rubredoxins and rubredoxin reductase in the R. gingshen-

gii VKM Ac-2784D chromosome.

Here and in Figures 4 and 5: arrows show transcription direction.
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Fig. 4. Gene clusters structure of four central pathways in the R. gingshengii VKM Ac-2784D genome: 3-ketoadipate (a), phenylacetate (b), 2-hydroxy-
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Fig. 5. Structure of gene clusters encoding peripheral pathways of PAHs degradation in the R. gingshengii VKM Ac-2784D genome: benzoic acid de-

gradation.

al., 2018). The R. gingshengii VKM Ac-2784D genome con-
tains genes encoding proteins of the biosurfactants synthesis:
otsA, otsB, treY, treZ.

Discussion

The ability of the R. gingshengii VKM Ac-2784D strain to
degrade oil components, PAHs and some other pollutants is
supported by the results of our previous experimental studies
(Tretyakova et al., 2019a, b; Belovezhets et al., 2020). It was
shown that this strain mainly degraded the alkane fraction of
oil, in particular C,,~C,, alkanes (Belovezhets et al., 2021a).
In addition, PAHs turned out to be also efficient in experiments
with degradation of model oil compounds (Belovezhets et
al., 2021b). Such metabolic activity can be explained by the
synthesis of biosurfactants. The strain under study appeared
to be an effective producer of extracellular and cell-binded
forms of bio-SAAs. The highest amount of the synthesized
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extracellular biosurfactants was almost 1.5 g/L (substrate
optimization was not carried out) (Belovezhets et al., 2021b).

To determine the mechanisms of PAH and alkane degrada-
tion, the whole genome sequencing and analysis of the gene
clusters related to the corresponding metabolic pathways
were performed.

Nowadays genome sequencing has become a routine
procedure for studying gene properties. Gene annotation
of a major part of genes (related to catabolic potential) is
performed automatically with NCBI GenBank Prokaryotic
Genome Annotation Pipeline (PGAP). These annotations
allow some metabolic gene clusters to be determined at the
stage of preliminary bioinformatic analysis. Further, BLAST
search was employed to find particular functional genes from
previous studies (Navarro-Llorens et al., 2005; Yam et al.,
2010; Guevara et al., 2019). It was revealed that the R. ging-
shengii VKM Ac-2784D genome contains gene clusters 4 out
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of 8 known central pathways for PAHs destruction. Alkanes
degradation enzymes are represented by two gene clusters con-
taining genes of alkane-monooxigenase and rubredoxins and
five separately located alkB genes (three in chromosome and
two in plasmid). The presence of biphenyl 2,3-dioxygenese
genes as well as gene clusters of benzoate and 2-hydroxypen-
tandienoate indicates that R. gingshengii VKM Ac-2784D can
degrade polychlorinated biphenyls.

The detailed data on the studied genes and their presence
in genomes of the strains are given in Supplementary Mate-
rial'. For the R. gingshengii VKM Ac-2784D genome, the
loci names of functional genes, references to the experimental
works and degree of similarity for each gene are indicated. It is
found that 7 out of 29 strains are most similar to R. gingshen-
gii VKM Ac-2784D. These are R. ruber YC-YT1, R. ging-
shengii VER34, R. gingshengii VT6, R. gingshengii djl-6-2,
Rhodococcus sp. PR4, Rhodococcus sp. BH4, R. rhodochrous
ATCC 17895. The names of these strains are marked in gray
in Supplementary Material.

The bioinformatics data are supported by the results of
previous biochemical studies. As a result, it is shown that the
catabolic properties of R. gingshengii VKM Ac-2784D permit
to apply this strain for the destruction of various pollutants.

Conclusion

Nowadays there many genes and pathways related to the de-
gradation of the various pollutants are identified. Genome
analysis allows to uncover the metabolic potential of the
particular microorganism, and obtain the specialized micro-
bial mixtures with wide bioactive degradation spectrum. To
understand the catabolic potential of these bacteria to degrade
oil and its components we study its gene clusters, associated
with such abilities. The structure of gene clusters is the same of
known for strains R. jostii RHA1 and R. ruber Chol-4. Alkanes
destruction genes grouped by two clusters and five separate
genes alkB. The biodegradation activity may be enhanced
by the biosurfactants, which are known to be synthesized by
Rhodococcus. This knowledge can help to create the mixture
of species with wide variation of metabolic pathways, but to
evaluate the effectiveness of such mixtures further experi-
ments are required.
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Abstract. Telomeres are the terminal regions of chromosomes that ensure their stability while cell division. Telomere
shortening initiates cellular senescence, which can lead to degeneration and atrophy of tissues, so the process is
associated with a reduction in life expectancy and predisposition to a number of diseases. An accelerated rate of
telomere attrition can serve as a predictor of life expectancy and health status of an individual. Telomere length is a
complex phenotypic trait that is determined by many factors, including the genetic ones. Numerous studies (includ-
ing genome-wide association studies, GWAS) indicate the polygenic nature of telomere length control. The objective
of the present study was to characterize the genetic basis of the telomere length regulation using the GWAS data
obtained during the studies of various human and other animal populations. To do so, a compilation of the genes
associated with telomere length in GWAS experiments was collected, which included information on 270 human
genes, as well as 23, 22, and 9 genes identified in the cattle, sparrow, and nematode, respectively. Among them were
two orthologous genes encoding a shelterin protein (POT7 in humans and pot-2 in C. elegans). Functional analysis
has shown that telomere length can be influenced by genetic variants in the genes encoding: (1) structural compo-
nents of telomerase; (2) the protein components of telomeric regions (shelterin and CST complexes); (3) the proteins
involved in telomerase biogenesis and regulating its activity; (4) the proteins that regulate the functional activity of
the shelterin components; (5) the proteins involved in telomere replication and/or capping; (6) the proteins involved
in the alternative telomere lengthening; (7) the proteins that respond to DNA damage and are responsible for DNA
repair; (8) RNA-exosome components. The human genes identified by several research groups in populations of dif-
ferent ethnic origins are the genes encoding telomerase components such as TERC and TERT as well as STNT encod-
ing the CST complex component. Apparently, the polymorphic loci affecting the functions of these genes may be the
most reliable susceptibility markers for telomere-related diseases. The systematized data about the genes and their
functions can serve as a basis for the development of prognostic criteria for telomere length-associated diseases in
humans. Information about the genes and processes that control telomere length can be used for marker-assisted
and genomic selection in the farm animals, aimed at increasing the duration of their productive lifetime.

Key words: telomere length; candidate genes; genome-wide association study; functional classification.
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KoMmnungauus  pyHKIIMOHa/IbHAas KiaaccuduKkaiys reHos,
acCOLMIVIPOBAHHBIX C IJIMHOI TeJloMeD, V ueJoBeKa
1 IPYTUX BUIOB SKMBOTHbBIX
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AHHoOTauus. TefloMmepbl — 3TO KOHLIEBbIE YYACTKM XPOMOCOM, 06ecneyrBatoLLie X CTabuUnbHOCTb B XO4e KIIETOYHOTO
feneHuns. YKopoueHve TefloMep MHULMMPYET NPOoLIecC CTapeHna KeToK, YTO MOXKET NpuUBOAUTb K AereHepaunn n
aTpodunn TKaHeln. YKopoUeHue TefloMep CBA3aHO C COKpaLLeHVeM NPOAOIKUTENbHOCTU XIMU3HWU U C Npeapacnono-
MEHHOCTbIO K pAAy 3aboneBaHuiA, MOSTOMY JaHHbIN MOKa3aTenb MOXeT ObITb CMOMb30BaH B KauecTBe npenmkTopa
NPOLOMKNTENIbHOCTU XMN3HU U COCTOAHUA 340POBbA OTAENbHOIO UHAMBMAA. [IHA TeNloMep — CJIOXKHbIN GeHOoTu-
NUYECKMIN MPU3HAK, KOTOPbIN onpeaenseTca MHOrMMU GakTopamu, B TOM YKCie reHeTuyeckMmn. MHOrouncneHHble
nccnenoBaHusA (BKNoYasa NOMHOreHOMHBIN aHanm3 accounaumia, NMIAA) CBMAETENBCTBYIOT O MOIMTEHHOM XapaKkTepe
KOHTPONA ANIMHbI Tenomep. Lienb paboTbl — oxapakTepusoBaTb reHETUYECKNE OCHOBbI PErynALMM AfIVIHbI TEIOMEP Ha
ocHoBe AaHHbIX MTAA, nonyyeHHbIX NPY NCCEA0BAHMMN PA3NIMYHbBIX NOMYNAALNOHHbIX BbIGOPOK YenoBeKa 1 Apyrux
XKUBOTHBIX. [1n5 3TOro aBTopamu 6bina cobpaHa KOMNUAALUA FeHOB, aCCOLMUPOBAHHbBIX C ASIVHON TeloMep Mo AaH-
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HbiM MTAA, KoTopas BKtoYana ceefieHnsa o 270 reHax YenoBeKa, a TakKe 23, 22 1 9 reHax, BbIABIEHHbIX Y KPYMHOTO
poraToro ckota, BOMOBOrO BOPOObA 1 HEMATOAbl COOTBETCTBEHHO. Cpear HUX MPUCYTCTBOBANM fiBa reHa-opTosora,
KoampytoLwmx 6enok wentepnHosoro Komnnekca (POT1y yenoseka u pot-2 'y C. elegans). OyHKLUMOHaNbHbIN aHanms
nokasar, YTo Ha ANIMHY TeJloMep MOTYT BIIMATb reHeTUYeCKre BapraHTbl B reHaX, Koanpyowmx: 1) CTPYKTYpHble KOM-
NMOHEHTbI TenoMepasbl; 2) 6eIKOBble KOMMOHEHTbI TEIOMEPHbIX YYaCTKOB XPOMOCOM (LUeNTEPUHOBBIN KOMMNEKC 1
CST komnnekc); 3) 6enku, yuactsytolme B 6ruoreHese Tenomepasbl 1 perynmpytoLre ee akTMBHOCTD; 4) 6enku, pery-
nupytowme GyHKLMOHANbHYI0 akTUBHOCTb KOMIMOHEHTOB LUEITEPUHOBOIO KOMMAEKCa; 5) 6enky, yyactsylowme B pe-
NAVKaumMn 1/vnm KaNpoBaHuy Teiomep; 6) 6enku, KOHTPONMpYoLMe anbTePHATUBHBIN My Tb YAVHEHWA TeNoMep;
7) 6enku, pearupytowire Ha nospexaeHna JHK n otsevatowme 3a penapauuio; 8) kKomnoHeHTbl PHK ak30com. B pabo-
Te BbIAABNEHbI FeHbl YeNTOBEKA, NAEHTUOULMPOBaHHbIE HECKONbKUMY NCCNef0BaTENbCKAMI FPYNNaMu B NOMYAALMAX
Pa3NIMUYHOro STHNYECKOrO MPONCXOXKAEHNA. ITO reHbl, KOAUPYoLMe KOMMOHeHTbl Teniomepasbl (TERC n TERT), a Tak-
e reH STNT, kogupytowmin 6enok CST komnnekca. MNo-suanmomy, nonmopdHble TOKYCbl, 3aTparvBatoLye GyHKLMN
3TUX reHOB, MOTYT ObITb Hanboee HaEXHbIMI MapKepammn NPeAPacrnoNoXeHHOCTN K 3abonieBaHrAM, CBA3aHHbIM
C AnviHow Tenomep. CrcTeMaTU3MpPOBaHHbIE HAMU AaHHbIE O reHax 1 ux GYyHKLUUAX OyayT nosiesHbl Npu pa3paboTke
NPOrHOCTNYECKMX KpuTepueB 3aboneBaHunin Yenoseka, AA KOTOPbIX NOKa3aHa CBA3b C ANnHON Tenomep. CeefeHuns
0 reHax 1 npoueccax, KOHTPONNPYIOLWKMX AAVHY TEIOMep, MOryT ObiTb BOCTPebOBaHbI A/ MapKep-OpUEHTMPOBAH-
HOW 1 TEHOMHOW CeNeKunn CeNbCKOXO3ANCTBEHHbIX XMBOTHbIX, HaMpPaB/IEeHHON Ha NOBbILIEHNE NPOLOMKNTENbHO-
CTU NX XO3ANCTBEHHOIO NCNONb30BaHUA.

KnioueBble cfioBa: AJIMHA TeIOMEpP; reHbl-KaHAWAATbl; MOMHOreHOMHbIM aHanu3 accoumaunii; GyHKLMOHANbHbIN

aHanus.

Introduction
Telomeres are the terminal regions of chromosomes that en-
sure their stability and represented by evolutionary conserved
tandemly repeated DNA sequences (e.g., a hexanucleotide
TTAGGG repeat in vertebrates) of several kb in length (Pod-
levsky, 2008; Monaghan, Ozanne, 2018). For example, their
lengths in humans at birth are 10-15 kb (Jafri et al., 2016).
3’ terminal end of a telomere is a single-stranded guanine-rich
DNA region (150-200 nucleotides), whose end interacts with
the double-stranded region to form the so-called T-loop at the
telomere end. T-loop formation and stabilization are ensured
by a shelterin complex (Fig. 1). This structure prevents re-
cognition of a chromosome terminal region by repair proteins
(de Lange, 2018).

DNA polymerase is unable to fully replicate the 3'-end of
a linear DNA during cell division, which leads to a loss of
50-200 nucleotides of the telomeric sequence at each cell
division (Fan et al., 2021). Telomere shortening can also be
facilitated by other factors and processes (Suppl. Material 1)1,
such as oxidative stress, inflammation, UV irradiation, effects
of toxic agents, DNA replication errors, etc. (Aviv, Shay, 2018;
Monaghan, Ozanne, 2018). These factors are likely to produce
different effects depending on cell types and the organism’s
development stage and species (Monaghan, Ozanne, 2018).

Telomere shortening initiates cellular senescence. Activa-
tion of DNA damage response signaling pathways results in
a cell cycle arrest, which may in turn lead to apoptosis and
eventually — to progressive tissue degeneration (Jafti et al.,
2016; Aviv, Shay, 2018; Monaghan, Ozanne, 2018). The data
collected at the cellular level in vitro and in model organisms
lay the foundation for using the telomere length as a predictor
of life expectancy and health status of an individual. Indeed,
studies in humans (Crocco et al., 2021), mice (Vera et al.,
2012), sheep (Wilbourn et al., 2018), cattle (Seeker et al.,

1 Supplementary Materials 1-11 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_lgnatieva_Engl_27_3.pdf.
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2021), wild birds (Bichet et al., 2020), and other animals have
shown that shorter telomere length may be associated with
reduced life expectancy. The studies in humans discovered an
association between the telomere length and cardiovascular
diseases, cancer, diabetes, inflammation, and other pathologi-
cal states (Kong et al., 2013; Jafti et al., 2016; Aviv, Shay,
2018).

Telomere shortening is prevented by telomerase, a spe-
cialized ribonucleoprotein complex acting as a reverse tran-
scriptase. In humans, telomerase is active in almost all the
cancer cells studied (Jafri et al., 2016), in blastocyst, in most
somatic tissues at 16-20 weeks of development (except for
brain cells), and ovary and sperm cells at all ontogenetic
stages (except for mature spermatozoids and oocytes) (Wright
et al., 1996).

Telomerase activity is controlled by the proteins regulat-
ing expression of telomerase components, their movement
to various cell compartments, processing, and assembly as
well as by the proteins maintaining stability of the telomerase
complex or, on the contrary, activating its degradation (Egan,
Collins, 2012; Tseng et al., 2015; Schrumpfova, Fajkus, 2020).
The main stages of telomerase biogenesis are presented in
Figure 2. The examples of proteins affecting the telomerase
activity are presented in Suppl. Material 2. In addition, the
telomerase activity is also affected by the shelterin (Diotti,
Loayza, 2011; de Lange, 2018) and CST complex (Fig. 3)
(Chen et al., 2012).

Telomere length is a complex phenotypic trait determined
by multiple factors including genetic ones. The meta-analysis
of heritability data for this trait performed in eighteen verte-
brate species showed the averaged heritability index of 45 %.
The studies showed the value of 52 % in humans, 42 % — in
Holstein cattle breed, 35 % — in hamadryas baboons, and
5 % — in sheep (Chik et al., 2022).

The problem of genetic basis of telomere length regulation
is of interest for many researchers. The information on telo-
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Fig. 1. Structure of a chromosome’s telomeric region.

Telomeric DNA is presented as a T-loop reconstructed following the black-and-white illustration from Fan and co-workers (2021);
nucleotide sequences in the DNA strands are not shown (Fan et al.,, 2021). The top left is simplified illustration of the relative posi-
tions of shelterin subunits, following the description from Jafri and co-workers (2016). Since the ACD/TPP1 and POT1 are much less
abundant in nuclei (de Lange, 2018), some shelterin complexes are depicted without these subunits. D-loop is a structure, where
two strands of the double-stranded DNA are separated, and one of them connects with the third DNA strand (a single-stranded

3'-end of the telomeric DNA region). The names of proteins corresponding to the human genes associated with telomere length
according to the GWAS data are underlined.
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Fig. 2. Simplified presentation of the main stages of telomerase biogenesis.

The names of proteins and RNAs corresponding to the human genes associated with telomere length (as per GWAS results) are
underlined. The scheme is based on the data on protein functions from the research articles cited in Suppl. Material 2.

merase components and proteins involved in telomere length
regulation (including 20 proteins identified in mammals) can
be found in The Telomerase Database (http://telomerase.asu.
edu/) (Podlevsky et al., 2008). Joyce and co-workers (2018)
presented a set of 80 human genes with telomere-related func-
tions (Joyce et al., 2018).

The GWAS data also indicate a polygenic nature of telomere
length heritability. For instance, the GWAS Catalog (https://

www.ebi.ac.uk/gwas/) cites 99 human genes that either include
or neighbor the telomere length-associated allelic variants.
One of the largest GWA studies presents the data on 138 hu-
man genomic loci, whose allelic variants are associated with
telomere length (Codd et al., 2021).

In addition to the telomere length association data gathered
using GWA studies in various human population samples,
the data obtained in other animal species also appear to be
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Fig. 3. The role of CST proteins in telomerase activity regulation at the
late S/G2 phase.

The first step of the five-step mechanism described by Chen et al. (2012) is
the recruitment of telomerase and additional ACD/TPP1 and POT1 by shelterin
complex (Step 1, Recruitment, not shown in the figure). Then, telomerase starts
extending the single-stranded region of the DNA molecule (Step 2, Extention |)
(shown in Panel A, the newly synthesized DNA region is represented by a black
line). After that (Step 3, Extention Il) the single-stranded region of the DNA
molecule is further extended (see Panel B). CST proteins interact with the new-
ly synthesized single-stranded DNA region (~60 nucleotides) hindering the
stimulating effect of ACD/TPP1 and POT1 on telomerase (Step 4, Termination)
and initiating C-strand synthesis by DNA polymerase alpha-primase (Pola-
primase) (Step 5, Fill-in). Steps 4 and 5 are presented in Panel C. The names of
proteins corresponding to the human genes associated with telomere length
(as per GWAS results) are underlined.

of interest. However, these studies are rather scarce and are
available only for Holstein—Friesian cattle (Ilska-Warner et
al., 2019), house sparrow nestlings (Pepke et al., 2021), and
C. elegans (Cook et al., 2016).

The objective of this review was to characterize the genetic
basis of telomere length regulation using the GWAS data
collected in various human populations and to compare them
with the results of similar experiments in other animal species.
For this purpose, (1) the data on genes identified in GWAS
telomere length experiments were systematized; (2) functional
annotation of genes was performed, and the set of biological
processes affecting telomere length was identified.

Materials and methods

The data on telomere length-associated genes were obtained
from the papers available in the PubMed database (https://
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pubmed.ncbi.nlm.nih.gov/) using such keywords as ‘telomere
length’ and ‘GWAS’. Functional annotation of genes was
performed using information obtained from the papers present-
ing GWAS data, PubMed, The Telomerase Database (http://
telomerase.asu.edu/) queries, and the DAVID knowledgebase
(https://david.ncifcrf.gov/) (Sherman et al., 2022).

Results and discussion

Human genes identified through GWA studies

PubMed queries produced 18 scientific papers presenting the
results of identifying telomere length-associated polymorphic
loci in human genome based on GWAS data. These papers
were analyzed, and the data on 270 telomere length-associated
genes were collected (Suppl. Material 3). Most genes (262)
were identified in European-ancestry population samples, the
data on 15 genes were obtained from the studies in Southeast
Asian population samples (natives of China, Bangladesh, and
India), five genes were identified as a result of trans-ethnic
meta-analysis of Singaporean Chinese and European ancestry
data (Dorajoo et al., 2019), and one gene was found in African
Americans (Zeiger et al., 2018).

The data on functional significance in the context of
telomere length regulation were presented by the authors of
GWA studies for 52 genes out of 270 (see Suppl. Material 3).
The fact that the data on gene significance in the context of
telomere length regulation were unavailable for a number of
loci reflects the capabilities and limitations of GWAS me-
thodology. Most loci identified by GWAS and associated
with the trait of interest are located in intergenic regions. As
arule, in these cases, the set of candidate genes includes the
nearest genes, whose functional significance is often difficult
to interpret. To identify the mechanisms and genes, through
which intergenic variants affect the studied traits, additional
experiments are required. For example, it was shown that
T-to-C substitution of rs1421085 in the intron of F7O gene
affects the expression of /RX3 and /RX5, whose transcription
start sites are far away (~520 and ~1160 kb) from rs1421085
(Claussnitzer et al., 2015).

Main functional groups

of human telomere length-associated genes

A functional classification was performed for a set of 52 hu-
man genes for which there was information about their func-
tional significance in the context of telomere length regulation
(Suppl. Material 4). As a result, several functional groups of
genes have been identified (Fig. 4):

Genes encoding telomerase components: TERC is the
telomerase RNA component acting as a matrix for DNA strand
extension at the telomere end and TERT is a reverse tran-
scriptase enzyme subunit (Egan, Collins, 2012; Tseng et al.,
2015).

Genes encoding shelterin proteins: components of this
complex (TERF1/TRF1, TERF2/TRF2, POT1, TERF2IP/
Rap1/DRIP5, TINF2/TIN2, and ACD/TPP1/TINT1) can bind
to both double-stranded and single-stranded telomeric DNA
regions (see Fig. 1), stabilize them, protect them from exo-
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Fig. 4. Functional groups of human telomere length-associated genes.

The classification is presented for 52 genes, whose role in telomere length regulation is characterized in Suppl. Material 4. The numbers
given in parentheses indicate the numbers of genes in groups.

nucleases, reduce telomerase access, and inhibit the proteins
activated by damaged DNA and involved in double-stranded
break repair (Diotti, Loayza, 2011; de Lange, 2018). The
GWAS data on telomere length association were obtained for
the genes coding for five out of six shelterin proteins (TERF1,
TERF2, POT1, TINF2 and ACD/TPP1/TINT1) (see Fig. 4,
Suppl. Material 4).

Genes encoding CST proteins: CTC1, STN1, TEN1. CST
complex acts as a telomerase negative regulator at the late S
to G2 phase of the cell cycle (see Fig. 3) (Chen et al., 2012).

Genes encoding proteins involved in telomerase biogene-
sis and regulating its activity. One of these genes, ZCCHC !0,
encodes a protein regulating telomerase synthesis at tran-
scriptional level: ZCCHC10 suppresses TERT transcription
(Ohira et al., 2019). Processing and assembly of a telomerase
RNA subunit involves DKC1, NAF1, and SHQI (Egan, Col-
lins, 2012), ribonuclease PARN, exoribonuclease DIS3, the
component of a nuclear exosome targeting (NEXT) complex,
ZCCHCS (Tseng et al., 2015), SMUG1 (Kroustallaki et al.,
2019), and CELF4/BRUNOL4 (Mangino et al., 2009). Non-
canonical polymerase TENT4B/PAPDS (Nagpal et al., 2020),
trimethylguanosine synthetase TGS1 (Chen et al., 2020), and
EXOSC10 RNA exosome component (Stuparevic¢ et al., 2021)
cause a decrease in the level of active TERC. The assemb-
ly of telomerase nucleoprotein complex involves ATPase
RUVBL1/pontin (Jafri et al., 2016) and telomerase-associated
protein TEP1 (Codd et al., 2021). Two proteins (WRAP53/
WDR79/TCAB1 and NOLC1/NOPP140) provide telomerase
accumulation in Cajal bodies, the small nuclear organelles
where processing of small nuclear and nucleolar RNAs and
assembly or ribonucleoprotein complexes occur (Bizarro et
al., 2019; Schrumpfova, Fajkus, 2020). Telomerase activity

is modulated by activator protein SMG6/EST1A, which also
binds to a single-stranded DNA (Snow et al., 2003), and PML
protein, whose isoform PML-IV suppresses telomerase acti-
vity (Oh et al., 2009).

Genes encoding proteins regulating functional activity
of shelterin proteins. CSNK2A?2 and CSNK2B are the sub-
units of casein kinase which phosphorylates TERF1, increasing
its binding to telomeres (Saxena et al., 2014; Li et al., 2020).
ATM serine/threonine kinase, on the contrary, decreases
TERF]1 binding to the telomeric DNA (Li et al., 2020). Pep-
tidase USP7 and ubiquitin ligase STAH]1 activate proteasomal
degradation of POT1 and TERF2, respectively (Codd et al.,
2021). ADP ribosylases PARP1 and PARP2 reduce the DNA
binding activity of TERF2 (Dorajoo et al., 2019; Codd et al.,
2021).

Genes encoding proteins involved in telomere replication
and/or capping: (1) enzymes RRM1 and TYMS involved in
synthesis of deoxynucleoside triphosphates (INTP) and thy-
midylates required for DNA synthesis (Dorajoo et al., 2019;
Nersisyan et al., 2019); (2) helicases RTEL1 and MCM4
(Codd et al., 2013, 2021); (3) RPA1 and RPA2, the subunits
of the RPA complex capable to unfold G-quadruplex struc-
tures that may block DNA replication (Codd et al., 2021);
(4) HNRNPA1 promoting telomere capping after DNA rep-
lication (Codd et al., 2021).

Genes encoding proteins affecting the alternative telo-
mere lengthening pathway. This telomerase-independent
mechanism (ALT or Alternative Lengthening of Telomere,
see the description in Suppl. Material 5) includes the recom-
bination between telomeric regions of two DNA molecules
(Sobinoff, Pickett, 2017, 2020). Three genes identified in
GWA studies were attributed to this group (see Fig. 4, Suppl.
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Material 4). These genes encode SMC6 which activates ALT
(Potts, Yu, 2007) and its two inhibiting proteins: ATRX with
chromatin remodeling activity and SLX4 endonuclease (So-
binoff, Pickett, 2017).

Genes encoding DNA damage response proteins: (1) pep-
tidase SENP7 (Li et al., 2020); (2) chaperone protein BAG6
(Li et al., 2020); (3) DCAF4 interacting with CUL4-DDB1
ligase (Mangino et al., 2015); (4) RFWD3 interacting with
RPA protein (replication protein A) (Li et al., 2020).

Genes encoding subunits of RNA exosomes: EXOSC6,
EXOSC9 (Codd et al., 2021) and MPHOSPHG6 (Dorajoo et
al., 2019). These proteins are functionally significant, because
it is known that TERC may be subjected to 3'-processing,
and the RNA-exosomes are involved in this process (Tseng
et al., 2015).

Human candidate genes identified in more than one study
As mentioned above, we have analyzed 18 papers on identify-
ing telomere length-associated human genome loci based on
GWA studies and collected the data on 270 such genes (see
Suppl. Material 3). Notably, only 16 genes were identified in
at least two studies (Fig. 5).

The most frequently identified genes were the ones encod-
ing both telomerase components (TERC and TERT) and STN1
encoding a component of the CST complex (revealed in 7,
5, and 7 studies, respectively). Three genes POTI, TERFI,
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and TERF?2 encoding components of the shelterin complex
were mentioned in 4, 3, and 2 publications, respectively.
Three more genes DCAF4, RTEL1, and NAF I controlling the
DNA damage response, telomere replication, and telomerase
biogenesis were identified in four studies. ATM, PARPI,
MPHOSPHG6, REWD3, SENP7, and TYMS were identified
in 3 or 2 papers.

Most of 16 genes listed above were identified in population
samples of different ethnic origin: (1) 7ERC in three ethnic
groups, namely Europeans, Bangladeshis, and Singaporean
Chinese; (2) DCAF4, MPHOSPH6, and TYMS in Europeans
and as a result of the trans-ethnic meta-analyses (Singaporean
Chinese+Europeans); (3) TERT, STN1, POT1,RTELI, NAF 1,
TERF1,ATM, PARPI in two ethnic groups, namely Europeans
and Singaporean Chinese.

Identification of the genes related to telomere

length regulation according to DAVID

Using DAVID, we found the terms from the GOTERM BP
DIRECT dictionary that were significantly (FDR < 0.05) as-
sociated with the list of 270 human genes presented in Suppl.
Material 3. Sixteen terms indicating biological processes that
directly control telomere length are presented in Suppl. Ma-
terial 6, and the remaining fifteen terms are listed in Suppl.
Material 7. There were 30 genes associated with the terms
from the first group (see Suppl. Material 6), with two of them
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(SIRT6 and TPS53) previously not recognized as biologically
interpretable (these genes were presented in (Codd et al.,
2021) without comment on their functional significance in
the context of telomere length regulation). The analysis of
scientific papers showed that proteins encoded by both genes
can function in the subtelomeric regions of chromosomes
(Tennen et al., 2021; Tutton et al., 2016), which means they
could be indirectly involved in telomere length regulation.

Then, the genes associated with the second group of
GOTERM _BP_DIRECT terms identified at FDR < 0.05 (see
Suppl. Material 7) were analyzed. Among them, 29 genes
were found that had no biological interpretation (highlighted
in red in Suppl. Material 7, and listed in Suppl. Material 8).
This group of 29 genes included the above mentioned SIRT6
and TP53, as well as BRCAI, SAMHD1, and BRCC3 asso-
ciated with the maximum number of GO terms (six, four, and
four, respectively). Apparently, the genes from the list thus
obtained may also be of interest in the context of telomere
length regulation.

Telomere length-associated genes

found in other animal species

Genome-wide search for telomere length-associated loci and
genes was carried out in three animal species: cattle (Bos
taurus), sparrows (Passer domesticus), and nematodes (Cae-
norhabditis elegans).

A GWA study to investigate the species Bos faurus was
carried out on 702 animals of the Holstein—Friesian breed
(Ilska-Warner et al., 2019). The study of the DNA isolated
from the whole blood of cows sampled at birth showed six
telomere length-associated polymorphic loci, and three addi-
tional loci were identified when analyzing the DNA from blood
samples at the first lactation. An analysis of the quantitative
trait loci (QTL) corresponding to the identified genetic variants
revealed 14 candidate genes at birth and 9 at the first lacta-
tion (see the Table and Suppl. Material 9). The authors were
unable to find any data on direct involvement of the identified
genes in processes associated with telomere length regulation.
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NUP93 nucleoporin gene encoding a nuclear pore component
was considered a potential regulator, because it was shown
carlier in yeast that nucleoporins facilitated silencing of genes
in proximity of telomeric regions (Van de Vosse et al., 2013).

The recently published results of GWA study (Pepke et al.,
2021) in house sparrow (Passer domesticus) nestlings made
it possible to identify 22 candidate genes (see the Table and
Suppl. Material 10). According to the authors, the genes of
interest in the context of telomere length regulation seem to
be as follows: (1) WNT9B encoding a protein component of
Wnt/B-catenin signaling pathway due to B-catenin involvement
in Tert activation in embryonic stem cells of mice; (2) CDCA4,
GH, and GHRHR regulating cell proliferation, apoptosis, and
body growth; (3) RHOF involved in cytoskeletal organization;
(4) RNF34 (E3 ubiquitin-protein ligase RNF34) regulating
ubiquitination; (5) AQPI due to involvement of aquaporin
protein in transport of nitrogen oxide and active forms of
oxygen, which increases oxidative stress which can in turn
affect telomerase activity; (6) SCN44, because its expression
in human stem cells correlates with telomere length.

Our analysis showed that none of the candidate genes identi-
fied in cattle (23 genes) and house sparrows (22 genes) (see the
Table) had orthologs among the 270 genes identified based on
GWA studies in humans and presented in Suppl. Material 3.

The study in C. elegans (Cook et al., 2016) produced
9 candidate genes (see the Table and Suppl. Material 11).
One out of nine genes, pot-2, is orthologous to POTI encod-
ing a shelterin complex component in humans. The authors
assume that another gene ZK7/27.4 may also be involved in
telomere length regulation, because BCCIP encoded by an
orthologous human gene interacts with BRCA2 involved in
DNA replication.

In general, when comparing sets of candidate genes iden-
tified in humans and three other animal species, almost no
orthologous genes are detected, which may be due to species-
specific features of telomere length regulation, some peculiari-
ties of regulation at various ontogenetic stages, and differences
in sampled tissues or gender of the studied individuals.

Telomere length-associated animal genes (see Suppl. Materials 9-11 for additional data)

Species Method / DNA source / Reference

Bos taurus GWAS / whole blood of female cattle /

(female (llska-Warner et al., 2019)

Holstein-Friesian

cattle)

Passer domesticus GWAS / whole blood of nestlings aged 5-14 days /

(house sparrow) (Pepke et al., 2021)

GWAS using genome-wide sequencing data /

Caenorhabditis elegans
(soil-inhabiting
nematode)

cells of whole-body nematodes /
(Cook et al., 2016)

* C. elegans genes are cited with human orthologs in parentheses.

Candidate genes

At birth:

NUP93, CCSER1, MMRN1, SNCA, GPRIN3, HDGFL1, RF00026, DOK6,
RF00001, CCDC102B, TMX3, DSEL, bta-mir-138-2, bta-mir-2284c
In first lactation:

PTPRD, CYTL1, MSX1, STX18, NSG1, ACOX3, TRMT44, CPZ, HMX1

FRMDA48B, LMOD3, ARL6IP5, UBA3, TMF1, EOGT, AQP1, GHRHR,
OXR1, ORAI1, MORN3, KDM2B, RNF34, TMEM120B, RHOF, ANAPCS,
SHCBP1, CDCA4, SCN4A, GH, GOSR2, WNT9B

pot-2 (POT1)*, mms-19 (MMS19), ZK1127.4 (BCCIP), ZC487.2,
srd-35, T06D8.3 (PLPPR1, PLPPR5), ZK783.5, F58F6.3, C12D5.10
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Conclusions

In the present paper, a compilation of telomere length-asso-
ciated genes identified based on GWA studies and including
the data on 270 human genes (see Suppl. Material 3), as well
as 23, 22, and nine genes identified in cattle, house sparrow,
and nematode (see the Table) is presented. The analysis of
functions of 52 human genes with functional interpretation
available (see Fig. 4, Suppl. Material 4) showed that telomere
length may be affected by variants of genes encoding: (1) the
structural components of telomerase; (2) the protein compo-
nents of telomeric chromosome regions (shelterin complex
and CST complex); (3) the proteins involved in telomerase
biogenesis and regulating its activity; (4) the proteins regulat-
ing functional activity of shelterin subunits; (5) the proteins
involved in telomere replication and/or capping; (6) the pro-
teins controlling the alternative telomere lengthening pathway;
(7) DNA damage response and repair proteins; (8) RNA exo-
some components.

Candidate human genes identified by several research
groups in population samples of different ethnic origin are
determined: genes encoding telomerase components (7ERC
and TERT) and STNI encoding a subunit of CST complex
(see Fig. 5). It seems that polymorphic loci that affect the
functions of these genes can potentially be the most reli-
able predisposition markers for telomere length-associated
diseases.

Comparison of the data obtained from GWA studies in
humans (see Suppl. Material 3) with the results of similar
experiments obtained for other animal species (see the Table
and Suppl. Materials 9—11) confirmed and expanded the under-
standing of the complex polygenic nature of telomere length
regulation. In addition, a pair of orthologous genes encoding
a shelterin protein (POT! in humans and pot-2 in C. elegans)
was identified; this finding demonstrates the high biological
significance of this gene in various species.

Systematized data on genes and their functions may lay the
foundation for development of prognostic criteria for human
pathologies explicitly associated with telomere length. In
addition, the data on biological processes affecting telomere
length and genes regulating these processes may be used for
marker-assisted and genomic selection of the farm animals
aimed at increasing the duration of their productive lifetime.
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