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Replication-transcription complex of coronaviruses:
functions of individual viral non-structural subunits,
properties and architecture of their complexes

E.L. Mishchenko®), V.A. Ivanisenko

Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® elmish@bionet.nsc.ru

Abstract. Coronaviruses (CoVs) belong to the subfamily Orthocoronavirinae of the family Coronaviridae. CoVs are en-
veloped (+) RNA viruses with unusually long genomes. Severe acute respiratory syndrome CoV (SARS-CoV), Middle
East respiratory syndrome CoV (MERS-CoV), and the novel coronavirus (2019-nCoV, SARS-CoV-2) have been iden-
tified as causing global pandemics. Clinically tested vaccines are widely used to control rapidly spreading, acute, and
often severe infections; however, effective drugs are still not available. The genomes of SARS-CoV-2 and SARS-CoV
are approximately 80 % identical, while the genomes of SARS-CoV-2 and MERS-CoV are approximately 50 % identi-
cal. This indicates that there may be common mechanisms of coronavirus pathogenesis and, therefore, potential
therapeutic targets for each virus may be the same. The enzymes and effector proteins that make up the replication-
transcription complex (RTC) of coronaviruses are encoded by a large replicase gene. These enzymes and effector
proteins represent promising targets for potential therapeutic drugs. The enzyme targets include papain- and 3C-like
cysteine proteinases that process two large viral polyproteins, RNA-dependent RNA polymerase, RNA helicase, viral
genome-modifying enzymes, and enzymes with 3'-5’ exoribonuclease or uridylate-specific endonuclease activity.
Currently, there are many studies investigating the complex molecular mechanisms involved in the assembly and
function of the RTC. This review will encompass current, modern studies on the properties and complexes of indi-
vidual non-structural subunits of the RTC, the structures of individual coronavirus RTC subunits, domain organization
and functions of subunits, protein-protein interactions, properties and architectures of subunit complexes, the effect
of mutations, and the identification of mutations affecting the viability of the virus in cell culture.

Key words: non-structural proteins CoVs; subunits of replicase CoVs; replication-transcription complex of CoVs; archi-
tecture of non-structural protein complexes CoVs.

For citation: Mishchenko E.L., Ivanisenko V.A. Replication-transcription complex of coronaviruses: functions of
individual viral non-structural subunits, properties and architecture of their complexes. Vavilovskii Zhurnal Genetiki
i Selektsii = Vavilov Journal of Genetics and Breeding. 2022;26(2):121-127. DOI 10.18699/VJGB-22-15

PernKaMoOHHO-TPaHCKPUIILIVMIOHHbIV KOMIIIEKC KOPOHABUPYCOB:
(GVHKUMY MHAUBUAYAIbHBIX BUPYCHBIX HECTPYKTYPHBIX
CyObeIHNIL, CBOIICTBA U apXUTEKTYpa UX KOMIIJIEKCOB

E.A. MuiieHko ®, B.A. VIBaHMCEHKO

DepepanbHbli NccnefoBaTeNbCKUIA LeHTP VHCTUTYT yutonorum n reHetukn Cnbrpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® elmish@bionet.nsc.ru

AHHoTauusa. KopoHaBupycbl oTHocATcA K cemeinctBy Coronaviridae nofcemeiictea Orthocoronavirinae u npeg-
CTaBnAT coboit obonoueyHble (+) PHK-BUpYCbl ¢ HEOBLIYHO ANUHHBIM FEHOMOM. B HacToALLee Bpema YacTo uaeH-
TMGULMPYIOTCSA, BbI3bIBas NPOAOMKAIOLLYIOCA MaHAEMUIO BO BCEM MUPE, KOPOHABMPYChl Severe Acute respiratory
syndrome CoV (SARS-CoV), Middle East respiratory syndrome CoV (MERS-CoV) n HoBbIn KopoHaBupyc (2019-nCoV,
SARS-CoV-2). ina caeprBaHmA GbICTPO PacrnpoCTPaHAIOLENCS, OCTPON 1 YacTO TAXENOo npoTeKatLwen nHGekumnn
LIMPOKO NPUMEHAIOT NPOoLUeALne KINHUYECKME UCTIbITAHWA BaKLUMHbI, OAHAKO 3OPEKTUBHbIX TEKAPCTB MO-NpeXx-
Hemy HeT. f[eHombl SARS-CoV-2 n SARS-CoV ngeHTtnyHbl Ha ~80 %, a SARS-CoV-2 n MERS-CoV - Ha ~50 %. 3710 cBuAe-
TeNnbCTBYET 06 06LUMX MeXaHM3MaX NaToreHe3a KOPOHaBUPYCOB 1 OAHMNX U TEX Ke NMOTEHLMaNbHbIX TepaneBTUYECKMX
MuLeHsax. DepmeHTbl 1 3ddeKTopHbIe 6eNKkK, BXOAALLME B COCTAB PEMINKALMOHHO-TPAHCKPUNUMOHHOIO KOMIMJIEK-
ca (PTK) KopoHaBrpyCOB, KOQUPYHOTCA BECbMA KPYMHbBIM reHOM PersiMKasbl Y MPeAcTaBasoT COO0I NePCNeKTUBHbIE
MULLIEHWN [eCTBMA NOTeHUManbHbIX SPGEKTUBHBIX NeKapCTB. DTV MULLEHN BKJOYatoT nanauH- 1 3C-nofobHble uu-
CTeVHOBbIe NPOTeNHa3sbl, OCYLLECTBAAIOLWME MPOLECCUHT ABYX 6OMbLUMX BUPYCHbIX nonunpoTtenHos, PHK-3aBucy-
myto PHK-nonumepasy, PHK-xenvkasy, dbepmeHTbl, MmogndbuumpyoLlne BUPYCHbIA FreHOM, GepmeHTbl, obnagatoye
3'-5-3k30pr6OHYKIIea3Hol 1 ypuamnaT-cneundnyHon SHAOHYKNea3HOM aKTUBHOCTbIO, @ TakXKe BaxHble 3pdeKTop-
Hble 6enikun. B HacToALlee BpeMs 13yUYeHne CIIOKHBIX MONIEKYNAPHBIX MEXaHW3MOB CO0PKU 1N GYHKLUNOHMPOBaHMS

© Mishchenko E.L., lvanisenko V.A., 2022

This work is licensed under a Creative Commons Attribution 4.0 License



E.L. Mishchenko
V.A. Ilvanisenko

Properties of viral non-structural subunits
of the replication-transcription complex of coronaviruses

PTK HaxopuTcs Ha nuke ndydeHus. O630p NOCBALEH aKTyaslbHbIM U COBPEMEHHbIM NCCIEA0BAHNAM CBOWCTB MHAN-
BUYyanbHbIX HECTPYKTYPHBIX CyobeanHuL PTK 1 UX KOMNIEKCOB 1 BKIOYAET U3yUyeHre CTPYKTYP UHANBUAYaNbHbIX
cy6beanHuy PTK KOpOHaBMPYCOB, JOMEHHOIN OpraHu3aumnn cyobenHnL 1 nx GyHKLUMIA, 6enoK-6eKoBbIX B3auMo-
[EeNCTBUIN, CBOWCTB 1N apXUTEKTYPbl KOMMIEKCOB CyObeiMHWUL, BANAHUA MyTauuii, a TakKe BbiABNEHVs MyTauuii,
B/IVSIOLLYMX Ha XKM3HECNOCOBHOCTb BUPYCA B KIIETOUHO KySbType.

KnioueBble coBa: HeCTPYKTYpHble 6enku KopoHasupycos (CoVs); cybbeamumubl pennvkasbl CoVs; pennvkauvoHHo-
TPaHCKPUMLMOHHBIV Komnnekc CoVs; apxmTekTypa KOMMIEKCOB HECTPYKTYPHbIX 6enkoB CoVs.

Introduction

The 2019 coronavirus infection has spread globally, often
causing severe respiratory, intestinal, and systemic illnesses.
Coronaviruses (CoVs) belong to the Orthocoronavirinae
subfamily of the Coronaviridae family. The subfamily is
further divided into a-, B-, Y-, and &-coronaviruses. Severe
acute respiratory syndrome CoV (SARS-CoV), Middle East
respiratory syndrome CoV (MERS-CoV), novel coronavirus
(2019-nCoV, SARS-CoV-2), mouse hepatitis virus (MHV),
and bovine coronavirus (BCoV) are all -coronaviruses (Malik
etal., 2020). Coronaviruses are enveloped viruses with an un-
usually long, single-stranded (+) RNA genome (2632 kb).
The SARS-CoV-2 genome is similar to the SARS-CoV
genome (sequence identity ~80 %), while the SARS-CoV-2
and MERS-CoV genomes are less similar (sequence identity
~50 %) (Luetal., 2020). The structure and function of proteins
are preserved at levels as low as 30 % of amino acid sequence
identity (Rost, 1999). This indicates that there may be common
mechanisms of pathogenesis among the CoVs and, therefore,
the viruses may have the same potential therapeutic targets.
The 5’ proximal region of each CoV genome includes a cap,
a 5’ untranslated region (UTR) and a long replicase gene en-
coding 16 non-structural proteins (comprising two-thirds of
the genome). The 3’ regions encode structural proteins, in-
cluding S (spike), E (surface), M (membrane), and N (nucleo-
capsid), auxiliary proteins (the number of these varies among
CoVs), a 3" UTR, and a poly(A) tract.

The replication-transcription complex (RTC) of CoVs is a
complex consisting of viral and, probably, cellular proteins.
The RTC produces the (+) RNA genome and a set of subge-
nomic CoVs RNA in infected cells. The CoV replicase gene
has two overlapping open reading frames, ORFla and ORF1b,
which encode the viral components of the RTC. Expression of
the gene leads to the formation of the ppla polyprotein, which
is encoded by ORFla. A ribosomal frameshift of —1 before the
ORF1la translation termination codon and ORF1b are required
for the formation of the pplab polyprotein, which is a continu-
ation of ppla. Polyproteins ppla and pplab are processed by
two viral cysteine proteinases, papain-like proteinase PLPr
(PLP) and 3C-like proteinase 3CLP™ (MPr), which results in
the release of intermediate precursors and 16 mature highly
conserved non-structural proteins (nsps) capable of associat-
ing with each other and being subunits of the RTC. The ppla
polyprotein includes nspl-nspl1, while pplab includes all
ppla nsps, as well as nsp12-nsp16 (Nagvi et al., 2020).

Structural and functional properties

of conserved non-structural RTC subunits

and their complexes

The molecular mechanisms of the assembly and function of
the RTC has not been studied. However, the structural and
functional properties of conserved non-structural RTC sub-
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units and their complexes have been extensively researched
and are extremely important for the identification of key drug
targets against CoVs:

nspl interacts with the 40S ribosome subunit and inhibits
translation initiation of host proteins, including interferon
response factors. Interaction of nspl with ribosomes also
leads to the degradation of host RNA. Thus, nspl suppresses
cellular defence antiviral mechanisms (Kamitani et al., 2006;
Narayanan et al., 2008);

nsp2 is not part of the RTC in cell culture. However, the
absence of nsp2 in cells infected with the MHVAnsp2 or
SARS-CoVAnsp2 deletion mutants reduces the production
of the virus and viral RNA (Graham et al., 2005);

nsp3 and nspS are proteinases that process the ppla and
pplab polyproteins, resulting in the release of individual RTC
components. The PLP nsp3 domain(s) process the N-proximal
regions of ppla and pplab. The MHV nsp3 has two domains,
PL1P© (PL1P) and PL2P™ (PL2P). The PL1P domain cleaves
the nspl/nsp2 and nsp2/nsp3 sites, while the PL2P domain
cleaves the nsp3/nsp4 site (Hughes et al., 1995; Kanjanaha-
luethai et al., 2000). The SARS-CoV nsp3 has a single PL2P
domain that cleaves all three nsp sites (Thiel et al., 2003).
The SARS-CoV PLP is an intracellular immune response
antagonist. PLP blocks the activation of transcription factors
IRF3 and NF-xB, which induces the expression of IFN(I)
and antiviral genes. It does this by indirectly inhibiting IKKi
and TBK1 kinases that activate IRF3 and stabilizing IxBa, an
inhibitor of NF-kB (Frieman et al., 2009). PLP also hydrolyzes
elements of ubiquitin and the product of interferon-stimulating
gene 15 of the ubiquitin-like protein, thereby blocking the
cellular mechanism of post-translational ubiquitination and,
in turn, enhancing viral replication (Daczkowski et al., 2017).
However, nsp3 stabilizes the host E3 ubiquitin ligase RCHY 1
through the interaction of its SUD and PLP domains with
RCHY 1. This activates the RCHY 1-mediated degradation of
p53, a cellular inhibitor of SARS-CoV replication (Ma-Lauer
et al., 2016). SARS-CoV nsp3 interacts with nsp5, nsp6,
nspl12, nsp13, nspl4, and nsp16 in the yeast two-hybrid (Y2H)
system and is thought to serve as a scaffold for RTC assembly
(Imbert et al., 2008);

nsp5 is a 3CLPr (MP), MP plays a key role in the pro-
cessing of ppla and pplab polyproteins, cleaving the central
and C-proximal regions of pplab at 11 highly conserved sites,
which releases mature nsp4—nspl6 proteins (Ziebuhr et al.,
2000; Thiel et al., 2003; Goyal B., Goyal D., 2020). MP™© ig
only active as a dimer. Self-elimination of MERS-CoV Mpr
at the nsp4/nsp5 and nsp5/nsp6 sites occurs as a result of the
ligand-induced formation of an “immature dimer” during the
convergence of MP™ III domains within two polyproteins
(Tomar et al., 2015). Structural analysis of the SARS-CoV-2
Mpre complexes with known antiviral inhibitors, Boceprevir
(peptidomimetic NS3/4A protease of hepatitis C virus) and
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GC376 (inhibitor of CoV replication), revealed atomic-level
interactions between MP™ and these inhibitors. Such studies
are important for the optimization and design of effective
drugs against CoVs (Fu et al., 2020);

nspo6 interacts with nsp2, nsp8, and nsp9 in the Y2H system
(Brunn et al., 2007). Six of the predicted hydrophobic domains
of MHV nsp6 and SARS-CoV nsp6 are transmembrane do-
mains (Oostra et al., 2008). MHV nsp6 and SARS-CoV nsp6
are localized in the membranes of the endoplasmic reticulum
(ER) and induce the formation of autophagosomes from ER
membranes and activate autophagy (Cottam et al., 2011).
Co-transfection of nsp3, nsp4, and nsp6 induces a change in
the internal membranes of the host cell through the formation
of double-membrane vesicles (DMVs), similar to the DMVs
induced by SARS-CoV (Angelini et al., 2013);

nsp7 and nsp8 interact with each other. SARS-CoV nsp7
and nsp8 co-crystallize to form the nsp7/8 hexadecameric
supercomplex. The assembly of the supercomplex involves
the formation of two different nsp7/8 heterodimers, D1 and
D2, which differ in nsp8 conformation. D1 and D2 each
dimerize to form the heterotetramers T1 and T2. The interac-
tion of two T1 with two T2, in the order T1-T2-T1'-T2" and
with ring closure through the T1-T2' interaction, leads to the
construction of the full supercomplex. The supercomplex has
a unique architecture: 16 molecules (8 nsp7 molecules and
8 nsp8 molecules) interact tightly with each other, forming
a hollow cylindrical structure in which two nsp8 conforma-
tions coexist. The positive charge of the inner channel of the
cylinder and its diameter (30 A) indicates the ability of the
nsp7/8 supercomplex to surround and interact with double-
stranded RNA (dsRNA) (Zhai et al., 2005). The SARS-CoV
nsp7/8 hexadecameric supercomplex can be formed in solution
at an equimolar nsp7: nsp8 ratio (Zhai et al., 2005; Velthuis
etal., 2012).

In solution, hexadecameric SARS-CoV nsp7/8 associates
with dsRNA (Kd ~1.2 uM). The association of nsp7/8 with
dsRNA is mediated by nsp8 and enhanced by nsp7 (Velthuis
etal., 2012). On its own, SARS-CoV nsp8 possesses primer-
independent RNA-dependent RNA polymerase (RdRp)
activity and initiates, with low fidelity, the de novo synthesis
of short (less than 6 nucleotides) complementary oligomers
(primers) on single-stranded RNA (ssRNA) templates (Imbert
etal.,2006). SARS-CoV nsp8 and nsp7/8 complex also exhibit
primer-dependent RdRp activity (Velthuis et al., 2012). The
FCoV (feline coronavirus) nsp7/8 complex isa 2 : 1 heterotri-
mer formed by the association of two nsp7 molecules and one
nsp8 molecule. This complex does not form a hollow struc-
ture, either in crystalline form or in solution. FCoV nsp7/8
has primer-independent RdRp activity (Xiao et al., 2012);

nsp9 is an ssRNA-binding protein (Egloff et al., 2004;
Miknis et al., 2009). Both monomeric and dimeric forms of
PDCoV (porcine o coronavirus) nsp9 and PEDV (porcine
epidemic diarrhoea virus related to o coronaviruses) nsp9
(Zeng et al., 2018), as well as the dimeric form of SARS-
CoV nsp9 (Miknis et al., 2009), have been found in solution
during in vitro experiments. Studies of the crystal structures
of SARS-CoV nsp9 (Egloff et al., 2004; Miknis et al., 2009),
PDCoV nsp9, and PEDV nsp9 (Zeng et al., 2018) have
revealed dimeric forms of nsp9. The monomer SARS-CoV
nsp9 is characterized by a different structure compared to
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other proteins involved in the replicative complexes of RNA
viruses, the features of which are similar to the structures of
oligosaccharide/oligonucleotide-binding proteins (Egloff et
al., 2004). Mutations affecting the dimerization of SARS-CoV
nsp9 weaken its interaction with ssSRNA, which is lethal for
SARS-CoV replication in cell culture (Miknis et al., 2009);

nsp10 interacts with dsSRNA, dsDNA, and ssRNA with
micromolar affinity (Joseph et al., 2006). Crystal structure
studies of SARS-CoV nspl0 showed that the monomer
structure includes two zinc fingers, a new discovery among
zinc finger protein structures. Motifs of zinc-binding nsp10
sequences have been identified. Twelve identical monomers
form a unique spherical dodecameric architecture, which is
hypothesized to be the functional form of nsp10 (Joseph et al.,
2006; Su et al., 2006). Through two-hybrid analysis in mam-
malian cells, interactions of SARS-CoV nspl10 with nspl4
and nsp16 have been revealed (Pan et al., 2008);

nspl1 is a short peptide resulting from the cleavage of the
ppla polyprotein by the 3CLP/MP™ proteinase at the nsp10/
nspll site. Nspl1 is encoded by the region of genomic RNA
where the translational reading frame shift occurs (ORF1a to
ORF1D). This shift results in the formation of nsp12-nsp16
proteins from the pplab polyprotein. SARS-CoV-2 nspll
contains 13 amino acid residues and has a disordered con-
formation, the dynamics of which have been studied in the
presence of lipid-membrane mimetics. In the presence of SDS
micelles, the disordered conformation of nsp11 is transformed
into an a-helix (Gadhave et al., 2021);

nsp1l4 is bifunctional. The N-terminal domain of nspl4
has 3'-5' exoribonuclease activity (ExoN), and its C-ter-
minal domain has (guanine-N7) methyltransferase activity
(N7-MTase). ExoN corrects the low fidelity of synthesis of
the complementary RNA strand by viral RdRp nsp12 and
catalyzes the removal of 3’-terminal erroneous nucleotides
in dSRNA. N7-MTase catalyzes the methylation of the viral
RNA cap at the N7 guanine position in the presence of S-ade-
nosylmethionine (methyl group donor). N7-MTase has an
S-adenosylmethionine binding motif which recognizes the cap
of viral GpppRNA and methylates guanine N7 GpppRNA to
form ™eGpppRNA (cap-0). Cap-0 plays an important role in
blocking the degradation of viral RNA by 5'-3’ exoribonuc-
leases, translation initiation, and immune system control
escape (Chen et al., 2009; Tahir, 2021). Mutants of the cata-
lytic motif MERS-CoV ExoN and SARS-CoV-2 ExoN are
not viable in cell culture (Ogando et al., 2020). SARS-CoV
nsp10 associates with the ExoN domain of SARS-CoV nsp14,
increasing the ExoN activity of nsp14 by more than 35 times
without affecting its N7-MTase activity (Bouvet et al., 2012).
Structural studies of the SARS-CoV nsp10/14 complex
showed that one nspl10 molecule associates with the ExoN
domain of nspl4, stabilizing and enhancing the activity of
the ExoN. The architecture of the nsp10/14 complex has been
studied and has been found to include two regions of contact
between the nsp10 molecule and the ExoN domain of nsp14
(Ma et al., 2015);

nspl6 has (nucleoside-2'0) methyltransferase activ-
ity (2'0-MTase). 2'0O-MTase recognizes the cap-0 of viral
RNA and catalyzes the transfer of the methyl group from
S-adenosylmethionine to the 2'OH group of the first nucleo-
tide’s ribose after N7-methylated guanine, resulting in the
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formation of "M¢GpppN, ,,.-RNA (conversion of cap-0 into
cap-1). SARS-CoV nspl0 associates with nsp16 and stimu-
lates the 2'0O-MTase activity of nspl16 (Bouvet et al., 2010).
Mutagenesis mapping of the surface amino acid residues of
SARS-CoV nspl0 involved in nspl0-nsp14 interaction and
structural analysis of the nsp10/16 complex revealed over-
lapping surfaces of nsp10 interacting with nsp14 and nsp16.
Nspl0 can serve as a platform that recruits nsp14 or nsp16
to the RTC, stimulating the ExoN activity of nsp14 or the
2'0-MTase activity of nsp16. Therefore, nsp10 is an impor-
tant regulator of the RTC. Mutations have been identified that
disrupt the nsp10-nsp14 and nsp10-nsp16 interactions, some
of which lead to a nonviable viral phenotype in cell culture
(Bouvet et al., 2014);

nsp12, an RdRp, catalyzes the synthesis of complementary
RNA strands on (+) and (-) viral RNA templates and is a key
CoV RTC enzyme. CoVs nspl2 initiates de novo synthesis
from the 3’ end of the viral genome of the full-length () RNA
strand, as well as for subgenomic (—) RNA transcripts, which
have differing 3" end lengths. In turn, the full-length (—) RNA
strands and subgenomic (—) RNA strands serve as templates
for the synthesis of the new RNA genome and subgenomic
(+) RNA transcripts. Subgenomic (+) RNA is important for
the expression of structural and accessory proteins encoded
by genes in the 3’ proximal region of the viral genome, which
is inaccessible to ribosomes that translate the viral genome
(Pasternak et al., 2006). Full-length recombinant SARS-CoV
nsp12 associates with short (20-30 nucleotides long) dsSRNA
and ssRNA (Kd 0.13 and 0.1 pM, respectively), and initiates
primer-dependent RNA synthesis on both homo- and hetero-
polymeric RNA templates of the same length (Velthuis et al.,
2010). However, the recombinant SARS-CoV nsp12 does not
associate with a primer-template that mimics the 3'-terminal
40 nucleotides of the SARS-CoV UTR and does not exhibit
RdRp activity on this primer-template (Subissi et al., 2014).

Cryo-electron microscopy determined the structure of the
monomer SARS-CoV-2 nsp12, which includes the nidovirus-
specific N-terminal domain of the RdRp-associated nuc-
leotidyl transferase (NiRAN), the interface domain, and the
C-terminal RdRp domain. The C-terminal RARp domain has
a conserved right-hand-like architecture, which includes three
subdomains: fingers, palm, and thumb. The active centre is
formed by conservative motifs of amino acid residues loca-
lized in the palm subdomain. The motifs of the channel of
entry for nucleotide triphosphates and the primer-template and
the exit of the resulting RNA strand converge in the central
cavity, where these motifs carry out matrix-dependent RNA
synthesis have been determined (Gao et al., 2020).

The association of the nsp7/8 complex with nsp12 leads
to the formation of the nsp7/8/12 complex. This complex
possesses high RNA-binding capacity, polymerase activity,
and processivity. It is also capable of initiating de novo RNA
synthesis on the 3" UTR template of the SARS-CoV geno-
me, resulting in the elongation of the RNA product by over
300 nucleotides. For nsp7/8/12 complex-mediated initiation
of processive RNA synthesis, three amino acid residues from
nsp7 (K7, H36, N37) and one amino acid residue from nsp8
(K58) are required for the interaction of nsp7/8/12 with the
RNA template, while four amino acid residues from nsp8
(D99, P116, P183, R190) interact with nsp12 (Subissi et al.,
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2014). Moreover, nsp7/8/12 is able to associate with nsp14
to form the nsp7/8/12/14 multicomplex. This ensemble of
non-structural proteins possesses high RNA polymerase
activity and is involved in 5" RNA capping; however, it does
not have ExoN activity (Subissi et al., 2014). The structure of
the SARS-CoV-2 and SARS-CoV nsp7/8/12 complexes was
determined by cryo-electron microscopy. These complexes,
including the nsp12 monomer, nsp8 monomer, and nsp7/nsp8
heterodimer, have similar architecture: the nsp8-1 subunit
interacts with the RdRp finger subdomain, while the nsp7
and nsp8-2 subunits interact with the RARp thumb subdomain
(Gao et al., 2020);

nsp13 possesses helicase and nucleoside-triphosphatase
(NTPase) activities; nspl3 interacts with nsp7, nsp8, and
nspl2 in the Y2H system (Brunn et al., 2007; Pan et al., 2008).
The crystal structure of MERS-CoV nsp13 was determined.
The structure includes an N-terminal zinc-binding domain
(ZBD) rich in Cys/His residues that coordinate three zinc ions,
as well as C-terminal helicase RecAl and RecA2 domains
which contain parallel $-chains (Hao et al., 2017). The nsp13
helicase separates dsSRNA and dsDNA strands with overhang-
ing (5-20 nucleotides long) 5" ends; nsp13 interacts with the
single-stranded 5’ end of the partial nucleic acid duplex of
dsRNA and dsDNA and unwinds it in the 5'-3' direction, using
the hydrolysis energy of the 5’-deoxy- and ribonucleotide
triphosphates (Ivanov et al., 2004; Adedeji etal., 2012,2016).
The RNA 5'-triphosphatase activity of nspl3 catalyzes the
cleavage of the Y phosphate from the 5’-terminal nucleotide
of RNA and is thought to be involved in the capping of viral
RNA (Ivanov et al., 2004). Studies of SARS-CoV nsp13 have
shown that the unwinding of DNA duplexes occurs in discrete
intervals of ~9.3 base pairs (bp) at a rate of 30 intervals per
second. Therefore, the unwinding speed of DNA duplexes is
approximately 280 bp/s.

The helicase activity of nspl3 increases approximately
2-fold when nsp13 interacts with nspl2, suggesting the
interaction of these proteins is involved in the function of
the RTC (Adedeji et al., 2012). When SARS-CoV-2 nsp13
interacts with the RTC, specifically with nsp7/2nsp8/nsp12:
RNA, the stable complexes 2nsp13—RTC (67 %) and nsp13—
RTC (20 %), as well as the dimer (2nsp13—-RTC), (13 %) are
formed. Using cryo-electron microscopy, the architecture of
the dominant 2nsp13—RTC complex has been determined.
This involves the interaction of the ZBD on the first nsp13
molecule with the N-terminus of nsp8b and the nsp12 thumb
subdomain, as well as the interaction of the ZBD of the second
nsp13 molecule with the N-terminus of nsp8a. The catalytic
RecAl helicase domain of the first nsp13 molecule is fixed
against nsp7 and the nsp8b head (Chen et al., 2020);

nsp15 is a nidovirus uridylate-specific endoribonuclease
(NendoU). It cleaves RNA at the 3' uridylate in unpaired,
single-stranded, and looped regions (Bhardwaj et al., 2006;
Zang et al., 2018). The crystal structures of SARS-CoV-2,
SARS-CoV, and MERS-CoV nsp15 are homologous, function-
ally active hexamers formed by the dimerization of trimers.
Each of the hexamer protomers includes three domains: the
N-terminal, middle, and C-terminal catalytic NendoU do-
mains. During trimer assembly, the N-terminal domain of
one protomer is packed into a gap between the central and
C-terminal domains of the neighbouring protomer. During
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assembly of the hexamer, the N-terminal domains of the pro-
tomers of the two trimers are packed back-to-back and are in
the centre of the hexamer structure. The C-terminal domains
containing active centres are located outward at the vertices
of the cloverleaf. This architecture provides nspl5 with six
functionally active centres (Zang et al., 2018; Kim et al., 2020).

The uridylate content in RNA, Mn*2 and, to a lesser extent,
Mg™? increase the affinity of nsp15 for RNA. The hexameric
structure of SARS-CoV and MERS-CoV nsplS5 is critical
for its substrate and catalytic activity. The study of a series
of mono-, tri- and hexameric protein mutants revealed weak
interactions with RNA (U, _,,) and low catalytic activity in
monomers and trimers compared to hexamers and wild-type
nspl5 (Bhardwaj et al., 2006; Zang et al., 2018). Nsp8 and
the nsp7/8 complex interact with MERS-CoV nspl5, enhanc-
ing the binding ability of the nsp15 hexamer for RNA and its
catalytic activity (Zang et al., 2018). The NendoU activity of
nspl5 is an antagonist of the IFN-induced cellular antiviral
response and stimulates the initiation of viral RNA translation
(Deng et al., 2018, 2019).

A large number of non-structural subunits and their respec-
tive complexes within the RTC is a defining feature of CoVs.
An important feature is that some subunits have domains with
different enzymatic activities. For example, nsp14 has both
ExoN and N7-MTase activity, while nsp13 has helicase and
nucleoside triphosphatase activity. Non-structural proteins
have a set of activities universal for (+) RNA viruses: proteina-
ses (nsp3, nspS), RNA-dependent RNA polymerases (nsp12),
RNA helicases (nsp13). There are also unique domains in-
volved in mRNA capping, cap modification (nsp14, nsp16).
Some proteins possess 3'-5" exoribonuclease activity (nsp14),
which regulate the reliability of RNA genome replication,
while some possess uridylate-specific endonuclease activi-
ty (nspl5). Many proteins serve as cofactors for important
enzymes (nsp7, nsp 8, nspl0) and affect cellular processes.
In particular, some proteins suppress the antiviral cellular
response (nspl, nsp3, nsp6, nspl5). The nsp9 and nspl0
structures are unique among the protein structures of the rep-
licative complexes of RNA viruses. Many CoVs subunits and
their complexes have a complex architecture. For example,
nsp7 and nsp8 form a functional and unique hexadecameric
supercomplex, the nsp10 architecture includes 12 identical
subunits, and the nsp15 architecture is a functionally active
hexamer. The complex architecture of the RTC is defined by
the 2 nsp13/2 nsp8/1 nsp7/1 nsp12 model.

Conclusion

The lack of effective drugs against the novel coronavirus in-
fection is a current global challenge. The RTC of CoVs re-
plicates (+) RNA and determines the production of the virus
in infected cells; however, the molecular mechanisms of this
remain unexplored. Currently, great efforts are being under-
taken aimed at creating a structural or functional network of
interactions within the CoV proteome, as well as its interac-
tions with the host cell. This would identify a large-scale panel
of therapeutic targets. The determination of the structures of
individual non-structural RTC subunits and their complexes
and the identification of key interacting amino acid residues
and types of bonds between them will enable the design of
selective and effective inhibitors. Investigations employing
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biochemical methods and mutational analyses can identify
factors that affect the efficiency of viral genomic RNA produc-
tion and the virus in an infected cell, the multiple effects of
viral proteins on the host cell, and potential key drug targets.
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A system of molecular markers
to identify alleles of the Rht-B1 and Rht-D1 genes
controlling reduced height in bread wheat
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Abstract. Mutant alleles of the Rht-B1 and Rht-D1 (Reduced height) genes are widely used in bread wheat breeding for
the development of intensive-type cultivars. These genes and their flanking regions have been sequenced and the
point mutations leading to the nonsense codons (Rht-B1b, Rht-Ble, Rht-B1p and Rht-D1b alleles) and various inser-
tions (Rht-B1c, Rht-B1h and Rht-B1i-1) associated with a change in plant height have been described. DNA-markers
based on the allele-specific PCR have been developed to identify single-nucleotide changes. However, the use of such
technique imposes stringent PCR conditions, and the resulting data are not always unambiguous. An alternative can
be found in the CAPS technology: it detects differences in sequences by digesting PCR products. In the absence of
restrictases capable of digesting DNA at the point mutation site, restriction sites can be introduced into the primer
sequence (derived CAPS). The aim of this study was to propose a system of CAPS-, dCAPS- and STS-markers for identi-
fying alleles of the reduced height genes frequently used in breeding programs. Three CAPS have been developed to
identify the Rht-B1b, Rht-D1b, Rht-B1p alleles, as well as two dCAPS for Rht-B1b, Rht-B1e. STS-markers for the insertion-
containing alleles Rht-B1c, Rht-B1h and Rht-B1i-1 have been selected from publications. The proposed markers were
tested during the genotyping of 11 bread wheat accessions from the VIR collection with the abovementioned mutant
alleles and the wild-type Rht-B1a and Rht-D1a.The presence of nonsense mutations was also confirmed by the results
of allele-specific PCR. This marker system, along with the existing ones, can be used to identify dwarfing alleles of
the Rht-B1 and Rht-D1 genes in bread wheat for genetic screening of accessions from ex situ collections and/or for
marker-assisted selection.

Key words: Triticum aestivum; alleles of Rht-genes; AS-PCR; CAPS; dCAPS; genotyping.
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Cucrema MOJIEKVY/ISIPHBIX MapKepoOB IJISI UAeHTUPUKALLI
asiesieii TeHOB KOpoTKocTebenbHOCTU Rht-B1 ui Rht-D1
Y MSITKOJ IIII€HUIIBI

W.B. TToporaukos @, O.IT. Mutpodanosa, O.I0. AnToHOBa

DepiepanbHblii NCCNEROBATENBCKNI LLIeHTP BCepoCCUNCKNN MHCTUTYT reHeTUYEeCKrX pecypcoB pacteHuii um. H./. Basunosa (BUP), CankT-MNeTep6bypr, Poccus
® i.v.porotnikov@gmail.com

AnHoTauumA. MyTaHTHble annenu reHoB Rht-B1 n Rht-D1 (Reduced height) unpoko ncnonb3yioT ANA co3fgaHna KopoT-
KocTebenbHbIX COPTOB MATKON MLIEHULIbl MIHTEHCUBHOTO TUMA. DTW reHbl U GrlaHKMpyoLue nx 061acT CEKBEHNPO-
BaHbl, B NOCNe[0BaTENbHOCTAX OMMCaHbl aCCOLUMPOBAHHbIE C M3MEHEHNEM BbICOTbl PAaCTEHUA OAHOHYKNEOTUAHbIe
3aMeHbl, NpuBoaALymne K 06pa3oBaHNI0 HOHCeHC-KogoHOB (annenu Rht-B1b, Rht-Ble, Rht-B1p v Rht-D1b), n pa3nunyHble
nHcepuuwn (annenu Rht-Bic, Rht-B1h v Rht-B1i-1). Ana naeHTMOMKaLMmM Takoro Tina OAHOHYKIEOTUAHbIX MyTaLuii pas-
paboTaHbl IHK-MapKepbl, OCHOBaHHbIe Ha MPUHLMME annenb-crneurduyHon nonrmMmepasHoi uenHow peakuymm (MLP).
OpHako ngeHTudrKauua annenein STumMm MeTogoM NpeabsBseT NoBbllLeHHbIe TPeOOBaHMA K COBMIOLEHMNIO YCIIOBUN
peakuuw, a nosyyaemble pesynbTaTbl He BCeraa OfHO3HauYHbl. AnibTepHaT1BO MoxeT 6biTb CAPS-TexHONOrnA, fieTek-
TUpYoLWasa pasnumna B NociiefoBaTeNIbHOCTAX MyTeM pecTpukumm MLUP-npofyKToB. B cnyyae oTcyTcTBUA pecTpurKTas,
cnocobHbIx pacwennaTb JHK B MecTe nokanvsaumm TOUKOBOW MyTaLuUm, PECTPUKLMOHHbIE CaiiTbl MOTYT ObITb NCKYC-
CTBEHHO BHECEHbI B NOCNeAoBaTeNnbHOCTb Nparimepa (derived CAPS). Llenb HacTosAweln paboTbl — pa3paboTats CAPS-
1 dCAPS-mapKepbl A BbIABNEHNA 3aMEH OCHOBaHWI, NogobpaTb Mo IMTEPATYPHLIM NCTOYHUKaM STS-MapKepbl Ana
OeTeKu N MHCEPLMIA N TEM CaMblM NPeANOXUTb CUCTEMY MONEKYIAPHbLIX MapKepoB ANnA ngeHTnduKaumm annenen re-
HOB KOPOTKOCTEOEbHOCTY, YAaCTO MCMOMb3yeMbIX 1 MePCreKTUBHBIX A4nA cenekummn. PaspabotaHo Tpu CAPS-mapkepa
ons BblsiBNeHus annenei Rht-B1b, Rht-D1b, Rht-B1p n na dCAPS-mapkepa ans Rht-B1b n Rht-Ble, npeanoxeHbl npo-
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Cuctema MONEKYNAPHbIX MapKepOoB /1A MAEHTUGMKALMN annenen
reHoB KopoTKkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHnL bl

rpammbl 4ns nx amnavounkaumm. Mo nuTepaTypHbIM UCTOUYHMKaM NogobpaHbl STS-mapkepbl anneneii Rht-Bic, Rht-B1h,
Rht-B1i-1, copepxaLumx nHcepumm. lNpennoxeHHaa cmctema MapkepoB anpobrpoBaHa npu reHoTunmpoBaHnmn 11 06-
pasLoB MArKOW NweHnLbl U3 Konnekumn BUP, HecyLumx BbileyKa3aHHble MyTaHTHbIe afifieNin FreHOB KOpoTKocTe6esb-
HOCTW 1 annenu aukoro tuna Rht-Bla v Rht-D1a. Hannune HOHCeHc-MyTaumii NOATBEPXKAEHO TakXe npv NoMoLu
annenb-cneyundunyHoi MNLUP. 3Ta cuctema MapKepoB Hapsaay C YXKe CYLLECTBYIOLMMY MOXET ObITb MCMONIb30BaHa Ans
NOeHTUOMKALMN annenei reHoB KopoTkoctebenbHocTV Rht-B1 v Rht-D1y MATKOW NWEHNLbI C LieSIblo TeHETUYECKOro
CKPUHWHIra 06pasLoB ex Situ KOMNeKLUMI U/unn B MapKep-opneHTVPOBaHHON Cenekuuu.

KntoueBble cnosa: Triticum aestivum; annenu Rht-reHos; AS-PCR; CAPS; dCAPS; reHoTunpoBaHue.

Introduction

The development of intensive-type short-stemmed wheat cul-
tivars is considered one of the key success factors in bread
wheat breeding, primarily in implementing the Green Revolu-
tion initiative in the world’s developing countries (Hedden,
2003; Sukhikh et al., 2021). The decrease in plant height not
only entailed higher resistance to lodging, with its favorable
effect on the efficiency of mechanized harvesting, but also
increased the number of grains per ear and their number per
1 m2, which aggregately led to higher yields (Gale etal., 1985;
Youssefian et al., 1992; Evans, 1998).

At least 25 genes controlling plant height in bread wheat
(Triticum aestivum L.) and related species were described: they
are known as Reduced height — Rht1—Rht25. All these genes
are in one way or another associated with the growth hormone
gibberellin (Mclntosh et al., 2013, 2016, 2018). Some of them,
the so-called GA-sensitive genes RAt4—Rht9, Rht12—Rht2() and
Rht25, are apparently involved in the synthesis or degradation
of gibberellic acid (GA). Other genes, GA-insensitive ones,
such as Rht-A1, Rht-B1, and Rht-D1, determine the response
to this acid. For some genes (Rht22, Rht23 and Rht24), the
nature of their response has not yet been clarified (Sukhikh
etal., 2021).

The most widespread among GA-sensitive genes is RA?S,
transferred in the early 20th century, together with the closely
linked photoperiod insensitivity allele Ppd-Dla of the Ppd
gene (response to photoperiod), from the Japanese cultivar
Akakomugi first to Italian and later to many East and South
European cultivars (Borojevic K., Borojevic Ks., 2005). This
gene does not exert any significant reducing effect on the
coleoptile length and, as a consequence, makes it possible
to sow seeds to a greater depth, which plays a decisive role
in maintaining the viability of seedlings under water deficits
or high temperatures (Korzun et al., 1998; Ellis et al., 2004;
Divashuk et al., 2013; Grover et al., 2018).

GA-insensitive genes were studied in more detail; they are
located on the short arms of chromosomes of homeologous
group 4 (Gale, Marshall, 1976; Borner et al., 1996). Dominant
alleles of these genes (wild-type) encode DELLA proteins,
belonging to the family of GRAS proteins (transcription re-
gulators); at their C-terminus, there is a conservative domain
that can bind to other transcription factors and thereby block
their function. That is why large amounts of DELLA proteins
in cells decelerate plant growth. There is a DELLA domain at
the variable N-terminus: it is capable of forming the GA-GID1
complex (gibberellin insensitive dwarf 1, GA receptor). This
complex undergoes polyubiquitination and degradation in-
duced by proteasomes. Accordingly, a decrease in the amount
of DELLA proteins in cells in the presence of GA reduces their
negative effect on plant growth (Peng et al., 1999; Bazhenov
et al., 2015; Thomas, 2017; Sukhikh et al., 2021).
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A fairly large number of recessive and semi-dominant mu-
tant alleles altering the stem length in different ways have
been described for the RA¢-B1 and Rht-D1 genes. These alleles
have been sequenced; the most thoroughly studied sequences
are presented by us in Supplementary material 11. The alleles
Rht-B1b (=Rhtl), Rht-Ble (=Rhtll, =Rht Krasnodari 1),
Rht-Blp (=Rht17) and Rht-D1b (=Rht2) were shown to be
associated with single-nucleotide substitutions that lead to
the formation of premature stop codons (Peng et al., 1999;
Ellis et al., 2002; Pearce et al., 2011; Divashuk et al., 2012;
Lietal., 2012; Bazhenov et al., 2015). The phenotypic effect
of such nonsense mutations varies from moderate (a decrease
in plant height by 20-24 % in the presence of Rht-B1b and
Rht-D1b alleles) to strong (by 33 and 40 % in the presence
of Rht-Blp and Rht-Ble, respectively) (Gale et al., 1985;
Sukhikh et al., 2021).

The alleles Rht-B1h and Rht-B1i-1 have large (over 100 bp)
insertions in the 5" flanking region, while Rht-Blc (=Rht3)
is characterized by the presence of an insertion in the 5" un-
translated region identical to that in RA#-B1h and, at the same
time, the presence of the Veju retrotransposon in the coding
region (Wu et al., 2011; Li et al., 2013; Wen et al., 2013;
Lou et al., 2016). Such insertions can lead to the formation
of nondegradable proteins, so the growth of mutant plants is
constitutively repressed, more significantly than in the case
of nonsense mutations in the N-terminal coding region (Wu et
al., 2011; Wen et al., 2013). For example, the Rht-Blc allele
reduces plant height approximately by 60 % (Flintham, Gale,
1983; Sukhikh et al., 2021). However, insertions can not only
reduce but also increase the height of plants (by 10-15 %,
compared to the wild type) as, for example, in the case of
Rht-Bli-1 (Lou et al., 2016). Besides, the alleles of “strong
dwarfing”, Rht-D1c (Rht10) and Rht-D1d (Rht Ai-bian 1a),
reducing the height by 60-70 %, were identified in the Rht-D 1
gene; they turned out to be multiple copies of the mutant allele
Rht-D1b (Pearce et al., 2011). There are also other known al-
leles of the RAt-B1h—o and Rht-D1e—j genes, associated with
either nucleotide changes (missense mutations) or indels. They
are identified in a large number of Chinese cultivars using the
EcoTILLING method; however, their phenotypic effect has
not yet been described. Mutant alleles of the Rht-41 gene
were also identified for the first time in Chinese cultivars (Li
etal., 2013).

The alleles most frequently used in breeding programs are
Rht-B1b and Rht-D1b. Their source was the Japanese cultivar
Norin 10. At the end of the 20th century, more than 70 % of
the world’s bread wheat cultivars contained these alleles (Gale
et al., 1985; Evans, 1998). Later, however, it was shown that
their occurrence depended on the region of the world. Rht-B1b

T Supplementary materials 1 and 2 are available in the online version of the
paper: http://vavilov.elpub.ru/jour/manager/files/Suppl_Porotnikov_Engl.pdf
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was detected in 36.2 % of bread wheat cultivars from China,
and Rht-D1b in 53.4 % (Zhang et al., 2006). Meanwhile,
the genotyping of 247 cultivars from the United States and
Canada helped to identify these alleles in more than 90 %
of them (Guedira et al., 2010). RAt-D1b predominates in the
genotypes of European cultivars, while its occurrence in the
cultivars registered after 1990 is 49 % (Wiirschum et al., 2017).

Widespread in Russia are cultivars with the Rht-Ble al-
lele, obtained by mutagenesis in cv. Bezostaya 1; the mutant
form is Krasnodarsky Karlik 1 (Lukyanenko, Zhogin, 1974;
Rabinovich, 1986). At present, semi-dwarf cultivars (Krosh-
ka, Pobeda 50, Fisht, Palpich, Vostorg, Doka, Tanya, Yesaul,
Kalym, Pervitsa, and Grom), homozygous for Rit-Ble alleles,
are cultivated both in Russia and the ex-USSR countries on
an area of more than 4 million hectares (Divashuk et al.,
2012, 2013).

The allele RAt-Blp is also promising for breeding: a stop
codon emerges in its DELLA domain due to the substitution
of cytosine for thymine at position 178 from the start codon.
This mutation causes an up to 30 cm decrease in the height
of bread wheat plants, especially as far as the lower internode
is concerned, but it does not reduce the length of the ear (Ba-
zhenov et al., 2015).

The sequencing of RAt-B1 and Rht-D1 alleles in various
bread wheat cultivars have led to the development of mole-
cular markers for their identification. For example, STS mar-
kers were obtained to identify the insertion-containing alleles
Rht-Blc, Rht-Blh and Rht-Bli-1 (Pearceetal., 2011; Lietal.,
2013; Louetal., 2016). Markers based on allele-specific PCR
(AS-PCR), including real-time AS-PCR, are used to identify
the alleles Rht-B1b, Rht-Ble, Rht-B1p and Rht-D1b, carrying
single-nucleotide substitutions (Ellis et al., 2002; Pearce et al.,
2011; Li et al., 2012; Bazhenov et al., 2015, 2019).

The widespread alleles RA#-B1b and Rht-D1b as well as
those of the RAt24 gene are identified on the basis of com-
petitive allele-specific PCR (KASP-markers), offering a pos-
sibility to evaluate large numbers of bread wheat accessions at
low time costs (Rasheed et al., 2016; Wiirschum et al., 2017).
It should also be mentioned that AS-PCR results strongly de-
pend on the reaction conditions, require several replications
of the analysis, and call for strict observance of the author’s
protocol, which is not always possible. The KASP analysis,
in its turn, requires sophisticated equipment and expensive
reagents, which are often unaffordable to small practice-orien-
ted laboratories.

The use of CAPS (cleaved amplified polymorphic sequence)
markers can be an alternative to AS-PCR: they are based on
the presence of a restriction site in the region with a single-
nucleotide mutation (the site is absent in the wild type) or,
contrariwise, on the disappearance of the site typical of the
wild type in the mutant version (Shavrukov, 2015). If restric-
tion sites are absent at the locations of the analyzed mutations,
they can be produced purposefully through designing modified
primers, i.e., by the derived CAPS method, or dCAPS (Neff
et al., 1998, 2002).

Unlike AS-PCR, the CAPS and dCAPS marker techniques
are effortlessly reproducible and do not require stringent
PCR conditions, while the results of such analysis are easily
interpreted in agarose gels. It is possible to generate markers
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using the basic PCR equipment. Previously, such markers were
developed for the Rht24 dwarfing gene (Tian et al., 2017).

The objective of the present study was to develop CAPS and
dCAPS markers for the analysis of single-nucleotide changes
in Rht-B1 and Rht-D1, test STS markers for identification of
insertions in these genes and, as a result, propose a marker
system for identifying the alleles most frequently used in
bread wheat breeding.

Materials and methods

Plant material. Eleven bread wheat accessions from the VIR
collection with known alleles of the Rh#-B1 and Rht-D1 dwarf-
ing genes (Table 1) served as the material for this study. The
cultivars Chinese Spring and Hongdongmai with wild-type
alleles Rht-Bla and Rht-DIa were used as controls. Each
of the studied accessions was represented in the genotyping
process by two or three individual plants as well as by bulk
DNA sample, which was isolated from a total of 10-20 geno-
types (seedlings).

DNA extraction. DNA was extracted from 10-day-old
seedlings using a modified CTAB extraction technique (An-
tonova et al., 2020).

Sequences alignment. The sequences of different alleles
ofthe Rht-B1 and Rht-D1 genes were aligned using MEGA X
(https://www.megasoftware.net/), Unipro UGENE (Okonech-
nikov et al., 2012), and BioEdit Sequence Alignment Editor
(Hall, 1999). Restriction sites were searched for using the
GenScript Restriction Enzyme Map Analysis Tools (https://
www.genscript.com/tools/restriction-enzyme-map-analysis).

Primers development. Primers for the nested PCR and
CAPS analysis were developed with the Primer3Plus software
(Untergasser et al., 2007). Primer quality (number of hairpins,
homo- and heterodimers) was monitored using OligoAnalyzer
Tool, a web resource from Integrated DNA Technologies, Inc.
(https://eu.idtdna.com/calc/analyzer). Primers for dCAPS
markers were generated using the dCAPS Finder 2.0 soft-
ware (Neff et al., 2002). The primers developed in the course
of this study and those supplied from published sources are
presented in Tables 2 and 3, and their locations are shown in
Fig. 1, a, b.

PCR procedure: a) nested PCR. The nested PCR method
was applied to enhance the specificity of the dCAPS analysis:
the first PCR was performed with primers BF/VIR.BIR flank-
ing the region of point mutations in the Rhz-BI gene; after
that, the resulting PCR product was used as a template for the
second PCR with dCAPS (B1bF/R, BlepF/BleR) and CAPS
(BlepF/B1pR) primers. The first round of nested PCR was
carried out in 25 pl of the reaction mixture containing 40 ng
of total wheat DNA; 1x reaction buffer; 1.5 mM of MgCl,;
0.6 mM of each ANTP; 0.25 uM of both forward and reverse
primer, and 1 unit of Tag DNA polymerase (Dialat, Russia,
http://dialat.ru/). For higher specificity, the PCR program
contained the Touchdown function: the initial annealing tem-
perature was 4 degrees higher than the design temperature and
decreased by 0.5 degrees per cycle for 8 cycles (see Table 3).

Samples of the resulting amplification products (2 pl of
each) were transferred into clean tubes, diluted 50 times with
water, and used as a template in the second stage of PCR.
Another 10 pL of each PCR product was taken to control the

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 < 26 - 2



M.B. MopoTHukos, O.MN. MutpodaHosa
O.l0. AHTOHOBa

2022
26-2

Cuctema MONEKYNAPHbIX MapKepOoB /1A MAEHTUGMKALMN annenen
reHoB KopoTKkocTebenbHocTv Rht-B1 1 Rht-D1'y MArKoi NeHnL bl

Table 1. Bread wheat accessions with the known alleles of the Rht-B1 and Rht-D1 dwarfing genes used in the study

Alleles of genes VIR catalogue Accession

number “k-"

Rht-B1a, Rht-Dila 44435 Chinese Spring

6 1 292 ..................................... H ongdo ng ma .i ........
RhtB,thtD,a63o45 ..................................... K nyaZhna ................

6 4312 ..................................... K raSOta ....................
RhtB1CRhtD7a4O699TomThumb ............
RhtB1eRhtD,a64583veda ........................

652236rom .......................
RhtB1thtDia44977At|as66 ...................
RhtB,thtDibsWHZhen99023 ............
RhtB,,,RhtD,a ........ 10152Tnumph ..................
RhtB,pRhtD1054848ChnsMutant ...........

success of PCR by agarose gel electrophoresis (Fig. 2, a).
The remainder (approximately 12 pl) was treated with the
restriction enzyme BstV 11 (SibEnzyme, Russia, http://russia.
sibenzyme.com/) to generate the CAPS marker for the
Rht- B1b allele.

The second round of nested PCR was performed in 20 pl
of the reaction mixture containing 4 pl of the template; 1%
reaction buffer; 2.5 mM of MgCl,; 0.3 mM of each dNTP;
0.25 uM of both forward and reverse primer, and 1 unit of Taq
DNA polymerase (Dialat). The programs for each pair of prim-
ers are also presented in Table 3. Approximately 12 pl of the
amplification mixture were taken for restriction analysis, and
the remainder was used for PCR control by electrophoresis;

b) standard PCR. In the cases of CAPS markers for the
Rht-D1b allele and the markers detecting retrotransposon
in the gene’s coding region and insertions in the 5’ flanking
region, PCR was performed under standard conditions. The
reaction mixture (20 pl) contained 40 ng of DNA; 1x reaction
buffer; 2.5 mM of MgCl,; 0.3 mM of each dNTP; 0.25 uM
of each primer, and 1 unit of Taq DNA polymerase (Dialat);
the programs are presented in Tables 2 and 3;

c) allele-specific PCR. The conditions and the programs for
AS-PCR corresponded to those recommended by the authors
of the primers (Ellis et al., 2002; Bazhenov et al., 2015).

Restriction analysis. PCR products were treated with re-
striction enzymes produced by SibEnzyme, using the manu-
facturer’s protocol (http://russia.sibenzyme.com).

Fragment separation was done in horizontal agarose
gels in the 1x TBE buffer under the voltage of 5 V/em. The
gels were stained with ethidium bromide and visualized in
UV light.

Results and discussion

For the development of CAPS and dCAPS markers, the
sequences from the NSBI databases were analyzed (https://
www.ncbi.nlm.nih.gov/) for the following alleles of the dwarf-
ing genes: Rht-Blb, Rht-Ble, Rht-Blp and Rht-D1b. Also,
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Origin References
China Peng et al., 1999
» Lietal, 2013

» »
......... U SALIetaI.I2013
......... C hlna»
......... U SSR,UkraInIanSSR»

the sequences of the wild-type alleles Rht-Ala, Rht-Bla and
Rht-D1a were retrieved as controls. The Genbank accession
numbers for used sequences are given in Supplementary mate-
rial 1. Sequence alignment confirmed the presence of nonsense
mutations in these allelic forms, which made it possible to start
the development of CAPS and dCAPS markers (see Fig. 1).

A search was made for each nonsense mutation to identify
restriction sites that would distinguish the target allele from
all others, including wild-type ones. The BstV1I (GCAGC)
restriction enzyme, unable to digest the mutant GTAGC site,
was selected for Rht-B1b. Similarly, BstHHI (GCGC) became
the restriction enzyme for the Rh#-Blp detection (mutant
site GCGT). On the contrary, the BstSFI restriction enzyme
(CTRYAG) exclusively digested the mutant site (CTGTAG)
contained in Rht-D1b. Thus, it was possible to develop such
CAPS markers as CB1b/BstV1I, CB1p/BstHHI and CD1b/
BstSF1 to identify the alleles RAt-B1b, Rht-B1p and Rht-D1b,
respectively.

We failed to identify restriction sites at the location of the
nonsense mutation in the Rht-Ble allele. Hence, the dCAPS
marker dCB1e/Hinfl was developed for it: the sequence of the
reverse primer was modified so that the analyzed nucleotide,
together with the 3’ end of the primer, formed a GATTC restric-
tion site, providing an opportunity to distinguish this mutation
from all other alleles by means of the Hinfl restriction. The
dCAPS marker dCB1b/4cc361 was additionally constructed
to identify Rht-B1b (see Fig. 1).

When performing PCR under standard conditions, with the
genomic DNA of bread wheat used as a template, we were
unable to obtain specific fragments for the dCAPS markers and
the CAPS marker CB1p/BstHHI (the data are not presented).
We therefore applied the nested PCR method: the amplifica-
tion products of the BF/VIR.B1R primers, flanking the region
of localization of all analyzed point mutations in the RA#-B1
gene, were used as a template for the second round (see Fig. 1).

The developed markers were tested on a set of bread wheat
accessions with known alleles of the dwarfing genes, and all

131



1.V. Porotnikov, O.P. Mitrofanova A system of molecular markers to identify alleles of the Rht-B1
O.Yu. Antonova and Rht-D1 genes controlling reduced height in bread wheat

Table 2. Primers used in this study to identify alleles of the Rht-BT gene

Primer Sequence Marker Primer combination Target area Method of target ~ References
5'—3' allele identification
Nested-PCR
BF ggtagggaggcgagaggcgag - BF/VIR.B1R 338 bp —all alleles; Ellis et al., 2002
......................................................................... _ Rht—BTC—nO tesscesesssscesssscsssssssscesssssnsnns

fragment

Program: 94 °C - 3 min 30's; 8 cycles (94 °C - 45 s, 69 °C with a 0.5 °C drop in annealing temperature at each cycle - 150,72 °C - 60 s);
30 cycles (94 °C-455,65°C-455,72°C—-455);72°C-7 min

BF ggtagggaggcgagaggcgag - BF/MR1 190 C—T 237 bp Ellis et al., 2002

MRT catccccatggecatctcgagcta

Wm .............. catcccc a tggccatctc ga gctg ....... e BF/Wm ............................. 190c_>T .............. No fragment ..............

VIRBIR  tcgacccaggaggagaggtcg  CB1b  BFAVIRBIR BstV1l': GCAGC? Norestrictionsite  Thisstudy
BILF caagatgatggtgtcggggtcgg  dCB1b  BIbFR® Accsel: No restriction site

BIbR  ccatccccatggecatctecacct! ACCTGC

MR3 ggccatctccagctgctccagcta - BF/MR3 181 A—T 228 bp Pearce etal., 2011
WR3 ggccatctccagctgctccagett BF/WR3 No fragment
BlepF acaagatgatggtgtcggggtc dCB1e BlepF/B1eR? Hinfl - GANTC?  No restriction site  This study

Rht-B1p-F/Rht-B1-R1 178 C—T 425 bp Bazhenov et al., 2015

Rht-B1c-F1/Rht-B1c-R1 150 GY2026bpC 256 bp Pearce etal., 2011

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 5, 61 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min 30s,72 °C -1 min);
30 cycles (94 °C-455,57°C-455,72°C—-455);72°C-7 min

Rht-B1h.F  gaggcaaaatcacgcaagtact - Rht-B1h.F/Rht-BTh.1R  -592TH97b%pC 247 bp Lietal, 2013

Rht-B1h.2R cttatggcaaaatggattccaaga  — Rht-B1h.F/Rht-B1h.2R 331 (another
alleles - 134 bp)

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 s, 63 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min 305,72 °C -1 min);
30 cycles (94 °C-455,59°C-455,72°C—-455);72°C-7 min

B1i-MF1 cagacgatatttaactggccgattga - B1i-MF1/B1i-MR1 -366 AY16OPPT 330 bp Lou et al., 2016

B1i-MF2  ctctaatttgcggggatttc - B1i-MF2/B1i-MR2 -366 AY16OPPT 586 bp (another Lou et al., 2016
......................................................................... alleles - 426 bp)

Program: 94 °C — 3 min 30 s; 8 cycles (94 °C - 45 s, 66 °C with a 0.5 °C drop in annealing temperature at each cycle - 1 min30s,72 °C -1 min);

30 cycles (94°C-60s,62°C-60s,72°C—-455);72°C-7 min

1 The listed restriction enzymes may be replaced with their isoschizomers: BstV1l (BseXI, Bbvl), Acc36l (Bvel, BspMI), BstHHI (AspLEl, Cfol, Hin6l, HinP11, HspAl).
2 Boldfaced in the selective area are the nucleotides at restriction sites, variation of which enables the researcher to identify the required alleles.

3The nested PCR products of the first round were used as a template for these combinations of primes (50 times dilution).

4 Boldfaced and underlined are the modified nucleotides in primers for dCAPS markers.
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Table 3. Primers used in this study to identify alleles of the Rht-D1 genes

Primer Sequence Marker Primer Target area Method of target References
5'—3 combination allele identification
................................................................................................... |dent|f|cat|onothtD1b
OF cgcgcaattatiggccagagatag - DF/MR2  181G-T x4 Elisetal, 2002
MR2 ccccatggecatctegagetgcta
DF2 .............. ggca ag ca .;;\ .a.‘ agcttcgcg ............ S DF2/WR2 ........... No . fragment ............................
WR 2 ............. ggcc atc tcgagctg ca C ..............

Program (for CD1b/BstSFI marker): 94 °C - 3 min 30 s; 8 cycles (94 °C - 45 s, 68 °C with a 0.5 °C drop in annealing temperature at each cycle -
1 min 30s,72°C-1min); 30 cycles (94°C-455,64°C—-455,72°C-455); 72°C-7 min

TIsoschizomers for the BstSFl restriction enzyme: Bfml, and Sfcl.
2 Boldfaced in the selective area are the nucleotides at restriction sites, variation of which enables the researcher to identify the required alleles.

a BF VIR.B1R
Rht-B1h.2R  B1i-MF1 B1i-MR1 |_) <—‘
Rht-B1h.F Rht-B1h.IR|  BTi-MF2 B1i-MF2 Rht-B1c-F1 Ebht-m cR1
M o s
~633! {584 -500 404  160bp | -174 2 L 2026bplegu | 318
197 bp insertion | \  insertion | 24 \ insertion H 314
(et g bbb e
For Rht-B1h, c alleles For Rht-B1i-1allele For Rht-Bicallele
338 bp target fragment for identification alleles
of Rht-B1 gene (Rht-Bla, b, e, p)
l v
b 10 20 30 40 50 60 70 80 90
e e L e I I e
BF -
Rht-Bla 1 GGTAGGGAGGCGAGAGGCGAGATCATGAAGCGCGAGTACCAGGACGCCGGAGGGAGCGGCGGTGGCGGGGGAGGCATGGGCTCGTCCGAG 90
2o ot 3 0 o 90
2o ot 3 90
RAE=BID 1 oottt e e e e e e e e e e e 920
100 110 120 130 140 150 160 170 180
I I I I I I I I I - I I I I | I | |
Rht-Bla 91 GACAAGATGATGGTGTCGGGGTCGGCGGCGGCGGGGGAGGGGGAGGAGGTGGACGAGCTGCTGGCGGCGCTCGGGTACAAGGTGCGGGCG 180
Rht-B1b o1 . BIbF e e 180
Rht-Ble o1 .BlepF o e e 180
Rht-B1p 91 . BleeF______ B e e 180
190 200 210 220 230 240 250 260 270
e e e I |
Rht-Bla 181 TCCGACATGGCGGACGTGGCGCAG TGGAGCA@PGGAGATGGCCATGGGGATGGGCGGCGTGGGCGCCGGCGCCGCGCCCGACGAC 270
RAE=BIb 181 ..., T BIbR L 270
RRAt=BIe 181 +vveeeeneannnannnnn T 3 270
RAt=BIP 181 i, T« BIPR. . 270
280 290 300 310 320 330

[ I
- VIR.B1R
Rht-Bla 271 AGCTTCGCCACCCACCTCGCCACGGACACCGTGCACTACAACCCCACCGACCTCTCCTCCTGGGTCGA 338

RRE-BID 271 oo oo e et e e et e e e e e e e e e e e 338
REE=BIE 271 oo oot et e e e e e e e e e e e e e e e 338
RIE-BID 271 oo oo e e e e e e e e e e e e e e e e e e 338

Fig. 1. Localization of primers for identifying the main alleles of the Rht-BT gene.

a - scheme of the gene and adjacent regions with the marked primer localizations for the first round of nested PCR and for identification of insertions in the
Rht-Bic, Rht-B1h and Rht-B1i-1 alleles; b — alignment results for the sequences flanked by the BF/VIR.B1R primers (first round of nested PCR), and primers for iden-
tification of point mutations in the Rht-B1b, Rht-B1e and Rht-B1p alleles using CAPS/dCAPS analysis.

Borders of the 197 bp insertion and Veju retrotransposon are taken from the publication by W. Wen et al. (2013); borders of the 160 bp insertion are taken from
the publication by X. Lou et al. (2016). The gene’s coding region is filled with dark color, and the Veju retrotransposon and insertions in the 5’ flanking region are
marked with thin lines. Ovals in Fig. 1, b indicate nucleotide changes in dCAPS primers.
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Fig. 2. Identification of nonsense mutations in the Rht-B1 and Rht-D1 genes using the developed CAPS and dCAPS markers.

a - amplification products obtained with the BF/VIR.B1R primers, serving as a template for the second round of nested PCR;
b - identification of the Rht-B1b allele: CAPS marker CB1b/BstV1l; ¢ - identification of the Rht-B1b allele: dCAPS marker dCB1b/
Acc36l; d - identification of the Rht-Bie allele: dCAPS marker dCB1e/Hinfl; e - identification of the Rht-D1b allele: CAPS marker
CD1b/BstSFI.

Numbers designate accessions with different alleles of the Rht-B7 and Rht-D1 genes: T — negative control (H,0); 2, 3 - Hongdongmai
(wild-type); 4, 5 - Krasota (Rht-B1b, Rht-D1a); 6, 7 — Knyazhna (Rht-B1b, Rht-D1a); 8, 9 — Grom (Rht-Ble, Rht-D1a); 10, 11 - Veda
(Rht-Ble, Rht-D1a); 12, 13 — Chris Mutant (Rht-B1p, Rht-D1a); 14, 15 - Triumph (Rht-B1i-1, Rht-D1a); 16, 17 — Chinese Spring (wild-
type); 18, 19 - Zheng 9023 (Rht-B1h, Rht-D1b); 20, 21 - Atlas 66 (Rht-B1h, Rht-D1a). M — molecular marker 100 bp DNA Ladder

(SibEnzyme).

of them demonstrated high efficiency in differentiating the
wild-type Rht-Bla, Rht-D1a and mutant versions Rht-B1b,
Rht-Ble, Rht-Blp and Rht-D1b (see Fig. 2 and 3).
Concurrently, allele-specific primers retrieved from pub-
lished sources were used to identify nonsense mutations in
Rht-B1b, Rht-Ble, Rht-Blp and Rht-D1b compared to the
wild type (Ellis et al., 2002; Pearce et al., 2011; Bazhenov et
al., 2015). For this purpose, two pairs of primers were used
for identification of each mutation: one of them detected the
mutant version, while the other spotted the wild type and
all other alleles. It was shown for Rht-Blb, Rht-Ble and
Rht-D1b that the results of allele-specific PCR on the whole
agreed with the data of CAPS and dCAPS analyses. However,
identification of the wild-type RA#-Bla and Rht-Dla alleles
with the primers BF/WR and DF2/WR2, respectively (Ellis
etal., 2002), involved certain difficulties: poor reproducibility
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of results, and generation of weakly expressed fragments in
forms with RAht-B1b and/or Rht-D1b (Supplementary mate-
rial 2). In the case of Rht-Blp, allele-specific PCR under the
conditions of this study turned out to be ineffective: after
amplification with the Rht-B1p-F/R1 primers (Bazhenov et
al., 2015), a specific product was generated both in the forms
with mutant alleles and in those with the wild-type ones (see
Supplementary material 2).

The study also employed five pairs of STS primers (Pearce
etal.,2011; Lietal.,2013; Louetal., 2016) as a tool for iden-
tifying mutations associated with the presence of a retrotrans-
poson in the coding region (RAz-B1c) as well as with insertions
in the promoter region (RAt-B1i-1) and the 5’ flanking region
(Rht-B1h). The locations of these insertions are marked in the
scheme of the RAt-B1 gene; it also shows primers for their
detection (see Fig. 1, a).
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Fig. 3. Identification of the Rht-B1p allele with the CAPS marker CB1p/BstHHI.

The arrow points at genotypes with Rht-B1p, the PCR products of which were not restricted. Numbers designate accessions
with different alleles of the Rht-B1 and Rht-D1 genes: 1, 2 - Hongdongmai (wild-type); 3, 4 — Krasota (Rht-B1b, Rht-D1a);
5,6 -Knyazhna (Rht-B1b, Rht-D1a); 7, 8 - Grom (Rht-BTe, Rht-D1a); 9, 10 - Veda (Rht-BTe, Rht-D1a); 11, 12 = Triumph (Rht-B1i-1,
Rht-D1a); 13, 14 - Chinese Spring (wild-type); 15, 16 - Zheng 9023 (Rht-B1h, Rht-D1b); 17, 18 - Chris Mutant (Rht-B1p, Rht-D1a);
19, 20 - Atlas 66 (Rht-B1h, Rht-D1a); 21 - negative control (H,0). M — molecular marker 100 bp DNA Ladder (SibEnzyme).

Table 4. Marker profiles for identifying alleles of the Rht-B7 and Rht-D1 dwarfing genes

using the system proposed in the present study

Allele Target CAPS/dCAPS-markers for detection STS-primers combination for detection of insertion
(old gene mutation of nonsense mutations (size of amplification products is given in bp)
name) (0 - no restriction site, 1 — restriction site is present)
CB1b dCB1b  dCBle  CBlp CD1b B1i-MF1  B1i-MF2  Rht-B1c-F1 Rht-B1h.F Rht-B1h.F
/BstV1l  /Acc36l'  /Hinfl! /BstHHI'  /BstSFI  /MR1 /MR2 /R1 /1R /2R
Rht-Bla  Wild type 1 1 1 1 - NoPCR 426 No PCR No PCR 134
Rht-B1b 190 C—T 0’ 0? 1 1 - NoPCR 426 No PCR No PCR 134
(RhtT)
Rht-Ble 181 A—T 1 1 0? 1 - NoPCR 426 No PCR No PCR 134
(Rht11)
Rht-Blp 178 C—T 1 1 1 0? - NoPCR 426 No PCR No PCR 134
(Rht17)
Rht-Blc  Insertion NoPCR NoPCR NoPCR NoPCR - NoPCR 426 256 247 3312
(Rht3) 150 G*2026bpC
Rht-B1h  Insertion 1 1 1 1 - NoPCR 426 No PCR 2472 3312
-592TH197bPC
Rht-B1i-1 Insertion 1 1 1 1 - 3302 5862 No PCR NoPCR 134
-366 A'160bPC
Rht-D1a  Wild type - - - - 0 - - - - -
Rht-D1b 181 G—T - - - - 12 - - - - -
(Rht2)

1 The products of the first round of nested PCR (50 times dilution) were used as a template for these markers.
2 Boldfaced and underlined are the amplification products, the presence/absence of which makes it possible to pinpoint the target alleles of the Rht-B1

and Rht-D1 genes.

Two pairs of primers were used for the RAt-B1i-1 allele (Lou
etal., 2016): one of them (B1i-MF1/MR1) in the presence of
an insertion produced a specific 330 bp fragment, while the
other (B1i-MF2/MR2) amplified fragments of different sizes
in genotypes with or without an insertion (see Tables 2 and 4,
Fig. 4, ¢). Similarly, to detect the RAt-Blh allele, the Rht-
B1h.F/R1 primers were used, resulting in a specific product
of 247 bp, as well as the Rht-B1h.F/R2 primers, generating
fragments of different sizes (see Tables 2 and 4; Fig. 4, b) (Li
et al., 2013). Since RAt-B1h has a common insertion in the
5" flanking region with Rht-Blc, the Rht-Blc-F1/R1 primer,
specific for the retrotransposon sequence, was also used for
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their differentiation (see Tables 2 and 4, Fig. 4, a) (Pearce
et al., 2011). Additional evidence of the presence of a retro-
transposon may be found in the fact that no PCR products
are generated in genotypes with this insertion during the first
round of nested PCR with the BF/VIR.B1R primers: it can be
explained by a big distance between the primers (see Fig. 4, d).

Our testing of STS markers showed a complete concordance
between the presence of their diagnostic fragments and the
composition of alleles present in the studied genotypes (see
Fig. 4). The accessions Atlas 66 and Zheng 9023 containing
Rht-B1h yielded amplification products pointing to the pre-
sence of an insertion in the 5’ flanking region. In the acces-
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Fig. 4. Identification of insertion-carrying alleles for the Rht-B1 gene using STS primers.

a - PCR products of the Rht-B1c-F1/R1 primers specific to Rht-B1c; b — PCR products of the Rht-BTh-MF1/MR2 primers specific
to Rht-B1h and Rht-B1c; ¢ — PCR products of the B1i-MF2/MR2 primers specific to Rht-B1i-1; d — absence of PCR products of the
BF/VIR.B1R primers in genotypes with the Rht-B1c allele carrying a 2026 bp insertion.

Numbers designate accessions with different alleles of the Rht-B7 and Rht-D1 genes: T - Krasota (Rht-B1b, Rht-D1a); 2 - negative
control (H,0); 3, 4 - Knyazhna (Rht-B1b, Rht-D1a); 5, 6 — Grom (Rht-Ble, Rht-D1a); 7,8 — Veda (Rht-Ble, Rht-D1a); 9, 10 — Chris Mutant
(Rht-B1p,Rht-D1a); 11, 12 - Triumph (Rht-B1i-1, Rht-D1a); 13, 14 - Chinese Spring (wild-type); 15, 16 - Zheng 9023 (Rht-B1h, Rht-D1b);
17, 18 - Atlas 66 (Rht-B1h, Rht-D1a); 19, 20 - Tom Thumb (Rht-B1c, Rht-D1a). M — molecular marker 100 bp DNA Ladder (SibEnzyme).

A system of molecular markers to identify alleles of the Rht-B1
and Rht-D1 genes controlling reduced height in bread wheat

sion Triumph carrying the Rht-B1i-1 allele, which increases
plant height, an insertion in the promoter region was detected
using molecular markers, and in Tom Thumb (RA#-Blic), a
retrotransposon in the coding sequence and an insertion in
the 5’ flanking region were found. It should be mentioned
that when a retrotransposon was identified using the Rht-B1c-
F1/R1 primers, in addition to the formation of a fragment of
the expected size, the emergence of nonspecific products of
a larger size was observed in Tom Thumb (RA#-Blc) and in
all other genotypes (see Fig. 4, a).

Assessing the system of the proposed molecular markers
in its entirety, it should be kept in mind that it can be used to
generate a marker profile for each of the studied alleles of the
Rht-B1 and Rht-D1 genes, i. e., to get an unambiguous answer
whether one of the abovementioned alleles of the RA#-B1 and
Rht-D1 dwarfing genes is present in one or another genotype.
Marker profiles for the alleles are presented in Table 4.

Conclusion

As a result of this study, a system of molecular markers was
proposed for the RAt-B1 and Rht-D1 dwarfing genes to iden-
tify the alleles most often used in bread wheat breeding. The
system is based on the developed CAPS and dCAPS markers
of nonsense mutations in these genes, which were previously
detected by allele-specific PCR (Ellis et al., 2002; Pearce et
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al., 2011; Bazhenov et al., 2015, 2019). Five STS markers
retrieved from published sources were used to identify inser-
tions (Pearce et al., 2011; Li et al., 2013; Lou et al., 2016).

The CAPS and dCAPS markers were tested during the ge-
notyping of bread wheat accessions from the VIR collection,
containing the mutant Rhat-B1b, Rht-Blc, Rht-Ble, Rht-Blh,
Rht-Bli-1, Rht-Blp and Rht-D1b alleles as well as those of
the wild-type. The tests showed complete concordance of
the obtained results with the expected ones. The presence
of Rht-Blb, Rht-Ble, Rht-Blp and Rht-D1b was also con-
firmed by allele-specific PCR with the primers widely used
in research and breeding programs (Kurkiev et al., 2008;
Pestsova et al., 2008; Divashuk et al., 2013; Li et al., 2013;
Lou et al., 2016).

The main advantage of our molecular marker system lies
in good reproducibility of results and their unambiguous in-
terpretation. The CASP/dCAPS analysis faces no problems
with controlling the PCR reaction success, because amplifi-
cation products are formed in all genotypes, and differences
between alleles are pinpointed after treatment with restriction
enzymes. Besides, notwithstanding the high cost of restric-
tion enzymes, CASP/dCAPS analysis is less expensive, since
there is no need to perform two independent PCRs in several
replications to detect each allele. The procedure is conducted
employing standard PCR equipment and using agarose gel
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electrophoresis, so it can be carried out by small practice-
oriented laboratories. When any new point mutations in the
Rht-B1 and Rht-D1 dwarfing genes become known, a similar
approach to the development of CAPS/dCAPS markers can
be applied to identify them.
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Androgenic response of Triticum durum-Dasypyrum villosum
amphidiploids and their parental forms
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Abstract. Wide hybridization in cereal crops is one of the most efficient tools for the enrichment of genetic vari-
ability and addressing a number of breeding problems related to resistance and tolerance to biotic and abiotic
stresses. Therefore, a large number of amphidiploids between species possessing different morphological, genetic
and physiological properties have been developed. One of the most valuable species with regard to the possibilities
for introducing valuable traits and properties into wheat species is the wild Dasypyrum villosum. With the aim to
study the androgenic response of the Triticum durum-D. villosum amphidiploids, two accessions and their parental
forms - the durum wheat cultivars Gergana and Argonavt and a landrace of the D. villosum — were studied. The fol-
lowing parameters were determined: callus induction, plant regeneration, yield of albino and green regenerants.
It was found that the callus induction of the two studied amphidiploids differed significantly from that of the pa-
rental forms (2.1-7.2 %), being significantly higher, 30.7 and 16.5 %, respectively. Regardless of the difference in
callus induction, the amphidiploids did not significantly differ from the parental forms in their regeneration ability.
The yield of albino plants exceeded the yield of green regenerants and followed the tendency observed in callus
induction. Green plants were found only in the amphidiploid Gergana-D. villosum and in the parental form durum
wheat Gergana. Plants were regenerated from the species D. villosum, although they were only albinos, showing its
good responsiveness to anther culture. The established characteristics of the amphidiploids and their parental forms
make their practical use highly valuable for the improvement of different types of cereal crops.

Key words: anther culture; androgenic response; amphidiploid; Dasypyrum villosum; parental forms.
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AHOporeHeTm4yecKkasi peakuysi aM@UInIIIONI0B
Triticum durum-Dasypyrum villosum 1 X poguTeabCKX POPM

X. CrostnoB @, 1. Beaues

[lo6pyaMKaHCKMIN CeNbCKOXO3ANCTBEHHDIV MHCTUTYT, I. l[eHepan Towweso, bonrapus
® hpstoyanov@abv.bg

AHHoTayua. OTganeHHas rmbpramnsauma 3n1akos ABNAETCA OOHUM U3 caMbiX 3PeKTUBHbIX cnocoboB oboralie-
HIA FTEHETUYECKOrO Pa3HOObpasmna 1 peLleHns MHOXKECTBA CeNTEKLMOHHbIX 33/lay B OTHOLLUEHWW YCTONYMBOCTU U
TONEePaHTHOCTU K B1UOTMYEeCKOMY 1 abrnoTnyeckomy ctpeccy. [lostomy co3aaHo 6onbLuoe Konnyectso ambugmnion-
[l0B MeXJy OTAeNbHbIMU BUAAMY, KOTOPble HafeNleHbl PasHbIMU MOP(ONTOTMYECKMU, FEHETUYECKUMUI 1 GU31oNOo-
rmyecknmMmn xapaktepuctukamu. Jukunin sug Dasypyrum villosum — ogyH U3 cambiX LEHHbIX BUAOB C TOUKU 3peHna
BO3MOXHOCTU MHTPOAYLIMPOBaHMA LIEHHbIX Ka4eCTB 1 CBONCTB B Pa3Hble cOpTa NieHuLbl. 1A nsyyeHuna peakumm
amouaunnoungos Triticum durum-D. villosum nccnenoBaHbl fBa 06pasua, X poauTenbckue Gopmbl — copTa TBEPAON
nweHunubl fepraHa n AproHaBT, a Takxke MecTHaa nonynauma suga D. villosum. YctaHoBneHbl cnepyiolmne napamer-
pbl: MHAYKUMA KaniycoB, YacToTa BCeX NPOpPOCTKOB K 100 sMO6pronofo6HbIM CTPYKTYpaMm, YacToTa afibOUHOCHbBIX
NPOPOCTKOB N YacToTa 3e/IeHbIX NPOPOCTKOB. 10 NMOyUYeHHbIM pe3ysibTaTaM BbIABNEHO, YTO MHAYKLNA KaslycoB
ABYX aMOUANMNIONL0B CTaTUCTUYECKN AOCTOBEPHO OTIMYAETCA OT PoAnTeNnbCKux dopm (2.1-7.2 %), 6yayum 3Hauun-
TenbHO Bbiwwe, 30.7 1 16.5 % cOOTBETCTBEHHO. HeCMOTpA Ha pasHuLly B UHAYKLMMN Kannycos, amGuannionabl npak-
TUYECKW He OT/IMYAIOTCA OT poauTeNnbCcKmx Gopm CBoel pereHepupytoLlelt CoCcobHOCTbIO. YacToTa anbObMHOCHbIX
NPOPOCTKOB 3HAUNTENbHO NMPEBBILIAET YACTOTY 3€/IeHbIX NMPOPOCTKOB, Clieflysl TEeHAEHLUMY, HabloAaeMoi B MHAYK-
LMW KannycoB. 3efieHble MPOPOCTKY 3aperncTprpoBaHbl ToNbKo y ampuannnounga lepraHa-D. villosum vy pogu-
Tenbckow dopmbl TBEpAON NweHMubl lepraHa. Pactenus suaa D. villosum 6binn pereHepripoBaHbl, 1 TO, YTO Obinn
TONbKO aNbOUHOCHbIE MPOPOCTKY, MOKa3blBaeT XOPOLLYIO OT3bIBUMBOCTb BUAA HA KyNbTUBUPOBAHME MblIbHUKOB.
YcTaHOBNEHHbIE XapPaKTEPUCTUKN NCNbITAHHbIX aMd)I/I,EI,I/II'IHOVI,QOB N X POANTENBCKNX d)OpM AenakrT npakTnyeckoe
MNCMob30BaHMe 3TMX amduanNIoNa08 0CO6EHHO LIEHHbIM Af1A CeNneKUmn PasfiNyHbIX BUAOB 3/1aKOB.

KnioueBble cnoBa: MbUIbHUKOBAA Ky/bTypa; aHApOreHeTnyeckan peakums; amuannnong; Dasypyrum villosum; po-
antenbckme Gopmbl.
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Introduction

The development of highly productive varieties of cultivated
plants, which at the same time are characterized with stable
yields and are resistant to different biotic and abiotic stress
factors, is a primary task in plant breeding (Chahal, Gosal,
2000). However, the increase of yield within the genome of
a given species is not limitless (Grassini et al., 2013). In this
respect, there are different approaches to enrich the genome of
the cultivated plants — wide hybridization, genetic engineering,
genome editing technologies, etc. (Chahal, Gosal, 2000; Liu
etal., 2014; Okada et al., 2019; Li, 2020; Wang et al., 2020).

Although contemporary science has reached high levels of
use of the latter two technologies, wide hybridization remains
a main conventional tool for achieving high genetic variabi-
lity. There is a large amount of research on amphidiploids de-
veloped through wide hybridization among the cereal crops
(Zhang et al., 2010; Ming et al., 2011; Babaiants et al., 2012;
Stoyanov, 2013, 2014, Dai et al., 2015; Nemeth et al., 2015;
Song et al., 2019; Klimushina et al., 2020; Zuo et al., 2020;
Kiani et al., 2021). One of the most promising species for
enrichment of the genome of common and durum wheat,
however, is Dasypyrum villosum. This species has been de-
scribed in detail with regard to the possibility of being used in
the improvement work on the wheat species in the researches
of A. Gradzielewska (2006a) and C. De Pace et al. (2011).
In another research, A. Gradzielewska (2006b) described in
detail a large number of studies on the production of hybrids,
natural hybrids, substitution and addition lines with wheat and
other species. There are a number of studies on the possibility
of using the hybrids and amphidiploids of the wheat species
with D. villosum in practical breeding (De Pace et al., 2001;
Vaccino et al., 2010; De Pace et al., 2011; Zhang et al., 2015,
2016a, b, 2018; Ando et al., 2019). A. Stefani et al. (1987)
reported rather detailed morphological characteristics of the
amphidiploid Triticum durum-D. villosum.

Since plant breeding is a rather dynamic process, when
developing lines from the cereal species, the biotechnologi-
cal method of anther culture is often used to accelerate the
breeding process (Belchev, 2003; Lantos, 2009). Different
researchers report that the efficiency of the process and the
production of a high number of green plants is related to the
response to anther culture of the parental forms involved in
the cross (Zamani et al., 2003; Dagiistii, 2008; Yildirim et
al., 2008; El-Hennawy et al., 2011). In this respect, the de-
veloped amphidiploids, substitution and addition lines with
D. villosum, are specific parental forms, the reaction to anther
culture of which has not been studied up to now. The possibi-
lity to apply anther culture to amphidiploids in principle has
been little investigated. The response to anther culture in the
amphidiploids has been studied in the amphidiploid Aegilops
variabilis-Secale cereale (Ponitka et al., 2002), and the authors
determined 0.1-13.4 % of regenerants obtained from 100 an-
drogenic embryoids. D. Plamenov et al. (2009) determined
1.9-3.2 % of green regenerants from 100 cultured anthers in
the amphidiploid 7. durum-T. monococcum ssp. aegilopoides.
In tritordeum (Barcelo et al., 1994), it was also found out that
anther culture is an efficient process. The results from these
researches showed that different amphidiploids are able to
give positive response to anther culture.
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The aim of this study was to determine the reaction of the
amphidiploid 7. durum-D. villosum to anther cultivation in
comparison to its parental forms.

Materials and methods

Plant material. Two accessions of the amphidiploid 7. du-
rum-D. villosum (1dv (Gergana-D. villosum) and 2dv (Argo-
navt-D. villosum)), a part of the collection of Dobrudzha
Agricultural Institute were used, as well the durum wheat
parental forms (7. durum cv. Gergana and cv. Argonavt) and
the wild species D. villosum.

The accession of D. villosum (2n = 2x = 14 (VV); family
Poaceae, tribe Triticeae, subtribe Triticineae, genus Dasypy-
rum) was collected in Dobrich region in 2011.

Crosses Gergana X D. villosum and Argonavt x D. villosum
were made conventionally, without embryo rescue in 2012;
the obtained seeds (Gergana x D. villosum — 3 seeds and Argo-
navtx D. villosum — 8 seeds) were germinated and at tillering
stage the plants (Gergana x D. villosum — 1 plant and Argo-
navtx D. villosum — 3 plants) were treated with colchicine in
2013. The seeds from the two obtained primary amphidiploids
were multiplied several times.

Anther culture. The experiment was carried out during
2016/2017. Anther donor plants were grown under greenhouse
conditions. The seeds from the accessions were germinated
in Petri dishes and then planted in plastic pots. Fifteen plants
from each accession were grown in three pots, using 10 plants
per genotype. Primary, seedling were vernalized at 4 °C
(3000 Ix, 16 h day/8 h night) for 45 days. After this period,
the plants were transferred to a cold greenhouse (515 °C) for
about three months, and the temperature was later increased to
15-20 (25) °C. Tillers bearing spikes containing anthers with
microspores at mid- to late uninucleate stage were cut, put in
a vessel with water and pretreated at 4 °C for 8-9 days. Ten
spikes from each genotype were collected. Cold pretreated
spikes were surface sterilized with 70 % ethanol under asep-
tic conditions. Sixty anthers from each spike were placed in
test tubes with 20 ml P2 induction medium (Chuang et al.,
1978). The anthers were cultured at 28 °C in darkness for
about 60 days. After the 30th day, they were periodically
checked for induction of embryogenic structures (calli and
embryoids), which were transferred to test tubes with 10 ml
regeneration medium (Zhuang, Jia, 1983) and cultured at 25
°C (3000 Ix, 16 h day/8 h night). Green and albino regenerants
were counted after 30 days.

The androgenic response was estimated by the following
traits: callus induction (CI) (number of embryogenic struc-
tures induced per 100 cultured anthers, %), plant regenera-
tion (PR) (number of regenerated green and albino plants per
100 embryogenic structures, %), frequency (yield) of green
plants (YGR) (number of regenerated green plants per 100
cultured anthers, %) and frequency (yield) of albino plants
(YAR) (number of regenerated albino plants per 100 cultured
anthers, %).

Statistics. The obtained results were summarized over
genotypes and parameters. One way ANOVA was carried
out with the aim of determining the effect of the genotype on
the studied parameters to estimate their androgenic response.
Significant differences between the amphidiploids and their
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parental forms were calculated based on the Duncan test. To
process the data, software MS Office Excel 2003 was used,
and to perform ANOVA and the Duncan test — IBM SPSS
Statistics v.19.

Results

The results on the androgenic potential of the investigated
amphidiploids and their parental forms (Table 1) showed that
accession 1dv had the highest callus induction (30.7 %), and
durum wheat Argonavt — the lowest (2.1 %). Between the
parental forms, there were no significant differences (both
between the durum wheat cultivars and between the species
durum wheat and D. villosum). The two amphidiploids differed
significantly by their callus induction, which was probably
related to the effect of the maternal component.

The yield of green plants, averaged for the entire investi-
gated set, was extremely low. In the entire experiment, only 5
green regenerants were produced, one of them being from the
durum wheat cultivar Gergana, and the other 4 — from the am-
phidiploid 1dv (Gergana-D. villosum). No green regenerants
were obtained from cultivar Argonavt and from the amphidi-
ploid 2dv. Also, no green plants were produced from the wild
species D. villosum. Although there was a rather small number
of the obtained plants for formulating a general tendency for
the effect of the parental forms, the presence of green plants
in cultivar Gergana and the amphidiploid, in which it was
involved, was probably due to genotypic specificity.

The albino plants considerably exceeded the green regene-
rants. In practice, they were predominant with regard to the
total number of regenerants. The amphidiploid 1dv again had
the highest yield of albino plants (10.3 %), and the lowest va-
lues were observed in cultivar Argonavt (0.4 %). The tendency
in yield of obtained albinos largely followed the tendency of
callus induction. The two amphidiploids significantly differed
from the parental forms by their values, as well as between
themselves (10.3 and 5.8 %, respectively). Meanwhile, sig-
nificant differences between the two durum wheat cultivars
and between the durum wheat and the wild species were not
registered. The higher yield values of the albino plants in the
amphidiploid 1dv may be related to the higher responsiveness
of cultivar Gergana, which was the maternal component of
this amphidiploid, although the difference between Gergana
and Argonavt was not significant.

On the whole, plant regeneration, expressed as a number
of regenerants per 100 embryogenic structures, was compara-
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tively low. The highest values were read in the two investigated
aphidiploids (35.9 and 35.4 %, respectively), and the lowest —
in the wild species D. villosum (13.0 %). This parameter
did not follow the tendency observed in the values of callus
induction and yield of green and albino regenerants. There
were no significant differences between any of the studied
accessions. However, higher plant regeneration was registered
in the amphidiploids, in comparison to cultivar Argonavt and
the wild species, and the difference with cultivar Gergana was
considerably lower. The differences not being significant was
an indication that the regeneration potential of all studied ac-
cessions was practically identical, and the differences formed
were entirely random. The total number of regenerants, how-
ever, expressly followed the tendency of callus induction and
yield of albino plants. The higher responsiveness to anther
culture of the two investigated amphidiploids in comparison
to either of the parental forms could be clearly observed in
this parameter.

The results from the analysis of the variance of the studied
parameters (Table 2) showed that the genotype had a signifi-
cant effect on the parameters callus induction and yield of
albino regenerants. This allows supposing that the separate
accessions gave specific responses and that there are signifi-
cant differences between them, as determined by the Duncan
test that was carried out. At the same time, the effect of the
separate accessions on the plant regeneration and the yield
of green plants was not significant. Worth mentioning are ac-
cessions Gergana and Gergana-D. villosum, in which higher
responsiveness to anther culture was observed, in general.
Nevertheless, these results do not give a definite answer to
the question of whether the amphidiploids are different as a
biologically distinct organism from the two parental forms
with regard to their androgenic response.

When summarizing the results at the level of the species,
a clear tendency of the amphidiploid 7. durum-D. villosum
having significantly higher callus induction and yield of albino
regenerants was evident (Table 3).

Simultaneously, significant differences between the two
parental forms were not observed, the values of both para-
meters being significantly lower in them. The yield of green
plants from the parental forms and from the amphidiploid was
extremely low and did not allow forming a clear tendency.
In this case, the production of green regenerants was rather
random, without observing significant differences between
the investigated species. Plant regeneration, at the levels of

Table 1. Androgenic response of parental forms and durum wheat-D. villosum amphidiploids

Genotype NCA NOC Cl, % NRC
Gergana .............................. 60043 72ab13 ......
Argonth ............................. 480 .................. 1 02132 ......
Dw”osum(Dv) ................... 54023 43ab3 ......
1dV(GerganaDv) ............... 600 ................ 1 84 ............... 307C ............ 66 ......
2dv(ArgonthDv) ............. 48079165b ............ 28 ......

PR, % NAR YAR, % NGR YGR, %
........... 302a12 2ab102ab
........... 200a2 04aoooa
130a3 ................. 06a .............. 0 ................... ooa .............
........... 359a62 103C407b
........... 354a28 58b000a

Note. NCA - number of cultivated anthers; NOC - number of obtained calli; CI - callus induction; NRC - number of regenerative calli; PR - plant regeneration;
NAR - number of albino regenerants; YAR - yield of albino regenerants; NGR — number of green regenerants; YGR - yield of green regenerants.
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Table 2. ANOVA according to factor “accession” of the studied accessions

Parameters Sum of squares df Mean square F Significance
C|Betweengroup5051392401297336930000 ..........................
W.th|ngroup5059697 ............................. 40001492 ..............................................................................................
TOta .| ...................................... 1 1 1 539 ............................. 44 .....................................................................................................................................
YARBetweengroup5006774400169477990000 ..........................
W.thmgroupsoogsge ............................. 40000217 ..............................................................................................
Tota|o15460 ............................. 44 .....................................................................................................................................
YGRBetweengroupsoooog,z400000321590091 ..........................
W.thmgroupsooo147 ............................. 40000004 .............................................................................................
Tota|ooo179 ............................. 44 .....................................................................................................................................
pRBetweengroupso36055400901408990474 ..........................
W.th|ngroup54o1134 ............................. 40010028 .............................................................................................
Tota|437138 ............................. 44 .....................................................................................................................................

Note. CI - callus induction; YAR - yield of albino regenerants; YGR - yield of green regenerants; PR - plant regeneration.

Table 3. Androgenic response of parental forms and durum wheat-D. villosum amphidiploid

Species NCA NOC Cl, % NRC PR, % NAR YAR, % NGR YGR, %
Tdu,um(Td) ............. 1 080 ................. 5 349a ............... 1 5283a ............... 1 4 ................... 1 3a ................. 1 01a ..............
DW”osum(Dv) ........... 5 40 ................. 2 343a ................. 3 .................... 1 30a ................. 3 06a000a ..............
Td_Dv ......................... 1 080263244b9435739083b ............... 404a ..............

Note. NCA - number of cultivated anthers; NOC — number of obtained calli; CI - callus induction; NRC - number of regenerative calli; PR - plant regeneration;
NAR - number of albino regenerants; YAR - yield of albino regenerants; NGR - number of green regenerants; YGR - yield of green regenerants.

Table 4. ANOVA according to factor “species” of the studied accessions

Parameters Sum of squares df Mean square F Significance
C|Betweengroupso417712 ............................ 020885 ......................... 1 25640000 ...........................
Wlthmgroupsosgmg ............................ 42 ............................ 001662 .................................................................................................
TOta .| ................................. 1 11 5 89 ............................ 44 ..........................................................................................................................................
YARBetweengroup50057632 ............................ 002881 ......................... 1 24800000 ...........................
Wlthmgroupsoo%gg ............................ 42 ............................ 000231 .................................................................................................
Tota|o1546o ............................ 44 ..........................................................................................................................................
YGRBetweengroupsoooonz ............................ 000005 ........................... 1 3490271 ...........................
Wlthmgroupsoom(,g ............................ 42 ............................ 000004 ................................................................................................
Tota|ooo179 ............................ 44 ..........................................................................................................................................
pRBetweengroupso313932 ............................ 015695 ........................... 1 6250209 ...........................
W|th| ngroups ................ 4 05 7 95 ............................ 42 ............................ 0096 6 2 .................................................................................................
TOta .| ................................ 4 37 1 88 ............................ 44 ..........................................................................................................................................

Note. Cl - callus induction; YAR - yield of albino regenerants; YGR - yield of green regenerants; PR - plant regeneration.

both genotype and species, did not differ as a tendency. The ~ was found in world literature that would present data on the
observed differences were not significant (see Tables 3 and 4),  amphidiploid 7. durum-D. villosum or the species D. villosum.
which indicated that the studied amphidiploid did not differ ~ An exception was the research of X. Chen et al. (1996), who

from the parental forms by its regeneration capacity. suggested applying the anther culture method on hybrids
(not amphidiploids) of the F, (T" durum x D. villosum). These
Discussion authors reported successful production of amphidiploids,

Concerning the results obtained on the androgenic response of ~ regenerated from colchicine-treated calli. At the same time,
the used accessions, it should be emphasized, that no source  there are researches on the use of tissue cultures on three-
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component hybrids 7. aestivum x (T. durum-D. villosum).
H. Li et al. (2005) reported lines with high powdery mildew
resistance obtained from such hybrids through the method of
embryo rescue and subsequent anther culture.

D. Plamenov et al. (2009), when investigating the an-
drogenic response of accessions from the amphidiploid
T durum-T. monococcum ssp. aegilopoides, came up with
results different from ours. The reported callus induction was
3.3-11.7 % for the two studied accessions, the plant regenera-
tion was considerably higher, 33.8-68.4 %, respectively, and
the albino regenerants yield was 1.9-3.2 %. At the same time,
the yield of green plants (0.4-0.8 %) was a little higher than
the data we obtained in our experiment (0.0-0.7 %). These
authors reported a total of seven regenerated plants from both
accessions, this parameter being significant, unlike the re-
sults we obtained. Using anther culture in the amphidiploid
Ae. variabilis-S. cereale, and P2 medium, A. Ponitka et al.
(2002) observed 1.4-15.7 % of callus induction, and on C17
medium — 20.0-65.2 %. Subsequently, the authors reported
0.1-13.4 % yield of green regenerants using 190-2 regenera-
tion medium. It was found out that the androgenic response
was strongly dependent on the genotype, similar to the results
of the experiment we conducted. Successful regeneration of
green plants through the method of anther culture has also been
reported for an aneupolyhaploid of Thynopyrum ponticum
(Wang et al., 1991), for the amphidiploid Festuca pratensis-
Lolium multiflorum (Lesniewska et al., 2001; Zwierzykowski
etal.,2001; Rapacz et al., 2005) and the amphidiploid Cycla-
men persicum-C. purpurascens (Ishizaka, 1998).

In contrast to these results, the parental forms were cha-
racterized with much lower androgenic response. This was
confirmed by the absence of callus induction in Ae. variabilis
and rye, reported by A. Ponitka et al. (2002), and also in the
species 1. monococcum ssp. aegilopoides in the research of
D. Plamenov et al. (2009). Durum wheat is also characterized
by weak androgenic response, in general. M. Dogramaci-
Altuntepe et al. (2001), using 10 durum wheat genotypes,
obtained only 248 green regenerants from 86,400 anthers
(0.29%). F. J*Aiti et al. (1999), investigating 15 durum wheat
genotypes and 7500 cultivated anthers, obtained just three
albino regenerants and one green plant.

L. Cistue et al. (2006), on the other hand, reported sig-
nificantly higher production of green plants, but including
6-benzylaminopurine or 6-furfurilaminopurine in the induc-
tion medium (C17). In more recent researches, the production
of haploids, even by the method of isolated microspores, has
been of extremely low efficiency in durum wheat (Slama-Ayed
et al., 2019). These results entirely corresponded to the data
we obtained with regard to the two cultivars Argonavt and
Gergana. Clear genotypic specificity was observed in the better
response of Gergana to anther culture as compared to Argo-
navt, although the difference was not statistically significant. It
is probable that this tendency is the reason for the amphidiploid
Gergana-D. villosum having better responsiveness to anther
culture. In this respect, the amphidiploid 7. durum-D. vil-
losum we investigated, and the amphidiploids reported by
A. Ponitka et al. (2002) and D. Plamenov et al. (2009) were
closer by their androgenic response to the response of triticale
(which is a typical amphidiploid crop) than to the response of
the parental forms. J. Pauk et al. (2000), K. Marciniak et al.
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(2003), C. Lantos et al. (2014) and H. Stoyanov et al. (2019)
demonstrated that in triticale the albino regenerants are often
predominant, similar to the amphidiploid we studied. The
values of the green regenerants in triticale also varied (from
0.9t0 27.9 %, but more often within 3—6 %), according to data
from various researches (Gonzales, Jouve, 2000; Marciniak
et al., 2003; Banaszak, 2011; Lantos et al., 2014).

In contrast to the above responses of the parental forms
Ae. variabilis, S. cereale and T. monococcum ssp. aegilopoi-
des, our study, although limited in volume, demonstrated the
comparatively good responsiveness of the species D. villosum
to anther culture. This is the first time when results on rege-
nerants from this species (although only albinos) are being
reported. At the same time, it should be emphasized that until
this moment results from testing of the reaction of D. villosum
to the anther culture method have never been reported. This
is highly significant for the breeding of the wheat species
since it would allow transferring genes from the wild species
through the methods of wide hybridization and anther culture
more easily, quickly and efficiently. X. Chen et al. (1996) and
C. Li et al. (2000) reported common wheat lines resistant to
powdery mildew, which were obtained by crossing common
wheat to the amphidiploid 7" durum-D. villosum, followed by
embryo rescue and anther culture. Such results showed that the
combination of wide hybridization with the method of anther
culture is an efficient tool that can be used in the breeding of
different cereal crops.

Conclusion

Based on the presented results, the following conclusions

could be made:

1. For the first time, results on the androgenic response (callus
induction, plant regeneration, yield of albino plants, yield of
green plants) of the amphidiploid 7. durum-D. villosum and
of the parental component D. villosum are being reported.

2. The callus induction of the two studied amphidiploids
differed significantly from that of the parental forms
(2.1-7.2 %), being considerably higher —30.7 and 16.5 %,
respectively.

3. The plant regeneration of the investigated accessions varied
within a certain range (13.0-35.9 %), the differences not
being statistically significant. This indicated that in spite of
the differences in the callus induction, the amphidiploids
did not practically differ from the parental forms by their
regeneration capacity.

4. Although plant regeneration was observed in all studied
accessions, the yield of albino plants considerably exceeded
the yield of green regenerants and followed the tendency
observed in callus induction — the two amphidiploids had
significantly higher values. At the same time, green plants
were registered only in the amphidiploid Gergana-D. vil-
losum and in the parental form durum wheat Gergana. Such
results emphasized the genotypic specificity of the response
to anther culture.

5. Plants were regenerated from the species D. villosum,
although only albinos, which indicated its good responsive-
ness to anther culture. This, together with the good response
of the amphidiploids with the participation of this species,
makes their practical use, in combination with the anther
culture method, highly valuable for improving the cereals.

143



H. Stoyanov
|. Belchev

References

Ando K., Krishnan V., Rynearson S., Rouse M.N., Danilova T.,
Friebe B., See D., Pumphrey M.O. Introgression of a novel Ug99-
effective stem rust resistance gene into wheat and development of
Dasypyrum villosum chromosome-specific markers via genotyping-
by-sequencing (GBS). Plant Dis. 2019;103:1068-1074. DOI 10.109/
PI-S-05-18-0831-RE.

Babaiants O.V., Babaiants L.T., Horash A.F., Vasil’ev A.A., Tracko-
vetskaia V.A., Paliasn’iii V.A. Genetics determination of wheat re-
sistance to Puccinia graminis f. sp. tritici deriving from Aegilops cy-
lindrica, Triticum erebuni and amphidiploid 4. Tsitol. Genet. 2012,
46(1):10-17. (in Ukrainian)

Banaszak Z. Breeding of triticale in DANKO. In: Tagungsband der 61.
Jahrestagung der Vereinigung der Pflanzenziichter und Saatgutkaufl
eute Osterreichs 23-25 November 2010. Raumberg-Gumpenstein.
Irdning, 2011;65-68.

Barcel6 P., Cabrera A., Hagel C., Lorz H. Production of doubled-hap-
loid plants from tritordeum anther culture. Theor. Appl. Genet. 1994;
87:741-745.

Belchev I. Studies on Anther Culture of Common Winter Wheat
(Triticum aestivum L.) and Application of Double Haploid Lines in
Breeding. General Toshevo, 2003. (in Bulgarian)

Chahal G.S., Gosal S.S. Principles and Procedures of Plant Breeding:
Biotechnological and Conventional Approaches. New York: CRC
Press, 2000.

Chen X., Xu H.J., Du L.P., Shang L.M., Han B., Shi A., Xiao S. Trans-
fer of gene resistant to powdery mildew from H. villosa to common
wheat by tissue culture. Sci. Agric. Sin. 1996;29:1-8.

Chuang C.C., Ouyang T.W., Chia H., Chou S.M., Ching C.K. A set of
potato media for wheat anther culture. In: Proc. of Symposium on
Plant Tissue Culture 1978. Peking: Science Press, 1978;51-56.

Cistué L., Soriano M., Castillo A.M., Vallés M.P., Sanz J.M., Echa-
varri B. Production of doubled haploids in durum wheat (7riticum
turgidum L.) through isolated microspore culture. Plant Cell Rep.
2006;25(4):257-264. DOI 10.1007/s00299-005-0047-8.

Dagiistii N. Diallel analysis of anther culture response in wheat (7riti-
cum aestivum L.). Afi: J. Adv. Biotechnol. 2008;7(19):3419-3423.
Dai S., Li Z., Xue X., Jia Y., Liu D., Pu Z., Zheng Y., Yan Z. Analysis
of high-molecular-weight glutenin subunits in five amphidiploids
and their parental diploid species Aegilops umbellulata and Aegi-
lops uniaristata. Plant Genet. Resour. 2015;13(2):186-189. DOI

10.1017/S1479262114000719.

De Pace C., Snidaro D., Ciaffi M., Vittori D., Ciofo A., Cenci A.,
Tanzarella O.A., Qualset C.O., Mugnozza G.T.S. Introgression of
Dasypyrum villosum chromatin into common wheat improves grain
protein quality. Euphytica. 2001;117(1):67-75. DOI 10.1023 A:100
4095705460.

De Pace C., Vaccino P., Cionini P.G., Pasquini M., Bizzarri M., Qual-
set C.O. Dasypyrum. Chapter 4. In: Kole C. (Ed.). Wild Crop
Relatives: Genomic and Breeding Resources. Cereals. Berlin; Hei-
delberg: Springer-Verlag, 2011;185-292. DOI 10.1007/978-3-642-
14228-4 4.

Dogramaci-Altuntepe M., Peterson T.S., Jauha P.P. Anther culture-de-
rived regenerants of durum wheat and their cytological characteriza-
tion. J. Hered. 2001;92(1):56-64.

El-Hennawy M.A., Abdalla A.F., Shafey S.A., Al-Ashkar [.M. Produc-
tion of doubled haploid wheat lines (Triticum aestivum L.) using
anther culture technique. Ann. Agric. Sci. 2012;56(2):63-72. DOI
10.1016/j.a0as.2011.05.008.

Gonzales J.M., Jouve N. Improvement of anther culture media for
haploid production in triticale. Cereal Res. Commun. 2000;28(1-2):
65-72.

Gradzielewska A. The genus Dasypyrum — part 2. Dasypyrum villo-
sum — a wild species used in wheat improvement. Euphytica. 2006a;
152:441-454.

Gradzielewska A. The genus Dasypyrum — part 1. The taxonomy and
relationships within Dasypyrum and with Triticeae species. Euphy-
tica. 2006b;152:429-440.

144

Androgenic response of Triticum durum-Dasypyrum villosum
amphidiploids and their parental forms

Grassini P., Eskridge K., Cassman K. Distinguishing between yield
advances and yield plateaus in historical crop production trends.
Nat. Commun. 2013;4:2918. DOI 10.1038/ncomms3918.

Ishizaka H. Production of microspore-derived plants by anther cul-
ture of an interspecific F1 hybrid between Cyclamen persicum and
C. purpurascens. Plant Cell Tissue Organ Cult. 1998;54:21-28.

J’Aiti F., Benlhabib O., Sharma H.C., El Jaafari S., El Hadrami 1. Ge-
notypic variation in anther culture and effect of ovary coculture in
durum wheat. Plant Cell Tissue Organ Cult. 1999;59:71-76.

Kiani R., Arzani A., Meibody S.A.M.M., Rahimmalek M., Razavi K.
Morpho-physiological and gene expression responses of wheat by
Aegilops cylindrica amphidiploids to salt stress. bioRxiv. 2021. DOI
10.1101/2020.06.07.139220.

Klimushina M.V., Kroupin P.Y., Bazhenov M.S., Karlov G.I., Diva-
shuk M.G. Waxy gene-orthologs in wheat x Thinopyrum amphi-
diploids. Agronomy. 2020;10(7):963. DOI 10.3390/agronomy100
70963.

Lantos C. In vitro androgenezis induction in wheat (7Triticum aesti-
vum L.), Triticale (xTriticosecale Wittmack), spice pepper (Capsi-
cum annuum L.) and integration of the results into breeding: Thesis
of the Ph.D. dissertation. Szent Istvan University, 2009.

Lantos C., Bona L., Boda K., Pauk J. Comparative analysis of in vitro
anther- and isolated microspore culture in hexaploid Triticale (x7ri-
ticosecale Wittmack) for androgenic parameters. Euphytica. 2014;
197(1):27-37.

Lesniewska A., Ponitka A., Slusarkiewicz-Jarzina A., Zwierzykow-
ska E., Zwierzykowski Z., James A.R., Thomas H., Humphreys M.W.
Androgenesis from Festuca pratensis * Lolium multiflorum amphi-
diploid cultivars in order to select and stabilize rare gene combina-
tions for grass breeding. Heredity. 2001;86:167-176.

Li C. Breeding crops by design for future agriculture. J. Zhejiang Univ.
Sci. B.2020;21(6):423-425. DOI 10.1631/jzus.B2010001.

Li H., Chen X., Xin Z.Y., Ma Y.Z., Xu H.J., Chen X.Y., Jia X. Deve-
lopment and identification of wheat-Haynaldia villosa T6DL.6VS
chromosome translocation lines conferring resistance to powdery
mildew. Plant Breed. 2005;124:203-205. DOI 10.1111/j.1439-0523.
2004.01062.x.

Li HJ., Li Y.W,, Zhang Y.M., Li H., Guo B.H., Wang Z.N., Wen Z.Y.,
Liu Z.Y., Zhu Z.Q., Jia X. Tissue culture induced translocation
conferring powdery mildew resistance between wheat and Dasypy-
rum villosum and its marker-assisted selection. Yi Chuan Xue Bao.
2000;27(7):608-613.

Liu D., Zhang H., Zhang L., Yuan Z., Hao M., Zheng Y. Distant hybrid-
ization: a tool for interspecific manipulation of chromosomes. In:
Pratap A., Kumar J. (Eds.). Alien Gene Transfer in Crop Plants. Vol. 1.
New York: Springer, 2014. DOI 10.1007/978-1-4614-8585-8 2.

Marciniak K., Kaczmarek Z., Adamski T., Surma M. The anther-culture
response of triticale line X tester progenies. Cell. Mol. Biol. Lett.
2003;8:343-351.

Ming D., Xiugin W., Fu Q., Zhao Q., Zhao F., Wang Y. Cytogeneti-
cal analysis of hybrid F1 from common wheat and Aegilops ventri-
cosa* Aegilops cyiindrica amphidiploid. Agric. Sci. Technol. Hunan.
2011;12(9):1298-1302.

Nemeth C., Yang C.-y., Kasprzak P., Hubbart S., Scholefield D., Meh-
ra S., Skipper E., King 1., King J. Generation of amphidiploids from
hybrids of wheat and related species from the genera Aegilops, Se-
cale, Thinopyrum, and Triticum as a source of genetic variation for
wheat improvement. Genome. 2015;58(2):71-79. DOI 10.1139/gen-
2015-0002.

Okada A., Arndell T., Borisjuk N., Sharma N., Watson-Haigh N.S.,
Tucker E.J., Baumann U., Langridge P., Whitford R. CRISPR/Cas9-
mediated knockout of Msl enables the rapid generation of male-
sterile hexaploid wheat lines for use in hybrid seed production. Plant
Biotechnol. J. 2019;17:1905-1913. DOI 10.1111/pbi.13106.

Pauk J., Poulimatka M., Toth K.L., Monostori T. /n vitro androgenesis
of triticale in isolated microspore culture. Plant Cell Tissue Organ
Cult. 2000;61(3):221-229. DOI 10.1023/A:1006416116366.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2022 < 26 - 2



X. CToAHoOB
W. benues

Plamenov D., Belchev L., Spetsov P. Anther culture response of 7riticum
durum x T. monococcum ssp. aegilopoides amphiploid. Cereal Res.
Commun. 2009;37(2):255-259. DOI 10.1556/CRC.37.2009.2.13.

Ponitka A., Slusarkiewicz-Jarzina A., Wojciechowska B. Production of
haploids and doubled haploids of the amphiploids Aegilops varia-
bilis x Secale cereale. Cereal Res. Commun. 2002;30(1):39-45. DOI
10.1007/BF03543387.

Rapacz M., Gasior D., Humphreys M.W., Zwierzykowski Z., Plazek A.,
Lésniewska-Bocianowska A. Variation for winter hardiness gene-
rated by androgenesis from Festuca pratensis x Lolium multiflorum
amphidiploid cultivars with different winter susceptibility. Euphy-
tica. 2005;142:65-73.

Slama-Ayed O., Bouhaouel 1., Ayed S., De Buyser J., Picard E., Ama-
ra H.S. Efficiency of three haplomethods in durum wheat (7riticum
turgidum subsp. durum Desf.): isolated microspore culture, gyno-
genesis and wheat X maize crosses. Czech J. Genet. Plant Breed.
2019;55(3):101-109. DOI 10.17221/188/2017-CIGPB.

Song Z., Dai S., Jia Y., Zhao L., Kang L., Liu D., Wei Y., Zheng Y.,
Yan Z. Development and characterization of Triticum turgidum—
Aegilops umbellulata amphidiploids. Plant Genet. Resour. 2019;
17(1):24-32. DOI 10.1017/S1479262118000254.

Stefani A., Meletti P., Onnis A. Morphological characteristics of the
experimental allopolyploid Triticum durum x Haynaldia villosa
(2n=42). Can. J. Bot. 1987;65:1948-1951.

Stoyanov H. Status of remote hybrids in the Poaceae: problems and
prospects. Agric. Sci. Technol. 2013;5(1):3-12.

Stoyanov H. Analysis and assessment of amphidiploids of Triticum-
Aegilops group as a source of genetic diversity. Bulg. J. Agric. Sci.
2014;20(Suppl. 1):173-178.

Stoyanov H., Belchev 1., Baychev V. Changes in the androgenic respon-
se of triticale (xTriticosecale Wittm.) as a result of the inclusion of
sweet potato extract in the induction media. Rastenievadni Nauki.
2019;56(5):92-98. (in Bulgarian)

Vaccino P., Banfi R., Corbellini M., De Pace C. Improving the wheat
genetic diversity for end-use grain quality by chromatin introgres-
sion from the wheat wild relative Dasypyrum villosum. Crop Sci.
2010;50(2):528-540.

Wang H., Sun S., Ge W., Zhao L., Hou B., Wang K., Lyu Z., Chen L.,
Xu S., Guo J., Li M., Su P, Li X., Wang G., Bo C., Fang X., Zhu-
ang W., Cheng X., Wu J., Dong L., Chen W., Li W., Xiao G., Zhao J.,
Hao Y., XuY.,, Gao Y., Liu W,, Liu Y., Yin H., Li J., Li X., Zhao Y.,
Wang X., Ni F., Ma X,, Li A., Xu S.S., Bai G., Nevo E., Gao C.,
Ohm H., Kong L. Horizontal gene transfer of F/b7 from fungus
underlies Fusarium head blight resistance in wheat. Science. 2020;
368(6493):eaba5435. DOI 10.1126/science.aba5435.

Wang R.R.C., Marburger J.E., Hu C.J. Tissue-culture-facilitated pro-
duction of aneupolyhaploid Thinopyrum ponticum and amphidi-

ORCID ID
H. Stoyanov orcid.org/0000-0003-0733-9077

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

2022
26-2

AHAporeHeTuyeckasn peakuyms amopuannionaos
Triticum durum-Dasypyrum villosum v ux popntenbckux Gopm

ploid Hordeum violaceum * H. bogdanii and their uses in phyloge-
netic studies. Theor. Appl. Genet. 1991;81:151-156. DOI 10.1007/
BF00215716.

Yildirim M., Bahar B., Geng I., Hatipoglu R., Altintas S. Reciprocal
effects in anther cultures of wheat hybrids. Biol. Plant. 2008;52:779-
782. DOI 10.1007/s10535-008-0152-y.

Zamani 1., Gouli-Vavdinoudi E., Kovacs G., Xynias 1., Roupakias D.,
Barnabas B. Effect of parental genotypes and colchicine treatment
on the androgenic response of wheat F1 hybrids. Plant Breed. 2008;
122(4):314-317. DOI 10.1046/j.1439-0523.2003.00866.x.

Zhang L.Q., Liu D.C., Zheng Y.L., Yan Z.H., Dai S.F.,, Li Y.F., Jiang Q.,
Ye Y.Q., Yen Y. Frequent occurrence of unreduced gametes in 7riti-
cum turgidum—Aegilops tauschii hybrids. Euphytica. 2010;172:285-
294. DOI 10.1007/s10681-009-0081-7.

Zhang R., Fan Y., Kong L., Wang Z., Wu J., Xing L., Cao A., Feng Y.
Pm62, an adult-plant powdery mildew resistance gene introgressed
from Dasypyrum villosum chromosome arm 2VL into wheat. Theor:
Appl. Genet. 2018;131(12):2613-2620. DOI 10.1007/s00122-018-
3176-5.

Zhang R., Feng Y., Li H., Yuan H., Dai J., Cao A., Xing L., Li H. Cereal
cyst nematode resistance gene Crel effective against Heterodera
filipjevi transferred from chromosome 6VL of Dasypyrum villosum
to bread wheat. Mol. Breed. 2016a;36:122. DOI 10.1007/s11032-
016-0549-9.

Zhang R., Sun B., Chen J., Cao A., Xing L., Feng Y., Lan C., Chen P.
Pm55, a developmental-stage and tissue-specific powdery mildew
resistance gene introgressed from Dasypyrum villosum into common
wheat. Theor. Appl. Genet. 2016b;129:1975-1984. DOI 10.1007/
s00122-016-2753-8.

Zhang R.Q., Hou F., Feng Y.G., Zhang W., Zhang M.Y., Chen P.D.
Characterization of a Triticum aestivum—Dasypyrum villosum
T2VS-2DL translocation line expressing a longer spike and more
kernels traits. Theor. Appl. Genet. 2015;128(12):2415-2425. DOI
10.1007/s00122-015-2596-8.

Zhuang J.J., Jia X. Increasing differentiation frequencies in wheat pol-
len callus. In: Cell and Tissue Culture Techniques for Cereal Crop
Improvement. Beijing: Science Press, 1983.

Zuo Y., Xiang Q., Dai S., Song Z., Bao T., Hao M., Zhang L., Liu G.,
LiJ., Liu D., Wei Y., Zheng Y., Yan Z. Development and charac-
terization of Triticum turgidum—Aegilops comosa and T. turgidum—
Ae. markgrafii amphidiploids. Genome. 2020;63(5):263-273. DOI
10.1139/gen-2019-0215.

Zwierzykowski Z., Ponitka A., Slusarkiewicz-Jarzina A., Zwier-
zykowska E., Lesniewska-Bocianowska A. Androgenesis in amphi-
diploid F1 hybrids and cultivars of Festulolium. Zeszyty Problemowe
Postepow Nauk Rolniczych (Poland). 2001;474:47-54. (in Polish)

Received August 2, 2021. Revised November 27, 2021. Accepted December 30, 2021.

FEHETUKA U BUOTEXHOJTOTMA PACTEHUI / PLANT GENETICS AND BIOTECHNOLOGY

145



FEHETUKA N BUOTEXHONOIUA PACTEHUN BaBrnoBcKuUim XXypHan reHeTUKK 1 cenekumm. 2022;26(2):146-152

OpurunHanbHoe nccnegosaHue / Original article DOI 10.18699/VJGB-22-18

Original Russian text www.bionet.nsc.ru/vogis/

Association of bud and anther morphology with developmental
stages of the male gametophyte of melon (Cucumis melo L.)
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Abstract. Correlations between the morphological features of flower buds and the developmental stages of the
male gametophyte are of great practical interest as a reliable marker that accelerates and simplifies the selection of
appropriate plant material for isolated microspore culture. Microspore culture enables one to quickly obtain many
pure lines of different vegetable crops, but it has not yet been widely applied in the melon (Cucumis melo L.). To suc-
cessfully apply this technique in a new culture, one has to optimize many of its elements: first, find the biological
markers for selecting the flower buds containing the microspores of certain development stages. The paper presents
the results of research estimating the correlations between the length and diameter of the flower buds, the length
of the visual part of the corolla, the length of the anthers and the development stages of the male gametophyte
in the F, hybrid of the Kim Hong Ngoc melon. The strongest correlation (CC = 0.885) was found for the flower bed
diameter and a strong correlation (CC = 0.880), for the bud length. The corolla’s visual part was a less reliable mor-
phological feature, and the anther’s length should not be used as a parameter to predict the developmental stages
of the melon’s male gametophyte. It was also found that one anther could contain the microspores and pollen grains
of different developmental stages. In the flower buds less than 4 mm in length and 1.51+£0.02 mm in diameter pre-
vailed tetrads, and in the buds 4.0-4.9 mm in length and 2.30+0.02 mm in diameter, early microspores. The micro-
spores of a middle stage of development prevailed in the flower buds 5.0-5.9 mm in length and 2.32+0.00 mm in
diameter; mid and late vacuolated microspores, in the buds 6.0-8.9 mm in length and 2.96 +0.37 mm in diameter;
and two-celled pollen, in the buds more than 9 mm in length and more than 3.97 £0.34 mm in diameter.

Key words: male gametophyte; stages of microspore development; tetrad; pollen; flower bud; anther; Cucumis
melo L.; melon.
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CooTBeTcTBYE MOP(HOIOTUY OYTOHOB U MbIJIbHIKOB
CTaAUSIM Pa3BUTUS MY>XCKOTrO raMmeToduTa JbIHU
(Cucumis melo L.)

M.A. Hryel-[1 ®, TH.B.T. XYEHl, A.M. Yuun!, A.B. Bop01-[1/u-[a2

! YHuBepcuteT JaHaHra — YHuBepcmteT 06pa3oBaHunsa 1 Hayku, [laHaHr, BbetHam
2 PoccnicKmin rocyAapcTBeHHbIN arpapHbi yHuBepcuteT — MCXA um. KA. Tummnpsasesa, Mocksa, Poccua
@ nmly@ued.udn.vn

AHHOTaLuA. BbisBneHve Koppenaunii mexagy Mopdonormyecknmmn npusHakamy 6yTOHOB 1 CTaguAMK PasBUTUS
MY>KCKOro rameTodurTa NpeactaBnseT 60MblION NPAKTUYECKU MHTEPeC, Tak Kak Hannune HafeXHoro mMapkepa
yCKOpAEeT 1 yNpoLLaeT oT60p NOAXOAALLEro PacTUTENBHOIO MaTepuana Ans KysbTypbl U30/IMPOBAHHbIX MUKPOCTOP.
KynbTypa n3onmpoBaHHbIX MUKPOCMOP MO3BOMAET B KOPOTKME CPOKMN NOMyYaTb YNCTblE IMHUN MHOTUX OBOLLHbIX
KynbTyp, ofHako ans abiHu (Cucumis melo L.) 3Ta TEXHONOMMA NoKa He Nosyuyunna pacnpocTpaHeHus. Ytobbl ycnew-
HO NPVMEHUTb JaHHYIO TEXHONOTMIO AJ1A HOBOW KyNbTypbl, HEO6XOAMMO ONTUMU3UPOBATb MHOXECTBO €€ dNeMeH-
TOB, NpeXae BCero nopobpatb Mopdonornyeckrie MapKepbl, Mo3BonsiLLMe oToMpaTb BYTOHbI, KOTOPblE cofepKaT
MUKPOCMOpbl ONpeAeneHHbIX CTaguin passutuA. B Halwen paboTe npuBeaeHa OLEHKa KOpPenALMM MeXay AIMHON
6yTOHOB, AMaMeTPOM BYTOHOB, ASIMHON BUAMMOI YacT BEHUVKA, AMHON MbITbHUKOB U CTaANAMM Pa3BUTUA MYX-
cKkoro rametoduTa AbiHu F; rubpuaa Kim Hong Ngoc. Hanbonee cunbHas Koppenauya ycTaHoBfeHa AnA AuameTpa
6yTOHOB, K03ddULMEHT Koppenauum coctasun 0.885. CrunbHaa KOppenauus BbisiBleHa TakxXe ANnA ASIMHbI 6YTOHa,
Ko3dpdurumneHT Koppenaummn 0.880. nviHa BUAVMON YacTn BEHUYMKA ABNANIACb MeHee HafeXHbIM MPY3HaKoM, a ANn-
HY NbIIbHMKOB He CriefyeT UCMONb30BaTh B KauyecTBe NapameTpa AN NPOrHO3NPOBaHNA CTaANiA Pa3BUTUA MY>KCKO-
ro rametoduTa AbiHy. OTMEYEHO, YTO B OAHOM Mbl/IbHNKE OLHOBPEMEHHO HaX0AMNCh MUKPOCTOPDI U MblfibLEBbIe
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CooTBeTcTBUE MOPdONOrnv 6yTOHOB AblHN
CTaAVAM Pa3BUTUA MyXCKOro rametoduTa

3epHa pasHbIX CTaguin passuTKA. B 6yToHax anuHon meHee 4.00 Mm 1 grameTpom Ao 1.51+0.02 mm npeobnaganu
TeTpaabl; B 6yToHax AnnHon 4.0-4.9 Mm 1 gnameTpom 2.30+0.02 MM 06Hapy»KeHa Hanbonbluas JONsA PaHHUX MUK-
pocnop, Npu 3Tom npeobnaaanyt MUKPOCNOpbl CPeAHEN CTaaun pa3smTus; B 6yToHax anunHoi 5.0-5.9 Mm v aua-
MeTpom 2.32+0.00 Mm Npeobnafany cpegHne 1 NosgHUe Bakyonn3npoBaHHbIE MUKPOCMOPbI; B ByTOHax AIMHONM
6.0-8.9 MM 1 gnameTpom 2.96 +0.37 MM — NO3aHME BaKyONM3nMPOBaHHbIE MUKPOCMOPbI; B 6YyTOHaX AfIMHOM 9.0 MM 1
6onee, anametpom 3.97 £0.34 mm 1 6onee — [BYXKNIETOUYHAA NblbLia.

KnioueBble cnioBa: My»CKo rameToduT; CTaany pasBUTUA MUKPOCMOP; TeTPaAa; NbiibLa; 6y TOH; NbinbHUK; Cucumis

melo L.; obIHA.

Introduction

The melon (Cucumis melo L.) is an economically important
cultivated plant (Sebastian et al., 2010) grown in more than
1 mln ha of agricultural lands (FAOSTAT, 2019)'. For the time
being, the most common melon has been F, hybrids praised for
their uniformity and high yield and providing proper biological
protection of originator’s ownership.

Double haploids (DHs) are a valuable material of genetic
research and selection, especially for F, hybrids of agricultural
plants (Shmykova et al., 2015b; Abdollahi et al., 2016). As of
today, the technologies to obtain DHs have been developed for
more than 250 species (Maluszynski et al., 2003) and many of
them have been used to produce homozygous plants (Ferrie,
Caswell, 2011).

Several publications describe successful melon DH pro-
duction via pollination with irradiated pollen (Sauton, 1988;
Hooghvorst et al., 2020) or via remote hybridization followed
by embryo growing in vitro (Lotfi et al., 2003). There are also
papers, whose authors cultivated the anthers (Abdollahi et al.,
2016), unfertilized seedbuds (Shmykova et al., 2015a) and
isolated microspores (Zhan et al., 2009; Chen et al., 2017) of
members of the cucumber family.

The isolated microspore culture technique produces more
regenerates compared to those of unfertilized seedbuds and
anthers and is widely applied, especially in the cabbage family
(Djatchouk et al., 2019; Kozar et al., 2020). Moreover, this
technique excludes the somatic cells of a donor plant from
the growing medium, leaving no doubt about the regenerates’
origin. However, it has never been applied to produce the DHs
of members of the cucumber family.

DH production in isolated microspore culture can be af-
fected by multiple factors such as microspore development
stage; their genotype; growing medium composition; cell-rich
fluid density; culture introduction technique; the effect of
temperature and other cultivation conditions (Dunwell, 2010;
Niazian, Shariatpanahi, 2020). The microspore development
stage is the first factor to be accounted for when applying
the isolated microspore culture technique to a new culture,
because the development from tetrads to two-celled pollen
may involve different stages (Touraev et al., 1991; Germana,
2011). For example, to produce carrot DHs, it is recommended
to cultivate tetrads and early microspores (Gorecka et al.,
2010), while cultivation of middle and late microspores is
most effective for callus induction in the balsam apple anther
culture (Nguyen et al., 2019). And in the cabbage family,
vacuolated microspores and two-celled pollen have the highest
ability for embryogenesis (Telmer et al., 1992; Binarova et

" http://www.fao.org/faostat/en/#data/QC (Accessed 01.06.2021).
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al., 1997; Custers et al., 2001; Babbar et al., 2004; Winarto,
Teixeira da Silva, 2011).

Direct selection of separate microspores corresponding to
a certain development stage to be cultivated in vitro seems
to be an unresolvable problem. As a rule, plant material is
selected based on such markers as the morphological charac-
teristics of the flower buds and anthers (Takahata, Keller,
1991; Parra-Vega et al., 2013). In rape, soya, reddish, tomato,
balsam apple, these markers include the length and widths
of their flower buds (Weber et al., 2005; Han et al., 2014,
Sumarmi et al., 2014; Adhikari, Kang, 2017; Nguyen et al.,
2019). Several studies have proved that such parameters as
the size and color of the flower cup as well as the cup/corolla
length ratio and anther size can do the trick (De Moraes et
al., 2008; Parra-Vega et al., 2013; Zhang et al., 2013). Since
these parameters are species-specific, it is necessary to work
out a specific protocol for the melon.

This paper presents the results of investigation into the
morphological characteristics of the melon’s flower buds and
anthers and the way they correlate with the plant’s microspore
development stages.

Materials and methods

The flower buds of the F, hybrid plants of the Kim Hong Ngoc
melon produced by the Chia Tai Seed company (Thailand)
were collected at 5:30-6:30 a.m. The buds of 3.6 to 15.6 mm
in length (with I-mm interval) were transported in ice and then
stored for 24 hours at 4 °C. At least 10 buds were accounted
for each of the intervals.

The buds’ morphological characteristics were assessed
using a Zeiss Stemi 2000-C stereomicroscope (Suzhou Co.,
Ltd). Microspores were obtained from the anthers of each
flower bud to be put on a glass slide into a drop of glycerin
mixed with distilled water in proportion 1:1. Then the 15 pl
of 2 % acetocarmine solution drop was added, covered with
a cover slide and microscoped. For the purpose of fluorescent
staining, the microspores extracted from the anthers were
washed three times in PBS (8.0 g/l of NaCl, 0.20 g/l of KCl,
1.44 g/l of Na,HPO, and 0.24 g/l of KH,PO, were dissolved
in the 3/4 of the required volume of distilled water; HCI and
KOH were added to bring the pH value to 7.4, and distilled
water was added to reach the finite volume), DAPI (4',6-di-
amidino-2-phenylindole) was added and then the microspores
were studied using a Zeiss Axio Lab1 fluorescent microscope
(Suzhou Co., Ltd).

The microspore development stages were determined from
the size and shape of the cells, the number of cell nuclei and
their interposition (Vergne et al., 1987; Maluszynski et al.,
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Fig. 1. DAPI- and acetocarmine-dyed microspore development stages of Cucumis melo L.: a — tetrads, b — early microspores, ¢ - mid microspores,
d - late vacuolated microspores, e — early two-celled pollen, f - late two-celled pollen. Bar = 20 um.

2003; Blackmore et al., 2007; Zhang et al., 2013). In each
specimen, the development stages of 100 microspores were
observed. Such parameters as the presence of tetrads, early/
middle/late microspores and two-cell pollen were considered.
The percentage of each development stage in a particular
specimen was calculated as the ratio of the number of micro-
spores related to a certain development stage to the total num-
ber of observed microspores multiplied by 100 %.

The statistical significance of the performed calculations
was confirmed with ANOVA analysis and the Tukey test for
a = 0.05. The correlation between the measured parameters
and microspore development stages was determined using
the linearity regression (R) and correlation (CC) coefficients.
The collected data were described and processed with the
R software.

Results and discussion
During the cytological analysis of melon flower buds, 6 stages
of microspore development were observed. These included
tetrads, early/middle/late vacuolated microspores, early/late
two-celled pollen (Fig. 1).

The diameter of the microspores increased as they deve-
loped and reached their maximum at the stage of late two-
celled pollen (Fig. 2). It has been noted that each stage was
characterized by a certain shape and size of the cells. The dia-
meter of the early microspores formed after tetrad degradation
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Fig. 2. Changes in male gametophyte diameters related to their develop-
ment stages.

was 33.41+4.34 um; they were of uneven circular shape and
had thin walls and large nuclei. The middle microspores were
39.06+2.33 um in diameter, had a round shape and a centered
nucleus. The late microspores were round and had a well-
expressed three-lobed exine wall with the nucleus pressed
to it by a big vacuole. Their diameter was 40.45+3.26 um.
The cells of early two-celled pollen had 44.94+2.65 um in
diameter with well-expressed two nuclei: a larger vegetative
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Correlations between flower-bud sizes, anther lengths and the stages of male gametophyte development in the melon

No. Buds Buds Anther Microspores developmental stages, %
length,  diameter, length,
mm mm mm Tetrads Early Mid Late Early two-celled Late two-celled
pollen pollen
1 <4 1.51+0.02%% 1.63+0.19% 48.00+566 22.00+849 6.00+2.83 22.00£2.83 2.00+2.83 0.00+0.00
2 40-49 230+002° 1.83+0.162 0 30.00+£14.14 46.00+£25.46 22.00+14.14 2.00+2.83 0.00+0.00
3 5.0-5.9 232+0.00° 250+0.51° 0 2.00+£2.83 50.00+14.14 48.00£11.31 0.00+0.00 0.00+0.00
4  60-89 296+037° 289+023° 0 0.40+1.26 40.40+2491 56.80+23.61 2.40+6.31 0.00+0.00
5 9.0-11.9 3.97+0.34° 296+0.20° 0 0 0.67+£1.63 14.67+34.00 51.33+£50.62 33.33+£50.13
6 >12 51640279 3.12+022¢ 0 0 0 0 0 100.00

* Data marked with the same letters do not differ at p = 0.05.

Fig. 3. Changing the morphological characteristics of melon buds (7, bar = 20 um) and anthers (2, bar = 10 um) in relation to flower-bud sizes:
a-3.6-4.0 mm; b - 4.0-4.9 mm; ¢ - 5.0-5.9 mm; d - 6.0-6.9 mm; e - 7.0-7.9 mm; f - 8.0-8.9 mm; g — 9.0-9.9 mm; h - 10.0-10.9 mm; i - 11.0-11.9 mm; j - 12.0-

12.9 mm; k — 13.0-13.9 mm; / - more than 14.0 mm.

and a more vividly-colored generative one. The diameter of
the late two-celled pollen comprised 56.93+4.81 um, its cell
shapes varying from round to oval, so one anther could con-
tain pollen grains of different shapes. The pollen’s cytoplasm
became dense and nontransparent making it more difficult to
observe the nucleus.

The results of the correlation analysis to bring together the
morphological features of melon flower buds and correspond-
ing microspore development changes enabled us to subdivide
the buds into 6 groups. Each group could include microspores
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of different stages, so at least one of these stages prevailed
(see the Table). It was noted that a single anther could have
microspores that belonged to different development stages,
which corresponds to the observations of other researchers
who studied this issue in other cultures.

The tetrads were found in green oval-shaped pubescent
flower buds that were fully covered in sepals and had a length
of less than 4 mm and a diameter of 1.85 mm (Fig. 3, a). The
buds’ anthers were of light-beige color and had 1.6—1.63 mm
in length.
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The early microspores were found in flower buds of 3.8—
7.0 mm in length, their biggest portion (30+ 14.14 %) concen-
trated in buds of 4.0-4.9 mm. The buds’ anthers changed their
color to green-yellow, their length comprised 1.63-2.74 mm
(see Fig. 3, b). The early microspores were found in smaller
amounts compared to the other development stages.

The middle microspores concentrated in flower buds of 4.0
to 10.9 mm in length. The buds’ anthers were 2.15+0.05 mm
in length and had a yellowish glazing surface (see Fig. 3, c).
The microspores prevailed (50+14.14 %) in the buds of
5.0-5.9 mm in length. Such buds had a clear morphological
difference from younger buds: their sepals were open, so one
could see the corolla tip.

The late vacuolated microspores prevailed in buds of
6.0-8.9 mm in length. At this stage, the buds kept growing in
size, so the corolla extended beyond the sepals. However, the
anthers’ morphology remained unchanged (see Fig. 3, d—f)
as did their length.

The early two-celled pollen prevailed in buds of 9.0—
12.0 mm in length (see Fig. 3, g—i). Their anthers’ length,
compared to the previous stage, remained unchanged, their
surfaces containing mature pollen grains.

As for buds larger than 12 mm in length, they contained
only two-celled pollen. The transition from the late to mature
stage was characterized by a small increase in bud size, its
petals starting to open (see Fig. 3, j—/). The anthers increased
in size and opened too, so a large number of pollen grains
could be seen on their surface.

Statistical analysis of anther lengths gave us linear regres-
sion coefficient R? = 0.52, which meant that this parameter
could not be used as a predictor of microspore development
stages in the melon, which corresponded to the results obtained
for some other cultures such as the tomato and aubergine
(Segui-Simarro, Nuez, 2005; Salas et al., 2012). In (Adhi-
kari, Kang, 2017), the authors obtained a similar coefficient
(R? = 0.59) when studying a relation between anther length
and microspore development stages in the tomato.

Many researchers recommend using flower-bud length to
select proper plant material to cultivate isolated microspores
for it is a convenient and reliable morphological parameter
for many plant species. They also recommend bud diameter
as an indicator for flower bud selection. A study published in
2019 demonstrated that the best results in the embryogenesis
of lucerne microspores were obtained when cultivating late
microspores from flower buds of 6.02—6.20 mm in length and
1.50-1.72 mm in diameter (Yi et al., 2019). In 2017, a cor-
relation between flower-bud size (length and diameter), anther
length and microspore development stages in the tomato was
published (Adhikari, Kang, 2017).

In our study, a linear regression analysis showed there was
a clear linear dependance (p < 0.05) between the flower-bud
characteristics and microspore development stages. The
regression coefficients (R?) varied from 0.767 to 0.783. The
strongest correlation was for flower-bud diameter (» = 0.885,
R? = 0.783) (Fig. 4), followed by flower-bud (» = 0.880,
R?=0.775) (Fig. 5) and anther (» = 0.876, R2=0.763) lengths,
the last being the least reliable feature.
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Fig. 4. Correlation between the melon’s flower bud diameter and male
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Fig. 5. Correlation between the melon’s flower bud length and male
gametophyte development stages (a-e correspond to different bud
groups).

Conclusion
The correlation between the morphological characteristics of
the flower buds and anthers of the melon (Cucumis melo L.)
and the development stages of its microspores enables one
to select a proper material for cultivation of isolated micro-
spores in vitro. The characteristics in question are flower-bud
diameter and length and the length of visible corolla. Since the
correlation coefficient is higher for the diameter and length of
flower buds, these parameters are easier to use.

The obtained results can be applied for further develop-
ment of the technology to produce melon DHs in isolated
microspore culture.
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Abstract. Ornithine aminotransferase (OAT) catalyzes transfer of the delta-amino group from L-ornithine to oxo-glu-
tarate. In plants, this reaction biochemically connects urea cycle, proline cycle, and polyamine biosynthesis pathway.
OAT activity is shown to be associated with biotic and abiotic stress responses and nitrogen metabolism, but its
physiological role is still unclear. In our study, we decided to investigate transcriptional regulation of the OAT gene in
Arabidopsis thaliana under normal conditions and in response to various growth regulators. In the present work, the
reporter gene construct containing the Escherichia coli -glucuronidase gene (gus) under control of the A. thaliana OAT
gene promoter was introduced into the genome of A. thaliana ecotype Columbia plants using the floral dip method;
GUS activity was assayed in different experimental conditions including hormone treatment, low and high nitrogen and
salinity. The GUS activity was analyzed histochemically. Plants were incubated with staining solution containing X-Gluc.
We show that under standard growth conditions, the promoter is active during germination and in developing floral
organs. OAT promoter activity specifically activates in response to different forms of auxin (IAA, NAA, and 2,4D), cytokinin
(6-BAP), ethylene precursor (ACC), high nitrogen and salinity. Analysis of the OAT expression by qRT-PCR confirmed the
pattern observed using the GUS reporter system. The OAT gene showed a significantly elevated expression in four-
day-old seedlings and in plant roots in response to auxins and cytokinins. The analysis of the OAT promoter structure
reveals cis-acting regulatory DNA elements associated with auxin regulation and abiotic stresses. The results of the
study indicate that the OAT gene is involved in developmental processes and is regulated by auxin and cytokinins.
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AHHoTayua. ®epmeHT opHUTMHaMKHOTpaHcdepasa (OAT) KaTanusnpyeT nepeHoc AenbTa-aMUHOrpYynmbl OT L-opHu-
TMHa Ha anbda-KkeTornyTapaTt. B pacTeHuAx 3Ta peakumsa CBA3bIBAET LMKS MOYEBMHbI, MPOSIMHA U NyTb 6GUOCUHTE3a
nponvHa. B nutepatype aktnBHocTb OAT CBA3bIBAIOT C OTBETOM Ha BMOTUYECKME N abnOoTUYEeCK/e CTpecChl, MeTabo-
NN3MOM a30Ta, HO du3Monornyeckasa ponb 3Toro GpepmeHTa A0 CMX NMOpP OCTaeTcA HeACHOW. B Hawem nccnefoBaHnm
Mbl M3yYanu TPaHCKpUNLUOHHYto perynauunio reHa OAT B Arabisopsis thaliana B HOpManbHbIX YCNOBUAX U B OTBET Ha
pasnnuHble POCTOBbIE PerynAaTopbl. PenopTepHas KOHCTPYKLUA, COAepallas reH B-rmioKypoHupaassl (gus) Escherichia
coli nop koHTponem npomotopa reHa OAT u3 A. thaliana 6bina uHTpoayLMpPOBaHa B reHoM pacTeHuin A. thaliana. AKTuB-
HocTb GUS oueHMBanach B pasfiMyHbIX SKCNepUMeHTaIbHbIX YCIIOBUAX, BK/IOYAIOLWNX BO3AENCTBUE FOPMOHOB, HU3KNX
1 BbICOKMX COLIEPKaHNi1 a30Ta, CONIEBON CTpecc. 1N BbiABNEHUA akTMBHOCTM GUS Mbl UICNONb30Bany FMCTOXMMUYECKI
MeTOp, pacTeHns obpabaTbiBany pacTBopom, cogepxalynm X-Gluc. B HopMasnbHbIX YCNIOBUAX MPOMOTOP Obll akTUBEH
npv NpPopacTaHUV CEMEHM U B Pa3BUBAIOLMXCA NECTUKaX 1 MbliibHKKax. MpomoTtop reHa OAT cneunduyHo akTnsmpy-
eTCA B OTBET Ha pa3nnyHble popmbl aykenHa (IAA, NAA, 2,4D), umtokuHmHa (6-BAP), npegluectseHHnKa stuneHa (ACC),
BbICOKME KoHLeHTpaumm a3oTa 1 NaCl. Pesynbtatbl aHanusa skcnpeccuy reHa OAT cOOTBETCTBYIOT HabsllogaemMoMy nat-
TEPHY akTMBHOCTM MPOMOTOPA, MOMyYeHHOMY C UCMOJIb30BaHUeM penopTepHon cuctembl GUS. Skcnpeccusa reHa OAT
3HAUYMMO MOBbILLANACh B YETbIPEXAHEBHbIX MPOPOCTKAX U B OTBET Ha ayKCUHbI 1 LUTOKUHWHBI. [1py aHanm3e CTpyKTypbl
npomotopa reHa OAT o6Hapy»KeHbl LMC-3IEMEHTbI, CBA3aHHbIe C OTBETaMU Ha ayKCUH 1 abroTuyeckue cTpeccsl. Hatm
pe3ynbTaThl NO3BONAT CAeNaTb BbIBOA O CBA3Y reHa OAT ¢ npoLeccamm pasBUTUA PacTEHNIA 1 O ero perynsauum aykcu-
HaMU 1 LUTOKMHUHAMWU.

KnioueBble cioBa: opHUTVHaMHOTpaHcpepasa; Arabidopsis thaliana; aykcuH; a3oT; passutue.
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Introduction
The ornithine-3-aminotransferase (OAT) is a mitochondrial
pyridoxal-5-phosphate (PLP)-dependent enzyme that transfers
an amino group from ornithine to oxo-glutarate with formation
of glutamate-1-semialdehyde (GSA) and glutamate (Gera-
simova et al., 2011b). Although the biochemical function of
OAT is known, its biological role in plants is not fully under-
stood. On the one hand, OAT is involved in metabolism of or-
nithine, which takes part in numerous biochemical processes in
plants, such as arginine metabolism, synthesis of polyamines
and alkaloids (Funck et al., 2008; Majumdar et al., 2015). On
the other hand, one of the products of the reaction mediated by
OAT, namely GSA, is involved in proline production. It readily
interconverts into the cyclic 1-pyrroline-5-carboxylate (P5C),
an intermediate in the proline biosynthesis, in a non-enzymatic
fashion (Ginguay et al., 2017). Proline is involved in plant
stress response (Kochetov et al., 2004; Hayat et al., 2012) and
development (Kavi Kishor et al., 2015). It has already been
shown in various experiments on several plant species that
overexpression of the OAT gene is associated with increased
proline content and resistance to abiotic stresses (Roosens et
al., 1998, 2002; Wu et al., 2003). It is tempting to assume that
OAT might link biological processes related to proline, orni-
thine and P5C metabolism, such as nitrogen recycling, stress
response, secondary metabolism, growth and development.
We have previously shown that OAT overexpression in to-
bacco increases salt stress resistance. Interestingly, the level
of proline accumulation in OAT overexpressing lines did not
differ from that of WT plants under both normal and stress
conditions, suggesting that OAT might contribute to stress
resistance through processes not related to proline synthesis
(Gerasimova et al., 2010). On a model of transgenic tobacco
plants expressing GUS under the control of putative Arabidop-
sis thaliana OAT promoter we showed that the promoter acti-
vity is associated with meristems and zones of active growth
(Gerasimova et al., 2011a). This observation suggests that the
OAT gene might be involved in developmental processes. The
present study aims to investigate transcriptional regulation of
the OAT gene in A. thaliana under normal conditions and in
response to various growth regulators.

Materials and methods

Development of transgenic Arabidopsis harboring AtOAT
promoter construct. The 1844 bp region upstream of the
OAT gene translation start (TAIR, AT5G46180) was cloned
in the promoterless vector pBI101 with the formation of the
P1844 construct (Gerasimova et al., 2011a). The resulting
vector contains the expression cassette harboring the B-glu-
curonidase (gus) reporter gene under the control of putative
A. thaliana OAT promoter. A. thaliana plants ecotype Colum-
bia were grown at 22 °C in a long-day growth conditions (16 h
of light and 8 h of dark). Construct P1844 was transformed
into Agrobacterium tumefaciens strain AGLO, which was used
to transform A. thaliana by floral dip method (Clough, Bent,
1998). T1 transformants were screened on 1/2 MS agar plates
containing 50 mg/L kanamycin, transferred to pots and grown
to maturity until the T2 generation seeds were harvested.
T2 seeds were germinated on 1/2 MS agar plates containing
50 mg/L kanamycin and resistant plants were tested for the
presence of GUS activity by histochemical assay. Six indepen-
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dent transgenic T2 lines showing the presence of GUS activity
in seedlings were selected for further experiments. Plants from
the selected lines were grown to maturity and T3 generation
seeds were harvested. Thus, six independent T3 transgenic
lines have been obtained.

GUS staining. The histochemical staining method (Jeffer-
son et al., 1987) was used to visualize GUS (Escherichia coli
B-glucuronidase) activity in seedlings grown on agar plates
and plant parts grown in soil (5-week-old plants). Whole
seedlings and different plant parts were incubated in X-Gluc
solution (2 mM X-Gluc, 50 mM NaPO,, pH 7, 0.5 % (v/v)
Triton-X) for 24 h at 37 °C. Chlorophyll was removed by
repeated washing in 70 % (v/v) ethanol. GUS activity was
observed using a ZEISS Stemi 2000-C microscope coupled
with an AxioCam HRc camera.

Experimental treatments. Surface-sterilized seeds of six
independent transgenic A. thaliana lines (T3) were germinated
on MS plates supplemented with 1 % sucrose, 0.7 % agar. To
detect promoter activity during germination, histochemical
assay was performed for seedlings at 3rd, 5th, 6th and 14th day
after sowing (DAS) on plates. For experimental treatments,
one-week-old seedlings were transferred to the same medium
supplemented with the following growth regulators (from
Sigma-Aldrich): auxins (1 mg/L NAA, 2 mg/LIAA, 0.5 mg/L
2,4-D), cytokinins (1 mg/L 6-BAP, 100 uM trans-zeatin,
10 uM and 100 pM kinetin), gibberellic acid (10 uM GA3),
100 pM abscisic acid, 1 mM methyl jasmonate, ethylene
precursor (50 uM ACC), high nitrogen (10 mM NH,NO,),
high salinity (200 mM NaCl). For low nitrogen treatment,
MS NH,/NO,-free medium (Duchefa Biochemie) was used.
GUS activity was assayed after 1, 4, 6 and 8 days of treat-
ment. For cold and heat treatment, two-week-old transgenic
plants were used. For cold treatment, plates with seedlings
were incubated at +4 °C for 4 h, then for 2 h at 22 °C; for
heat treatment, plates were incubated at +50 °C for 15 min,
then 6 h at 22 °C.

Gene expression analysis (RNA isolation and qRT-PCR).
Wild type Col-0 seed was surface sterilized with 12.5 %
bleach (Aqualon) and 70 % ethanol and germinated on 1/2 MS
medium (16-h daylight, 22 °C). To measure expression of
the OAT gene during germination and early development,
total RNA was isolated from whole seedlings at 4th, 7th and
14th DAS. For experimental treatments, one-week seedlings
were transferred to 1/2 MS medium supplemented with diffe-
rent growth regulators (1 mg/L NAA, 2 mg/L [AA, 0.5 mg/L
2,4-D, 1 mg/L 6-BAP, 50 uM ACC), and control, to 1/2 MS
medium. For each treatment, experiment was performed in
three biological replicates. There were 30 seedlings per each
biological replicate. Total RNA was isolated from roots of
seedlings after 6 days of treatment with the RNeasy Plant
Mini Kit (Qiagen). RNA was treated with DNAse (QIAGEN
RNase-Free DNase Set). The concentration of RNA was
measured by NanoDrop 2000 (Thermo Scientific). The qua-
lity of RNA was evaluated using Bioanalyzer 2100 (Agilent).
First strand cDNA was synthesized from 1 pg of total RNA
using BIORAD iScript™ Reverse Transcription Supermix
for RT-qPCR. For gRT-PCR analysis, cDNA was diluted ten
times. PCR was performed in a final volume of 15 pL: 3 pL
of 5x Low Rox buffer (SibEnzyme), 0.15 pL of each primer
(10 uM) and the tagman probe solution, 3 pL of diluted
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Fig. 1. Histochemical GUS analysis of transgenic A. thaliana lines:

.3mm

yControl |

a-e, tissue-specific GUS expression during plant development: g, different stages of seedling development; b, GUS expression in immature anthers; ¢, GUS ex-
pression in ovules; d, developing silique with GUS expression in seeds; e, developing carpel; f, roots of plants treated with different inducers. Age of plants on

pictures b-e — 1.5 months, on picture f— 13 days.

cDNA. The primers and probes were designed using IDT’s
PrimerQuest Tool (https://eu.idtdna.com/PrimerQuest/). The
comparative threshold cycle method was used to determine
relative gene expression, with the expression of EF1-alfa and
F-box (accession no. Atlg13320 and At5g15710) serving as
an internal control. The structures of primers and probes are
given in Suppl. Table 1'. The relative expression levels of
OAT mRNA in all the treated samples were quantified using
an Applied biosystems 7500 Real Time PCR System. Each
reaction was performed in three technical replicates using
the following program of the qRT-PCR; 95 °C for 10 min;
45 cycles of 95 °C for 15's, 68 °C for 60 s. Statistical analysis
was performed using Student’s #-test. p-values < 0.05 were
considered significant.

Web tools used for cis-acting regulatory DNA elements
search and expression data analysis. Search of cis-acting
regulatory elements was performed using the PLACE data-
base (Higo et al., 1999). Gene expression data from different

T Supplementary Tables 1-4 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2022-26/appx4.pdf
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microarray and RNA-seq experiments were extracted from
Expression Atlas and Arabidopsis eFP Browser Web tools
(Winter D. et al., 2007; Papatheodorou et al., 2018).

Results

Tissue-specific promoter activation at different develop-
mental stages and under experimental treatments. Strong
GUS staining was detected in hypocotyls and cotyledons of
seedlings at 3—4th DAS. At later stages, the GUS activity was
observed only in cotyledons. In 6- and 14- DAS seedlings, the
GUS activity was found only in the distal parts of cotyledons
(Fig. 1). During flower development, the GUS activity was
observed in anthers, carpels and developing seeds of growing
siliques (see Fig. 1, Suppl. Table 2).

To get a deeper insight into the transcriptional regulation
of OAT, transgenic seedlings were subjected to experimental
treatments including different concentrations of growth regula-
tors and phytohormones auxins, cytokinins, gibberellin, ABA,
methyl jasmonate, ethylene precursor (ACC), low and high
nitrogen, high salinity, cold and heat stress (see Fig. 1, Suppl.
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Fig. 2. The relative expression of OAT: g, in whole 4-, 7- and 14-days seedlings; b, in roots of seedlings, which were grown for 6 days on medium with

inducers.

An asterisk indicates statistical significance in a one-way ANOVA (p < 0.05). Each bar represents the mean of three biological replicates + SE.

Table 2). We observed tissue-specific OAT promoter activity in
response to different forms of auxin (IAA, NAA, and 2,4-D),
cytokinin (6-BAP), and ACC. The strongest GUS activity was
observed in response to 2,4-D in whole plant. Treatment with
IAA and NAA caused GUS activation in root tips; treatment
with 6-BAP — in the zone of root hairs. Treatment with ACC,
salinity and nitrogen activated promoter along the whole root.

OAT gene expression analysis. The qRT-PCR results
showed that transcript levels of the OAT gene are significantly
higher in four-day-old seedlings, than at later developmen-
tal stages (Fig. 2, a). In experimental treatments, the OAT
gene showed significantly (p<0.05) elevated expression in
response to different forms of auxin (IAA and 2,4-D) and
cytokinin (6-BAP) in comparison to control conditions. Treat-
ment with synthetic auxin 2,4-D led to 3-fold increase in OAT
expression level in roots (see Fig. 2, b).

Cis-acting regulatory DNA elements search and tran-
scriptomic data analysis. Cis-acting regulatory DNA ele-
ments search revealed putative transcription factors binding
sites, corresponding to different physiological processes, in-
cluding hyperosmotic and hypoosmotic stress response, auxin
response, axillary bud dormancy control, specific regulation in
ontogenesis (Suppl. Table 3). Meta-analysis of microarray and
RNA-seq data (Winter D. et al., 2007; Papatheodorou et al.,
2018) shows that the OAT expression level changes in response
to cold, drought, heat, wounding, osmotic and salt stress. Ex-
pression increases in response to pathogens Botrytis cinerea,
Pseudomonas syringae, Phytophthora infestans and some
other infections. Altered OAT gene expression was observed
in response to different hormones: it increased in response to
3 h of treatment with ABA, methyl jasmonate, and decreased
in response to 3 h of treatment with brassinosteroids. The OAT
gene demonstrates high expression in seeds, siliques, embryos,
senescent leaves, floral organs in 4. thaliana (Suppl. Table 4).

Discussion

For more than a decade OAT has been considered an enzyme
involved in metabolic response to different stress conditions,
such as osmotic stress, pathogen attack and ROS production,
nitrogen starvation, etc. (Funck et al., 2008; Verslues, Sharma,
2010; Qamar et al., 2015). This enzyme belongs to the net-
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work of nitrogen-metabolizing pathways in plants, affected by
various environmental stimuli. It has been shown that plants
accumulate proline during stress conditions (Verbruggen,
Hermans, 2008). The results of Funck et al. (2008) and our
previous study did not support the hypothesis of OAT contribu-
tion to proline accumulation. Instead, a specific role of the OAT
gene in plant developmental and growth processes under both
normal and stress conditions is hypothesized (Gerasimova et
al., 2010, 2011a). This study provides a deeper insight into
the role of the OAT gene in plant development.

The important metabolic role of the OAT was clearly shown
in an experiment where OAT-deficient plants failed to develop
with arginine or ornitine as the sole nitrogen source (Funck
et al., 2008). This result demonstrated that OAT is required
for utilization of arginine and ornithine. The present study
demonstrates high OAT promoter activity and elevated OAT
transcript level during seed germination. These results are in
agreement with available transcriptomic data (Winter D. et
al., 2007). In arginine catabolism, OAT acts downstream of
arginase (Funck et al., 2008). Arginine is regarded as a major
nitrogen storage compound in seeds. Urease and arginase
activities increase sharply during germination in 4. thaliana
(Zonia et al., 1995) and other plant species (Winter G. et al.,
2015). Taken together, these data provide evidence for OAT
involvement in nitrogen reorganization during seed germina-
tion together with other enzymes of arginine catabolism.

Our work also shows that the OAT gene promoter is ac-
tive during inflorescence development. This observation is
in accordance with recent findings showing that the OAT
enzyme plays a role in flower development and seed setting
in rice (Liu et al., 2018). It has been reported that rice plants
with a mutated OAT gene (OsOAT mutants) have different
abnormalities in inflorescence and seed development. The
mutant phenotype of the OsOAT mutant could be rescued by
application of urea (Liu et al., 2018). Authors assumed that
OAT mediates arginase activity and plays a role in regulation
of nitrogen reutilization, which is critical for developing tis-
sues (Liu et al., 2018).

Taking into account the association between the OAT gene
expression and proline accumulation (Roosens et al., 1998,
2002; Wu et al., 2003), it can be assumed that OAT enzyme
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activity may also play a role in control of proline level during
inflorescence development. It has been reported that some
proline metabolic enzymes can regulate a number of deve-
lopmental processes including flowering time (Mattioli et al.,
2008), pollen development (Mattioli et al., 2012; Biancucci et
al., 2015a) and root growth (Biancucci et al., 2015b). Proline
is known to be accumulated in reproductive organs of many
plant species (Kavi Kishor et al., 2015). Ornithine to proline
conversion is mediated by the plant oncogene RolD (Trovato
etal.,2001), the overexpression of which stimulates flowering
and affects inflorescence architecture in transgenic tobacco
plants (Mauro et al., 1996). This study shows that the OAT
promoter is active in inflorescences on different developmen-
tal stages (see Fig. 1), suggesting that the OAT enzyme can
convert ornithine to proline directly or indirectly via arginine
catabolism and glutamate production and might serve as a
regulator of proline level during inflorescence development.
Tissue-specific activation of the OAT transcription in roots
in response to auxin and cytokinin treatments, as well as the
presence of the auxin-responsive element in the OAT promoter
(see Suppl. Table 3) allow us to assume specific regulation of
the OAT gene during root growth and development. Recent
findings show the importance of nutrient and especially nitro-
gen signaling for root development and its interplay with hor-
mone regulation. Thus, cytokinins negatively regulate uptake
of nitrogen, but enhance nitrate distribution and translocation
(Guetal., 2018). Auxin level was shown to be elevated in roots
of plants growing on a low-nitrogen medium, while in roots of
plants growing on a medium with high nitrate concentration
the auxin level was decreased. The reduction of auxin content
correlated with the degree of inhibition of root growth and
lateral root development (Kiba et al., 2011). The root growth
regulation is associated with local reorganization of nitrogen
metabolism (Kiba, Krapp, 2016). Thereby, OAT may play an
important role in hormone-dependent fine-tuning of nitrogen
metabolism during the process of root development.

Conclusion

The data regarding the OAT transcription activation in a wide
spectrum of experimental conditions, which was shown in
our experiment and other studies, support the hypothesis that
ornithine aminotransferase provides a link between different
biochemical pathways of nitrogen conversion and contrib-
utes to the complicated signaling network regulating plant
development.
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Abstract. The fibroblast growth factor 21 (FGF21) synthesized in the liver, acting as a hormone, increases insulin
sensitivity and energy expenditure. FGF21 administration has potent beneficial effects on obesity and diabetes in
humans, cynomolgus monkey, and rodents. The therapeutic effects of FGF21 have been studied mainly in males.
They are not always manifested in females, and they are accompanied by sex-specific activation of gene expression
in tissues. We have suggested that one of the causes of sexual dimorphism in response to FGF21 is the effect of
estradiol (E2). Currently, it is not known how estradiol modifies the pharmacological effects of FGF21. The objec-
tive of this study was to study the influence of FGF21 on metabolic characteristics, food intake, and the expression
of carbohydrate and fat metabolism genes in the liver, adipose tissue, and hypothalamus in female mice with ali-
mentary obesity and low (ovariectomy) or high (ovariectomy + E2) blood estradiol level. In ovariectomized (OVX)
females, the development of obesity was induced by the consumption of a high sweet-fat diet (standard chow, lard,
and cookies) for 8 weeks. We investigated the effects of FGF21 on body weight, blood levels, food preferences and
gene expression in tissues when FGF21 was administered separately or in combination with E2 for 13 days. In OVX
obese females, FGF21, regardless of E2-treatment, did not affect body weight, and adipose tissue weight, or glucose
tolerance but increased the consumption of standard chow, reduced blood glucose levels, and suppressed its own
expression in the liver (Fgf21), as well as the expression of the G6pc and Acaca genes. This study is the first to show
the modification of FGF21 effects by estradiol: inhibition of FGF21-influence on the expression of Irs2 and Pkir in the
liver and potentiation of the FGF21-stimulated expression of Lepr and KIb in the hypothalamus. In addition, when
administered together with estradiol, FGF21 exerted an inhibitory effect on the expression of Cpt1a in subcutane-
ous white adipose tissue (scWAT), whereas no stimulating FGF21 effects on the expression of Insr and Acacf in
scWAT or inhibitory FGF21 effect on the plasma insulin level were observed. The results suggest that the absence of
FGF21 effects on body and adipose tissue weights in OVX obese females and its beneficial effect on food intake and
blood glucose levels are not associated with the action of estradiol. However, estradiol affects the transcriptional ef-
fects of FGF21 in the liver, white adipose tissue, and hypothalamus, which may underlie sex differences in the FGF21
effect on the expression of metabolic genes and, possibly, in pharmacological FGF21 effects.

Key words: FGF21; estradiol; liver; adipose tissue; food preference; gene expression; sex differences.
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AHHoTauusa. CuHTe3npyeMblii B neyeHn paktop pocta pnbpobdnactos 21 (FGF21), aeicTByA Kak FOPMOH, NOBbILLAET
YyBCTBUTENBHOCTb K UHCYNMHY U pacxop sHepruun. BeepeHne FGF21 oka3biBaeT MoLiHOe 61aroTBopHoe BO3feil-
CTBUE Y NIIoAeN, 06e3bsH 1 FPbI3yHOB C OXMPEHMEM 1 AnabeToM BTOpOro Tuna. TepanesTtuueckune adppektol FGF21
nccnefoBaHbl rMaBHbIM 06Pa3oM Ha CaMLax, OHU He BCerga NposBAAIOTCA Y CAMOK 1 COMPOBOXAAIOTCA MONo-Cre-
unduryecKo akTMBaLMen SKCNPeccr reHoB B TKaHAX. Mbl MPeAmnonoXunm, 4to OgHON 13 NPUYKH NOSI0BOIO ANMOP-
¢du3ma B oTBeTe Ha FGF21 aBnAaetcs gencreme actpaanona (E2). B HacToswee Bpemsi HEM3BECTHO, Kak 3CTPaaunon
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Estradiol-dependent and independent effects
of FGF21 in obese female mice

B/IMSIET Ha NposBneHne papmakonormueckmx apdektoB FGF21. 3agaueln faHHOrO NccnefoBaHUA GbIIO N3yyeHNne
BAnAHMA FGF21 Ha meTabonuyeckre XapakTepUCTUKY, NOTPeGNeHNe MUK 1 SKCNPECCUIO FEHOB YINIEBOAHOIO 1
KMPOBOro 06MeHa B MeyeHU, XNPOBOI TKaHW 1 MMMoTalaMmyce Y CaMOK MbILLEN C aNUMEHTAaPHbIM OXKUPEHMEM Ha
doHe HM3KOro (0OBapMIKTOMMA) 1 BbICOKOTO (0BapuaKTOMUA + E2) ypoBHA 3CTpagmona B KPoBu. Y 0BapnaKTOMUPO-
BaHHbIX CAMOK Pa3BUTME OXUPEHVA MHAYLMPOBaNU noTpebneHmem cnagko-XMpHOW AMeTbl (CTaHJapTHbIA KopMm,
cano, neyeHbe) B TeyeHve 8 Hepenb. Mbl oueHunmn 3¢pdekTbl FGF21 Ha Maccy Tena, mokasaTtenu Kposu, BbIGOP KOM-
NMOHEHTOB AMeTbl, SKCNPECCUIO FeHOB B TKaHAX NPU pa3fesibHOM 1 COBMeCTHOM BBeaeHun ¢ E2 B TeyeHne 13 gHen.
Y 0Bapu3KTOMMPOBaAHHbIX CaMOK C oxunpeHnem FGF21, He3aBncmo ot BBeaeHuA E2, He BavAn Ha maccy Tena un
XKMPOBOW TKaHW, TONEPAHTHOCTb K IMIOKO3€, MOBbILWan NoTpebrieHne CTaHLAaPTHOrO KOPMa, CHIXKas YPOBEHb io-
KO3bl B KPOBW, MOAABNAN B NEYEHN COOCTBEHHYIO SKcnpeccuto (Fgf21), a Takxe aKkcnpeccuio reHoB G6pc n Acaco.
BrnepBble NokazaHo BAUAHME 3CTpagmnona Ha 3ddekTol FGF21: nHrubuposaHune FGF21-BnvaHma Ha akcnpeccuio Irs2
1 Pkir B neyeHn n noteHumpoBaHue FGF21-cTumynmnpoBaHHom skcnpeccum Lepr v KIb B runotanamyce. Kpome Toro,
Ha GOHe BBefleHMA 3CTPajMona He NPOABNANOCH NHIMbupytoulee BnuaHne FGF21 Ha ypoBeHb UHCYNIMHA B KPOBU,
a B NMOAKOXHOW 6eoi XXMPOBOW TKaHM NPOABAANOCh UHIMbMpytolwee BavaHue FGF21 Ha akcnpeccuto Cptla n He
NPOoABNANOCh akTUBUpYoLlee BnusaHne FGF21 Ha skcnpeccuio reHos Insr n Acacfi. MonyyeHHble JaHHble NO3BONA-
10T 3aK/0UYNTb, YTO Y OBAPUIKTOMUPOBAHHbIX CAMOK C OXMpPeHneMm oTcyTcTBme 3ddekToB FGF21 Ha maccy Tena u
MKMPOBOW TKaHW 1 ero 6naroTBOpHoOE BMAHME Ha NoTpebneHne NuLLM 1 YPOBeHb F0KO3bl B KPOBM He CBA3aHbI C
nencTBmem acTpaamnona. OfHako 3CTpagnon BAMAET Ha TPAHCKPUNLMOHHble 3ddekTbl FGF21 B neueHn, 6enom xupe
1 runoTasiaMmyce, UTo MOXKET JiexkaTb B OCHOBE MOJIOBbIX Pa3NyMii B €ro AeCTBMM Ha SKCNPeccuio MeTabonnyeckmx
reHOB 1, BO3MOXXHO, NOJIOBbIX pa3nnuunii ero dapmakonormyecknx sGpdexTos.

Kntouesble cnosa: FGF21; acTpagnon; neyeHb; XKNUPOBas TKaHb; NULLEBOE NPeAnoUYTEHNE; SKCNPECCUA FeHOB; No-

JI0Bble pa3nnyunAa.

Introduction

Fibroblast growth factor 21 (FGF21) is synthesized in the liver,
secreted into blood and acts as a hormone (Kharitonenkov et
al., 2005). Its level increases significantly at metabolic stress;
specifically, in the cold, fasting, and obesity (Fisher et al.,
2011). FGF21 is involved in the regulation of carbohydrate-
lipid metabolism. Its pharmacological doses improve meta-
bolic parameters in animals and people with obesity: they
increase energy expenditure and insulin sensitivity and reduce
blood glucose levels (Kharitonenkov et al., 2005; Coskun et
al., 2008). In addition, FGF21 affects taste preferences: it re-
duces the consumption of sweets and alcohol and increases
protein consumption (Talukdar et al., 2016; Allard et al., 2019;
Larson et al., 2019).

Currently, FGF21 and its synthetic analogues are used in
designing drugs for the treatment of metabolic syndrome in
obesity. However, the vast majority of preclinical studies of
its pharmacological action were performed on males. Our
studies of the effect of FGF21 in mice showed that its phar-
macological effects in females and males might differ. In
female C57BI mice with obesity induced by the consumption
of high sweet-fat diet, FGF21 reduced body weight, but, un-
like males, did not affect glucose tolerance or the expression
of metabolic genes in the liver or in brown adipose tissue
(Bazhan et al., 2019). In obese C57B1 mice fed a mixture of
high-fat and standard diets, administration of FGF21 improved
some metabolic indices in mice of both sexes but induced
female-specific activation of gene expression in abdominal
adipose tissue (Makarova et al., 2021). In female 4 mice with
genetically induced obesity, unlike males, FGF21 did not affect
body weight, blood insulin levels, or POMC expression in the
hypothalamus, but increased food intake and liver weight and
modified the expression of metabolic genes in the liver and in
white adipose tissue (Makarova et al., 2020).

160

The causes of the sex differences in the pharmacological
effects of FGF21 are still unknown. We assumed that sex
differences in responses to FGF21 were associated with the
influence of estrogens. Estradiol and FGF21 esert similar ef-
fects on metabolic parameters. Estradiol, like FGF21, reduces
food intake, body weight, blood glucose and insulin levels
and increases glucose tolerance in ovariectomized and intact
obese females (Gao et al., 2006; Thammacharoen et al., 2009).
According to the available data, estradiol and FGF21 have
different receptors and the same signaling pathways (Fisher
et al., 2011; Vrtacnik et al., 2014). In addition, estradiol can
affect the level of FGF21 in blood. The expression of Fgf21
in the liver determines the blood hormone level and depends
on the stage of the estrous cycle, positively correlating with
the blood level of estradiol (Hua et al., 2018). Exogenous
estradiol can also stimulate the expression of Fgf2/ in the
liver and increase the blood FGF21 level (Allard et al., 2019).

We suggested that FGF21 and estradiol interact in the
regulation of carbohydrate-lipid metabolism, and the phar-
macological effects of FGF21 depend on the blood estradiol
level. Therefore, the aim of this study was to compare the
effects of FGF21 on metabolic parameters, food choice, and
the expression of genes involved in carbohydrate and fat
metabolism in the liver, adipose tissue, and hypothalamus in
female mice with alimentary obesity and different levels of
estrogenic activity.

Materials and methods
Animals. All experiments were performed according to the
Guide for the Care and Use of Laboratory Animals (1996)
and the Russian National Guidelines for the Care and Use of
Laboratory Animals.

Female mice of C57BL/6J strain were kept at the vivarium
for conventional animals of the Institute of Cytology and Ge-
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3aBUCUMbIE 11 HE3aBUCUMbIE OT YPOBHA 3CTpaguona
3¢ dekTbl FGF21y caMOK MblLLen C OKUpeHneMm

Age 10 weeks 12 weeks 20 weeks Control HSFD:

FGF21 chow

Chow HSFD cookies

E2 lard

FGF21+E2
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Treatment (FGF21/E2)
Body weight GTT

Fig. 1. Scheme of the experiment.

Calorie intake

OVX - ovariectomy; GTT - glucose tolerance test; Chow — ad libitum access to commercial mouse chow; HSFD - high sweet fat diet (standard laboratory chow,
sweet cookies, lard); Treatment - ovariectomized females with diet-induced obesity received fibroblast growth factor 21 (FGF21) at a dose of 1 mg per 1 kg of
body weight subcutaneously and estradiol (E2) at a dose of 20 mg/animal orally separately or together for 13 days. Control females received subcutaneously

phosphate buffered saline (PBS) and oil orally.

netics, Novosibirsk. The mice were housed at the 12-h/12-h
light/dark regime (light from 07:30 to 19:30) at the ambient
temperature 22-24 °C and free access to water and food. At
the age of 10 weeks, all females were ovariectomized. To
induce obesity, mice were fed with mixed diet, which con-
sisted of standard laboratory chow, sweet cookies and lard,
for two weeks after surgery. The animals consumed this diet
for 8 weeks before and during the entire period (2 weeks) of
drug administration (Fig. 1).

Mouse recombinant FGF21 (1 mg per 1 kg) dissolved in
Phosphate Buffered Saline (PBS) or PBS itself were injected
subcutaneously (V' = 200 pL) at the end of the light period
(17:00-19:00) for 13 days. The expression and purification of
mouse FGF21 were performed by Dr. Baranov, as described
carlier (Makarova et al., 2021). Estradiol (E2 Sigma, USA,
20 pg/animal) dissolved in oil or oil itself were administered
orally (V=100 uL) at the same time as FGF21.

Obese ovariectomized female mice were randomly di-
vided into four experimental groups (6—8 animals per group):
(1) control females, which received vehicles (oil and PBS);
(2) FGF21-females, which received FGF21 and oil; (3) E2-
females, which received E2 and PBS; and (4) FGF21+E2-
females, which received both FGF21 and E2.

The glucose tolerance test (GTT) was performed on day 13
of the experiment, after which each group received the last
due treatment with drugs or solvents. One day after the last
treatment, the females were weighed and decapitated (14:00—
16:00). E2 increased the uterus weight (43.5+6.5 mg without
estradiol (n=15) vs 114.0+£8.6 mg (n = 12) after E2-treatment,
p < 0.001 Student test), indicating the effectiveness of the
selected dose of the hormone. After decapitation, liver, sub-
cutaneous (scWAT) white adipose tissue, abdominal (abWAT)
white adipose tissue, and brown adipose tissue (BAT) were
excised and immediately weighed. Blood and tissue samples
were taken. Tissue samples for gene expression assays were
immediately frozen in liquid nitrogen and stored until RNA
isolation.

Diet. Standard chow was purchased from BioPro (Novosi-
birsk, Russia). The energy value of chow diet was 250 kcal/
100 g. Pork lard and cookies were bought in a food store. The

energy value of cookies was 458 kcal/100 g. The energy value
of lard (subcutaneous fat) was 800 kcal/100 g. The number
of calories consumed with each component of the diet was
calculated as the weight of the component in grams multiplied
by the energy value of the component. The percentage of
calories consumed with each component of the diet (share of
total) was calculated as the number of calories consumed by
the female with the component divided by the total number
of calories consumed and multiplied by 100.

Ovariectomy. The animals were anesthetized by an intra-
peritoneal injection of 2.5 % avertin (a mixture of 2,2,2-tri-
bromethanol (Sigma-Aldrich Inc., USA) and 2-methyl-2-bu-
tanol (Sigma-Aldrich Inc.) in the volume 400 pL. Bilateral
ovariectomy was performed through a skin incision in the
lumbar region.

Glucose tolerance test (GTT). Before the test, food was re-
moved from the animals at 08:00, and the test started at 15:00.
Animals were injected with glucose (AO REACHEM, Mos-
cow, Russia) intraperitoneally at the dose 1 g/kg body weight.
Blood glucose concentrations were measured using a Lifescan
One Touch Basic Plus glucometer (LifeScan Inc., Switzer-
land) before glucose administration (fasting glucose) and 15,
30, 60, and 120 minutes after glucose administration. The
Area Under the Curve (AUC) was presented as mmol/Lxhour.

Plasma assays. Concentrations of insulin, leptin, adiponec-
tin, and corticosterone were measured using Rat/Mouse Insulin
ELISA, Mouse Leptin ELISA (EMD Millipore, USA), Mouse
Adiponectin/Acrp30 Quantikine ELISA (R&DSystems, USA),
and CORTICOSTERONE rat/mouse ELISA (Xema Co. Ltd.
in Moscow, Russia) kits, respectively. Concentrations of
glucose, triglycerides, cholesterol, and free fatty acids were
measured colorimetrically using Fluitest GLU, Fluitest TG,
Fluitest CHOL (Analyticon Biotechnologies GmbH, Ger-
many), and NEFA FS DiaSys (DiaSys Diagnostic Systems
GmbH, Germany) kits, respectively. Fasting significantly
increases endogenous FGF21 production and its level in the
blood. As, the aim of this study was to compare the effect of
prolonged FGF21 administration on metabolic parameters
rather than the acute effects of FGF21, biochemical (and other)
parameters were measured in fed animals.
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Hepatic triglyceride content. Liver samples were homog-
enized in PBS (50 mg in 400 pL) and centrifuged at 1000 rpm.
The supernatant was stored at—20 °C. Triglyceride levels were
assayed using the Fluitest TG commercial kit (Analyticon Bio-
technologies GmbH, Germany) according to manufacturer’s
recommendations.

Relative quantitative real-time PCR. Total RNA was
isolated from tissue samples using ExtractRNA kit (Evrogen,
Moscow, Russia) according to the manufacturer’s recommen-
dations. First-strand cDNA was synthesized using Moloney
murine leukemia virus (MMLV) reverse transcriptase (Evro-
gen) and oligo(dT) as a primer. TagMan gene expression
assays (Applied Biosystems, USA) were used for relative
quantitation real-time PCR. The genes tested involved fibro-
blast growth factor 21 (Fgf21, Mm00840165 gl), peroxisome
proliferator-activated receptor gamma coactivator (Ppargcla,
MmO01208835 ml), carnitine palmitoyltransferase 1A/1B
(Cptlo/B, MmO01231183 m1/MmO00487191 gl), acetyl-
CoA carboxylase alpha/beta (Acaco/B, Mm01304257 m1/
MmO01204671 ml), insulin receptor (Insr, MmO01211875 ml),
insulin receptor substrate 1/2 (Irsi/2, Mm01278327 ml/
MmO03038438 ml), protein-tyrosine phosphatase 1B (Ptpnl,
Mm00448427 ml), pyruvate kinase (Pklr, Mm00443090 ml),
glucokinase (Gck, Mm00439129 ml), glucose-6-phosphatase
(G6pc, Mm00839363 ml), phosphoenolpyruvate carboxy-
kinase (Pck, Mm01247058 m1), solute carrier family 2 mem-
ber 2 (Slc2a2, Mm00446229 ml), solute carrier family 2
member 4 (Slc2a4, Mm00436615 m1), estrogen receptor 1
(Esrl, Mm00433149 m1), signal transducer and activator
of transcription 3 (Stat3, MmO01219775 ml), peroxisome
proliferator-activated receptor alpha/gamma (Pparo/y,
Mm00440939 m1/Mm00440940 m1), hormone-sensitive
lipase (Lipe, Mm00495359 ml), adipose triglyceride
lipase (Atgl, Mm00503040 ml), fatty acid synthase
(Fasn, Mm00662319 ml), uncoupling protein 1 (Ucpl,
MmO01244861 ml), deiodonase-2 (Dio2, Mm00515664 ml),
corticotropin releasing hormone (Crh, Mm01293920 sl),
agouti related neuropeptide (4grp, Mm00475829 ¢1), neu-
ropeptide Y (Npy, Mm01410146_m1), proopiomelano-
cortin (Pomc, Mm00435874 ml), leptin receptor (Lepr,
MmO00440181 ml), klotho beta (K/b, Mm00473122 m1l),
cyclophilin A (Ppia, Mm02342430 gl), and beta-actin (Actb,
MmO00607939 s1). Cyclophilin A and beta-actin were used
as endogenous controls. The PCR and fluorescence detection
were performed on an Applied Biosystems VIIA 7 Real-Time
PCR System. Relative quantification was performed by the
comparative threshold cycle (CT) method.

Statistical analysis. Each result is presented as the arith-
metic mean=SE. Two-way ANOVA with factors ‘FGF21’
(PBS or FGF21) and ‘E2’ (oil or E2) was used to analyze
FGF21 and E2 effects on metabolic parameters with multiple
comparisons by the post hoc Tukey test or Mann—Whitney
U test in case of inequality of variances. Repeated measures
ANOVA with factors ‘FGF21°, ‘E2’ and ‘Time’ (time after
glucose load) was used to analyze the results of the GTT. Dif-
ferences were considered significant at p <0.05. Calculations
were performed with the STATISTICA 10.0 software package
(StatSoft Russia, Moscow, Russia).
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Results

Food intake, body weight, weights of liver

and adipose tissues

At the end of the experiment, E2-treated ovariectomized
(OVX) obese females had lower weights of the body and of
abdominal and subcutaneous adipose tissues (abWAT and
scWAT, respectively) than oil-treated females (p < 0.05,
p <0.05, and p < 0.01, respectively) (Fig. 2, a). Fibroblast
growth factor 21 (FGF21) did not affect the parameters
whether administered alone or with estradiol. There were no
significant effects of the administration of E2, or FGF21, or
both on the weight of brown adipose tissue (BAT), hepatic
weight, or hepatic triglyceride content (Fig. 3, a, see Fig. 2, a).

Estradiol reduced the number of calories consumed with the
high-fat component of the diet (lard) and the total number of
calories consumed (p < 0.01 and p < 0.05, respectively), but
did not affect the contribution of various components of the
diet to the calorie content of the food consumed (Fig 4, a).
FGF21, regardless of E2, increased the number of calories
consumed with standard chow and contribution of standard
chow to the calorie content of the food consumed.

Thus, in obese OVX females, estradiol reduced body
weight, apparently due to the decrease in WAT weight. Both
drugs influenced the food preferences, and their effects were
independent.

Insulin sensitivity, plasma hormone

and metabolite levels

In obese OVX females, there were no significant effects of
separate or joint administration of drugs on the plasma levels
of corticosterone, free fatty acids (FFA), triglycerides (TG), or
cholesterol (Fig. 5). FGF21 had no effect on plasma levels of
leptin or adiponectin, but estradiol reduced both (p < 0.001).
Estradiol reduced the plasma insulin and blood fasting glucose
levels and increased glucose tolerance (p <0.001 in all cases)
(Fig. 6, a, b). When administered separately, FGF21 also re-
duced the plasma insulin level (p <0.05, post hoc Tukey test).
In females having received both drugs, insulin levels did not
differ from those in FGF21- or E2-females, but they were
significantly lower than in control females (p < 0.05, post hoc
Tukey test). Regardless of E2-treatment, glucose tolerance
in females treated with FGF21 did not differ from control
females and the fed plasma glucose level was lower than in
control females, although the differences were below the level
of significance (p = 0.07).

Thus, estradiol increased insulin sensitivity in obese
OVX females. FGF21, regardless of E2-treatment, did not
affect glucose tolerance or the fasting glucose level, but low-
ered the fed glucose level. FGF21 also had a beneficial effect
on the plasma insulin level, but this effect was recorded only
in E2-untreated females.

Metabolic gene expression

In scWAT, in obese OVX females, FGF21 and estradiol, when
administered separately, increased the expression of insulin
receptor gene (/nsr) and acetyl-coA carboxylase beta gene
(AcacP, suppression of fatty acid oxidation) (see Fig. 2, b).
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Fig. 2. a, Body weight, the weight of abdominal (abWAT) and subcutaneous (scWAT) white adipose tissues and the weight of brown adipose tissue
(BAT); b, ¢, the mRNA levels of genes regulating metabolism in sSCWAT and BAT, respectively.
The ANOVA factors whose influence on the parameter is significant are shown above brackets (E2, FGF21, or E2xFGF21). *vs Control, #vs FGF21, Svs E2, post

hoc Tukey test.
Insr — insulin receptor; Ptpn1 — protein-tyrosine phosphatase 1B; Slc2a4 - solute carrier family 2 member 4; Ppary — peroxisome proliferator-activated nuclear
receptor gamma; Ppargcla — peroxisome proliferator-activated receptor gamma coactivator; Acaca — acetyl-coenzyme A carboxylase alpha; Acacf - acetyl-CoA
carboxylase beta; CptTa - carnitine palmitoyltransferase 1A; Lipe — hormone-sensitive lipase; Atgl - adipose triglyceride lipase; Fasn - fatty acid synthase; UcpT -
uncoupling protein 1; Dio2 - deiodonase-2; Cpt1f - carnitine palmitoyltransferase 1B; Ppara — peroxisome proliferator-activated receptor alpha coactivator.
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Fig. 3. Liver: a, weight, triglyceride content; b, mRNA levels of genes regulating glucose and lipid metabolism.
The ANOVA factors whose influence on the parameter is significant are shown above brackets (E2, FGF21, or E2x FGF21). # vs FGF21, $ vs E2, post hoc Tukey test;

& s control, Mann-Whitney U test.
Esr1 - estrogen receptor 1; Stat3 - signal transducer and activator of transcription 3; Insr — insulin receptor; Irs1/2 — insulin receptor substrate 1/2; Slc2a2 - solute

carrier family 2 member 2; Pklr - pyruvate kinase; Gck — glucokinase; G6pc — glucose-6-phosphatase; Pck — phosphoenolpyruvate carboxykinase; Acaca - acetyl-
coenzyme A carboxylase alpha; Fgf21 - fibroblast growth factor 21; Ppargc1a - peroxisome proliferator-activated receptor gamma coactivator; CptTa - carnitine
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In females who received both drugs, the expression of these
genes was lower than in females who received one of them,
and it did not differ from that in control females (influence of
factor interaction p < 0.05 in both cases). In addition, when
administered separately, FGF21 did not affect the expres-
sion of the Cpt/a gene for carnitine palmitoyltransferase 1a
gene (activation of fatty acid oxidation) but suppressed its
expression in E2-treated females (influence of factor interac-
tion p < 0.05). In females receiving both drugs, the mRNA
level of this gene was significantly lower than in E2-females
(p <0.05, post hoc Tukey test) and did not differ from control
females.

There was no significant effect of separate or joint adminis-
tration of drugs on gene expression in abWAT. In BAT, estra-
diol reduced the expression of the transcription factor peroxi-
some proliferator-activated nuclear receptor gamma (Ppary)
(p <0.05) (see Fig. 2, c). Regardless of the estradiol status,
there were no effects of FGF21 on the expression of genes
involved in thermogenesis and fatty acid beta-oxidation
in BAT.

Thus, in obese OVX females, the catabolic effect of estra-
diol was associated with its stimulating influence on the ex-
pression of Insr, Acac in scWAT and Ppary in BAT. Despite
the absence of the catabolic effect of FGF21, it exerted tran-
scriptional effects in scWAT (stimulated the expression of
Insrand AcacP), but only in oil-treated females; in E2-treated
females, the stimulating effect of FGF21 on gene expression
was not manifested.

In the hypothalamus, changes in food consumption caused
by the E2 action were associated with higher expression of the
genes for leptin receptor (Lepr) and corticotropin-releasing
hormone (Crh) (p < 0.05 and p < 0.01, respectively) (see
Fig. 4, b). The effect of FGF21 on food consumption was as-
sociated with an increase in Lepr expression (p <0.05), which
was more pronounced in females receiving E2. In addition,
FGF21 increased the expression of its own coreceptor, klotho
beta (KIb) (p <0.01), and this effect was also more pronounced
in females receiving E2.

Thus, the effect of drugs on the choice of food components
was associated with a change in the hypothalamic expres-
sion of genes associated with the regulation of food con-
sumption, and estradiol enhanced the transcriptional effects
of FGF21.

In the liver of obese OVX females, estradiol increased the
expression of the insulin receptor gene (/nsr) (p < 0.05) (see
Fig. 3, b). FGF21, regardless of E2-treatment, suppressed its
own expression (Fgf21) and the expression of genes asso-
ciated with fatty acid synthesis and oxidation (acetyl-coen-
zyme A carboxylase alpha, Acaco, and carnitine palmitoyl-
transferase la, Cptlo (tendency)), and with gluconeogenesis
(glucose-6-phosphatase, G6pc) (p < 0.05, p <0.05, p=0.08
and p < 0.01, respectively). When administered separately,
FGF21 increased the expression of insulin receptor substrate
type 2 gene (Irs2) and suppressed the expression of pyruvate
kinase (Pklr, a key enzyme in glycolysis) (p < 0.05, FGF21-
females vs control females, Mann—Whitney U test in both
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cases). In females treated with both FGF21 and estradiol, the
mRNA levels of /rs2 and Pkir did not differ from those in
E2-females or control females.

Thus, independent transcriptional effects of FGF21 and
estradiol in the liver were shown: FGF21-effects on Gé6pc,
Acaca, and Fgf21 expression and an E2-effect on Insr ex-
pression. However, the effects of FGF21 on Irs2 and Pkir
expression manifested themselves only when the drug was
administered without estradiol, and they were absent from
animals receiving both drugs, which suggests an inhibition
of the effects of FGF21 by E2.

Discussion

In this work, we investigated whether the blood estradiol
level modifies the pharmacological action of FGF21 in obese
females. It is known that chronic FGF21 treatment improves
many metabolic parameters in obese male mice; in particular,
weight loss and lipoprotein profiles. It increases insulin sensi-
tivity and energy expenditure, normalizes blood glucose and
triglyceride levels, improves the liver state, and suppresses
gluconeogenesis (Kharitonenkov et al., 2005; Coskun et al.,
2008; Xu et al., 2009; Chau et al., 2010; Véniant et al., 2012;
Fisher, Maratos-Flier, 2016; BonDurant, Potthoff, 2018).
Also, FGF21 changes taste preferences, increasing protein
consumption and reducing sugar consumption by male mice
(Talukdar et al., 2016; Hill et al., 2019; Larson et al., 2019).

According to our data, estradiol given to OVX obese fe-
males reduced body and adipose tissues weights, the total
number of calories consumed, fed insulin plasma level, and
fasting glucose blood level and increased glucose tolerance.
These observations agree with the generally accepted opinion
as to the effect of estradiol on these parameters in female
mice with obesity (Riant et al., 2009; Yan et al., 2019). We
were first to demonstrate that the anorexigenic effect of es-
tradiol in obese OVX females is due to the suppression of
the consumption of a high-fat component of diet (lard), and
this effect is associated with the activation of the expression
of the corticotropin-releasing hormone gene (Crh) in the
hypothalamus. However, some effects of FGF21 observed in
obese males were not detected in obese OVX females. For
example, FGF21, regardless of E2-treatment, did not affect
body or adipose tissues weights; levels of lipids, leptin, or adi-
ponectin in plasma; or the expression of genes associated with
the regulation of thermogenesis in BAT, hypothalamic food
consumption regulation, or with lipid metabolism in sScWAT or
in the liver. These results are consistent with data on the effect
of FGF21 in non-ovariectomized obese females (Bazhan et
al., 2019), and they suggest that there are sex-related factors
other than estradiol that suppress the pharmacological effects
of FGF21 in obese females.

We showed that the stimulating effect of FGF21 on the
consumption of standard food in obese OVX females did not
depend on E2-treatment, and it appeared to be similar to the
FGF21 effect on food consumption in males. FGF21 is known
to increase the consumption of protein (casein enriched with
cystine) by males (Larson et al., 2019). In our experiment,
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standard food had the maximum amount of protein, compared
with lard and cookies. Both hormones, FGF21 and estradiol,
affected the choice of food components, the influence of each
was aimed to reduce the caloric content of consumed food;
herewith, estradiol reduced the high-fat component of diet,
and FGF21 increased intake of standard food. Both hormones
increased the expression of leptin receptors (Lepr) in the
hypothalamus. Genes for the hypothalamic neuropeptides pro-
opiomelanocortin (Pomc), agouti related peptide (4grp) and
neuropeptide Y (Npy) are leptin targets (Cowley etal., 2001),
and they are involved in the regulation of food consumption.
We found no effect of FGF21 or estradiol on their expres-
sion, thus we assume that the activation of the hypothalamic
expression of Lepr and, accordingly, enhane hypothalamic
leptin sensitivity in response to the administration of FGF21
or estradiol do not mediate the effects of these hormones on
food consumption. In this regard, the mechanism of FGF21
effect on food consumption remains unclear and requires
further study, whereas the anorexigenic effect of estradiol is
apparently due to the increase in hypothalamic Crh expression
and activation of the CRF system. It should be noted that in
the hypothalamus, FGF21 stimulated not only Lepr expres-
sion but also the expression of its own co-receptor klotho
beta (KIb); the maximum expression of Lepr and KIb being
recorded when drugs were administered jointly. The results
indicate that the pharmacological use FGF21 can increase
the sensitivity of the hypothalamus to regulatory factors, and
estradiol can potentiate the central effects of FGF21.

We show that FGF21 administered to obese OVX females
increases the expression of /nsr and AcacP in scWAT and
Irs2 in the liver but suppresses the hepatic expression of
glucose-6-phosphatase (G6pc), Pklr, Acaca, Cptlo, and itself
(Fgf21). It is known that chronic administration of FGF21
to obese males increases the expression of Insr, Acacp and
suppresses the expression of Cptla in scWAT, and in the
liver stimulates the expression of /nsr and suppresses its own
expression (Fgf21) and the expression of Acacao and Cptla
(Coskun et al., 2008; Fisher et al., 2011). Consequently, the
transcriptional effects of FGF21 in obese OVX females not
treated with estradiol were similar to those in obese males and
beneficial. They were aimed at increasing insulin sensitivity in
the liver and adipose tissue, and they contributed to a decrease
in glucose and fatty acid plasma levels. In obese OVX females
having received both drugs, the beneficial transcriptional ef-
fects of FGF21 persisted only in the liver: FGF21 suppressed
the expression of G6pc, Acaca, Cptla, and itself.

When co-administered with estradiol, FGF21 suppressed
the expression of Cptlo in scWAT, but the effect of FGF21
on the expression of /nsr and Acacf} in scWAT, Irs2 and Pklr
in the liver was not pronounced. Consequently, the effect of
FGF21 on hepatic G6pc expression, is independent of estradiol
and is associated with a decrease in fed glucose plasma levels.
We assume that these FGF21 effects (suppression of G6pc
expression and lower plasma glucose level) were mediated by
activation of hypothalamic Lepr expression, since the ability
of leptin, affecting the activity of POMC neurons, to normal-
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ize blood glucose levels and increase insulin sensitivity in the
liver has been shown (Berglund et al., 2012).

Thus, the study of the transcriptional effects of FGF21
in the liver, adipose tissue, and hypothalamus shows that
there are different types of interaction between FGF21 and
estradiol in regulating the expression of metabolic genes in
obese OVX females: (1) FGF21 can act independently of E2,
(2) estradiol may inhibit or enhance the effects of FGF21, and
(3) the interplay of hormones can lead to mutual suppres-
sion of their effects, observed when they are administered
separately. The ability of exogenous FGF21 to suppress the
effects of estradiol in females suggests a possible adverse ef-
fect of pharmacological FGF21; in particular, on the female
reproductive function.

What mechanisms may mediate the estradiol influence on
the pharmacological effects of FGF21? FGF21 has been shown
to bind to a receptor complex consisting of fibroblast growth
factor receptor type 1 (FGFR1) and klotho beta co-receptor
(Kurosu et al., 2007). In the hypothalamus, adipose tissue,
and the pancreas, the receptor and co-receptor of FGF21 are
expressed, as well as all types of estradiol receptors (Kurosu
etal.,2007; Nadal et al., 2009; Fisher et al., 2011; Bian et al.,
2019; Pan et al., 2019). These tissues are the target of FGF21
and estradiol. Estrogen receptor alpha and G-protein-coupled
estrogen receptor are expressed in the liver (Palmisano et al.,
2017), so the liver is the target of estradiol. The level of FGFR1
in the liver is very low (Fisher et al., 2011); however, some
direct effects of FGF21 can be observed in the liver with its
pharmacological administration, as a result of a large dose of
the drug (Owen et al., 2015). The interaction of FGF21 and
estradiol in the regulation of metabolic parameters may depend
on the molecular mechanism regulating the expression of tar-
get genes, as well as on the type and level of receptors in the
tissue, thus being tissue-specific. The molecular mechanism
of this interaction requires additional study.

Conclusion

To sum up, we state that ovariectomized obese females are
resistant to the catabolic action of FGF21, and this resistance
is not associated with the action of estradiol. The ability of
FGF21 to increase the consumption of standard food and
reduce blood glucose levels does not depend on estradiol
either. However, FGF21 and estradiol appear to interact in the
regulation of gene expression and blood insulin levels: (i) es-
tradiol can suppress the transcriptional effects of FGF21 in
the liver and potentiate its effect in the hypothalamus; (ii) in
adipose tissue, the interaction of FGF21 and estradiol can
suppress the activating effect of each of the drugs observed
with separate administration or contribute to the manifesta-
tion of the inhibitory effect of FGF21; and (iii) in E2-treated
animals, FGF21 exerts no inhibitory effect on the blood in-
sulin level.

Estradiol-dependent effects of FGF21 can manifest them-
selves differently in male and female bodies, different in estro-
gen activity. Thereby, they determine the sexual dimorphism
of the pharmacological effects of FGF21 in obese animals.
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Abstract. Drosophila melanogaster Hsp67Bc is a heat- and cold-inducible small heat shock protein that participates
in the prevention of aggregation of misfolded proteins and in macroautophagy regulation. Overexpression of the
Hsp67Bc gene has been shown to enhance macroautophagy in Drosophila S2 cells, and the deletion of this gene
leads to the formation of a slightly increased number of autophagic vacuoles in the fruit fly brain neurons. Recently,
we found that Hsp67Bc-null D. melanogaster flies have poor tolerance to cold stress (0 °C) of various durations. In
the present work, we investigated how the Hsp67Bc gene deletion affects the fitness of fruit flies under normal
conditions and their tolerance to elevated temperatures at different developmental stages. Larvae and pupae were
not adversely affected by the Hsp67Bc gene deletion, and adult Hsp67Bc-null flies showed an extended lifespan
in comparison with the control at normal (24-25 °C) and elevated temperature (29 °C), and after acute heat stress
(37 °C, 2 h). At the same time, the fecundity of the mutant females was lower by 6-13 % in all tested environments,
except for permanent maintenance at 29 °C, where the mean numbers of eggs laid by the mutant and control flies
were equal. We explain this phenomenon by a reduced number of ovarioles in Hsp67Bc-null females and enhanced
macroautophagy in their germaria, which promotes the death of forming egg chambers. In addition, short heat
stress (37 °C, 2 h), which increased the control line’s longevity (an effect common for a wide range of organisms), had
a negative impact on the lifespan of Hsp67Bc-null flies. Therefore, Hsp67Bc-null D. melanogaster have an extended
lifespan under normal and elevated temperature conditions, and reduced fecundity and thermal stress tolerance.
Key words: Drosophila longevity; thermal stress tolerance; elevated temperature; heat stress; small heat shock
proteins; autophagy.
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BiansiHue nipoaykTa reHa Hsp67Bc Ha MPOOOIKUTEIbHOCTD KI3HI,
TIJIOLOBUTOCTD U YCTOMUMBOCTDL Drosophila melanogaster
K KPaTKOBpEeMEeHHOMY TeIJIOBOMY CTPecCy

AA. MaabkeeBa®, C.A. dépoposa, E.B. Knceaera

DepepanbHbIi NccnefoBaTeNbCKUIA LLeHTP VHCTUTYT yutonornm n reHetukn Cnbmpckoro otaeneHns Poccuiickoin akagemun Hayk, Hosocmbupck, Poccus
® malkeyeva@bionet.nsc.ru

AnHoTauusa. Hsp67Bc Drosophila melanogaster - nHayLMpyeMbii B OTBET Ha TEMIOBOW 1 XONIOLOBOW CTpecc Ma-
Nbll 6eNOK TENNOBOrO LWOKA, YYacTBYOLWMIA B NPeAOTBPALLEHNI arperaLym NoBpeXaeHHbIX 6e1KoB 1 B perynauum
MakpoayTodaruu. bbiio nokasaHo, UTo NOBbILWEHHAA SKCNpeccus reHa Hsp67Bc ctumynupyeT Makpoaytodaruio B
Knetkax S2 apo3odunbl, a ero feneuns NPUBOANUT K HEOObLLOMY YBENMYEHWIO KOTIMYECTBA ayTodarnyeckrx Bakyo-
nein B HeMPOHax mMo3ra Myx. HepaBHO HaMu OGHaPYKEHO, UTO HyNb-annenbHble No reHy Hsp67Bc ocobu D. mela-
nogaster UMeIOT CHUMXEHHYI0 YCTONUMBOCTb K Xonoposomy cTpeccy (0 °C) pa3nuuHoi gnutenbHoOCTU. B HacToAwen
paboTe Mbl ncceaoBany, Kak Hanuuve aeneumnn B reHe Hsp67Bc noBnusaeT Ha }un3HecnocobHocTb D. melanogaster B
HOPMasbHbIX YCIIOBMAX U Ha UX YCTONUYMBOCTb K NOBbILEHHON TeMMepaType Ha pasHbiX CTaguax pa3sutua. eneuyua
Hsp67Bc He oKa3ana Ha MIMYUHOK U KYKONTOK Ap030dus1 HE6aronpuAaTHOrO BO3LENCTBISA; HYNb-aieNbHble MO reHy
Hsp67Bc nmaro nmenu yBenmyeHHyo No CPaBHEHMIO C KOHTPOEM NPOAOIIKUTENBHOCTb XU3HWU NMPY HOPMaNbHOMN
(24-25 °C) n nosbiweHHOM (29 °C) TemnepaType, a Takxe Nnocsne KpaTkoBpeMeHHOro Tennosoro ctpecca (37 °C, 2 u).
B TO e BpemA NIoJOBUTOCTb MyTaHTHbIX CaMOK Oblia CHUKeHa Ha 6-13 % Mo cpaBHEHMIO C KOHTPONIEM Npu BCex
nccnefoBaHHbIX TeMMepaTypPHbIX PeXKMMaX, 38 UCKITIoUYeHeM NOCTOAHHOTO coaepkaHna npu 29 °C, npy KOTOpom
cpefHee Yncno OTKNaZAblBaeMbIX ANL, He Pa3finyanocb Mexay KOHTPOMbHOM U MyTaHTHOW AMHUAMUK. Mbl CBA3bIBaEM
3TOT PeHOMEH CO CHUKEHHBIM KOMIMYECTBOM OBapUON Y HyNb-annefnbHbIX MO reHy Hsp67Bc caMok, a TakKe C yCuseH-
HoW MaKkpoayTodarunei B Ux repmapusx, NPUBOAALLEN K POCTY umcia rmbHyLmnx GopMmpyoLwmnxcs anLesbix Kamep.
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Hsp67Bc-null D. melanogaster longevity and fecundity
under normal and elevated temperature conditions

Kpome Toro, KpaTkoBpemeHHbI TennoBow cTpecc (37 °C, 2 ), NpMBOAMBLUNIA K YBENNYEHWIO MPOAOIKUTENIBHOCTN
Xn3Hu D. melanogaster KOHTPONBHOWM NMHUN (YTO ABNAEGTCA PACNPOCTPAHEHHON PeaKLMen y XMBbIX OPraH13mMoB),
OoTpULATENbHO BAVAN Ha NPOAOCIKUTENBHOCTb XKU3HWN MyX C feneunein Hsp67Bc. Takum obpasom, D. melanogaster c
Leneuvel B reHe Hsp67Bc MMeloT yBENNUYEHHYI0 MPOJOMKUTENIBHOCTb »KN3HW B HOPMaibHbIX YCIOBUAX U MPW MOBbI-
LIeHHON TemnepaType 1 CHUKEHHbIE MAI0A0BUTOCTb U YCTONYMBOCTb K TeMnepaTypHOMY CTpeccy.

KnioueBble cioBa: NPOAOIKUTENBHOCTb XKM3HW Drosophila; ycTonunBOCTb K TemnepaTypHOMY CTPeCCy; MOBbILIEH-
Has TemnepaTypa; TEMOBO CTPeCC; Masnble 6enKy TEMIOBOTO WOKa; ayTodarus.

Introduction

During ontogenesis, all living organisms experience stress.
The effects of stress-inducing agents on cells include oxidative
modification of proteins, which leads to their misfolding (Jolly,
Morimoto, 2000). Misfolded proteins are detrimental to the
cell because they may gain deleterious biological functions and
are prone to forming insoluble aggregates (Jolly, Morimoto,
2000). To maintain homeostasis, cells synthesize heat shock
proteins (HSPs): a group of conservative proteins that ensure
correct folding of peptides, prevent aggregation of denatured
proteins, and resolubilize protein aggregates (Jolly, Morimoto,
2000). This response is universal among all the known pro-
and eukaryotes (Lindquist, 1986). Expression of the majority
of HSP genes is up-regulated in stressful conditions such as
heat and cold stress, hypoxia, bacterial and viral infections,
and oxidative stress (Lindquist, 1986; Serensen et al., 2003).
Some HSPs are constitutively expressed and are necessary for
growth and development of organisms under normal condi-
tions (Kampinga et al., 2009; Sarkar et al., 2011). In a study
by Raut et al. (2017) on Drosophila, knockdown of 42 out of
95 tested HSP genes led to F1 lethality indicating their crucial
role in the fly development.

Drosophila melanogaster Hsp67Bc belongs to the small
heat shock protein family of HSPs (Vos et al., 2016). It shares
a function of preventing damaged protein aggregation with
other members of the family (Vos et al., 2016). In addition,
Hsp67Bc was shown to be involved in the regulation of
macroautophagy — a conservative catabolic process allowing
the recycling of cytoplasm components — alongside Starvin
protein (Carra et al., 2010; Parzych, Klionsky, 2014). Overex-
pression of the Hsp67Bc gene separately or together with stv
resulted in protein synthesis inhibition and macroautophagy
stimulation (Carra et al., 2010).

Our studies on the Hsp67Bc gene deletion in D. melano-
gaster revealed that in brain neurons of Hsp67Bc-null flies
infected by a pathogenic Wolbachia bacteria strain wMelPop,
the number of autophagosomes and autolysosomes (organelles
formed in the process of macroautophagy that sequester cy-
toplasm components and digest them) was increased, and the
cross-sectional area of autolysosomes was more than 1.5-fold
larger than in the control line with the wild-type Hsp67Bc gene
(Malkeyeva et al., 2021). These observations may indicate that
in the absence of the Hsp67Bc gene product, macroautophagy
is slightly enhanced and autophagosome maturation process
is affected. Furthermore, we showed that the Hsp67Bc gene
product plays an important role in tolerance to cold stress in
the fruit fly (Malkeyeva et al., 2020). Hsp67Bc-null adult flies
needed more time to recover from chill coma than the control
flies, and adult females with the Hsp67Bc gene deletion had
a 1.6-3-fold lower survival after cold stress of various dura-
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tions (2, 4, and 12 h at 0 °C) as compared to the control line
(Malkeyeva et al., 2020).

In this study, we investigated fitness of Hsp67Bc-null
D. melanogaster under normal conditions (24-25 °C) and their
tolerance to elevated temperatures (29 °C or 2 h at 37 °C) at
different stages of ontogenesis (larva, pupa, and imago). We
found that the adult mutant flies had an increased lifespan at
all the tested temperatures, in comparison with the control line
with an intact Hsp67Bc gene. Hsp67Bc-null adult flies, how-
ever, had slightly reduced fecundity under normal conditions
and after heat stress (37 °C, 2 h) and were negatively affected
by acute heat stress (37 °C, 2 h) that prolonged longevity of
the control line. Thus, despite having extended lifespan in
comparison with the control line under all tested conditions,
Hsp67Bc-null flies had lower fecundity and were less tolerant
to acute heat stress.

Materials and methods

Drosophila melanogaster lines. In this study, we used
Hsp67Bc-null D. melanogaster line Hsp67Bc-0 we created
by an imprecise excision of a P-element located in proximity
to the Hsp67Bc gene transcription start. Fly line Hsp67Bc-2
containing a wild-type variant of Hsp67Bc obtained by a pre-
cise cutting out of the mentioned P-element was used as a
control. The procedure for obtaining the fly lines is described
in our recent article (Malkeyeva et al., 2020).

Heat stress applied to larvae and pupae. For these ex-
periments, wandering late 3rd instar (L3) larvae were trans-
ferred from their rearing vials to the walls of vials with fresh
cornmeal-agar medium, at 20 per vial. The larvae were then
either directly transferred to a 37 °C environment (water bath
in an incubator) for 2 h incubation or allowed to first reach
the developmental stage that was to be treated. In particular,
these were pupal stages P1-P2 (white prepupae, 1-2 h after
pupation), P5 (1820 h after pupation), or P7-P8 (4648 h
after pupation) (Bainbridge, Bownes, 1981). The cottons
sealing the vials were slightly moisturized with water before
the start of heat treatment to prevent drying of the larvae and
pupae. After the heat stress treatment, the flies were kept at
24-25 °C until eclosion. Survivors to the pupa stage (in case
of late L3 treatment) and to the adult stage (for all treatment
groups) were then counted. In each experiment, 39107 flies
of each genotype were used.

Analysis of the lifespan and fecundity of adult D. mela-
nogaster Kept at either normal or elevated temperature.
The flies were collected from rearing vials on the 1st day after
eclosion and placed into vials with a fresh cornmeal-agar me-
dium, at eight males and eight females per vial. The flies then
underwent one of four treatments. The 1st group was kept at
24-25 °C (normal conditions); the 2nd group was subjected
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to heat treatment at 37 °C for 2 h at 1 day of age and then
was returned to the 24-25 °C environment; the 3rd group was
heat treated (37 °C, 2 h) at 7 days of age, then returned to
the 24-25 °C environment; the 4th group was transferred to
a 29 °C environment at 1 day of age and kept at the elevated
temperature. Each experimental group contained 45-62 males
and 51-62 females of relevant genotypes.

All the flies were kept under the specified conditions until
the death of all individuals, with survivors transferred to fresh
food daily or every other day. In parallel, fecundity was mea-
sured in these Drosophila starting from day 2 in the 1st, 2nd,
and 4th groups and starting from day 8 in the 3rd group (one
day after the heat treatment). D. melanogaster females were
allowed to lay eggs for 24 h in vials with fresh medium, then
the parents were transferred to new food, and the eggs were
counted. The number of eggs in a vial was then divided by the
number of females that oviposited in that very vial. The egg per
female ratio was evaluated on days 2—11, 15-17, and 22-24
in the 1st, 2nd, and 4th experimental groups; in the 3rd group,
the ratio was measured on days 8—10, 13—15, and 20-22.

Protein starvation assay. For this assay, newly eclosed
adult D. melanogaster individuals were collected every 2 h
from their rearing vials and transferred to vials with protein-
free medium containing 100 g/L sucrose, 5 g/L agar and
0.78 g/L methyl 4-hydroxybenzoate. The flies were transferred
to a fresh medium every other day.

LysoTracker Red (LTR) staining. On the 5th and 15th
days of the protein starvation experiment, ovaries of the
starved adult D. melanogaster females and females kept
on standard food were dissected in 0.01 M PBS (Medigen)
(pH 7.4) and stained with 100 nM LysoTracker Red DND-99
(Life Technologies) and DAPI. The LTR staining was per-
formed as follows: the dissected ovaries were first placed
into a droplet of a 100 nM LTR solution in 0.01 M PBS for
10 min incubation, washed thrice in PBS, and then fixed in 4 %
paraformaldehyde for 20 min; next, the ovaries were washed
three times with a 0.1 % Triton X-100 solution in PBS and
mounted on a slide with a drop of DAPI-containing SlowFade
Gold Antifade Mountant (Thermo Fisher Scientific). To make
sure the antifade mountant penetrates inner ovarioles, we let
the ovaries stay without a cover slip for ~15 min before seal-
ing them under it with nail polish. The samples were stored
in the dark at 4 °C until analysis under the LSM 780 confocal
microscope (Zeiss) with the Plan-Apochromat 20x/0.8 M27
objective.

Statistical analyses. Survival and recovery curves were
compared by the log-rank test. The fecundity, lifespan, number
of ovarioles, and number of dying egg chambers per ovariole
datasets were tested for normality by the Shapiro—Wilk test;
normally distributed data were compared by the heterosceda-
stic ¢ test; data with non-normal distribution were compared by
the Mann—Whitney U test. Differences in fecundity between
the control and mutant fly lines throughout the experiment
were evaluated at each point by the heteroscedastic ¢ test, fol-
lowed by the Benjamini—Krieger—Yekutieli method to control
the false discovery rate. Analyses of the proportion (%) of
LTR-positive germaria obtained in the LTR-staining experi-
ments were performed by the chi-squared test. Differences
were considered statistically significant at p < 0.05.

M13HeCcnocobHOCTb 1 NNOAJOBUTOCTb Hy Nb-annesbHbIX No Hsp67Bc 2022
D. melanogaster npy HOpManbHON 1 MOBbILLEHHOW TeMnepaType  26.2

The Shapiro—Wilk test and the Mann—Whitney U test were
conducted using Statistics Kingdom statistics calculators
(https://www.statskingdom.com).

Results

Hsp67Bc-null D. melanogaster under normal conditions
To expand our knowledge on the functions of Hsp67Bc in the
fruit fly we created a D. melanogaster line carrying a deletion
of almost the entire Hsp67Bc gene (described in detail in our
recent article (Malkeyeva et al., 2020)). The flies carrying
the deletion in the Hsp67Bc gene in the homozygous state
(Hsp67Bc-0) were viable and fertile, and had no visible mor-
phological deviations from the control. The Hsp67Bc-0 line
had extended longevity under normal conditions (24-25 °C)
as compared to the control Hsp67Bc-2 line (Fig. 1, a—c). The
mean lifespan of Hsp67Bc-null D. melanogaster significantly
exceeded that of the control by 35 % in males and by 34 % in
females at 24-25 °C (see Fig. 1, ¢). Thus, it was 70.9+1.3 days
in the mutant males as compared to 52.4+1.9 days in the
control males (p < 0.001) and 63.9+2.2 days in Hsp67Bc-0
females, compared to 47.84+2.4 days in the control line
(p < 0.001). On the contrary, the mean fecundity measured
during the first month of life was 5.9 % lower (p = 0.809) in
Hsp67Bc-0 females than in the control (see Fig. 1, d).
Because under normal conditions the absence of the
Hsp67Bc gene increased the mean lifespan of the flies while
causing only a minor decrease in fecundity, and because no
cases of the loss of this gene in wild fruit fly populations have
been reported to date, a question arose about the role of the
Hsp67Bc gene in D. melanogaster. It is known that heat shock
proteins (which include Hsp67Bc) are essential for stress toler-
ance in all the living organisms (Lindquist, 1986; Serensen et
al., 2003). In our previous study, we discovered involvement
ofthe Hsp67Bc gene product in cold stress tolerance in D. me-
lanogaster (Malkeyeva et al., 2020). In addition, the Hsp67Bc
gene expression was shown to increase in response to heat
stress (Vos et al., 2016). Therefore, we decided to investigate
the impact of the deletion in the Hsp67Bc¢ gene on elevated
temperature tolerance in the flies.

The effect of heat stress on survival

of Hsp67Bc-null larvae and pupae

According to FlyBase (https:/flybase.org), the Hsp67Bc gene
expression levels are the highest in wandering 3rd instar
(late L3) larvae and pupae of D. melanogaster, in particular,
white prepupae, 12 h pupae, and 48 h pupae. We decided to
check how heat stress would affect Hsp67Bc-0 flies at those
stages of development, in addition to the adult stage.

The larvae and pupae were placed in a 37 °C environment
for 2 h, after which they were returned to 24-25 °C to recover
and continue development. The survival rates of the larvae and
pupae were computed as a proportion (%) of eclosed indivi-
duals (Fig. 2, @). The mean survival rates to adult stage were
similar between the control and Hsp67Bc-null pupae, varying
between 95.0+£2.9 % (12 h Hsp67Bc-0 pupae) and 100 %
(48 h Hsp67Bc-0 pupae). Statistically significant differences
were observed between the survival rates of the control and
mutant flies at wandering L3 larva stage: the mutant larvae
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Fig. 1. The survival, lifespan, and fecundity of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) D. melanogaster under normal

conditions (24-25 °C).

Survival curves of males (a) and females (b); the mean lifespan (c); fecundity (eggs per female) dynamics of mutant and control females
throughout the first month of life (d). The error bars denote standard error of the mean (SEM). ***p <0.001.
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Fig. 2. Survival rates of larvae, white prepupae, and pupae of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) flies after acute heat stress (37 °C, 2 h),
and the mean lifespan of adult mutant and control flies under different regimens involving heat treatment.

a, the proportion (%) of wandering L3 larvae (LL3), white prepupae (WPP), 11-13 h pupae (P (12 h)), and of 47-49 h pupae (P (48 h)) surviving to the adult stage
after 2 h of heat treatment (37 °C); b, the mean lifespan of the adult males and females constantly kept at 29 °C; ¢, the mean lifespan of the adult flies kept at
24-25 °C after 2 h heat treatment (37 °C) at 1 day of age; d, the mean lifespan of the adult flies kept at 24-25 °C after 2 h heat treatment (37 °C) at 7 days of age.

The error bars represent SEM. * 0.010 < p < 0.050; *** p < 0.001.

showed higher survival rate as compared to the control line
(88.9+3.1 % in the Hsp67Bc-0 line against 76.6+8.3 % in
the control, p = 0.044).

The impact of elevated temperature

on Hsp67Bc-null adult flies

In continuation of the temperature stress experiments on larvae
and pupae, Hsp67Bc-0 and control adult flies were subjected to
one of the two variants of elevated temperature treatment. The
first variant was life-long maintenance at 29 °C starting from
one day of age; the second variant included heat stress (2 h
at 37 °C) at either one or seven days of age with subsequent
maintenance at 24-25 °C until death of all individuals. The
fly ages for heat stress treatment (2 h at 37 °C) were chosen
based on FlyBase (https:/flybase.org) data indicating that the
Hsp67Bc protein levels are much higher in 1-day-old flies
than in 7-day-old flies.
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Constant maintenance at 29 °C significantly shortened
the lifespan of both control and Hsp67Bc-null flies, as com-
pared to maintenance under normal conditions (24-25 °C)
without heat treatment (see Fig. 2, b, Fig. 1, ¢). The mean
lifespan of males was 28.1+0.9 days in the control line and
31.3+0.8 days in the mutant line. Still, the mean lifespan of
Hsp67Bc-null males was 11.5 % higher than that of the control
line at 29 °C (p = 0.010), and the mutant males passed 50 %
survival between days 33 and 34 of the experiment, whereas
the control ones had passed it already between days 29 and
30 (Fig. 3). Females of the control line had a mean lifespan
of 32.4+0.7 days and Hsp67Bc-0 females had a mean life-
span of 32.5+ 1.1 days. Unlike males, females of the control
and mutant lines had similar survival dynamics and lifespan
at 29 °C (see Fig. 2, b, Fig. 3). Of note, although the mean
lifespan of Hsp67Bc-null Drosophila was exceeding or equal
to that of the control flies at the 29 °C environment, the re-
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Fig. 3. Survival curves of adult Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) flies kept at 29 °C or at 24-25 °C after 2 h heat

treatment (37 °C) at either 1 or 7 days of age.

duction of longevity caused by maintenance at the elevated
temperature (29 °C) was more prominent in the mutant flies
than in the control ones. Thus, maintenance at 29 °C reduced
the lifespan of Hsp67Bc-2 males and females 1.9-fold and
1.5-fold, respectively, as compared to normal conditions
(24-25 °C) without heat stress, whereas the decline was
2.3-fold in Hsp67Bc-null males and 2.0-fold in Hsp67Bc-0
females (see Fig. 1, ¢, Fig. 2, b).

Heat shock (37 °C, 2 h) did not cause death in neither
the control nor Hsp67Bc-null fly line. The mean lifespan
of Hsp67Bc-0 flies was higher as compared to the control
among both males and females at both variants of heat treat-
ment (at one or seven days of age) (see Fig. 2, ¢, d). Survival
dynamics also significantly differed between the lines with
p < 0.010 (see Fig. 3). The mean lifespan of Hsp67Bc-0
males heat-treated at one or seven days of age was higher
than that of the control males by ~13 % (p <0.001) and was
67.0+1.7 days in Hsp67Bc-0 males heat-shocked at one day
of age and 67.9+ 1.3 days in the mutant males heat-shocked
at seven days of age (see Fig. 2, ¢, d). The mean lifespan
of Hsp67Bc-null females that underwent heat stress at one
day of age exceeded that of the control females by ~16 %
(58.9£2.8 days, p = 0.014); between the control and mutant
females heat-treated at seven days of age, the difference in

the mean lifespan was ~35 % (65.44+2.0 days, whereas that
of Hsp67Bc-2 females was 48.5+2.4 days, p < 0.001) (see
Fig. 2, ¢, d). Of note, the applied heat stress (37 °C, 2 h) had
a different impact on the control and Hsp67Bc-null flies.
In comparison with the maintenance under normal condi-
tions (24-25 °C, without treatment), it increased longevity of
the control males and females by 1.5-14.5 % (see Fig. 1, c,
Fig. 2, ¢, d). On the contrary, in the Hsp67Bc-0 line, heat
stress at 37 °C reduced the mean lifespan of females treated
at one day of age by 7.8 %, and the mean lifespan of males
heat-shocked at one and seven days of age by 5.5 and 4.2 %,
respectively (see Fig. 1, ¢, Fig. 2, ¢, d).

These findings may suggest that even though the Hsp67Bc¢
gene deletion causes an increase in the lifespan of flies at both
normal and elevated temperature, it has a detrimental effect
on tolerance to acute heat stress, which normally improves
the longevity of flies (Hercus et al., 2003; Le Bourg, 2011;
Sarup et al., 2014).

The effect of elevated temperature

on D. melanogaster fecundity

In parallel with lifespan and survival, we measured fecundity
of the control and Hsp67Bc-null females as the number of
eggs laid in each vial within 24 h divided by the number of
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1 day (b) or 7 days (c) of age.

The error bars denote SEM. ** 0.001 < p < 0.010; *** p < 0.001.

females kept in those very vials. The mean egg per female
ratio calculated throughout the experiment did not statistically
differ between the control and mutant lines in any of the heat
treatment groups (29 °C, 2 h at 37 °C at one day of age, and
2 hat37°C at seven days of age). Nevertheless, Hsp67Bc-null
females had slightly reduced fecundity as compared to the
control flies after being subjected to heat shock (37 °C, 2 h).
The differences between the lines were more prominent than
at 24-25 °C without treatment. Thus, the mean number of eggs
per female was 10.5 % lower in the mutant flies that underwent
the heat treatment at one day of age as compared to the control
(8.71 eggs/female in Hsp67Bc-0 line and 9.73 eggs/female
in Hsp67Bc-2 line, p = 0.564); in the mutant flies subjected
to heat stress at seven days of age, this value was 12.8 %
(9.77 eggs/female in Hsp67Bc-0 line and 11.2 eggs/female
in the control, p = 0.427).

The egg/female ratio measured each day significantly dif-
fered between the mutant and control lines only on some of
the days of the experiment (Fig. 4). It is worth mentioning that
heat shock (37 °C, 2 h) at one day of age was detrimental for
the fecundity of females. The next day after the heat treatment,
the number of laid eggs per female was much less than under
normal conditions without treatment in both the control and
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mutant lines (see Fig. 4, b, Fig. 1, d). The decrease was more
prominent in Hsp67Bc-null flies (72 % decrease in Hsp67Bc-0
line as compared to 40 % reduction in the control line).

In search for the cause of the reduced mean fecundity in
Hsp67Bc-null females kept at 24-25 °C, we analyzed the
morphology of ovaries in the control and mutant lines. In the
ovaries of both the control and mutant flies, egg chambers at all
stages of oogenesis were present. However, the mutant females
had lower number of ovarioles than the control ones. Five-
and 15-day-old Hsp67Bc-2 females had 16.9-18.4 ovarioles
per ovary, whereas Hsp67Bc-0 females had 14.6-16.2 ova-
rioles per ovary (p = 0.680 in case of the 5-day-old flies and
p <0.001 in case of the 15-day-old flies). This finding may
partially explain the difference in the fecundity of the two lines.

The number of ovarioles may be influenced by nutrient
deprivation in D. melanogaster (Sarikaya et al., 2012). Dietary
restriction stimulates macroautophagy, a process of intracel-
lular component degradation, in regulation of which Hsp67Bc
was shown to participate (Amano et al., 2006; Carra et al.,
2010; Kroemer et al., 2010). Our recent studies on macro-
autophagy revealed a slight increase in autophagic vacuole
number in the brain of adult Hsp67Bc-null flies (Malkeyeva
etal., 2021). Therefore, we next decided to study the morpho-
logy of the control and Hsp67Bc-null D. melanogaster ovaries
under the stress of protein starvation.

The impact of Hsp67Bc gene deletion on starvation-
induced macroautophagy in D. melanogaster ovaries

It is known that starvation, including protein deprivation,
induces macroautophagy in Drosophila ovaries at two nutri-
ent status checkpoints: germarium and mid-oogenesis (Hou
et al., 2008), which then leads to oogenesis slowdown and to
an increase in the number of egg chambers eliminated from
oogenesis (Barth et al., 2011). The discarded egg chambers
degrade through apoptosis with the participation of autophagy
(Bolobolova et al., 2020). To evaluate macroautophagy inten-
sity, we used the LysoTracker Red DND-99 (LTR) dye, which
had been shown to label acidic organelles, such as lysosomes
and autolysosomes, in D. melanogaster (Scott et al., 2004;
Klionsky et al., 2007). Massive acidification of the cytoplasm
signifies death of forming egg chamber cells. We estimated
the percentages of LTR-positive germaria in the control and
Hsp67Bc-null flies kept on standard food and after five (Fig. 5)
and 15 days of protein starvation.

As compared to the control line, in the ovaries of Hsp67Bc-
null females kept on either the standard or protein-free me-
dium, a higher number of LTR-positive germaria was observed
(Fig. 6, see Fig. 5). During early oogenesis, the Hsp67Bc gene
deletion resulted in a 1.2- to 1.5-fold increase in the LTR-
positive—germaria proportion (see Fig. 6). Thus, in 5-day-old
Hsp67Bc-0 females kept on the standard medium, 32.1 % of
germaria were LTR-positive, relative to 21.1 % in the control
Hsp67Bc-2 line (p = 0.066); in 5-day-old starved Hsp67Bc-
null female ovaries, the percentage of LTR-positive germaria
was as high as 77.9 % but was only 59.3 % in Hsp67Bc-2
females (p = 0.045). In 15-day-old Hsp67Bc-null females
kept on the standard food, LTR-positive germaria consti-
tuted 31.1 %, whereas in the control line, this proportion was
24.3 % (p = 0.348); in 15-day-old starved flies, the percent-
ages of LTR-positive germaria in ovaries were 73.3 % in the
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Fig. 5. LTR-labelled ovaries of Hsp67Bc-null (Hsp67Bc-0) and control (Hsp67Bc-2) adult D. melanogaster females kept on either

the standard or protein-free medium for 5 days.

a,an ovary of a control female kept on the standard medium; b, ¢, the magnified white rectangle from panel a showing DAPI (blue) and
LTR (red) channels (b) and a separate LTR channel (c); d-f, an ovary (f) of an Hsp67Bc-2 female kept on the protein-free medium, and its
magnified fragment (white rectangle from panel f) showing DAPI and LTR channels (e) and a separate LTR channel (d); g-/, same as a—f,
for the Hsp67Bc-0 line. Yellow asterisks denote egg chambers with highly condensed and/or fragmented nuclei; white arrows indicate
LTR-positive germaria; because too many LTR-positive germaria are present in panel k, not all of them are indicated by arrows, and three
of them are indicated by a brace. Scale bars are 200 um.

Hsp67Bc-0 line and 60.4 % in the Hsp67Bc-2 line (p =0.226).
These data reflect an increase in macroautophagy intensity in
the germaria of Hsp67Bc-null females.

During mid-oogenesis, we noted a decrease in the number
of egg chambers with highly condensed chromatin (see Fig. 5),
which is a marker of apoptotic cell death, in Hsp67Bc-null
flies in comparison with the control, except for the 5-day-old
females kept on the standard medium. In 5- and 15-day-old
starved and in 15-day-old normally fed Hsp67Bc-null flies,
the mean number of apoptotic egg chambers per ovariole was
slightly lower than that in the control flies, the difference being
significant only in 5-day-old starved flies (Fig. 6). Thus, the

observed egg chamber apoptosis was 37 % lower in 5-day-old
starved mutant females than in the control females (p = 0.008).
In 15-day-old starved flies, the mean number of apoptotic egg
chambers per ovariole was 11 % lower in the Hsp67Bc-0 flies
than that in the control individuals (p = 0.528); in 15-day-old
females kept on the standard food, this number was 35 % lower
in the mutant flies than in the Hsp67Bc-2 line (p = 0.131).
Although we observed a lower mean number of apoptoti-
cally dying mid-oogenesis egg chambers in Hsp67Bc-null
flies, we can hypothesize that this phenomenon is related to
the observed increased apoptosis of forming egg chambers in
germaria during early oogenesis in the mutant flies.
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Discussion

In this study, we investigated the impact of the Hsp67Bc gene
deletion on D. melanogaster fitness under normal conditions
and on their heat-stress tolerance. Hsp67Bc-null flies showed
extended lifespan as compared to the control line under nor-
mal conditions (24-25 °C), elevated temperature conditions
(29 °C), and after acute heat stress (37 °C, 2 h) (see Fig. 1,
Fig. 2). At the same time, the mean fecundity of the mutant
females was slightly reduced at 24-25 °C without heat treat-
ment and after the short heat stress (Fig. 1, d, Fig. 4, b, c).

The observed statistically insignificant decrease in Hsp67Bc-
null female fecundity can be explained by a combination of
the following factors. First, the mutants had reduced number
of ovarioles, a trait that was reported by other researchers to
result in lower egg yield (Yamamoto et al., 2021). Second, the
quantity of LTR-positive germaria was higher in Hsp67Bc-
null females as compared to the control line (Fig. 6), which
indicates increased macroautophagy and enhanced death of
forming egg chambers resulting in less eggs (Drummond-
Barbosa, Spradling, 2001; Nezis et al., 2009). Contrary, in
the mutant females, a lower number of mid-oogenesis egg
chambers dying via apoptosis was present as compared to the
control flies (Fig. 6). This last feature of the mutant ovaries
may partially compensate the first two in terms of eventual
egg yield making the difference between the lines statistically
insignificant. In D. melanogaster, ovariole number is deter-
mined at the stage of 3rd instar larva and can be influenced
by either genetic or environmental factors, such as rearing
temperature and diet (Sarikaya et al., 2012).

Nutrition plays an important role in defining the quantity
of ovarioles: larvae kept on medium with reduced nutrient
level develop into adult flies with less ovarioles (Sarikaya et
al., 2012). The decreased ovariole number in Hsp67Bc-null
flies reared on the standard food may be caused by impaired
larva nutrition due to reduced food intake or uptake, which
was not registered in our studies. Alternatively, the number
of ovarioles in mutant flies could be affected by slightly in-
creased macroautophagy, which we detected in Hsp67Bc-null
fly germaria and, previously, in brain neurons of adult flies

176

with the Hsp67Bc gene deletion (Malkeyeva et al., 2021). Itis
known that macroautophagy is strongly stimulated in response
to starvation (Kroemer et al., 2010); therefore, enhanced
macroautophagy on larval stage caused by the absence of the
Hsp67Bc gene product may mimic nutrient deprivation condi-
tions leading to formation of less ovarioles. The decrease in
apoptotic stage 8 egg chambers in Hsp67Bc-null females may
be a result of increased death of forming egg chambers and,
hence, enhanced quality control in the germarium resulting in
less defective mid-oogenesis egg chambers in Hsp67Bc-null
fly ovaries in comparison with the control line.

Extended longevity caused by gene mutations has been
reported in D. melanogaster. Lifespan is increased in fruit
flies carrying hypomorphic mutations in the /nR (insulin-like
receptor), chico, and methuselah genes (Lin et al., 1998;
Clansy etal., 2001; Tatar et al., 2001). Notably, products of all
these genes are involved in macroautophagy modulation via
target of rapamycin (TOR) pathway (Clansy et al., 2001; Wang
et al., 2015; Graze et al., 2018; Yamamoto et al., 2021), and
their down-regulation leads to macroautophagy stimulation.
Similarly, macroautophagy stimulation by dietary restriction
or TOR kinase inhibition expands lifespan of animals be-
longing to various taxa (Masoro, 2000; Kapahi et al., 2004).
Moreover, it was shown that longevity extension of chico-null
D. melanogaster is only possible with intact macroautophagy
(Bjedov et al., 2020). In this work, we discovered that the
number of LTR-positive germaria was slightly higher in
Hsp67Bc-null D. melanogaster ovaries (Fig. 6), which signi-
fies increased macroautophagy. Similarly, our recent study on
ultrastructure of neurons in Wolbachia-infected Drosophila
brains revealed an increment in the number of autophagic
vacuoles in Hsp67Bc-0 fly neurons, which, again, points
towards enhanced macroautophagy (Malkeyeva et al., 2021).
Bjedov et al. (2020) demonstrated that moderate enhancement
of macroautophagy in a complex of tissues increases lifespan
in D. melanogaster, while strong and ubiquitous stimulation of
macroautophagy shortens it. Hence, the extension of lifespan
we observed in Hsp67Bc-null flies may be caused by slight
increase in macroautophagy in their tissues.
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Although the Hsp67Bc-0 flies had an increased lifespan as
compared to the control line under all the tested conditions
(normal temperature, elevated temperature, and short heat
stress), a decline in longevity was present in the mutant flies
that were heat treated in relation to untreated Hsp67Bc-null
flies. Heat shock had the opposite effect on the control line,
with acute heat stress improving the longevity of the flies.
Generally, mild heat (or other stress) treatment of young adults
extends Drosophila longevity (Hercus et al., 2003; Le Bourg,
2011; Sarup et al., 2014), as we observed in the control flies.
Our experiments with 2—12 h cold treatment of Hsp67Bc-
null fly line revealed a decreased cold stress tolerance in the
mutants (Malkeyeva et al., 2020). Taken together, our results
point towards an adverse impact of the Hsp67Bc gene deletion
on short temperature stress tolerance in adult D. melanogaster.
While in the laboratory environment flies are rarely exposed
to thermal and other stresses, conditions are different in the
D. melanogaster natural habitat, where fruit flies may experi-
ence a wide variety of extreme stresses including heat shock
and chill coma. Therefore, an extended lifespan under normal
conditions does not guarantee survival in the wild, as was
revealed in a study by Wit et al. (2013). It is important for the
survival of poikilothermic animals like Drosophila to be able
to cope with thermal stresses. Hence, the loss of the Hsp67Bc
gene, the product of which promotes tolerance to acute thermal
stresses, though extending lifespan under normal conditions,
may be deleterious in a changing environment. Taking into
account that D. melanogaster overwinter at the adult stage
in temperate regions (Izquierdo, 1991), we assume that the
Hsp67Bc gene was not eliminated from the fruit fly genome
because of its prominent role in promoting acute heat and cold
tolerance in adult flies.

Conclusion

Here, we studied the effect of the Hsp67Bc gene deletion
on D. melanogaster lifespan and fecundity under normal
conditions, and their tolerance to elevated temperature and
acute heat stress. We did not detect any difference in survival
of heat-shocked (37 °C, 2 h) pupae between the mutant and
control lines, and the Hsp67Bc-null larvae showed improved
survival. Adult Hsp67Bc-null flies had a greater lifespan than
the control line at all the tested temperature regimes but lower
fecundity and decreased acute heat tolerance. We hypothesize
that the lifespan extension is caused by slightly increased
macroautophagy in the mutant flies, which we observed in
ovaries of Hsp67Bc-deficient Drosophila and — in our earlier
work — in the brains of Hsp67Bc-null females. At the same
time, the enhanced macroautophagy in germaria, combined
with a reduced number of ovarioles, may be the cause of the
fecundity reduction in the mutant flies. In conclusion, although
the Hsp67Bc gene deletion causes the increase in D. melano-
gaster lifespan in a stress-free environment, it has a negative
effect on fruit fly acute heat stress tolerance, which may negate
the longevity benefits in nature habitat, where stresses like
extremely high and low temperature are common.
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Abstract. Nonverbal intelligence represents one of the components of brain cognitive functions, which uses visual
images and nonverbal approaches for solving required tasks. Interaction between the nervous and immune systems
plays a specific role in individual differences in brain cognitive functions. Therefore, the genes encoding pro- and anti-
inflammatory cytokines are prospective candidate genes in the study of nonverbal intelligence. Within the framework
of the present study, we conducted the association analysis of six SNPs in the genes that encode proteins involved
in inflammatory response regulation in the central nervous system (CRP rs3093077, IL1A rs1800587, IL1B rs16944,
TNF/LTA rs1041981, rs1800629, and P2RX7 rs2230912), with nonverbal intelligence in mentally healthy young adults
aged 18-25 years without cognitive decline with inclusion of sex, ethnicity and the presence of the “risky” APOE €4 al-
lele as covariates. Considering an important role of environmental factors in the development of brain cognitive func-
tions in general and nonverbal intelligence in particular, we conducted an analysis of gene-by-environment (G X E)
interactions. As a result of a statistical analysis, rs1041981 and rs1800629 in the tumor necrosis factor gene (TNF) were
shown to be associated with a phenotypic variance in nonverbal intelligence at the haplotype level (for AA-haplotype:
Bst=1.19; p = 0.033; ppem, = 0.047) in carriers of the “risky” APOE €4 allele. Gene-by-environment interaction models,
which determined interindividual differences in nonverbal intelligence, have been constructed: sibship size (number
of children in a family) and smoking demonstrated a modulating effect on association of the TNF/LTA (rs1041981)
(B =2.08; Bsy = 0.16; p = 0.001) and P2RX7 (rs2230912) (B = -1.70; Bs; = —0.10; p = 0.022) gene polymorphisms with
nonverbal intelligence. The data obtained indicate that the effect of TNF/LTA on the development of cognitive func-
tions is evident only in the presence of the “unfavorable” APOE €4 variant and/or certain environmental conditions.
Key words: nonverbal intelligence; cognitive functions; single nucleotide polymorphism (SNP); association analysis;
microglia; inflammatory response.
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AHHoOTauusA. HeBepbanbHbIi MHTENNEKT — OAMH N3 KOMMOHEHTOB KOTHUTUBHBIX GYHKLMIA MO3ra, UCMONb3YOLWmi
BU3yasibHble 06pa3bl N HeBepbanbHble MeTOAb! ANA pelleHNa NocTaBeHHbIX 3aaay. Ocobyio ponb B Pa3BUTAN UH-
OVBUAYaNbHbIX Pa3Nynii B yPOBHE KOTHUTUBHbBIX GYHKLMIA MO3ra OTBOAAT B3aUMOLENCTBUIO HEPBHOWM 1 MMMYHHO
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in individual differences in nonverbal intelligence

cuctem. leHbl, KogmpytoLye Npo- 1 MPOTUBOBOCMNANUTESIbHbIE LIUTOKMHbI, MOTYT ABNATbCA KaHAMAATaMU Npu n3yye-
HUW HeBepbanbHOro MHTennekTa. MpoBefeH aHanM3 accoUMaLii LLECTU TOKYCOB reHOB, 6eKOBblE NMPOAYKTbI KOTO-
PbIX NTPUHMMALOT YYacTue B perynauum BOCnanuTesibHOro oTBeTa B LieHTpasibHol HepBHol cucteme: CRP (rs3093077),
ILTA (rs1800587), IL1B (rs16944), TNF/LTA (rs1041981, rs1800629), P2RX7 (rs2230912), ¢ ypoBHeM HeBepbHanbHOro 1H-
TennekTa y 340pOBbIX MHANBMAOB 6€3 KOrHUTUBHBIX HapyLleHni B Bo3pacTe 18-25 neT ¢ BK/IOYEHVeM MONIOBOA, 3T-
HNYECKOWN NPUHAANEXHOCTU 1 Hannuuma «pruckoBoro» annensa €4 reHa APOE B kKauecTBe KoBapuaT. C yueTom BaxKHOW
ponu cpefoBbix GakTOPOB, BANAIOLNX HAa POPMUPOBAHNE KOTHUTUBHbBIX GYHKLMUIA MO3ra B LienoM 1 HeBepbanbHOro
VHTENNEKTa B YaCTHOCTY, OCYLLEeCTBNEH aHanun3 reH-cpepoBbix (GXE) B3anmopencTeumii. B pesynbrate ctatucTnyecko-
ro aHanm3a nokasaHo, 4to nonnMopdHble BapraHTbl rs1041981 1 rs1800629 reHa dakTopa HeKpo3a onyxonu anbda
(TNF) accounnpoBaHbl ¢ GeHOTUNUYECKMUN BapraLmaMI B MoKasaTtene HeBepbanbHOro UHTENNIEKTa Ha YPOBHe ra-
nnotunos (ana rannotuna AA: Ber = 1.19; p = 0.033; pperm, = 0.047) B rpynine HocuTenel «pUCKOBOro» BapuaHTa €4 reHa
APOE. lMocTpoeHbl Mofenu reH-cpefoBbIX B3aMOAENCTBUIN, AeTEPMUHUPYIOLLME MEXMHANBUAYabHbIE Pa3iMuna B
YPOBHe HeBepOanbHOro UHTENEKTA: YNCIIO fIeTeN B CeMbe U TabaKoOKypeHrie MOLyIMPYIOT accoLmaLnio BapnaHToB
reHoB TNF/LTA (rs1041981) (B = 2.08; Bsy = 0.16; p = 0.001) n P2RX7 (rs2230912) (B = -1.70; By = -0.10; p = 0.022) ¢
ypoBHeM HeBepbasnibHOro MHTennekTa. NonyyeHHble fJaHHble CBUAETENLCTBYIOT O TOM, UTO 3¢deKT reHa TNF/LTA Ha
dopmmpoBaHre 0CO6eHHOCTE KOTHUTUBHOW cdhepbl HabnohaeTca TONbKO B Cllyyae Hanuumua «HebnaronpuAaTHOro»
BapuraHTa reHa APOE 1 npun coyeTaHnmn onpefeneHHbIX counanbHbix GakTopos.

KnioueBble cnoBa: HeBepOanbHbIN NHTENNEKT; KOTHUTVBHblE GYHKLUWMW; OGHOHYKNEOTUAHBIA NONMMMOPOHBIN TOKYC;

aHanm3 accouyvauumi; MUKPOInaA; BOCManunTesbHbIN OTBET.

Introduction

Understanding the nature of human cognitive development
represents one of the relevant issues in the modern-day psy-
chiatric genetics. The possibility to enhance the efficacy of
learning at any age directly depends on the knowledge of the
mechanisms underlying the development of cognitive func-
tions in the brain and the factors determining this process.
Nonverbal intelligence as one of cognitive abilities implies
an individual’s ability to use problem-solving strategies and
manipulate visual information without using verbal skills
(Kuschner, 2013). In turn, verbal intelligence stands for lan-
guage skills, receptive and expressive speech, vocabulary, and
verbal abstract reasoning (Dawson, 2013). The differences in
the brain functional architecture are related to the use of verbal
and nonverbal skills (Feklicheva et al., 2021).

Nowadays, the study of nonverbal intelligence from a
biological point of view is considered the most justified
(Vyshedskiy et al., 2017), therefore, individual differences
in intellectual development are explained by the effect of
a number of physiological factors (anatomical and physio-
logical parameters of the brain, signaling systems, etc.) (Li
et al., 2009), which, in turn, are significantly affected by an
individual’s genome (Mustafin et al., 2020). Various socio-
demographic parameters play an equally important role in the
manifestation of individual variance in nonverbal intelligence
(Frani¢ et al., 2014).

Inflammatory mediators belong to one of the promising
and poorly studied biological systems in relation to non-
verbal intelligence. The only immune system cells in the
central nervous system (CNS) parenchyma are microglial
cells functioning as residential macrophages (Kierdorf, Prinz,
2017). In addition to the barrier function, microglial cells in
the mature brain can produce various neurotrophic factors,
such as BDNF (brain-derived neurotrophic factor) and GDNF
(glial-derived neurotrophic factor) (Parkhurst et al., 2013).
Moreover, contemporary studies reported that microglial
cells had receptors for neurotransmitters, neuropeptides and
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neuromodulators (Alekseeva et al., 2019), which indicates a
link between microglia and neuronal activity, indicating the
prospects for studying the inflammatory system relevant to
cognitive functioning of the brain in general and nonverbal
intelligence in particular. Accordingly, the genes respon-
sible for regulating the activation and deactivation of micro-
glial cells can mediate the development of nonverbal intel-
ligence.

An important function of microglia is to maintain a balance
of pro- and anti-inflammatory processes in the intact brain.
Such balance is achieved by the production of anti-inflamma-
tory cytokines by microglia: C-reactive protein (CRP), inter-
leukin 1a (IL1a), interleukin 13 (IL1B), tumor necrosis factor
alpha (TNFa). The imbalance in the functioning of microglial
cells may cause cytokines accumulation in CNS (Ferro et al.,
2021), which, in turn, is one of the reasons for the increased
permeability of the blood-brain barrier (BBB). An impaired
BBB integration promotes CNS infiltration by leukocytes
and neuroinflammation, which may develop into a chronic
form and result in abnormal synaptic plasticity of neurons,
reduced number of synaptic connections and neurodegenera-
tive processes (Haruwaka et al., 2019). Purinergic receptors
are other important participants regulating the inflammatory
response. Thus, activation of microglia in the CNS is carried
out by purinergic signaling (Franke et al., 2007). According
to published data, activation of the purinergic receptor P2X7
initiates innate immunity, thus contributing to an increased
level of proinflammatory cytokines (mainly IL-18 and IL-18)
in the CNS, which results in increased inflammation and/or
neurons death in various animal species, as well as in humans
(Lister et al., 2007).

Another additional genetic risk factor for developing cog-
nitive impairments is the presence of the €4 variant in the apo-
lipoprotein E (4POE) gene, which, according to literature,
is associated with an increased risk of neurodegenerative
diseases (Emrani et al., 2020), aging and longevity (Erdman
et al., 2016). The APOE protein has three isoforms E2, E3
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and E4 encoded by the €2, €3, and €4 alleles, respectively.
Multiple data evidence that the APOE reduces inflammation
in the CNS in isoform-specific manner: €2 and &3 isoforms
have anti-inflammatory and protective properties, while &4
isoform exhibits low anti-inflammatory activity (Lanfranco
et al., 2021). In addition, mice lacking the APOE gene de-
monstrate an enhanced level of proinflammatory cytokines in
the CNS (Vitek et al., 2009), which indicates the APOE effect
on regulating immune function. Therefore, there is a direct
link between the APOE and microglial cells functioning and
cytokine production.

Published data indicate the functional significance of
rs1800629 (c.-488G>A) and rs1041981 (c.179C>A or
Thr60Asn) in the TNF/LTA gene (Hameed et al., 2018),
rs2230912 (c.1379A>G or GIn460Arg) in the P2RX7 gene
(Winham et al., 2019), rs1800587 (-889C>T) in the promoter
region of the /L1A4 gene (Dominici et al., 2002), rs16944
(-511T>C) in the IL1B gene (Tayel et al., 2018), based on
the evidence of modified expression of corresponding genes
related to various allelic variants. In addition, a genome-wide
association analysis of C-reactive protein levels detected the
rs3093077 in the CRP gene in a large cohort of healthy indi-
viduals (Naitza et al., 2012).

Considering a functional role of the mentioned SNPs
located in the genes involved in the regulation of inflamma-
tory response in the CNS, within the framework of the present
study we have performed the association analysis of the CRP
(rs3093077), IL1A (rs1800587), ILIB (rs16944), TNF/LTA
(rs1041981, rs18006290), P2RX7 (rs2230912) gene loci
with interindividual differences in the level of nonverbal
intelligence for the first time. Moreover, a possible modu-
lating effect of the APOE €4 variant (which is determined
based on genotyping of rs7412 and rs429358) and several
socio-demographic parameters on the association of inflam-
matory response genes with nonverbal intelligence has been
analysed.

Materials and methods

The present study involved 1011 individuals (80 % women,
mean age 19.79+1.69 years) of different ethnicity (535 Rus-
sians, 231 Tatars, 160 Udmurts, and 85 of mixed ethnicity).
At the time of participation in the study, all the subjects were
students at the universities of Russia and were not registered
in the psychiatric database. Informed consent to participate in
the study was obtained from all the participants. The design
of this study was approved by the Ethics Committee of the
Institute of Biochemistry and Genetics UFRC RAS.

The level of nonverbal intelligence was measured using a
black-and-white version of the Raven Progressive Matrices
(Raven, 2000), which represents the essential and widely
used diagnostic instrument for the assessment of examined
cognitive construct and is characterized by high validity and
reproducibility (Feklicheva et al., 2021). The abovementioned
approach includes a representation of figures, which are related
to each other by certain dependence. One figure is missing,
and a respondent has to choose one missing figure among
6-8 figures presented. The respondent has to establish a pattern
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connecting the figures and to choose a missing figure among
the presented ones. The test consists of 60 tables (5 series).
The complexity of tasks enhances with an increase in the series
and the task number in each series of tables.

To estimate a modulating effect of several socio-demo-
graphic parameters, which had been previously reported to
influence cognitive abilities, the respondents were asked
to present information regarding their ethnicity up to three
generations, birth order and the sibship size, smoking status,
rearing style, the presence of mental illness in close rela-
tives, knowledge of their native language (Bashkir, Tatar,
Udmurt, etc.). Information about the rearing style included
such questions on child-parent relationships as the episodes
of childhood maltreatment, rearing in a complete/incomplete
family, family income, and maternal age at delivery of the
respondent.

DNA samples isolated from the venous blood by phenol-
chloroform extraction were used in the present study. A ge-
notyping of the /L1A4 (rs1800587), CRP (rs3093077), TNFa.
(rs1041981, rs1800629), P2RX7 (1s2230912), and APOE
(rs7412, rs429358) gene SNPs was performed by real-time
PCR with a fluorescent detection using the KASP method.
Detection was carried out on the CFX96 DNA Analyzer
(Bio-Rad, USA) with the endpoint fluorescence analysis.
The genotypes in the APOE gene were grouped based on the
presence of €2, €3, &4 alleles.

The estimate of allele and genotype frequencies distribution
was conducted using the Hardy—Weinberg equilibrium test. To
verify the correspondence of scores distribution obtained via
the Raven’s progressive matrices to the Gaussian distribution,
we performed the Shapiro—Wilk W-test. To assess the main
effect of gene polymorphisms together with gene-environment
interactions (GxE) in individual variance in nonverbal intel-
ligence, a series of linear regression analyses was carried out.
Genotypes and social parameters were used as independent
factors in the GXE analysis, while the level of nonverbal intel-
ligence was used as a dependent variable. Statistical analysis
included the verification of several linear regression models
(additive, dominant, recessive); sex, ethnicity and the “risky”
APOE ¢4 allele were included as covariates. A correction for
multiple comparisons was carried out using the FDR (false
discovery rate) procedure or permutation (10,000) in the case
of haplotype analysis. Statistical analysis was performed
using the programs PLINK v.1.09, R, SPSS Statistics 23.0.
Visualization was conducted in R v.4.1.2.

Results

Within the present study we analyzed the effect of eight
SNPs in six genes: CRP (rs3093077), IL1A (rs1800587),
ILIB (rs16944), TNF/LTA (rs1041981, rs1800629), P2RX7
(rs2230912), APOE (rs7412, rs429358), which are involved
in the regulation of inflammatory system, on individual dif-
ferences in nonverbal intelligence in mentally healthy indi-
viduals. According to the Shapiro—Wilk W-test, nonverbal
intelligence scores were congruent to the normal distribution
(p > 0.05). A distribution of allele and genotype frequencies
of all examined loci corresponded to the Hardy—Weinberg
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The role of inflammatory system genes
in individual differences in nonverbal intelligence

Examined SNPs, the Hardy-Weinberg equilibrium test and the results of linear regression analysis of association
of the genes with a nonverbal intelligence in the total sample and in subgroups

Gene SNP Allelesa MAF  pywe Total sample Women Men APOE g4+ APOE g4-
Bsr p Bst p Bst p Bst p Bst p

IL1b  rs16944 A/G 0.374 0.945 0.02 0.545 0.04 0275 -0.07 0366 0.07 0306 <0.01 0913
003 ......... 0427 ....... 004 ......... 0280 ....... _002 ....... 0762 ....... 002 ......... 0718 ....... 002 ......... 0652 ......

”JA ....... rs1800587A/G .............. 0285 ..... 0395 ..... _001 ........ 0827 ....... _001 ........ 0810 ....... <_0010991 ........ 010 ......... 0134 ....... _004 ....... 0323 ......

<001 ...... 0977 ....... <_0010889 ....... 003 ......... 0641 ........ 009 ......... 0154 ....... _003 ....... 0437 ......

CRP ........ rs3093077G/T .............. 0105 ..... 0052 ..... _001 ........ 0801 ........ _001 ........ 0834 ....... _001 ........ 0867 ....... <_0010955 ....... _001 ........ 0746 ......

_002 ....... 0566 ....... _003 ....... 0389 ....... 003 ......... 0708 ....... _002 ....... 0712 ....... _001 ........ 0738 ......

TNF ........ rs1041981 ..... A/C .............. 0234 ..... 0157 ..... 001 .......... 0555 ....... <_0010941 ........ OH .......... 0150 ....... 010 ......... 0130 ....... _001 ........ 0771 ......

003 ......... 0405 ....... <001 ...... 0996 ....... 0014 ....... 0051 ........ 016 ......... 0019d ..... <_0010953 ......

51800629 A/G 0118 0448 002 0485 -002 0625 020 0008 015  0022° 0021 0588
003 035 <-001 0869 019 0009 016 0019 <-001 0797

PRX7 152230912 G/A 0191 0299 003 0403 003 0429 003 0702 002 0736 -005 0239
<_0010946 ....... _001 ........ 0755 ....... 004 ......... 06” ........ 004 ......... 0548 ....... _001 ........ 0685 ......

Note. pywe — p-value for the Hardy-Weinberg equilibrium test; MAF — minor allele frequency; Bst - standardized regression coefficient; p — p-value. The
upper row indicates the results obtained from an additive model, the lower row — from a dominant model. Statistically significant values are shown in bold.

a Minor/major alleles; P prpg = 0.051; ¢ pppg = 0.058; 9 prpp = 0.059; € prpg = 0.137.

equilibrium (p > 0.05). The analysis of allele and genotype
frequencies distribution demonstrated the absence of statisti-
cally significant differences between various ethnic groups
(p > 0.05); therefore, a subsequent statistical analysis was
conducted in the total group with previously reported require-
ment to include sex and ethnicity as covariates, as well as in
men and women separately.

Statistical analysis of associations of eight SNPs in six
genes involved in the regulation of inflammatory response
with nonverbal intelligence, which was conducted via li-
near regression, revealed the effect of TNF (rs1800629) (for
additive model: Bgr = 0.15; p = 0.022; pppr = 0.137; for
dominant model: Bgr = 0.16; p = 0.019; pppr = 0.059) and
rs1041981 (for dominant model: fgr = 0.16; p = 0.019;
pror = 0.059) on individual differences in nonverbal intel-
ligence among carriers of the “risky” APOE &4 variant (see
the Table, Fig. 1, ¢, /). However, this association became only
a trend after correction for multiple comparisons. In particu-
lar, the carriers of rs1800629 and rs1041981 minor A-alleles
demonstrated an increased nonverbal intelligence compared
to individuals bearing G/G and C/C-genotypes (respectively)
at the trend level, which was evident only under genetically
determined diminished anti-inflammatory activity (4POE &4
variant). In men, the association of 7NF gene loci appeared
to become insignificant after FDR-correction (see the Table,
Fig. 1, b, e).

The linkage disequilibrium analysis conducted between the
TNF (rs1800629 and rs1041981) succeeded to report a linkage
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(D' =0.741, 2 = 0.235), therefore, a haplotypic analysis was
performed. Haplotype frequencies in the 7NF' gene (based
on 151041981, rs1800629) were the following: AA — 0.094,
CA-0.023,AG—-0.143,CG—0.740. As aresult of haplotypic
analysis we detected the association of the 7TNF*AA haplotype
(rs1041981,151800629) (Bgr = 1.19; p = 0.033; pperm = 0.047)
with an enhanced level of nonverbal intelligence in indivi-
duals without cognitive decline, which remained statistically
significant after correction for multiple comparisons.

In the present study we also conducted the analysis of
gene-by-environment (GxE) interactions estimating the ef-
fect of 14 socio-demographic parameters. As a result of GXE
interactions we observed that sibship size significantly affected
the association of the rs1041981 in the 7NF gene (p = 2.08;
Bst = 0.16; p = 0.001). Thus, it was revealed that carriers of
the rs1041981 A-allele who were reared in the families with
three and more children demonstrated a significantly higher
level of nonverbal intelligence compared to those with the
rs1041981 C/C-genotype (Fig. 2, a). Moreover, we observed
that smoking had a modulating effect on the association of the
P2RX7 152230912 (B =-1.70; Bst = —0.10; p = 0.022) with
individual differences in nonverbal intelligence. In particular,
we observed a dose-dependent effect of P2ZRX7 rs2230912
minor G-allele on a decreased level of nonverbal intelligence
among smoking individuals (see Fig. 2, b). In the present study,
we failed to observe associations of the /L /B (rs16944), IL 1A
(rs1800587), CRP (rs3093077) gene polymorphisms with
individual differences in nonverbal intelligence.
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Fig. 1. Mean values of nonverbal intelligence depending on the genotypes in the TNF rs1800629 and rs1041981 gene polymorphisms in the total
sample (g, d), in the groups differing by sex (b, e) and the presence/absence of the APOE €4 variant (c, f).
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Fig. 2. The results of gene-by-environment interaction analysis demonstrating a modulating effect (a) of the sibship size on the association of the
TNF (rs1041981) and (b) smoking on the association of the P2RX7 (rs2230912) with nonverbal intelligence.

Statistically significant differences in nonverbal intelligence between the groups are marked with brackets. “pgpg < 0.05.

Discussion

The inflammatory response system plays an important role in
the development and normal functioning of cognitive abilities
(Sartori et al., 2012; Fard, Stough, 2019). Within the frame-
work of the present study, an attempt was made to identify
evidence of the involvement of genes encoding inflammatory
system proteins in the manifestation of individual differences
in nonverbal intelligence. The results of our study identified
the effect of tumor necrosis factor alpha (7NF) and purinergic
receptor P2X7 (P2RX7) genes and social parameters such as

smoking and sibship size in childhood on the development
of cognitive abilities. Previously, we had also identified a
modulating effect of sibship size on manifestation of cognitive
abilities (Kazantseva et al., 2016). The results obtained can
provide valuable information for determining genetic mecha-
nisms underlying the development of cognitive functions in
general and nonverbal intelligence in particular.

To date, scarce research has been devoted to the study of
the inflammatory response system related to normal cognitive
functioning in the brain. There may be several explanations
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for this. Cognitive functions represent a complex personality
construct, the development of which is based on a large num-
ber of both biologically determined and environmental factors
(Xuetal.,2015; Wang et al., 2019). In this regard, genetic data
related to this cognitive phenotype are accumulating gradually,
while the majority of studies are devoted to the examination
of more obvious biological systems that can directly affect
the transmission of information between the neurons, neuro-
genesis, differentiation of neurons, and others (Kazantseva et
al., 2020, 2021). The second reason may be attributed to the
assumption that the brain as an organ is completely isolated
from immune processes. However, to date, more findings on
the cellular components of innate and acquired immunity
represented in the brain have been published (Filiano et al.,
2015; Morimoto, Nakajima, 2019).

The inflammatory response refers to nonspecific innate
immunity that occurs as a response to pathogen penetration.
Scientific publications indicate that the inflammatory process
in the brain is primarily associated with microglia function-
ing (Li, Barres, 2018), which represent a large population of
immune cells in the central nervous system (Ginhoux et al.,
2010). One of the main functions of microglia is to maintain
the balance of inflammatory and anti-inflammatory processes
in the intact brain (L1, Barres, 2018). The imbalance in these
processes can transform into a pathological process, which ini-
tiates endogenous neuroinflammation (Wake et al., 2011) and
damages neuronal integrity. In turn, the latter may be caused
by the factors responsible for the activation of microglia and
affect cognitive processes in the brain. This observation may
partly explain the associations of SNPs in the gene encoding
tumor necrosis factor alpha (7NF) with variations in nonverbal
intelligence determined in the present study. Within the pre-
sent study we demonstrated the association of minor alleles
of TNF 151800629 and rs1041981 polymorphisms (at the hap-
lotype level) with a higher level of nonverbal intelligence in
mentally healthy individuals. The TNFa protein is one of the
pro-inflammatory cytokines, which plays an important role in
the initiation and regulation of the cytokine cascade during
the inflammatory reaction (Makhatadze, 1998). According
to literature, TNFa deficiency results in uncontrolled inflam-
matory response, which, in turn, can cause chronic course of
the inflammatory process and negatively affect the integrity
of neurons (Raffacle et al., 2020).

The examined rs1800629 (c.-488G>A) in the TNF gene
and rs1041981 (c.179C>A or Thr60Asn) in the L7A gene are
functionally significant, and minor alleles are associated with
an increased expression of the TNF/LTA genes (Hameed et al.,
2018), which indicates that our data are consistent with pre-
vious research. Based on the data obtained, it can be assumed
that an enhanced expression of the TNF gene is protective
and contributes to more controlled inflammatory process in
the brain, which positively affects human cognitive func-
tioning.

It should be noted that a positive effect of minor alleles in
the TNF gene on improving cognitive performance was ob-
served only in the presence of the “unfavorable” &4 allele in
the APOE gene. Together with the involvement of the APOE
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protein in cholesterol metabolism, it also demonstrates an
immunomodulatory effect and the evidence indicating the
role of the APOE in developing neurodegenerative diseases
increasingly appear in the literature. To date, it is known
that APOE can alter the CNS response to acute and chronic
damage, thus actively regulating microglia activation and
deactivation (Fitz et al., 2021).

The association of polymorphic variants in the TNF gene
with nonverbal intelligence observed in the present study in
carriers of the APOE “risky” &4 variant can be explained by
a close link of these proteins in the human body. In the study
conducted by D.T. Laskowitz et al. (1997) it was shown that
APOE was able to suppress the secretion of TNFa by glial
cells, while TNFa deficiency in the CNS resulted in imba-
lanced inflammatory and anti-inflammatory processes in the
intact brain. Thus, a favorable effect of the presence of minor
alleles in the TNF gene (at the haplotype level) on cogni-
tive abilities may be attributed to APOE-related changes in
TNFa secretion and, hence, to a certain level of neuroinflam-
mation.

The results of gene-environment studies are interesting.
Thus, it was shown that the number of children in a family
(sibship size) had a modulating effect on the association of
the TNF rs1800629 with variations in nonverbal intelligence.
In the literature, there are multiple contradictory findings
concerning the role of the “intellectual climate” in the family
in intelligence level. The results of the majority of studies
indicate that younger children are less successful in learn-
ing and have lower scores on cognitive tests compared with
their older siblings (Kanazawa, 2012). Such observations are
explained by the fact that one child in the family receives
more parental attention and time resources, while the appear-
ance of each subsequent child is accompanied by insufficient
parental time and resources. Nevertheless, such patterns are
more relevant to verbal intelligence and may be extended to
nonverbal one (Blake, 2020).

In the present study, no differences in cognitive abilities
depending on the sibship size were observed. Nevertheless,
the association of a higher level of nonverbal intelligence
with TNF rs1041981 minor A-allele was observed only
among individuals who were reared in a large family, while
in groups of individuals with a different sibship size no TNF-
dependent association with cognitive indicators was obtained.
From another point of view, nonverbal intelligence positively
correlates with family size, since children in large families
demonstrate a better ability to understand nonverbal signals
due to a decrease in verbal contacts (Morand, 1999). There-
fore, genetically determined pro-inflammatory response of the
organism associated with the expression of the TNF gene plays
a significant role in the development of nonverbal intelligence
in the case of rearing in a large family, which promotes the
development of nonverbal processes (Morand, 1999). The
data obtained by our group indicate a favorable effect of the
TNF rs1041981 minor A-allele, which is associated with more
controlled inflammatory process in the brain, on nonverbal
intelligence, which manifests only under the conditions of
limited verbal parental resources (i.e¢., a large family).
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The second statistically significant result of gene-by-envi-
ronment analysis carried out in the present study evidences a
modulating effect of smoking on the association of the P2RX7
rs2230912 with nonverbal intelligence. Namely, carriers of
the rs2230912 G-allele in the P2RX7 gene demonstrated a
decreased level of nonverbal intelligence in smokers compared
with carriers of other genotypes. The P2RX7 receptor belongs
to the purinergic signaling system, which regulates interac-
tion of neurons and the functioning of glial cells, primarily,
microglia (Lister et al., 2007).

According to literature, A to G transition in the P2RX7
rs2230912 is accompanied by glutamate replacement with
arginine at position 460, which is expressed in modified sig-
nal transmission by the translated P2RX7 protein (Winham
et al., 2019). This receptor is involved in the secretion and
degradation of extracellular ATP belonging to inflammation-
inducing molecules. An impaired ATP metabolism results in
enhanced concentration of this molecule in the intercellular
space, which can promote a chronic inflammatory process in
the CNS and negatively affect the integrity of neurons (Shevela
et al., 2020). Another reason of abnormal ATP metabolism
in the organism is cigarette smoke. One of the mechanisms
of the effect of cigarette smoke on ATP metabolism may be
attributed to its ability to modify the expression of the 7SPO
gene encoding the translocator protein, which is increased in
the outer mitochondrial membrane responsible for ATP syn-
thesis (Zeineh et al., 2019). In addition, recent studies linked
cognitive impairment with nicotine addiction and the number
of cigarettes smoked per day. According to large-scale longi-
tudinal studies involving individuals with nicotine smoking,
a decreased working memory volume and the ability to solve
problems was revealed (Vermeulen et al., 2018).

The examined SNP (G-allele) and an increased expression
of the P2RX7 protein were previously associated with a risk
for developing affective and depressive disorders (Winham
et al., 2019), which is partially consistent with our results
on a lower level of cognitive functioning in carriers of the
rs2230912 G-allele, which manifests only under the conditions
of enhanced neuroinflammatory reaction (such as smoking).
Based on the abovementioned data, it can be assumed that a
reduced level of nonverbal intelligence may be related to the
changes in ATP metabolism and associated neuroinflamma-
tory process.

Conclusion

The present study has several limitations, since the results were
obtained using an average sample size. Another limitation is
the small number of examined gene polymorphisms, which
makes our conclusions on the involvement of the inflammatory
system genes incomplete. It should also be noted that within
the framework of this study, no genetic correlation was as-
sessed between the level of nonverbal and verbal intelligence,
as well as other cognitive abilities, which does not allow us
to make an unambiguous conclusion on the specificity of
demonstrated genetic associations specifically for nonverbal
intelligence. Nevertheless, the results obtained in the present
study make a significant foundation and set a direction for the
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study of genetically determined factors underlying the studied
cognitive ability.

This research also has several strengths: for the first time,
the association analysis of the genes involved in the regulation
of'the inflammatory response with nonverbal intelligence was
carried out. In addition, this study also includes the analysis of
gene-by-environment interactions, which helps to understand
the biological nature of nonverbal intelligence and the role
of the immune system in the manifestation of interindividual
differences in this cognitive construct in mentally healthy
individuals.
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Abstract. Investigation of the frequencies of functionally significant gene variants in the context of medical biology and
gene geography is a relevant issue for studying the genetic structure of human populations. The transition from a tradi-
tional to an urbanized lifestyle leads to a higher incidence of civilizational diseases associated with metabolic disorders,
including type 2 diabetes mellitus. The goal of the present paper is to analyze the frequencies of functionally significant
gene alleles in the metabolic profiles of indigenous Siberian peoples to identify the gene pool resilience, evaluate the
susceptibility of various ethnic groups to metabolic disorders under changing environmental conditions, and predict
the epidemiological situation that may occur in the near future. The study was performed in the monoethnic samples
of eastern and western Buryats, Teleuts, Dolgans, and two territorial groups of Yakuts. A real-time PCR was used to de-
termine the frequencies of single nucleotide polymorphisms (SNPs) G103894T, rs12255372, and C53341T, rs7903146 in
the TCF7L2 gene. The results obtained were compared to the frequencies identified for Russians from Eastern Siberia
and the values available in the literature. The frequencies of the polymorphic variants studied in the samples from the
indigenous Siberian peoples place them in between Caucasian and East Asian populations, following the geographic
gradient of polymorphism distribution. A significantly lower occurrence of type 2 diabetes risk alleles TCF7L2 (103894T)
and TCF7L2 (53341T) in the samples of indigenous Siberian peoples compared to Russians was observed, which agrees
with their lower susceptibility to metabolic disorders compared to the newcomer Caucasian population. Taking into
account urbanization, a reduced growth in type 2 diabetes incidence may be predicted in indigenous Siberian peoples,
i.e. Buryats, Yakuts, Dolgans, and Teleuts, compared to the newcomer Caucasian population. A further study of popula-
tion structure with respect to different metabolic profile genes is required to better understand the molecular genetic
foundations of the adaptive potential of indigenous Siberian peoples.

Key words: Buryats; Teleuts; Yakuts; Dolgans; Russians from East Siberia; type 2 diabetes mellitus; genetic polymorphism;
real-time PCR; TCF7L2 (G103894T, rs12255372); TCF7L2 (C53341T, rs7903146).
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AHHoTayus. ViccneposaHre YacToT GyHKLMOHANbHO 3HAUVIMbIX BapMaHTOB reHOB B MefMKO-OMONOrMYeckom 1 reHo-
reorpadnyeckom KOHTEKCTe ABMAETCA aKTyallbHbIM HampaBNeHNEM B M3yUYeHNN FTeHETUYECKON CTPYKTYpbl MONynALmMiA
yenoseka. C nepexofom yenoeyecTBa OT TPAANLMOHHOTO K ypbaHM3MpPOoBaHHOMY 06pa3y XU3HK Bce bonbluee pac-
NpoCTpaHeHre nonydyatoT 60Me3HN LUBUAN3aLMY, CBA3aHHbIE C HAapyLIeHeM MeTabonnsma, B TOM UYnCe CaxapHbii
amnabeT 2-ro Trna. Llenb HacToALe paboTbl — NpoaHanu3nMpoBaTh YacToTbl QYHKLMOHANbHO 3HAYUMbIX annenel reHoB
MeTabonmnyeckoro npoduna y KopeHHbix Hapogos Cnbupw, YTobbl ONpPeaenmnTb «3anac NPOYHOCTU» reHoGOoHAa, oLle-
HUTb CTEMEHb NOABEPXKEHHOCTU Pa3HbIX STHUYECKMX FPpynn 3a60neBaHUAM MeTaboIMUYeCcKoro CNeKTpa B MEHALIMXCA
YCNIOBUSAX BHELUHEW Cpefbl Y CNPOrHO3MPOBaTh NMAEMUONIONMYECKYI0 CUTYaLuio B bnvkanwem 6yayuwem. Matepua-
NOM MCCNefoBaHNA MOCAYKUIN STHUYECKNE BbIGOPKU BOCTOUHbIX 1 3aMafHbIX OYPAT, TeNeyToB, JoNiraH 1 ABYX TeppUTO-
puranbHbIX rpynn AKyToB. MeTofom NonumepasHom LIEMHON peakLmmy B pexrme peanbHOro BpemeHu onpeaeneHbl vac-
TOTbI NONUMOPdHbBIX BapNAHTOB, 00YCNOBEHHbBIX OL4HOHYKNEOTUAHBIMU 3ameHamMn G103894T, rs12255372, n C53341T,
rs7903146 reHa TCF7L2. MonyyeHHble NOKasaTeNM CpaBHEHbI C YaCTOTaMM B BbIOOpKe pycckmx BoctouHoin Crnbmpm u ¢
NUTepaTypHbIMU JaHHBIMU. B COOTBETCTBUM C 06LWMM reorpadnyeckrmM rpagueHTomM pacnpeaeneHnsa noMMopeHbIX Ba-
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Monumopdusm reHa TCF7L2
B NOMYNAUMUAX NATM 3THOCcoB Cnbupmn

PUAHTOB, YaCTOTbI MX B BbIGOPKaX KOPEHHBIX CMOVPCKUX HAPOLOB HaXOAATCA B MPOMEKYTOUHOM MOJIOKEHUN MEXIY €B-
poneovigamu 1 nonynsauuamMy BoctouHo Asnu. NokasaHa CcTaTUCTUYEeCKM 3HAUMMO MEeHbLUIAA BCTPEeYaeMoCTb annenen
pucka caxapHoro anabeta 2-ro tuna TCF7L2 (103894T) n TCF7L2 (53341T) B BbibOpKax KOPEHHbIX CUOUPCKUX HapOZoB
Mo CPaBHEHUIO C PYCCKMMU, UTO COMIAacyeTCs C X MeHbLUE NOJABEPKEHHOCTbIO METaboNNUECKIM HAPYLLEHUAM, YeM Y
NPULLIOro eBponeougHoOro HaceneHns. B ycnoBusax yp6aHnsaumm MoxHO TakKe NMpPOrHO3MpPOBaTb CHVKEHHbI pOCT
3ab0neBaeMOoCTV CaxapHbIM iMabeTom 2-ro TUna y KOpeHHbIX HapoaoB Crnbrpwm — BypAT, AKYTOB, JONTaH 1 TENEyTOoB, No
CPaBHEHNIO C MPULLIbIM €BPONEOUIHBIM HaceneHvem. [ins 6onee NOMHOrO MOHUMAHWA MOMNEKYNAPHO-TEHETNYECKUX
OCHOB afianTMBHOrO NOTEHLMaa KOPeHHbIX HapoaHocTel Cbrpu Heo6XOAMMO AanbHelLee N3yyeHre CTPYKTYpbl Mo-
nynAyuiA No Apyrum reHam metabonuyeckoro npoduns.

KntoueBble cnoBa: 6ypATbl; TeneyTbl; AKYTbl; BONTaHbl; pycckrne BoctouHoi Cnbrpw; caxapHblii ArabeT 2 Tuna; reHeTrnye-
ckuin nonumopodusm; NMUP B pexkume peanbHoro Bpemenu; TCF7L2 (G103894T,rs12255372); TCF7L2 (C53341T,rs7903146).

Introduction

Investigation into the peculiarities of the population genetic
structure of ethnic groups in the context of medical biology
and gene geography is a relevant issue in human genetics. To
better understand molecular genetic foundations of adaptive
potential that ethnic groups develop as they evolve under spe-
cific climatic and geographic conditions and adapt to specific
dietary patterns, it is important to analyze the frequencies of
the candidate gene alleles proven to be functionally significant
based on studies in individual populations.

Type 2 diabetes mellitus (DM2) is among the leading mor-
tality and disability factors in a working-age population (As-
fandiyarova, 2015). DM2 is a metabolic syndrome component
and above that is linked to increased risk of multiple asso-
ciated pathological states, primarily including cardiovascular
diseases (infarctions, strokes, and cardiovascular failure) and
chronic renal failure.

Incretin hormone secretion defect, a key element of DM2
pathogenesis, is associated with TCF7L2 gene polymorphism
since it is this gene’s product that regulates the production of
pancreatic B-cells from pluripotent stem cells and is involved
in glucose-stimulated insulin secretion (Bennett et al., 2002).
In addition, the gene also targets the brain, where TCF7L2
determines the intensity of the anorexigenic effect and af-
fects the central glucose homeostasis mechanism (Ametov et
al., 2016). In the liver, the gene is involved in the regulation
of triglycerides and low- and very low-density lipoprotein
exchange. It is also involved in gluconeogenesis and acts as
an insulin resistance mediator (Nobrega, 2013).

It was found that SNPs G/03894T, rs12255372, and
C53341T, 1rs7903146 in introns 3 and 4 of gene TCF7L2
were associated with DM2 (Sladek et al., 2007; Timpson et
al., 2009; Xi et al., 2014; Katsoulis et al., 2018). The link
of TCF7L2 (103894T) and TCF7L2 (53341T) alleles with
increased risk of DM2 was demonstrated in a number of
populations around the world, including Russia (Saxena et
al., 2006; Cauchi et al., 2007; Potapov et al., 2010; Bondar’ et
al., 2013; Avzaletdinova et al., 2016; Kaya et al., 2017; Mel-
nikova et al., 2020). It was shown that the TCF7L2 (53341T)
variant was linked to increased risk of DM2 compared to
TCF7L2(103894T), with homozygous alleles showing higher
susceptibility to the disease than heterozygous ones (Anjum
etal., 2018).

The TCF7L2 polymorphisms are also linked to BMI, total
body fat volume, as well as subcutaneous and visceral fat
(Haupt et al., 2010; Smetanina, 2015). TCF7L2 (53341T)
allele is associated with the risk of myocardial ischemia and
myocardial infarction as syntropic diseases with common

pathogenetic elements (Melzer et al., 2006; Han et al., 2010;
Orlov et al., 2011). Gene TCF7L2 is also linked to renal em-
bryogenesis, i. e. its polymorphisms are associated with vari-
ous degrees of chronic renal failure, a vascular complication of
DM2 (Franceschini et al., 2012; Ametov et al., 2016; Vikulova
et al., 2017). It was proved that TCF7L2 polymorphism in
loci 1s7903146 and rs12255372 was associated with risks of
gastric, breast, and colorectal cancer (Rosales-Reynoso et
al., 2016; Zhang et al., 2018). The effect of natural selection
on locus 157903146 in gene TCF7L2 was discovered and a
statistically significant link between 5334/ T allele frequency
and several climatic geographic factors was shown (Trifonova
et al., 2020).

Studies on the frequencies of gene alleles associated with
the risk of DM2 and other metabolic disorders in indigenous
Siberian populations have remained relevant throughout the
recent decade (Bairova et al., 2013; Baturin et al., 2017; Hall-
mark et al., 2018; Kurtanov et al., 2018; Ievleva et al., 2019;
Tabikhanova et al., 2019; Melnikova et al., 2020). However,
the distribution of the polymorphic variants of functionally
significant gene 7CF7L2 in Siberian populations remains
understudied. Polymorphism frequencies in locus rs7903146
for some Siberian peoples, including Buryats and Yakuts,
were presented in (Trifonova et al., 2020). Unfortunately, the
authors did not indicate the area where genetic material was
collected, which seems necessary for these large heteroge-
neous ethnic groups populating vast territories.

The present paper reports the results of a study into the
frequencies of polymorphisms G1038947, rs12255372, and
C53341T,1s7903146 in gene TCF7L2 associated with several
diseases in the populations of indigenous Siberian ethnic
groups, namely Buryats, Teleuts, Yakuts and Dolgans, in
comparison to Russians living in Siberia.

Materials and methods

The genetic material for the present research was collected
in the field in 2000-2006. Blood samples were taken from
apparently healthy volunteers under their informed consent
and with the approval of the local healthcare authorities and
the Ethics Committee of the Institute of Cytology and Gene-
tics, SB RAS. Before blood sampling, all volunteers filled in
a special demographic questionnaire to specify their ancestors’
nationalities down to 3 to 4 generations.

The data obtained were used to form 7 population samples
covering Southern and Eastern Siberia. Persons of Buryat
nationality with no outsider ancestors living in Alkhanay and
Orlovsky settlements in the Aginsky Buryat Okrug (ABO) of
Zabaykalsky Krai were included in the Eastern Buryat group
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(N = 132). Ethnic Buryats from settlements of Ekhirit-Bu-
lagatsky District of Ust-Ordynsky Buryat Okrug (UOB) of
the Irkutsk Region (N = 278) were included in the Western
sample. Also included in the study were Teleuts from the Be-
lovo District of the Kemerovo Region (N = 116). Two ethni-
cally homogeneous samples of Yakuts were formed as fol-
lows: the Nyurbinsky group included the residents of settle-
ments Nyurbachan and Syultsy of the Nyurbinsky District
(N=109), and the Ust-Aldansky group — the residents of the
Dyupsya settlement of the Ust-Aldansky District (N = 100).
The residents of the town of Dudinka and settlements Volo-
chanka and Ust-Avam of the Taymyr Dolgan-Nenets Okrug
of Krasnoyarsk Krai identifying as ethnic Dolgans were in-
cluded in the Dolgan sample (N = 180). The seventh sample
combined Russians from Zabaykalsky Krai and the Irkutsk
Region (N =133).

DNA samples were isolated from the leukocyte fraction
of venous blood using the BioSilica kits (Russia). Real-time
SNP genotyping in genes TCF7L2 (G103894T, rs12255372)
and TCF7L2 (C53341T, rs7903146) was performed ap-
plying competing TagMan-probes complementary to poly-
morphic DNA segments. Primer and probe designs were
selected using the sequences available in the NCBI database
(http://www.ncbi.nlm.nih.gov/) with UGENE (version 1.14,
http://ugene.unipro.ru/) and Oligo Analyzer (version 1.0.3,
https://eu.idtdna.com/pages/tools/oligoanalyzer) software
(Table 1).

TCF7L2 gene polymorphism
in populations of five Siberian ethnic groups

Amplification was performed in 25-pl final volume, the
master mix included 300 nM primers, 100 nM TaqgMan probes,
65 mM TrisHCI (pH 8.9), 16 mM (NH,),SO,, 2.5 mM MgCl,,
0.05 % Tween-20, 0.2 mM dNTP, 0.5-10 ng DNA, and 0.5 U
Taq DNA polymerase (hot-start, Biosan, IHBFM). Reaction
conditions were as follows: initial denaturation for 3 min at
96 °C was followed by 46 cycles including denaturation at
96 °C for 5 s, primer annealing, and extension at 61 °C for 30 s
(each step is accompanied by recording fluorescent signals at
FAM and HEX fluorophore emission wavelengths).

Allele variant frequencies in the populations were deter-
mined based on observed genotype frequencies. The match
between empirically observed genotype frequency distribution
and theoretically expected distribution at the Hardy—Wein-
berg equilibrium was tested using Pearson’s chi-squared (the
equilibrium holds at p > 0.05). The statistical confidence of
allele frequency differences between the studied samples
was evaluated using the chi-squared test with Yates conti-
nuity correction; the results were considered statistically
significant at p < 0.025 (corrected for multiple comparisons,
0.025 =0.05/2).

Results
Genotyping results for TCF7L2 (G103894T,1s12255372) and
(C53341T,1s7903146) in samples of Buryats, Teleuts, Yakuts,
Dolgans, and Russians from Eastern Siberia are presented in
Table 2.

Table 1. Primer and probe designs used for SNP genotyping in gene TCF7L2

Locus Primers
G103894T, 1512255372 5-aaggatgtgcaaatccageag-3
5tgaatctggeactcagaagag3’
Cs3341T, 157903146 5"ggctttctctgectcaaaacct-3

Probes

Table 2. Genotype distribution for gene TCF7L2 in samples of Buryats, Teleuts, Yakuts, Dolgans, and Russians from Eastern Siberia

Population Buryats Teleuts Yakuts Dolgans Russians from
sttt Eastern Siberia
Eastern Western Nyurbinsky Ust-Aldansky
District District
G103894T, Genotype G/G 116(88.5) 251(90.3) 96(82.8) 96(88.1) 87 (87) 159 (88.3) 78(59.1)
FS12255372  dliStribULIOn, | e e e
n (%) /T 15(11.5) 24 (8.6) 18(15.5) 13(11.9) 13(13) 20(11.1) 47 (35.6)
7T 0 3(1.1) 2(1.7) 0 0 1(0.6) 7(5.3)
N, ppl 131 278 116 109 100 180 132
p (H-W) 0.905 0.668 0.817 0.907 0.899 0.940 0.993
C53341T, Genotype ¢/C 119(90.1)  225(81.6) 91(79.1) 90(90.1) 84 (87.5) 143 (85.1) 73 (54.9)
157903146 ST TDUEIOR, | L e
n (%) T 13(9.9) 49(17.7)  22(19.1) 9(9.9) 12(12.5) 24(143) 51(383)
/T 0 2(0.7) 2(1.8) 0 0 1(0.6) 9(6.8)
N, ppl 132 276 115 99 96 168 133
p (H-W) 0.925 0.932 0.904 0.942 0.907 0.999 0.982

Note. Nis the sample size; n is the quantity; p (H-W) is the probability of Hardy-Weinberg equilibrium deviation.
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Table 3. TCF7L2 (103894T) allele frequency in some populations (ethnic groups) and comparison of populations (p-value)

Population/ N, ppl TCF7L2 Population comparison (p-value)
ethnic group (1038947’) .....................................................................................................................................................
frequency, Buryats Teleuts Yakuts Dolgans  Russians from
% ..................................................................................... Eastern Siberia
Eastern Western Nyurbinsky Ust-Aldansky
District District
Eastern Buryats™ 131 57 0.991 0.153 0.955 0.873 0.971 p <0.001
Western Buryats® 278 5.4 0.991 0.051 0.878 0.691 0.763 p <0.001
Teleuts® 116 9.5 0.153 0.051 0.227 0.336 0.168 p <0.001
Yakuts, Nyurbinsky District” 109 6.0 0.955 0.878 0.227 0.993 0.896 p <0.001
Yakuts, Ust-Aldansky District* 100 6.5 0.873 0.691 0.336 0.993 0.996 p <0.001
Dolgans® 180 6.1 0.971 0.763 0.168 0.896 0.996 p <0.001
Russians from Eastern Siberia® 132 23.1 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001
Chinese Dai in Xishuangbanna, 93 1.1 0.024 0.022 p <0.001 0.020 0.013 0.013 p <0.001
China™*
Han Chinese, Beijing, China** 103 0 0.001 0.001 p <0.001 0.001 p <0.001 p<0.001 p<0.001
Southern Han Chinese, China** 105 1.0 0.013 0.012 p <0.001 0.011 0.007 0.007 p <0.001
Japanese, Tokyo, Japan** 104 24 0.125 0.116 0.004 0.109 0.076 0.073 p <0.001
Kinh (Viet), Ho Chi Minh City, 99 0.5 0.006 0.005 p<0.001 0.005 0.003 0.003 p <0.001
Vietnam**
Population of the state of Utah, 99  27.8 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.296
descendants of Northern and
Western European settlers**
Finns, Finland** 99 217 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.807
English people and Scots™* 91 26.4 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.493
Iberians, Spain™* 107 374 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001
Toscani, Italy** 107 31.8 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.043

Note. Here and in Table 4: * marks the data obtained by the authors, ** marks the data from the literature (The 1000 Genomes..., 2012); p < 0.025, at which

differences were considered statistically significant are marked in bold.

The genotype distribution matched the Hardy—Weinberg
equilibrium for all polymorphic loci and samples. The frequen-
cies of alleles TCF7L2 (103894T) and TCF7L2 (53341T) in
the studied samples and some ethnic groups described in the
literature (The 1000 Genomes. .., 2012), as well as comparison
of populations (p-value), are presented in Tables 3—4.

It was shown that TCF7L2 (103894T) allele frequency in
the Russians sample (23.1 %) matched that in other Caucasian
groups (22-37 %) (The 1000 Genomes..., 2012). The fre-
quency in the studied samples of indigenous Siberian peoples
varies from 5.4 % for Western Buryats to 9.5 % for Teleuts,
with no statistically significant differences observed. However,
the allele frequency in all samples of indigenous populations
was significantly lower than in Russians from Eastern Siberia
and other Caucasian groups described in the literature (The
1000 Genomes.. ., 2012). At the same time, it was significantly
higher than in several East Asian populations, i. ¢. Chinese and
Vietnamese. We could also see a significant difference between
Teleuts and Japanese not observed for other studied groups.

This in-between position of indigenous Siberian populations,
as exemplified by Buryats and Teleuts, had been demonstrated
earlier in the polymorphism frequencies of some other meta-
bolic profile genes (Tabikhanova et al., 2019).
TCF7L2(53341T) allele frequency in the Russians sample
(25.9 %) matched that in other Caucasian groups (23—40 %)
(The 1000 Genomes..., 2012). The studied samples of indi-
genous populations showed a significantly lower value com-
pared to Russians varying from 4.5 % in Yakuts from the Nyur-
binsky District to 11.3 % in Teleuts. Statistically significant
differences were discovered between Teleuts and the samples
with the lowest frequency values, namely Eastern Buryats
(4.9 %) and Yakuts from the Nyurbinsky District. The data on
TCF7L2 (533417) allele frequency in the samples of Buryats
(6.3 %) and Yakuts (4.3 %) resembling the results obtained
in our study were presented by Trifonova et al. (2020). Un-
fortunately, the authors did not indicate sample sizes and the
participants’ places of residence, so confidence evaluation
was impossible to perform. The frequency values do not show
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Table 4. TCF7L2 (53341T) allele frequency in some populations (ethnic groups) and comparison of populations (p-value)

Population/ N, ppl TCF7L2 Population comparison (p-value)
ethnic grOUp (533417’) ...................................................................................................................................................
frequency, Buryats Teleuts Yakuts Dolgans  Russians from
% ..................................................................................... EaStern Siberia
Eastern  Western Nyurbinsky Ust-Aldansky
District District
Eastern Buryats® 132 4.9 0.030 0.014 0.983 0.660 0.224 p <0.001
Western Buryats* 276 9.6 0.030 0.556 0.037 0.213 0.399 p <0.001
Teleuts® 115 11.3 0.014 0.556 0.017 0.106 0.190 p <0.001
Yakuts, Nyurbinsky District® 99 4.5 0.983 0.037 0.017 0.573 0.205 p <0.001
Yakuts, Ust-Aldansky District™ 96 6.3 0.660 0.213 0.106 0.573 0.672 p <0.001
Dolgans® 168 7.7 0.224 0.399 0.190 0.205 0.672 p <0.001
Russians from Eastern Siberia* 133 25.9 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001
Chinese Dai in Xishuangbanna, 93 2.2 0.220 0.002 p<0.001 0.335 0.086 0.017 p <0.001

China™*

Southern Han Chinese, China** 105 29 0.386 0.003 0.001 0.552 0.162 0.033 p <0.001
Japanese, Tokyo, Japan®* 104 2.9 0.388 0.003 0.001 0.554 0.164 0.033 p <0.001
Kinh (Viet), Ho Chi Minh City, 29 1.0 0.037 p<0.001 p<0.001 0.068 0.011 0.001 p <0.001
Vietnam™*

Population of the state of Utah, 99 31.3 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.240
descendants of Northern and

Western European settlers™*

Finns, Finland** 929 22.7 p<0.001 p<0.001 0.002 p<0.001 p<0.001 p<0.001 0.494
English people and Scots™* 91 25.8 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.931
Iberians, Spain™* 107 39.7 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p <0.001 0.002
Toscani, Italy** 107 374 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 0.009

significant differences between the samples of Eastern Buryats
and Yakuts from the Nyurbinsky District and the samples of
indigenous East Asian populations, namely Chinese, Japanese
and Vietnamese, available in the literature. Yakuts from the
Ust-Aldansky District demonstrated a significantly higher
TCF7L2 (53341T) allele frequency than Vietnamese, while
Dolgans showed differences compared to some Chinese
populations as well. Western Buryats and Teleuts showed
significantly higher allele frequencies than all the East Asian
samples described in the literature. It was also shown that
this polymorphism frequency in populations of indigenous
Siberian peoples was significantly lower than in the Cauca-
sian groups described in the literature (The 1000 Genomes.. .,
2012). Thus, TCF7L2 (53341T) allele frequencies also con-
firm the trend that places samples of indigenous Siberian
peoples in-between East Asian and Caucasian populations.

Discussion

Investigation of the frequencies of functionally significant
gene variants in the context of medical biology and gene
geography is a relevant issue for studying the population ge-
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netic structure of indigenous Siberian peoples. In the present
paper, we have determined the frequencies of the /038947
and 53341 T alleles in gene TCF7L2 associated with DM2 and
other metabolic disorders in the populations of Buryats, Yakuts,
Dolgans, and Teleuts, as well as a sample of Russians from
Eastern Siberia. It was shown that these frequencies in Rus-
sians fall within the same range as in other Caucasian popu-
lations. Meanwhile, the populations of indigenous Siberian
ethnic groups show significantly lower TCF7L2 (103894T)
and TCF7L2 (53341T) polymorphism frequencies, which
places them in-between Caucasian and East Asian populations.
It was shown in several papers that indigenous Siberian and
Far Eastern ethnic groups, as well as the ethnic groups from the
European part of Russia with a mongoloid component in their
gene pool, had lower incidence rates of metabolic syndrome
and its DM2 component compared to Caucasians (Tsyretorova
et al., 2015; Kichigin et al., 2017; Cygankova et al., 2018).
It is primarily explained by the traditional lifestyle implying
a sufficient amount of physical activity and diet consisting
mostly of animal source foods rich in proteins and fats with
limited carbohydrate component (Bairova et al., 2013).
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Ethnic peculiarities in DM2 prevalence and manifestations
are also caused by distinctions from the European gene pool,
i.e. a unique combination of frequencies of functionally
significant genes developed as a result of adaptation to local
environmental conditions (Baturin et al., 2017; Hallmark et
al., 2018). Differences in living conditions between indigenous
and newcomer populations are alleviated due to urbanization,
centuries-long traditions, and acquired dietary patterns change,
and, as a result, civilizational diseases associated with meta-
bolic disorders, including DM2, become increasingly common
in indigenous populations (Ovsyannikova et al., 2007; Tsyre-
torova et al., 2015; Cygankova et al., 2018). Investigation of
the polymorphism distribution of the functionally significant
genes associated with risks of diseases in indigenous Siberian
populations makes it possible to identify the gene pool resi-
lience, evaluate the susceptibility of various ethnic groups to
metabolic disorders under changing environmental conditions,
and predict the epidemiological situation in the near future.

Lower prevalence of DM2 among indigenous Siberian
populations agrees with reduced populational frequencies of
studied alleles TCF7L2 (103894T) and TCF7L2 (53341T)
associated with DM2 and several syntropic diseases, dis-
covered in the present paper. The reduced frequencies of
these polymorphisms may affect the incidence rates of the
diseases in the studied populations. With urbanization taken
into account, one might predict reduced growth in incidence
rates of DM2 and other pathological states associated with
studied polymorphisms in indigenous Siberian ethnic groups
compared to newcomer Caucasians.

The high frequency of TCF7L2 (53341T) polymorphism
in Teleuts from the Kemerovo Region compared to Buryats
and Yakuts may be attributed to a Caucasian component that
this ethnic group adopted in their gene pool in the process of
formation (Ostaptseva et al., 2006). With more comfortable
living conditions close to cities of Prokopyevsk, Kemerovo,
and Novokuznetsk and a richer European-type diet, Teleuts
may face an increased risk of DM2 and associated diseases.
Increased incidence of cardiovascular diseases has been ob-
served in this ethnic group in recent decades (Ovsyannikova
et al., 2007). However, polymorphism frequencies of other
functionally significant genes are to be investigated to draw
better-grounded conclusions.

Conclusions
Ethnic peculiarities in the frequency distribution of poly-
morphisms in gene TCF7L2 (G103894T, rs12255372) and
(C53341T,1s7903146) in the populations of Buryats, Yakuts,
Dolgans, and Teleuts, as well as a sample of Russians from
Eastern Siberia, have been studied in the present paper. Locus
rs12255372 has been studied in various territorial groups of
Buryats and Yakuts for the first time, and the same goes for
loci 1s12255372 and rs7903146 in the Dolgan and Teleut
populations. It has been shown that the samples of indigenous
Siberian populations fall in-between Caucasian and East Asian
populations with respect to studied polymorphism frequen-
cies, following the geographic polymorphism distribution
gradient.

Significantly lower occurrence of TCF7L2 (103894T) and
TCF7L2 (53341T) alleles associated with DM2 and other
metabolic disorders in the samples of indigenous Siberian
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peoples compared to Russians was demonstrated, which agrees
with their lower susceptibility to metabolic disorders, includ-
ing DM2, compared to the newcomer Caucasian population
described in the literature. With the transition to urbanized
lifestyle taken into account, one might predict reduced growth
in incidence rates of DM2 and other pathological states asso-
ciated with the studied polymorphisms in indigenous Siberian
ethnic groups, namely Buryats, Yakuts, Dolgans, and Teleuts,
compared to newcomer Caucasians.

To better understand the nature of ethnic differences, further
investigation into population structure with respect to other
metabolic profile genes is required.
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Canopy temperature depression for drought-
and heat stress tolerance in wheat breeding
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Abstract. An infrared thermometer was first used to assess drought and heat tolerance in plant breeding more than
40 years ago. Soon afterward, this method became widely used throughout the world. However, Russia has not yet
applied the described method for evaluating stress tolerance. This paper presents an overview of using infrared
thermometry in plant breeding. Taking wheat as an example, it shows major advantages and disadvantages of
canopy temperature depression (CTD) values measured by the infrared thermometer. The paper also demonstrates
that genotypes with higher CTD values, and therefore with a lower canopy temperature, use more available soil
moisture under drought stress to cool the canopy by transpiration. It refers to CTD as an integrative trait that
reflects an overall plant water status. Its coefficient of variation lies in the interval of 10 to 43 %. A large number of
publications illustrate a close relation between CTD values and yield and indicate a high heritability of the former.
Meanwhile, the same works show that yield has a higher heritability. Moreover, some researchers doubt that CTD
should be used in applied wheat breeding as there are many factors that influence it. CTD has a high correlation
with other traits that reflect plant water status or their adaptation to drought or heat stress. Quantitative trait
loci (QTLs) associated with CTD are localized in all chromosomes, except for 3D. These QTLs often explain a small
part of phenotypic variance (10-20 %, more likely less than 10 %), which complicates the pyramiding of canopy
temperature genes through marker-assisted selection. The paper concludes that the evaluation of CTD appears
to be a reliable, relatively simple, labor-saving, objective, and non-invasive method that sets it apart from other
methods as well as shows the best results under terminal drought and heat stress conditions.

Key words: CTD; wheat; drought tolerance; heat tolerance; selection criteria.
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IToka3saTe/b CHIUDKEHIS TeMIlepaTypbl paCTUTEJIbHOTO I10JI0Ta
B CeJIeKU VN ITIIEeHNIIbI Ha 3&CVXOVCTOI7[‘~II/IBOCTI) n }KapOCTOﬁKOCTb

C.B. Aeniexos ®

DepiepanbHblii ANTaCKMiA HayUHbI LeHTp arpobuoTexHonoruin, bapHayn, Poccus
® sergeilepehov@yandex.ru

AHHoTayus. Mpowwno 6onee 40 neT C Hayana UCNONb30BaHUA MHPaKPACHOTO TEPMOMETPA A/ OLIEHKM 3aCyX0- 1
»KapOCTOMKOCTY B CeNeKLMN pacTeHN. 3a 3TO BPeMsA MEeTOJ, LUMPOKO pacnpocTpaHmninca Bo Bcem Mupe. OfHako B
Poccun onmcbiBaemblii CNOCO6 OLIEHKM CTPECCOYCTONUYMBOCTM COPTOB A0 CUX MOP He NpumMeHseTca. Hamu caenaH
0630p pe3ynbTaToB MCMOMb30BaHNA MHPPAKPACHOro TePMOMETPa B ceneKummn pacteHrin. Ha npumepe niweHnLpbl
onucaHbl OCHOBHble JOCTOMHCTBA U HepocTaTky nokasatena CTD (canopy temperature depression), oueHvBae-
MOro MOCPeACTBOM UHPPAKpacHOro TepmomeTpa. feHoTUnbl ¢ 6onee BbICOKMM 3HaueHrem CTD, a 3HauuT, 6onee
NPOX/afHbIM MOSIOrOM B YCIOBUMSAX 3aCyXU, UCMOMb3YIOT GOoMbllee KONMYECTBO AOCTYNHON NMOYBEHHOW Bnaru ans
oxnakaeHua 3a cyet TpaHcnupauun. CTD — nHTerpupyoLwmin NpU3HaK, KOTOpbIA AUAarHOCTUPYET TeKYLUMIA BOAHbIN
cTaTyc pacteHuin. KoapduureHT Bapmnauymm nokasatena CTD HaxoauTca B npegenax 10-43 %. B 3HaumTenbHOM Ko-
nuyecTBe paboT NoKasaHa ero TecHasA B3aMMOCBA3b C YPOXKaNHOCTbIO 1 BblCOKasA Hac/leyeMoCTb, OAHAKO B LieNIoM
60nblINi KOIGOULMEHT HACIEQYEMOCTM UMeNa YPoXKainHOCTb. [NprMeHeHne nokasatensa CTD B npakTnyeckoi ce-
neKkuMn MieHNLbl OCNapuBaeTca PAAOM MUCCNefoBaTeNen nU3-3a 3HaYNTENbHOIO KONMYeCcTBa BANAIOLLNX HA HEro
dakTopoB. CTD TeCHO CBA3aH C APYrMMU NpU3HAKaMK, OTPaXKaoLWMMM BOLHbIV CTaTyC pacTeHU Unun pesynstat
ajanTaumm K 3acyxe unam xape. JIOKyCbl KONMyeCcTBEHHbIX MPU3HAKOB, accoummpoBaHHble ¢ CTD, o6Hapy»KeHbl Ha
BCEX XPOMOCOMaX, 3a UCK/oYeHnemM XpoMocombl 3D. BbifiBNeHHble JIOKYCbl YacTO OMNMCbIBAOT HeBOMbLLYIO YacTb
deHoTnnueckor nameHunsoctu (10-20 %, yalye meHee 10 %), UTO 3aTPYAHUT NMPaMUANPOBAHNE FreHOB, CBA3aH-
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MoKkasaTenb CHUKeHNA TemnepaTypbl MoJiora B cenekumm
NweHNLbl Ha 3aCyXOYCTONYNBOCTb U XapOCTONKOCTb

HbIX C TeMMepaTypow nosora, NocpeacTBOM MapKepHo cenekummn. OueHka nokasatena CTD HaaexHa, TeXHUYeCcKn
npocTa v NPOV3BOAUTENIbHA 1 NPY HAf/exXallemM ee 1CMOoJIb30BaHNM NMO3BOJIAET OOBEKTVIBHO OMNPEeReUTb OAHY
13 CTOPOH »apo- U 3aCyXOYCTOMYMBOCTN COPTOB, COXPAHMB PAaCTEHMSA B XKMBOM BUAE, YTO BbIFOLHO OT/IYAET ee OT
Lpyrnx MeTofioB. Havnnyylumii pesynstat onncbiBaeMblil METOL AEMOHCTPUPYET B YC/IOBUAX TEPMIUHANbHOM 3aCyXU.
KnioueBble cnoBa: nokasatens CTD; nweHnua; 3aCyX0yCTOMYMBOCTD; XKapOCTOMKOCTb; KpUTepuin otbopa.

Introduction

Every year 200 million hectares of wheat (Triticum aesti-
vum L.) cultivated worldwide suffer economic losses from
drought and heat (Ortiz et al., 2008) for wheat is very sensi-
tive to heat stress. Optimal temperature for photosynthesis in
wheat is approximately 25 °C (Nagai, Makino, 2009). It has
been estimated that 1 °C increase above the optimal tempera-
ture at the grain filling stage decreases wheat yield by 3—4 %
(Wardlaw et al., 1989).

Breeding drought-tolerant cultivars is one of the possible
ways to reduce damage from drought. However, it requires
much time and effort as it includes the evaluation of a large
number of plants and is complicated by a low and inconsis-
tent correlation between the phenotype and the yield under
drought conditions, with multiple mechanisms of adaptation
being involved. The selection that is based solely on yield
indicators complicates breeding for drought tolerance because
the yield shows low heritability under drought stress (Sofi et
al., 2019). With that in mind, to evaluate many genotypes in
a short period of time, it is important to single out other traits
associated with drought tolerance (Sohail et al., 2020).

The paper suggests several physiological traits to identify
tolerant genotypes. It refers to physiological traits as traits that
contribute to mechanisms playing a role in plant adaptation
to stress (Reynolds et al., 2009), such as coleoptile length,
ability to stay green, stem water soluble carbohydrate, leaf
water potential, canopy temperature, and so on.

This paper presents an overview of using infrared thermo-
metry in plant breeding.

CTD and method of its measuring

Canopy temperature is an integrative trait that reflects the
plant water status or the resultant equilibrium between the
root water uptake and shoot transpiration (Berger et al., 2010).
Under the high solar radiation and drought conditions, stoma-
tal conductance decreases, soil moisture deficit reduces normal
transpiration rate, which in turn increases canopy temperature
(Rebetzke et al., 2013). Thus, canopy temperature can be used
to study drought and heat tolerance in plants. Instead of canopy
temperature, researchers often calculate canopy temperature
depression (CTD) that refers to a metric, indicating the dif-
ference between air temperature and canopy temperature
(Jackson et al., 1981). If the canopy temperature is lower than
the air temperature under the influence of transpiration, then
CTD is expressed as a positive value, but becomes negative
if the reverse is true. Genotypes with higher CTD values and
a cooler canopy temperature under drought stress use more
available soil moisture to cool the canopy by transpiration.
Given that Russian research lacks an established definition
for ‘canopy temperature depression’, the paper refers to it as
CTD defined in English research.

Canopy temperature is measured by a handheld infrared
thermometer or thermal camera (Yousfi et al., 2019). It is
done in the afternoon in clear weather conditions on windless
days. The most considerable genotypic differences in CTD are
reported from 2 to 3 p. m. (Thapa et al., 2018) at high tempera-
tures and low relative humidity (Zhang X. et al., 2018). The
researcher should stay close to the plot not to cast shadow on
the place of measurement (Pinto et al., 2010). If a plot is sown
in rows, it is best to stand to one side of it so that the infrared
thermometer is pointed at an angle to the rows. If ground
cover is low, it is best to point the thermometer at a low angle
to the horizontal to minimize the likelihood of viewing soil
(Reynolds et al., 2001). The infrared thermometer is held at
approximately 50 cm above the canopy, and the measurements
are taken at 1 m from the edge of the plot (Mason etal., 2011;
Sohail et al., 2020). The best phase to perform measurements
is the grain filling period (Thapa et al., 2018).

The infrared thermometer was first used for scheduling crop
irrigation in the 1970s (Jackson et al., 1977) and for studying
drought tolerance in the 1980s (Blum et al., 1982). In late
1980s, CIMMYT began to use CTD measurements as selection
criteria in breeding for drought and heat tolerance in various
experiments. Bulks showing high CTD values are selected
in F; generation (Blum, 2005). Canopy temperature mea-
surements can significantly improve the selection of drought
tolerant genotypes because of their high speed (=10 seconds
per plot), simplicity, and relative economic efficiency. CTD
is also integrative of the whole canopy due to scoring many
plants at once, thus reducing error associated with plant-to-
plant variation (Cossani, Reynolds, 2012).

Factors influenced

on the measuring accuracy of CTD

However, this method has some limitations. First, the measur-
ing accuracy depends on microclimate of the plant stand. Se-
cond, rapid changes in environmental conditions, for example
on cloudy days, demonstrate high variability of the results
(Chaves, 2013). Third, CTD is influenced by many biological
and environmental factors, such as air temperature and relative
humidity, soil moisture, wind, solar radiation, evapotranspira-
tion, leaf adjustment to water deficit (Bahar et al., 2008), plant
density (White et al., 2012), spike size, color and size of leaves
(Balota et al., 2008), angle of leaves (Zhang Y. et al., 2011),
peduncle length and awns (Bonari et al., 2020). Finally, plant
organs differ in their self-cooling abilities, and thus, canopy
temperature with spikes is 2 °C higher than the one without
them (Olivares-Villegas et al., 2007).

The fact that these limitations have already been identified
allows us to conclude that CTD and its features are well re-
searched. Some environmental flux during the measurement
period is inevitable, but correcting data against reference plots,
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use of replication, and repetition of data collection during the
crop cycle can compensate for this (Reynolds et al., 2001).

Association of CTD with other traits of wheat
CTD values demonstrate a significant correlation with yield
under drought and heat stress in a large number of experiments
(Gaoetal., 2016; Liang et al., 2018; Sohail et al., 2020). They
have regression relationships: if CTD decreases by 1 °C, the
yield declines by 1.5 and 1.7 g/ha (Kaur et al., 2018). In this
regard, the trait should be considered as a significant selection
criterion in breeding programs not only in Mexico, but also in
other countries of the world (Al-Ghzawi et al., 2018; Thapa
et al., 2018). Newer cultivars of wheat have cooler canopy
(Thapa et al., 2018), although the cultivars that are released
in different decades under favorable growing conditions or
irrigation do not show this correlation (Balota et al., 2017).
Various studies identify high correlation between CTD and
other traits that reflect plant water status or their adaptation
to drought or heat, including stomatal conductance (Bonari
et al., 2020), delay in the senescence of leaves (Fang et al.,
2017), leaf and stem wax (Mondal et al., 2015), depth and
distribution of root system in soil (Pinto, Reynolds, 2015),
spike sterility (Sohail et al., 2020), and 1000 grain weight
(Gulnaz et al., 2019).

Variation and heritability of CTD

The coefficient of variation of CTD in different studies ranges
from middle (10-14 % (Sharma P. et al., 2017; Jokar et al.,
2018)) to high (2643 % (Kumar et al., 2017; Sharma D. et
al., 2018)). Dryland conditions make CTD values negative
(Thapa et al., 2018) and increase genotypic differences (Pinto
et al., 2010). In this respect, CTD value appears to be a bet-
ter parameter for drought tolerance than yield under drought
stress. Some research suggests that canopy temperature
has a larger genetic value — if compared to direct selection
based on yield and other traits — as it is an indirect index to
the selection of certain types of cultivars and shows higher
heritability and genetic correlation with yield (Rebetzke et
al., 2013). Although some studies put CTD heritability at
0.65—0.80 (Kumar et al., 2017; Khan et al., 2020), there is a
vast amount of research that calculates heritability for both
CTD and yield and concludes that the latter has the larger
heritability (see the Table).

One of the possible reasons for the low heritability of CTD
value is environmental influence (Gao et al., 2016). Thus,
literature review demonstrates that CTD cannot be referred
to as the better selection criteria if compared to yield criteria
under drought stress. This indicator is better used as an ad-
ditional parameter in measuring drought tolerance in cultivars.

Genetic basis for canopy temperature depression

CTD genetic control has been extensively studied during the
last two decades. For example, in their study, Acufia-Galindo
etal. (2015) analyzed 30 pieces of research from 2002 to 2011
and identified four meta-QTLs (MQTLs) containing two or
more QTLs for the trait that were associated with drought
and heat tolerance, including CTD value that was identified
in independent studies, populations, or environments. These
MQTLs were localized on chromosomes 1B (34+2 cM),
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Heritability coefficient for CTD and yield of common wheat
in different studies

Heritability coefficient References
CTDYIEId ...................
025,032,067 074,082,085 Olivares-Villegas etal, 2007
082,011 056and060  Reynoldsetal, 2007

and 0.34,0.81
049065_090 ............. P mtoemlzmo .....................
051061 ....................... R atteyetalzon ....................
081066 ....................... P a“waletalzmz ..................
066095 ....................... B e”undagleta|2013 ............
024029059 ....................... |_ opeseta|2013 ....................
022062 ....................... S UkumaranEtalzms ...........
083091 ....................... R ahmaneta|2016 ................
052_061066 ....................... S harmaDetalzms .............

2B (682 cM), 3B (139+4 cM), and 7A (100£6 cM). The
research also described single QTLs for CTD: these MQTLs
were localized on chromosomes 3B, 4A, 7A, while chromo-
some 5A contained three MQTLs. QTLs associated with CTD
were co-localized with QTLs that controlled other adaptive
traits (yield, biomass, days to heading, grains per spike,
1000 grain weight, and water-soluble carbohydrates). While
summarizing the results of their and prior research, Pinto et
al. (2010) suggested that QTLs for canopy temperature were
localized on chromosomes 1A, 1B, 1D, 2A, 2B, 3A, 3B, 4A,
4B, 5A, 5B, 6A, 6B, 6D, 7A, and 7B. The research undertaken
after 2011 discovered QTLs for CTD on almost all chromo-
somes, except for 1D, 3A, 3D, and 6D (Paliwal et al., 2012;
Lopes et al., 2013; Mason et al., 2013; Rebetzke et al., 2013;
Mondal et al., 2015; Sukumaran et al., 2015; Awlachew et al.,
2016; Gao et al., 2016; Mohammed et al., 2021).

Some research showed that QTLs associated with CTD
were co-localized or closely localized with genes Rht-Bl
(Gao et al., 2016), Rht-D1 (semi-dwarf wheat with warmer
canopy), Ppd-D1 (Rebetzke et al., 2013), Vrn-A1 (Mondal et
al., 2015), and transcription factor Dreb1 (Khalid et al., 2019).

These loci for canopy temperature are responsible for 10—
20 % of'the phenotypic variation (Paliwal et al., 2012; Mondal
et al., 2015; Awlachew et al., 2016) or even less than 10 %
(Rebetzke et al., 2013; Sukumaran et al., 2015), and this is
understandable as CTD is an integrative trait that is correlated
to many mechanisms of drought tolerance (Lopes et al., 2013).
Moreover, canopy cooling at different stages is controlled by
loci with different localization (Lopes et al., 2013; Gao et al.,
2016); therefore, the result of CTD measurements depends on
the plant growth stage (Gulnaz et al., 2019). It is likely that
the small genetic effects of multiple QTLs combined with the
smaller population sizes commonly used in breeding will limit
the pyramiding of multiple alleles for CTD through marker-
assisted selection (Rebetzke et al., 2013).
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Problems of using CTD in applied breeding

CTD indicates any kind of stress: high temperature, water
or nutrient shortage (Kaur et al., 2018). Nitrogen fertilizers
increase CTD values (Yang et al., 2018). Thus, this parameter
shows not only water, but also a nitrogen nutrient status of
plants (Guo et al., 2016). CTD is also related to NDVI (Yousfi
et al., 2019), and canopy temperature may increase due to
Zymoseptoria tritici infection (Wang et al., 2019). At the
same time, high canopy temperatures provide unfavorable
conditions for the development of stripe rust (Cheng et al.,
2015). As the environmental factors have the aggregate effect
on plants, CTD measurements that are performed for screen-
ing of drought tolerance without drought stress may produce
incorrect results.

In addition to the well-studied negative correlation be-
tween yield and CTD values under drought or heat stress, the
researchers highlight the controversy of their relationships in
various environments (Balota et al., 2017). For example, in
a high-yielding environment, cultivars with relatively high
CTD values tend to produce higher yields than those with
low CTD values, while in a low-yielding environment, the
relationship between these traits disappears (Lu et al., 2020).
However, it is explained by the fact that differences in plant
tolerance become noticeable only if limiting factors are in-
tense (Udovenko, 1973). Some studies show insignificant or
positive correlation between CTD and yield (Rahman et al.,
2016; Bala, Sikder, 2017), while others identify that under
drought stress, high-yielding genotypes have both positive
and negative CTD values (Sofi et al., 2019).

The research shows that a relatively large proportion of
yield phenotypic variation under drought stress can be ex-
plained by a small number of traits, including CTD values.
In most cases, they would be amenable to reliable quantifica-
tion in parents and verification of expression in segregating
progeny (Reynolds et al., 2007). However, it was impossible
to accurately measure CTD values in some research because
the plant canopy failed to cover the ground (Liang et al., 2018)
or the yield was highly dependent on limited amounts of soil-
stored water (Royo et al., 2002). Thus, Balota et al. (2017)
identified the difficulty of using CTD values in applied plant
breeding, for in that work a potential effect of neighbor plots
plant height on canopy temperature was present.

More than that, a certain amount of caution is advisable in
selecting genotypes with high CTD values in water-limited
environments as more vigorous, later-flowering wheats may
produce more biomass by the time canopy temperature is
measured. Biomass and transpiration are physiologically
linked, so that higher-biomass lines seem to deplete soil
water faster, causing stomata to close and canopies to warm.
Selection of cooler canopy temperature under conditions of
soil-water depletion could favor the development of lines with
low yield potential and smaller biomass (Rebetzke et al., 2013)
or identification of specific genotypes (Jokar et al., 2018).

Conclusion

All things considered, the paper suggests that in general the
evaluation of CTD appears to be a reliable, relatively simple,
labor saving, and objective method that may be used to as-
sess plant tolerance to heat or drought stress. Moreover, it is
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a non-invasive method, and this sets it apart from others. To
better evaluate cultivars tolerance to drought or heat stress,
a substantial number of traits should be considered, there-
fore making CTD a meaningful contribution to knowledge
on drought tolerance. Still, it is important to realize that this
method shows the best results under terminal drought and
heat stress conditions.
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Abstract. Plant diseases cause significant economic losses in agriculture around the world. Early detection, quantifica-
tion and identification of plant diseases are crucial for targeted application of plant protection measures in crop pro-
duction. Recently, intensive research has been conducted to develop innovative methods for diagnosing plant diseases
based on hyperspectral technologies. The analysis of the reflection spectrum of plant tissue makes it possible to classify
healthy and diseased plants, assess the severity of the disease, differentiate the types of pathogens, and identify the
symptoms of biotic stresses at early stages, including during the incubation period, when the symptoms are not visible
to the human eye. This review describes the basic principles of hyperspectral measurements and different types of avail-
able hyperspectral sensors. Possible applications of hyperspectral sensors and platforms on different scales for diseases
diagnosis are discussed and evaluated. Hyperspectral analysis is a new subject that combines optical spectroscopy and
image analysis methods, which make it possible to simultaneously evaluate both physiological and morphological pa-
rameters. The review describes the main steps of the hyperspectral data analysis process: image acquisition and prepro-
cessing; data extraction and processing; modeling and analysis of data. The algorithms and methods applied at each
step are mainly summarized. Further, the main areas of application of hyperspectral sensors in the diagnosis of plant
diseases are considered, such as detection, differentiation and identification of diseases, estimation of disease severity,
phenotyping of disease resistance of genotypes. A comprehensive review of scientific publications on the diagnosis of
plant diseases highlights the benefits of hyperspectral technologies in investigating interactions between plants and
pathogens at various measurement scales. Despite the encouraging progress made over the past few decades in moni-
toring plant diseases based on hyperspectral technologies, some technical problems that make these methods difficult
to apply in practice remain unresolved. The review is concluded with an overview of problems and prospects of using
new technologies in agricultural production.

Key words: hyperspectral technologies; plant diseases; image analysis; spectral analysis.
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O0630p COBpeMeHHBIX METOL0B OOHAPY>KEHISI
U UOeHTUPUKALUM 607e3Hel paCTeHI Ha OCHOBE
aHaJ/IM3a TUIepPCIeKTPaIbHbIX N300pakeHU T

A.®. Yemkosa &

Cnbupckuii depepanbHblii HayUYHbI LLEHTP arpobuoTexHonorunii Poccninickoin akagemmn Hayk, p.n. KpacHoobck, HoBocnubupckas obnactb, Poccusa
® cheshanna@yandex.ru

AHHoTauus. bonesHn pacTeHni NPUBOAAT K 3HAUUTENBbHBIM SKOHOMUYECKMM MOTEPSIM B CEKTOPE CeNTbCKOX035NCTBEH-
HOro MPOV3BOACTBa BO BCeM Mupe. PaHHee BbifiBNIeHMe, KOIMUYECTBEHHAsA OLeHKa 1 naeHTndukauua 6onesHemn nmetot
peluatoLLee 3HaUYeHMe ANs LiefIeHanpaBneHHOro NPUMEHEHWs Mep 3alUTbl B PacTEHNEBOACTBE. B HacTosA L ee Bpems Be-
LYTCA UHTEHCUBHbIE HayYHble UCCNefoBaHMA Mo pa3paboTKe NMHHOBALMOHHbIX METOAOB AVArHOCTUKM GonesHen pacTe-
HWI, OCHOBAHHbIX Ha rMNepcrneKTpanbHbiX TEXHOMOMMAX. AHAMIM3 CNIeKTPa OTPaXKeHWs PacTUTENbHOW TKaHW No3BonAeT
NPOBOANTb KNaccuduKaLmio 300poBbiX U 60MbHBIX PacTeHWi, OLEHUBATb TAXeCTb 3aboneBaHus, AuddepeHupoBaTh
BUbI MATOreHOB W BbIABATb CUMMTOMbl BMOTUUYECKMX CTPECCOB HAa PaHHUX CTAfUAX, B TOM YMCNIE B MHKYOALMOHHDIN
Nepuoga, Koraa CUMMNTOMbI He BUHbI YeNlOBeUYeCKoMy rasy. B 063ope onvcaHbl OCHOBHbIE MPUHLMMbBI U3MEPEHUs CNeKT-
pa OTpa)keHNa PacTUTENbHOW TKaHU. OBCYKAAITCA U OLIEHNBAIOTCA BO3MOXHOCTU MPUMEHEHUSA PA3NIUYHBIX TUMOB M-
nepcrnekTpasbHbIX CEHCOPOB 1 NIaTGopPM ANA AMArHOCTMKY GonesHel pacTeHuid. funepcneKTpanbHbii aHanm3 ABs-
eTcs HoBOW 061acTbio, coefiMHALLEN B cebe MeTofbl ONTUYECKOW CMEKTPOCKONUM U METOAbI aHanr3a n3o6bpaxeHuii,
KOTOpble MO3BONAIOT OAHOBPEMEHHO OLIEHMBATb Kak Gpr3nonornyeckme, Tak n mopdonoruyeckme napamerpsl. Onvca-
Hbl rMaBHble 3Tarbl aHany3a runepcnekTpaabHbIX JaHHbIX: NONyYeHUe 1 npeABapuTenbHas 06paboTka n3obpaxeHus;
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[MnepcnekTpanbHble MeTogbl
06HapyXeHuns 6onesHel pacTeHni

n3BneyeHne n 06paboTka AaHHbIX; MOAEIMPOBaHME 1 aHanu3 AaHHbIX. MpriBefeH nepeyeHb anropuTtMoB U METOAOB,
NPYIMEHSEMBIX Ha Ka)KAOM U3 3TanoB. PaccMOTpeHbl OCHOBHbIE 0611aCTV NMPUMEHEHUA TUMEPCNEKTPANbHBIX CEHCOPOB
B IMArHOCTrKe BonesHel pacTeHnid, Takue Kak obHapyxeHne 6onesHu, auddepeHumauma n nageHTndUKaLma Tuna 3a-
605eBaHUA, OLieHKa CTEMNeH NMOPAXXEHNSA, OLieHKa YCTONUYMBOCTY FreHOTUMOB. [prBeaeH BCECTOPOHHMI 0630p HayUHbIX
ny6nukauuii, NoguepKnBawLUi NPenMyLLecTBa rMNepcrnekTpanbHbIX TEXHONOMUIA NpY UCCIefoBaHUN B3auMOLEN-
CTBUIA MeXAY PacTeHMSIMI 1 NaTOreHaMU B Pa3inyHbIX MaclwTabax n3mepeHunin. HecmoTpsa Ha obHafexnBatowmin npo-
rpecc, AOCTUIHYTbIN 3a MOCNeAHNE HECKONbKO AeCATUNETNA B MOHUTOPVHTE 6oNle3HeN pacTeHUN Ha OCHOBE rnnepcneK-
TPasbHbIX TEXHONOTUNIA, OCTAITCA HEPELIEHHBIMY HEKOTOPbIE TEXHUYECKUE NPOGNEMbI, NMPENATCTBYOWME MPUMEHEHWIO
3TMX METOAOB Ha MPaKTKKe. B 3aknioueHme obcyxaaTca npobnembl U NEPCNEKTUBLI MPAKTUYECKOTO UCMOIb30BaHMWsA
HOBBbIX TEXHOJTOTUIA B CENbCKOXO3NCTBEHHOM MPON3BOACTBE.

KnioueBble C/ioBa: rmnepcrneKkTpasbHble TEXHOMOrK; 60M1e3HY PACTEHNIA; aHANN3 N306PaXKEHWIA; CMEKTPANbHbIV aHaNmn3.

Introduction

Plant diseases cause crop losses, reduce the quality of
agricultural products and can even threaten human health.
Farmers need modern and effective tools for early detection
and identification of plant diseases (Mahlein et al., 2019b).
Traditional diagnostic methods such as visual assessment
and microbiological laboratory analysis are time-consuming
and labor-intensive, which limits their application in large-
scale farms.

Currently, new non-invasive methods for diagnosing plant
diseases using sensor technologies, robotics, computer vi-
sion and machine learning are rapidly developing (Singh A.
et al., 2015; Demidchik et al., 2020; Zheng et al., 2021).
These methods are high throughput and provide a real-time
support for assessing a range of physiological parameters
(Walter etal., 2015). A large amount of information obtained
from modern sensors is transformed into new knowledge
using computer data processing and modeling, reducing the
distance from fundamental science to practical implemen-
tation (Afonnikov et al., 2016; Tardieu et al., 2017). New
approaches allow, due to automation, to significantly speed
up the diagnosis of diseases and increase its accuracy by
eliminating the human subjectivity (Fahlgren et al., 2015;
Lobos et al., 2017).

At present, a variety of imaging methods are being used
for plant diseases detection, such as fluorescence imaging,
thermal infrared imaging, visible RGB imaging, imaging
spectroscopy and other techniques (Bock et al., 2010; Li L.
etal., 2014).

Among them, hyperspectral imaging technique comes
with numerous advantages (Mahlein, 2016; Mahlein et al.,
2018; Dubrovskaya et al., 2018). According to the Scopus
statistics, there are 412 relevant papers from 2005 to 2020
where ‘plant disease’ and ‘hyperspectral” are used as key
words for the search (Fig. 1). Hyperspectral analysis com-
bines optical spectroscopy and image analysis methods,
allowing both physiological and morphological parameters
to be evaluated simultaneously.

The aim of the paper is to provide the reader with an
overview of modern technologies for the diagnosis of plant
diseases based on the analysis of hyperspectral images. The
first part of the article discusses the main principles and tools
of hyperspectral technologies. Next, algorithms and methods
for analyzing hyperspectral images are described. Further,

the main areas of application of hyperspectral sensors in
the diagnosis of plant diseases are considered. The paper is
concluded with some problems and prospects of using new
technologies.

Basic principles and tools
of hyperspectral technologies

Interaction of light

(electromagnetic radiation) and plants

Light can interact with plant tissue in the following ways:
reflection, scattering, absorption and transmission. The
reflectance characteristic of a plant results from the bio-
chemical compounds present in the leaves, and the physical
characteristics of leaves (Mishra et al., 2017). The interaction
between light and plants also depends on the wavelength. In
the visible wavelength range (400—-700 nm), the surface of
the plant has a low reflectivity due to the absorption of light
by photosynthetic pigments (chlorophylls, anthocyanins and
carotenoids). In the near infrared (700—1100 nm), the reflec-
tance increases due to light scattering in the intercellular
space. In the short wave infrared range (1100-2500 nm),
healthy plants have a low reflectance due to the absorption
of light by water, proteins and other carbon components
(Lowe et al., 2017). The green color of the leaf is consistent
with the characteristic reflection peak at 550 nm.

Spectral profiles of healthy and diseased plants can differ.
As aresult of the impact of biotic and abiotic stressors, the
biochemical composition of plant tissues changes, which
is reflected in the change in the color and shape of leaves,
transpiration rate, canopy morphology, and, consequently,
in the spectral characteristics of plants (Zhang J. et al.,
2019). Moreover, each individual interaction of a plant and
a pathogen has certain spatial and temporal dynamics, and
these processes affect different ranges of the electromagnetic
spectrum. For example, a change in photosynthetic activity
caused by pathogens leads to a change in reflectivity in the
visible range of the spectrum. Changes at the cellular level
have a large impact on the near infrared spectrum. Tissue
necrosis leads to increased reflection in the shortwave in-
frared range (Zhang N. et al., 2020).

Such relationships between cause and consequence can
be used to study the biochemistry of plants and to perform
controlled experiments.
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Hyperspectral sensors and platforms

The basic principle of hyperspectral sensors is comparable
to the principle behind RGB and multispectral cameras (Tho-
mas et al., 2018b). All these systems measure the amount of
light reaching the sensor and store the information. Unlike
RGB cameras (3 spectral bands) or multispectral cameras
(<20 spectral bands), a hyperspectral sensor measures up to
several hundred bands of the electromagnetic spectrum in
the wavelength range of the sensor. Each of these spectral
bands measures only a few nanometers of the electromag-
netic spectrum, leading to a high spectral resolution of the
hyperspectral sensor.

There are two main types of sensors: image sensors and
non-imaging sensors. Non-imaging sensors measure the
average reflectance spectrum in a certain area of a surface
without storing spatial information. The size of the averaging
area depends on the focal length, angle of view and distance
to the object. Most non-imaging sensors are portable and do
not require complicated measurement platforms. They have
awide spectral range (300—2500 nm), a high spectral resolu-
tion (1-3 nm), and low weight (1-5 kg). The most popular
among them are spectrometers ASD FieldSpec (Analytical
Spectral Devices Inc., USA), SVC (Spectral Vista Corpo-
ration, USA), ImSpector (Spectral Imaging Ltd., Finland).

2014
2015
2016
2017
2018
2019
2020

Number of published articles by year on plant diseases with hyperspectral data (Scopus).

These devices are widely used in laboratory, greenhouse and
field conditions (Naidu et al., 2009; Zhang J. et al., 2017,
Couture et al., 2018; Bohnenkamp et al., 2019; Mahlein
et al., 2019a). There are also micro-spectrometers such as
the STS-VIS spectrometer (Ocean Optics Inc., USA) suit-
able for use with UAVs (Burkart et al., 2015). Since early
symptoms of plant disease often appear below 1 mm, their
detection with spectrometers is limited. This is due to the
averaging of the spectrum of healthy and diseased tissue in
the measurement area (Mahlein et al., 2012).

Hyperspectral image sensors form a spectral profile for
each individual pixel, thereby combining spectral and spatial
resolution. The resulting image is a three-dimensional data
array (hypercube) containing two dimensions of spatial
information and additionally one dimension of spectral
information. Depending on the type of sensors used, there
are four ways to obtain a hypercube of data (Fig. 2): whisk-
broom, push-broom, spectral scanning, and snapshot (Wu,
Sun, 2013).

Hyperspectral image sensors usually cover a limited spec-
tral range: VNIR (300-1000 nm) or SWIR (1000-2500 nm)
with a spectral resolution of 1-7 nm. Spatial resolution
ranges from micrometers to centimeters depending on the
distance to the object and sensor characteristics.

[T Ty PP
[T Ty PP

e

“

> -
X X X X
Whisk-broom Push-broom Spectral scanning Snapshot
Fig. 2. Acquisition approaches of hyperspectral images.
Scanning directions are shown by arrows, and gray areas show data acquired each time.
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In the case of using point or line scanning sensors (whisk-
broom, push-broom), it is necessary to move the object or
the camera to register the spectrum of each individual point
or line. In scientific research, the most commonly used scan-
ning cameras are Specim (Spectral Imaging Ltd., Finland),
Headwall (Headwall Hyperspec Ltd., Canada), Photonfo-
cus (Photonfocus AG, Switzerland), Pika L (Resonon Inc.,
USA). Most hyperspectral scanning cameras in the labo-
ratory are installed on specialized mobile platforms that
provide linear movement and stabilization of the camera
(Leucker et al., 2016; Yeh et al., 2016). Stationary rail
systems are used in greenhouses (Thomas et al., 2018a).
Vehicles (Vigneau et al., 2011; Williams et al., 2017) or
UAVs (Huang W. et al., 2007; Abdulridha et al., 2019) are
used in the field. The disadvantage of scanning sensors is
the relatively long image acquisition time, depending on the
size of the measured area, which complicates the shooting of
moving objects. This disadvantage is eliminated in portable
Specim 1Q camera with a built-in scanner (Behmann et al.,
2018; Alt et al., 2020; Barreto et al., 2020).

Spectral scanning sensors use LCTF filters that pass
only certain wavelengths changing rapidly during shooting
(Choudhary et al., 2009; Wang et al., 2012). These sensors
create 2D spatial images for each wavelength in the spec-
tral range. Their use does not require moving the object or
camera to obtain a hypercube. The acquisition time is mainly
dependent on the exposure time, which is generally faster
than point or line scans. If the object is moving, then this
measuring principle can lead to inconsistent spectra, since
the individual bands are observed at different times.

Recently, snapshot sensors that do not require scanning
an object to obtain a hypercube have been developed. They
use the mosaic principle of conventional RGB cameras.
These sensors provide a significantly higher image record-
ing rate, but lower spatial resolution compared to traditional
ones. Well-known cameras of this type are Rikola, Senop
(Senop Ltd., Finland), Ultris, FireFleye (Cubert Ltd., Cana-
da). The compact size, short image acquisition time and the
ability to create a sequence of hyperspectral images of a
moving object make them optimal for use in UAVs (Aasen
etal., 2015; Sankaran et al., 2015; Franceschini etal., 2019).

Hyperspectral image processing methods

and algorithms

From the data analysis perspective the use of multi-scale
datasets of hyperspectral images, characterized by a huge
amount of data with a high level of collinearity, is a very
challenging, emerging topic that requires non-trivial solu-
tions. To face this challenge, the methods of discriminant
and cluster analysis, machine learning, and neural networks
have been successfully adopted (EIMasry et al., 2016; Lowe
et al., 2017).

Available software tools for hyperspectral image analysis
process are ENVI (Research Systems Inc.), MATLAB (The
Math-Works Inc.), Python (Python Software Foundation),
R (R Software Foundation).
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The hyperspectral image analysis process usually includes
the following steps (Fig. 3): (1) image acquisition and
preprocessing, (2) data extraction and processing, (3) data
modeling and analysis.

Image acquisition and preprocessing

The first important step in the analysis of plant diseases is to
obtain high-quality hyperspectral images that meet the objec-
tives of research. The right choice of sensors and platforms,
the correct setting of the spatial and spectral resolution,
lighting scheme, scan rate, frame rate and exposure time are
prerequisites for obtaining accurate results (Wu, Sun, 2013).

The next step is image preprocessing, which includes cali-
bration and spectrum correction. The goals of the calibration
process are to standardize the spectral and spatial axes of the
hyperspectral image, evaluate accuracy and reproducibility
of the acquired data under different operating conditions,
eliminate curvature effect and instrumental errors (Rinnan
et al., 2009; Vidal, Amigo, 2012).

The standard practice is reflection calibration, which uses
two reference images, black and white. The black image
is acquired when the camera lens is completely covered
with its opaque cap. The white reference image is obtained
using a white surface board (e. g. Teflon) with a reflectivity
of about 99.9 % to obtain the highest possible intensity for
each pixel at each wavelength. These two reference images
are then used to correct the raw hyperspectral images by
using the following equation:

_Is—1Ip
ey
where R is the corrected hyperspectral image, /g is the raw
hyperspectral image, [, is the dark image, and 7, is the
white reference image.

To eliminate the effect of surface curvature, spectral
image normalization (Polder et al., 2004), adaptive spherical
transform (Tao, Wen, 1999) or Lambert transform (Gomez-
Sanchis et al., 2008) are used during calibration.

The goal of spectrum correction is to improve image
quality (Savitzky, Golay, 1964; Barnes et al., 1989; Burger,
2006; Esquerre et al., 2012). For example, smoothing algo-
rithms (moving average, Savitzky—Golay, median filter, and
Gaussian filter), as well as Fourier and wavelet transforms,
are used to reduce noise from the spectral data. The first and
second derivatives are used to correct the shift of the spec-
trum baseline. Multiplicative scattering correction (MSC)
and standard normal variate (SNV) are used to reduce the
spectral variability due to scattering.

Data extraction and processing

At this step of hyperspectral image analysis process, image
segmentation is performed and features are selected for
further analysis.

Image segmentation is used as a pre-processing step and
is typically performed before the formal spectral analysis
in order to extract the target objects from the background
or form a mask for the formation of the region of inte-
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Fig. 3. Flowchart of a series of typical steps for analyzing hyperspectral image data.

rests (ROIs) for further information extraction. The follow-
ing segmentation methods are used: threshold-based (Pandey
et al., 2017); K-means (Behmann et al., 2014); watershed
algorithm (Li J. et al., 2019); edge detection (Sun et al.,
2017; Williams et al., 2017).

Feature extraction can be considered to be the most im-
portant step in hyperspectral-based classification. Its goal
is to extract and form new feature vectors for plant disease
detection by combining and optimizing the spectral, spatial
and texture features, then feed them to a set of classifiers or
machine learning algorithms.

Vegetation indices (V1) or disease indices (DI) can be used
as features (Huete et al., 2002; Gitelson et al., 2006; Mahlein
etal.,2013; Candiago et al., 2015). In this case, only a small
number of wavelengths are required for analysis. When ana-
lyzing the entire spectrum, the following methods are used to
reduce the dimension and eliminate autocorrelations: princi-
pal component analysis; minimum noise fraction algorithm;

206

linear discriminant analysis; stepwise discriminant analysis;
partial least square discriminant analysis (Steddom et al.,
2003; Delalieux et al., 2007; Naidu et al., 2009; Moshou et
al., 2011; Yuan et al., 2014b; Zhou et al., 2019).

Data modeling and analysis

The last step in image analysis is to select a model and ap-

ply it to the data. Depending on the objectives of the study,

these can be classification models (for diagnosing and dif-
ferentiating diseases), or regression models (for predicting
and assessing the relationship between the target variables
and the spectral response).

The most commonly used models are:

« classification models of machine learning and neural
networks: spectral angle mapper, support vector machine,
k-nearest neighbor, maximum likelihood (Moshou et al.,
2004; Liu et al., 2010; Rumpf et al., 2010; Yeh et al.,
2013; LiY. etal., 2017);
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« regression models: multiple linear regression, binary lo-
gistic regression, partial least squares regression, Dirichlet
aggregation regression (Huang W. et al., 2007; Singh D.
et al., 2007; Yang et al., 2007; Huang J. et al., 2012).

Areas of application of hyperspectral technologies
in diagnostics of plant diseases
The main tasks in the diagnosis of plant diseases are detec-
tion, differentiation, identification, assessment of the disease
severity, assessment of the genotypes disease resistance.
These tasks are solved at various levels of organization of
living systems in the corresponding measurement scales.
Measurements at the cellular or tissue scales are carried
out in laboratories using hyperspectral microscopes to ob-
serve fungal spores and detect metabolic changes in tissues
caused by plant-pathogen interactions. Experiments at the
cellular level are usually carried out in the context of fun-
damental research and to some extent for the identification
of pathogens and the assessment of genotype resistance.
Measurements at the level of individual organs (leaf, ear,
stem, root, fruit) and at the level of the whole plant are car-
ried out in laboratory, greenhouse or field conditions with
the aim of early detection and differentiation of the disease.
Canopy-level measurements are more often applied in
plant disease mapping and severity assessment.
Below is a brief overview of scientific publications on
hyperspectral technologies in plant diseases diagnostics in
the context of different areas of application (see the Table).

Disease detection

The aim of disease detection is to differentiate healthy and
infected plants. In this case, the subject of research is only
one specific disease, its symptoms and dynamics.

A study of Mahlein et al., 2019a compares the feasibility
of different sensors to characterize Fusarium head blight.
Under controlled conditions, time-series measurements
were performed with infrared thermography, chlorophyll
fluorescence imaging, and hyperspectral imaging. Infrared
thermography allowed the visualization of temperature
differences within the infected spikelets beginning 5 days
after inoculation. Also, on the 5th day, a disorder of the
photosynthetic activity was confirmed by chlorophyll fluo-
rescence imaging of spikelets. Pigment-specific simple ratio
derived from hyperspectral imaging allowed discrimination
between Fusarium-infected and non-inoculated spikelets on
the 3rd day. Support vector machine method was used for
classification. The classification accuracy was 78, 56 and
78 %, respectively.

A study of Abdulridha et al., 2019 compares two methods
for detecting citrus canker with hyperspectral imaging. In the
laboratory, a hyperspectral (400—1000 nm) imaging system
was utilized for the detection of citrus canker at several di-
sease development stages (i. €., asymptomatic, early, and late
symptoms) by using two classification methods: (i) radial
basis function (RBF) and (ii) A-nearest neighbor (KNN).
The same imaging system mounted on a UAV was used to
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detect citrus canker on tree canopies in the orchard. The
overall classification accuracy of the RBF was higher (94,
96, and 100 %) than the KNN method (94, 95, and 96 %) for
detecting canker in leaves. Among the 31 studied vegetation
indices, the water index (WI) and the Modified Chlorophyll
Absorption in Reflectance Index (ARI and TCARI 1) more
accurately detected canker in laboratory and in orchard
conditions, respectively. The UAV-based technique achieved
100 % classification accuracy for identifying healthy and
canker-infected trees.

Diseases identification and differentiation

In disease identification, the goal is to determine the type
of pathogen affecting the plant. The subject of research is
several types of diseases, their distinctive features.

Mahlein et al., 2013 developed specific spectral disease
indices (SDIs) for the differentiation of diseases in crops.
Sugar beet plants and three leaf diseases Cercospora leaf
spot, sugar beet rust and powdery mildew were used as
model system. Hyperspectral signatures of healthy and
diseased sugar beet leaves were assessed with a non-
imaging spectroradiometer at different development stages
and disease severities of pathogens. Significant and most
relevant wavelengths and two band normalized differences
from 450 to 950 nm, describing the impact of a disease on
sugar beet leaves, were extracted from the data-set using
the RELIEF-F algorithm. To develop hyperspectral indices,
the best weighted combination of a single wavelength and
anormalized wavelength difference was searched. Healthy
sugar beet leaves and leaves, infected with Cercospora leaf
spot, sugar beet rust and powdery mildew were classified
with a high accuracy and sensitivity (balanced classification
accuracy: 89, 92, 87, and 85 %, respectively).

A study of Bohnenkamp et al., 2019 establishes a method
for detecting and distinguishing between brown rust (Puc-
cinia triticina) and yellow rust (P. striiformis) on wheat
leaves based on hyperspectral imaging. The experiment
was conducted at the leaf scale under controlled laboratory
conditions. A reference spectrum from sporescale observa-
tions was used. Least-squares factorization was applied on
hyperspectral images to unveil the presence of the spectral
signal of rust spores in mixed spectra on wheat leaves. For
the first time, this study shows an interpretable decom-
position of the spectral reflectance mixture during patho-
genesis.

Disease severity assessment
Quantitative diagnosis of plant disease severity is one of
the main directions of hyperspectral disease analysis. The
evaluation criteria for plant disease severity are often the
disease index and incidence. In addition, according to the
pathogens and symptoms they caused, the pigment content,
water content, and even structural parameters are often
regarded as indirect evaluation criteria.

Zhao Y.-R. et al., 2016 used hyperspectral imaging to de-
termine the spatial distribution of chlorophyll and carotenoid
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List of major contributions to different areas of application of hyperspectral images to plant diseases diagnostics

Target Crop Disease Scale/sensor/platform Methods and algorithms Reference
Detection Wheat Fusarium Head Blight Spikelet/ ImSpector V10E, Support vector machine Mabhlein et al.,
N25E/ moving platform (SVM) 2019a
Citrus Citrus canker Canopy/ Pika L/ UAV Vegetation indices, Abdulridha et al.,
k-nearest neighbor (KNN), 2019
radial basis function (RBF)
Onion Sour skin Onion/ SU320KTS-1.7RT SWIR  Principal component Wang et al., 2012
(Burkholderia cepacia) camera, LCTF filter/ tripod analysis (PCA), Fisher’s
discriminant analysis (FDA)
Sugar beet  Root rot disease Plant/ Specim 1Q/ tripod k-nearest neighbor (KNN),  Barreto et al., 2020
(Rhizoctonia solani) partial least squares (PLS),
random forest (RF), support
vector machine (SVM)
Identification Sugar beet  Cercospora leaf spot, Leaf/ ASD FieldSpec Pro/ Disease indexes, algoritm Mahlein et al., 2013
sugar beet rust, tripod RELIEF-F
powdery mildew
Differentiation Wheat Brown and yellow Leaf/ ImSpector V10E/ Least-squares factorization Bohnenkamp et
rust (Puccinia triticina moving platform (LSF) al,, 2019
and P, striiformis)
Yellow rust, powdery  Leaf/ ASD FieldSpec/ tripod Partial least square Yuan et al,, 2014a
mildew, wheat aphid regression (PLSR),
Fisher’s linear discriminant
analysis (FLDA)
Fusarium head blight = Spike/ ImSpector V10E, Vegetation indices, support Alisaac etal.,, 2018
(F. graminearum, ImSpector N25E/ moving vector machine (SVM)
F. culmorum) platform
Severity Barley Powdery mildew Canopy (plot)/ SpecimV10E/  Support vector machine Thomas et al.,
assessment rail system (SVM), Simplex Volume 2018a
Maximization (SiVM)
Potato Late blightin potato  Canopy (plot)/ Rikola/ UAV Simplex Volume Franceschini et al.,
Maximization (SiVM) 2019
Cucumber  Angular leaf spot Leaf/ ImSpector V10/ Partial least square Zhao et al., 2016
moving platform regression (PLSR)
Wheat Powdery mildew Leaf/ ASD FieldSpec/ tripod Partial least square Zhang J.etal.,
regression (PLSR), 2012
multivariate linear
regression (MLR)
Tomato Bacteriosis Leaf/ Hyperspec Headwall/ Principal component Rajendran et al.,
(Pseudomonas moving platform analysis (PCA) 2016
cichorii)
Assessment Sugar beet  Leaf spot Leaf/ ImSpector V10E/ Vegetation indices Leucker et al., 2016
of genotype Cercospora moving platform
A A  HH i i l VA A  EE sl BElEEE
Grape Grape downy mildew Leaf/ ASD AgriSpec spectro-  Vegetation indices Oerke et al,, 2016
(Plasmopara viticola)  meter, ImSpector V10E/
moving platform
Barley Powdery mildew Cell, tissue/ Specim V10E Simplex Volume Kuska et al., 2015
camera, Z6 APO microscope/  Maximization (SiVM)
moving platform
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contents in cucumber leaves infected with angular spot. The
pigment content was measured by biochemical analyzes.
Partial least square regression (PLSR) models were used
to develop quantitative analysis of the relationship between
the disease severity, the spectra and the pigment contents.
In addition, regression coefficients in PLSR models were
employed to select important wavelengths for modeling.
Finally, chlorophyll and carotenoid distributions in cucum-
ber leaves with the angular spot infection were mapped by
applying the optimal models pixel-wise to the hyperspectral
images.

Zhang J. et al., 2012 detected wheat powdery mildew
disease severity via spectral measurement and analysis. In
this study, hyperspectral reflectances of normal and pow-
dery mildew infected leaves were measured with a spec-
troradiometer in a laboratory. The severity of the disease
was determined on a nine-point scale of the disease index.
A total of 32 spectral features were extracted from the lab
spectra and examined through a correlation analysis and an
independent t-test associated with the disease severity. Two
regression models: multivariate linear regression (MLR) and
partial least square regression (PLSR) were developed for
estimating the disease severity of powdery mildew. Based on
the cross-validation result, seven spectral indices minimizing
the relative root mean square error were selected. The PLSR
model outperformed the MLR model, with a relative root
mean square error of 0.23 and a coefficient of determination
of 0.80 when using seven indices.

Assessment of genotypes resistance

Analysis of the pathogen-host interaction makes it pos-
sible to determine the resistance of genotypes to a specific
disease and is an important part of breeding. In breeding
practice, phenotyping of plant genotypes is carried out by
means of labor-intensive and expensive visual assessment.
In this context, hyperspectral analysis is a promising non-
invasive method for speeding up and automating traditional
phenotyping methods.

Leucker etal., 2016 evaluated the resistance of 5 different
sugar beet genotypes to Cercospora leaf spot in their study.
The experiment was carried out under controlled laboratory
conditions. Lesions of Cercospora leaf spot were rated by
classical quantitative and qualitative methods in combina-
tion with non-invasive hyperspectral imaging. It was found
that the spectral characteristics of the affected leaf areas
depend on the density of pathogen spores on the surface
and on their spatial distribution. Accordingly, the number of
conidia per diseased leaf area on resistant plant was lower.
The assessment of lesion phenotypes by hyperspectral
imaging with regard to sporulation may be an appropriate
method for identifying subtle differences of genotypes in
disease resistance.

Kuska et al., 2015 used a hyperspectral microscope to
determine the resistance of barley cultivars to powdery
mildew (Blumeria graminis). The reflection of inoculated
and non-inoculated leaves was recorded daily with a hyper-
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spectral linescanner in the visual (400700 nm) and near
infrared (700—1000 nm) range 3 to 14 days after inoculation.
The susceptible genotypes showed an increase in reflectance
in the visible range according to symptom development.
However, the spectral signature of the resistant genotype did
not show significant changes over the experimental period.

Problems and prospects

of using hyperspectral technologies

for the diagnosis of plant diseases

Despite the encouraging progress in monitoring plant
diseases based on hyperspectral technologies made over
the past few decades, some technical problems remain
unresolved that make these methods difficult to apply in
practice. Studies seeking solutions to these challenges will
shape future trends.

Currently, low-altitude, airborne and satellite multispec-
tral systems are widely used in agricultural production to
monitor the canopy based on vegetation indices (Hatfield,
Pinter, 1993; Huang Y.B. et al., 2013). But reliable remote
sensing monitoring of plant diseases and pests is usually
achieved when symptoms are fully exhibited, which may
be too late for guiding the prevention. Despite significant
results in scientific research on the use of hyperspectral
sensors for early detection of plant diseases, their practical
application in field and greenhouse conditions in precision
farming systems is still an unresolved problem.

Most of these studies have been conducted in controlled
conditions, often utilizing artificial illumination and precise-
ly regulating the directions of incoming light and reflected
light being registered by positioning the camera or sensor
at a defined angle toward the leaf tissue. The illumination
conditions in the field are very different from laboratory
ones, which creates enormous difficulties for reliably quan-
tifying diseases in a natural canopy. Canopy regions located
in sunlight appear much brighter than canopy layers situated
in the shade. Tissue color depends on the angle of the tissue
toward both the incoming sunlight and the reflected out-
going light. Heterogeneities in image brightness change from
minute to minute. Therefore, setting a threshold for distin-
guishing between healthy and diseased tissue would mean
taking the overall brightness of the specific image within the
location into account, as well as the angle of incidence of
light, which is currently a matter of intense research (Guo
etal., 2013; Yu et al., 2017).

Another unsolved problem is to accurately detect a spe-
cific disease under realistic field conditions where several
crop stressors may occur simultaneously. Currently, most
monitoring studies or applications are conducted in experi-
mental fields or areas with prior information about the type of
pathogen. For an area that lacks corresponding information,
itis challenging to achieve a reliable and accurate monitoring
result. Many pathogens, as well as abiotic stressors, have
similar symptoms and, therefore, a similar spectral signature.
Some state-of-the-art algorithms, such as deep learning algo-
rithms, may play an important role in differentiating biotic
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and abiotic stressors in field and greenhouse conditions (Liu
et al., 2010; Mahlein et al., 2019b). Besides, it is necessary
to promote the establishment of a knowledge base with the
background information about diseases (i.e., geographical
distribution, favorable habitats, soil types, climate condi-
tions). The prior information may lower uncertainty in the
monitoring of plant diseases.

Conclusion

Plant diseases are causing significant economic losses in the
agricultural production around the world, especially given
the climate change that has taken place in recent years.
A promising technology for a non-invasive, fast, efficient
and reliable way to detect and identify plant diseases is the
use of hyperspectral sensors and platforms.

New technologies are expanding human perception by
providing information beyond the visible spectrum. The
analysis of the reflection spectrum of plant tissue makes it
possible to classify healthy and diseased plants, assess the
severity of the disease, differentiate the types of pathogens,
and identify the symptoms of biotic stresses at early stages,
including during the incubation period, when the symptoms
are not visible to the human eye.

Due to the huge amount of information, the most pro-
mising methods for processing hyperspectral data are ma-
chine learning and neural networks. Currently, hyperspectral
methods for diagnosing plant diseases are still at an early
stage of development. In addition to its being an expensive
technology, many technical difficulties limit its application
in production. However, with advances in sensor technology
and data analysis techniques, hyperspectral imaging can be
expected to become one of the important tools for studying
plant diseases.
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Abstract. HIV infection still remains a major challenge for healthcare systems of the world. There are several aspects
on counteracting the HIV/AIDS epidemic. The first aspect covers preventive measures including educational cam-
paigns on HIV/AIDS and promotion of a healthy lifestyle, protected sex, and pre-exposure prophylaxis of vulnerable
groups. The second aspect is timely HIV testing and the use of antiretroviral therapy when test results come back posi-
tive. The third aspect is the scientific research associated with discovering new pharmaceutical agents and develop-
ing HIV-1 vaccines. Selecting an adequate tool for quick and accurate in vitro efficacy assessment is the key aspect for
efficacy assessment of vaccines and chemotherapy drugs. The classical method of virology, which makes it possible
to evaluate the neutralizing activity of the sera of animals immunized with experimental vaccines and the efficacy of
chemotherapy agents is the method of neutralization using viral isolates and infectious molecular clones, i.e. infec-
tious viral particles obtained via cell transfection with a plasmid vector including the full-length HIV-1 genome cod-
ing structural, regulatory, and accessory proteins of the virus required for the cultivation of replication-competent
viral particles in cell culture. However, neutralization assessment using viral isolates and infectious molecular clones
is demanding in terms of time, effort, and biosafety measures. An alternative eliminating these disadvantages and
allowing for rapid screening is the use of pseudoviruses, which are recombinant viral particles, for the analysis of
neutralizing activity. Pseudotyped viruses have defective genomes restricting their replication to a single cycle, which
renders them harmless compared to infectious viruses. The present review focuses on describing viral model systems
for in vitro efficacy assessment of vaccines and drugs against HIV-1, which include primary HIV-1 isolates, laboratory-
adapted strains, infectious molecular clones, and env-pseudoviruses. A brief comparison of the listed models is pre-
sented. The HIV-1 env-pseudoviruses approach is described in more detail.

Key words: HIV-1; primary isolates; infectious molecular clones; env-pseudoviruses; virus neutralization assay.
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MopenbHbIe CICTEMBI BUpyca MMMYHOOeduiuTa yeiaoBeka (B1Y-1),
JICIIOJIb3YeMble [IJIS1 OLleHKU 3(p(PEeKTUMBHOCTY KaHANIATHBIX BaAKIIVIH
U JIeKapPCTBEHHBIX ITpernapaTtoB IpoTus BUY-1 in vitro

H.B. PyAOMeTOBa@, A.H. lllep6akos, A.TT. PyaomeToB, A.A. Vabnues, A V. Kapnenko

ToCyAapCTBEHHbIN HayuHbIl LEHTP BUPYCONorum u 6uotexHonorum «Bexktop» PocnoTpe6Haasopa, p.n. KonbLoso, Hosocnbupckas obnacts, Poccns
® nadenkaand100@mail.ru

AHHoTayusa. BUY-nHbekumna no-npexHemy octaetca ofHol M3 rnobanbHbIX Npobinem 3apaBoOXpaHeHrs BO BCEM
mupe. bopbba ¢ nHdeKLMen BefeTca NO HECKObKAM HanpasneHuAM. Bo-nepsbix, 3T0 npodunakTnyeckme mepo-
NpUATAA, KOTOPble BK/OYAKOT NPoCBeLLeHne HaceneHna no npobneme BUY/CMNAa, nponaraHay 3goposoro obpasa
XKM3HW, 3alUMLLEHHbIe MOJIOBble KOHTaKTbl, JOKOHTAKTHYIO MPOPUNAKTUKY YA3BMMbIX FPYNn HaceneHus. Bo-BTopbix,
NPOXOXKAEHVE CBOEBPEMEHHOIO TeCTUPOBaHNA Ha BUY n npumeHeHrne aHTPETPOBMPYCHON Tepanumn B Cilyyae ero
06Hapy»KeHuA. B-TpeTbux, 3TO HayuHble NCCIeOBaHNA, CBA3AHHbIE KaK C MOUCKOM HOBbIX N1eKapCTBEHHbIX areHToB,
TakK 1 ¢ pa3paboTKon BaKuMHbI NpoTuB BMY-1. KntoueBoi MOMeHT npu onpepeneHun 3dGeKTMBHOCTM BaKUUH 1
XMMUOTEpaNeBTUYECKUX MPEenapaToB — BbIGOP UHCTPYMEHTa, NMO3BONAIOLWEro H6bICTPO U TOYHO OLEHUTb KX dddek-
TUBHOCTb in vitro. Knaccmyecknm MeTofom BMPYCONOTUW, MO3BONAIOLWMM OLEHUTb HENTPaNN3YIOLLYI0 aKTVBHOCTb
CbIBOPOTOK »KMBOTHbIX, UMMYHV3MPOBAHHbIX SKCMePUMEHTaNbHbIMU BaKLHaMu, 1 3PEKTUBHOCTb XMMUOTepanes-
TUYECKNX areHToB, ABAETCA METOA HeTpanuM3aLunm C UCNOb30BaHNEM BUPYCHbIX U30JIATOB, @ TakKe NHPEKLMOH-
HbIX MONEKYNIAPHbIX KNOHOB, KOTOPbIE NPeACTaBAAOT CO60M MHGEKLMOHHbIE BUPYCHbIE YacTHLibl, MONYyYEHHbIE NyTEM
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MopenbHble cuctembl
BUpYca uMmmyHogeduumta yenoseka (BUY-1)

TpaHCcPeKUMM KNeToK NnasMuiHbIM BEKTOPOM, COiepKallMm NOHOPa3MepHbI reHom BUY-1, koampytowmin cTpyk-
TYPHble, pPeryfiATopHble 1 BCMOMoraTesbHble 6efku BUpYyca, HeobxoarMble Ana 06pa3oBaHUA PennKaLyiOHHO-KOM-
NEeTEHTHbIX BUPYCHbIX YacTuL, B KyNbType KNneToK. [1pn 3Tom MeTod HelTpanv3aumy C UCNOoNb30BaHNEM BUPYCHbIX
N30MIATOB U MHPEKLMOHHbBIX MOSIEKYNAPHbBIX KTOHOB OT/IMYAETCA TPYAOEMKOCTbIO, MPOAOCIKUTENBHOCTbIO N TpebyeT
MOBbILEHHbIX Mep 61o6e30MacHOCTY. ANbTEPHATUBHBIM pPeLleHreM, YCTPaHALUM YKa3aHHble HeAOCTaTKM 1 MO3BO-
NALLWMM NPOBOANTb ObICTPbLIN CKPUHWUHT, ABAAETCA MCMONb30BaHWeE AA aHanu3a HelTpanusyloLwen akTMBHOCTU
NceBAOBUPYCOB, KOTOPble MPEACTaBAAIT COOOM PeKOMOVHaHTHbIE BUPYCHbIE YacTuLbl. B oTnnume oT nHPeKumoH-
HbIX BUPYCOB, paboTa ¢ nceBAoBMUpycamy 6e3onacHa, MOCKOSbKY reHOM MCeBAOBUPYCOB HapyLUEH AN1A TOro, YTobbl
X MHOEKUMA orpaHnYMBanach N1lb OOHUM LUKIOM. [JaHHbI/ 0630p MOCBSALEH ONUCAHMIO MOAENbHBIX BUPYCHbBIX
CUCTeM, UCMOSb3yeMbIX AN OLEeHKM 3POEKTVBHOCTI BaKUMH 1 NeKapCTBEHHbIX NpenapaTos npoTus BUY-1 in vitro:
nepBUYHbIX 30naToB BY-1 1 nabopaTopHO-aAanTMpPOBaHHbIX LUTAMMOB, MHPEKLIMOHHBIX MONEKYNAPHbIX KIIOHOB 1
env-nceBfoBMpycoB. KpaTko npefcTaBieHa X CpaBHUTENIbHaA XapakTepucTrka. bonee nogpo6bHo onvcaHa TeXHONO-
rva env-ncesgosupycos BNY-1.

KnioueBble cnosa: BUY-1; nepBuyHble N301ATbl; MHPEKLMOHHbIE MONEKYNAPHbIE KIIOHbI; env-nceBAOBMPYChI; aHaIn3

2022
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HenTpanu3aumm Bupyca.

Introduction

The HIV/AIDS pandemic still remains a major problem for
healthcare systems of the world with about two million newly
infected individuals every year!. At present, antiretroviral
therapy is the most common way to manage HIV infection, as
itreduces viral loads and prolongs and improves the quality of
life of HIV-infected patients. However, the currently available
antiretroviral drugs also have major shortcomings, such as
high costs, marked side effects, developing drug resistance,
anecessity for regimen changes, and the life-long duration of
the therapy (Arts, Hazuda, 2012). Above all that, we are yet
to find the cure for HIV infection (Phanuphak, Gulick, 2020).
As aresult, the development of effective preventive vaccines
against HIV/AIDS remains a top priority (Stephenson et al.,
2020).

As of today, the RV144 clinical trials performed in Thailand
from 2003 to 2009 are considered the most successful. The
studied vaccine showed an efficacy of 60 % in 12 months after
vaccination and 31.2 % — after a 3.5-year follow-up (Kim et
al., 2015). Several years later the RV 144 vaccine components
were modified to express the antigens of the HIV strains
circulating in South Africa. In January 2020, early results
of clinical trials showed that the modified vaccine failed to
prevent HIV-1 infection in volunteers (Gray et al., 2021).
Nowadays, there are still numerous unresolved issues in
HIV-1 vaccine development, yet it is clear that it is necessary
to use new approaches to its design (Hsu, O’Connell, 2017),
hence the intense research for the induction of the protective
T and B cell immune response to HIV-1, including broadly
neutralizing antibodies (bnAbs) (Shcherbakov et al., 2015;
Rudometov et al., 2019b; Jones et al., 2020; Liu et al., 2020;
Ng’uni et al., 2020).

Selecting an adequate tool for in vitro efficacy assessment
is an integral part of scientific research aimed at developing
vaccines and chemotherapy drugs against viral pathogens,
including HIV-1. The neutralizing activity of the sera from the
animals immunized with experimental vaccines and the effica-
cy of chemotherapy agents are conventionally assessed using
viral isolates (Jackson et al., 1988). However, this process is
demanding in terms of time, effort, and biosafety measures.

T Fact Sheet on HIV/AIDS. World Health Organization, 2020. URL: https://www.
who.int/ru/news-room/fact-sheets/detail/hiv-aids (Accessed June 2, 2021).

An alternative method is to use infectious molecular clones,
i.e. infectious viral particles obtained via cell transfection
with plasmid vector including the full-length HIV-1 genome
coding structural, regulatory, and accessory proteins of the
virus required for the cultivation of replication-competent
viral particles in cell culture (Peden et al., 1991).

In recent years, many researchers give preference to the
pseudotyped virus approach, a safer method suitable for
BSL-2 lab settings (Li Q. et al., 2018; Montefiori et al., 2018).
Compared to viral isolates and infectious molecular clones,
pseudotyped viruses are harmless, because virus replication
is restricted to a single cycle due to mutations in coding re-
gions of the genome, which is why pseudotyped viruses are
often called single-cycle viruses (Cheresiz et al., 2010; Li Q.
etal., 2018).

HIV-1 model systems for in vitro efficacy assessment of
chemotherapy drugs, bnAbs, and candidate vaccines against
HIV-1 will be considered in the present review.

HIV-1 isolates and laboratory-adapted strains
Historically, HIV-1 primary isolates were the first system for
analyzing vaccine efficacy and neutralizing the activity of anti-
bodies (Jackson et al., 1988). Viral isolates are obtained via co-
cultivation of the peripheral blood mononuclear cells (PBMC)
of'an HIV-positive patient and the PHA-stimulated PBMC of
a healthy donor. Here, the viruses isolated from blood appear
as a genetically heterogeneous population due to the quasispe-
cies nature of HIV-1. To eliminate possible selective pressure
on viral isolates and ensure optimal preservation of a viral
phenotype, the virus is cultivated using primary cell culture,
rather than cell lines (Voronin et al., 2007; Van’t Wout et al.,
2008). The presence of neutralizing antibodies in sera from
vaccinated subjects or the efficacy of an antiviral agent is typi-
cally identified in a PBMC culture with an added infectious
dose of the virus and serial dilutions of immune serum or tested
compound. HIV-1 replication suppression is assessed using
ELISA by measuring p24 content (structural component of
HIV-1 capsid) in the culture medium (Zyryanova et al., 2020a).
However, the use of HIV-1 primary isolates for virus neu-
tralization analysis has several shortcomings, including the use
of primary PBMCs for pathogen replication, high biosafety
requirements, low repeatability of the results, and therefore
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standardization issues (Mascola et al., 1996, 2005). Thus,
some HIV-1 strains (IIIB/LAV, MN, SF2) were adapted for
replication in immortalized cell lines (H9, CEM) for the sake
of simplicity and to ensure repeatability of the experiments
in the first years of vaccine development. These were later
referred to as laboratory-adapted strains or, more accurately,
T cell line adapted strains. Vaccination of volunteers with re-
combinant trimers based on laboratory-adapted HIV-1 strains
induced the antibodies neutralizing these specific laboratory
strains. The additional experiments involving HIV-1 primary
isolates showed the absence of neutralizing activity against
primary isolates, despite intense induction of neutralizing
antibodies against the laboratory-adapted strains (Mascola et
al., 1996; Montefiori et al., 2018). Apparently, the neutrali-
zation analysis performed using laboratory-adapted strains
could produce misguiding results, and the researchers came
back to primary isolates as a more adequate tool for analyzing
the virus-neutralizing activity of the antibodies induced as a
result of vaccination. Since the method is labor-intensive and
does not allow for mass analysis, it began to be used for the
concluding stages of research.

HIV-1 infectious molecular clones

Taking into account the cultivation difficulties and signifi-
cant heterogeneity of HIV-1 primary isolates and laboratory-
adapted strains, as well as the variability of donor PBMCs (Po-
lonis et al., 2008), HIV-1 infectious molecular clones (IMCs)
were chosen for consistent replication of viral particles.
IMCs are obtained via cell transfection with a plasmid vector
including a full-length HIV-1 genome to ensure the genera-
tion of replication-competent viral particles in a eukaryotic
cell culture (Fig. 1). Compared to HIV-1 primary isolates,
this approach makes it possible to obtain genetically homo-
geneous viral particles, since an HIV-1 genome is present
in the plasmid vector in the form of DNA (Edmonds et al.,
2010; Zyryanova et al., 2020b). To ensure standardization of
neutralization analysis using IMCs, modified continuous cell
lines with a cell-surface CD4 receptor and CCRS5 and CXCR4
co-receptors were genetically engineered (Princen et al., 2004;
Gonzalez et al., 2009). Since IMCs are essentially infectious
viral particles, the relevant biosafety requirements are to be
fulfilled, similarly to primary isolates and laboratory-adapted
strains, and the analysis itself is rather time-consuming.

At the same time, the use of IMCs makes it possible to
characterize and study biological properties of genetically
different HIV-1 isolates (Ochsenbauer et al., 2012; Baalwa et
al., 2013; Wang et al., 2013; Chenine et al., 2018; Zyryanova
et al., 2020b), investigate the development mechanisms of
drug-resistant HIV-1 strains and the effect of mutations on
the biological properties of the virus (Johnston et al., 2005;
Pugach et al., 2007; Varghese et al., 2013), and discover new
antiretroviral agents (Su et al., 2019; Wagstaff et al., 2019;
Mavian et al., 2020).

HIV-1 env-pseudoviruses

The use of classical virological methods to work with HIV-1
faces a number of difficulties noted above. Env-pseudovirus
technology has proved to be a potent tool for quick and ad-
equate assessment of humoral immune response to vaccine
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constructs and screening of potential chemotherapeutic agents,
specifically entry inhibitors (Montefiori et al., 2018).

HIV-1 env-pseudoviruses are recombinant viral particles
obtained via eukaryotic cell transfection with the two plasmids
referred to as core and envelope. The core plasmid includes
genes of structural (Gag and Pol), regulatory (Tat and Rev),
and accessory (Vpu, Vpr, Vif, and Nef) HIV-1 proteins neces-
sary for viral particle assembly, as well as sequences required
for viral RNA packaging (V). The envelope plasmid carries an
envelope glycoprotein gene (Env) of certain HIV-1 subtype.
As aresult of transfection, viral particles with a defective ge-
nome incapable of assembling infectious daughter virions are
obtained (Li M. et al., 2005; Li Q. et al., 2018). Electron mi-
croscopy studies show that the HEK293 cell line transfection
with two plasmids produces viral particles morphologically
identical to the HIV-1 virions (Zaitsev et al., 2019; Ladinsky
et al., 2020).

The determination of the functional activity of env-pseudo-
viruses and analyses neutralization are carried out on a TZM-bl
cell line, which is a continuous, genetically modified HeLa cell
line with cell-surface CD4 receptors and CCRS and CXCR4
co-receptors. In addition, firefly luciferase and B-galactosidase
E. coli reporter genes are integrated into the TZM-bl cell line
genome under transcriptional control of HIV-1 long terminal
repeat. When a pseudotyped virus enters the target TZM-bl
cell, synthesis of a viral Tat protein triggers luciferase reporter
gene expression detectable by a luminometer. Here, high lu-
minescence intensity indicates that pseudotyped viral particles
have entered target cells, whereas suppressed luminescence
indicates that the HIV-1 env-pseudoviruses have been neu-
tralized (Platt et al., 1998; Wei et al., 2002). A general work
technique of env-pseudovirus system is shown in Fig. 2.

An env-pseudovirus system has a number of distinct ad-
vantages. First, since TZM-bl is a stable continuous cell line,
it may be used as a substitute for human primary T cells,
thereby reducing the need for individual donor cells. Second,
env-pseudoviruses are harmless compared to viral isolates
and IMCs requiring higher biosafety levels, which makes
experimental studies more complicated and expensive. Third,
Env protein forms trimer structures at the surface of pseudo-
typed viral particles, which are identical to those of the natural
virus. However, the main advantage of the pseudotyped virus
technology is that it makes it possible to obtain the equivalents
of the viral particles of various HIV-1 subtypes and strains,
thereby providing broad coverage of HIV-1 genetic diversity
(Seaman et al., 2010; Montefiori et al., 2018). In addition, the
neutralization assessment method using env-pseudoviruses
favors further optimization and standardization (Wei et al.,
2002; Seaman et al., 2010; Sarzotti-Kelsoe et al., 2014).
A brief comparison of HIV-1 primary isolates and laborato-
ry-adapted strains, IMCs, and env-pseudoviruses is presented
in the Table.

It should be noted that the protocols and recommendations
for neutralization assessment using env-pseudoviruses are
available at the website of the Los Alamos National Laboratory
(https://www.hiv.lanl.gov/content/nab-reference-strains/html/
home.htm). In addition, the HIV Reagent Program supported
by the National Institute of Allergy and Infectious Diseases
and curated by the National Collection of Type Cultures
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Fig. 1. HIV-1 IMC technology.

Conditionally, HIV-1T IMCs are obtained in two stages. At the first stage (a), viral particles, also referred to as virus stock, are produced via HEK293 cell line transfec-
tion. At the second stage (b), the virus stock is further replicated for several weeks using PHA-stimulated PBMCs from a healthy donor. The titers of viral particles

are measured at each stage using the ELISA based on p24 antigen content in the culture medium. A replication-competent virus is produced if p24 capsid protein
content becomes at least 1000 times as high as its initial content in the culture medium.
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Fig. 2. HIV-1 env-pseudovirus technology.

Experimental study of env-pseudoviruses is done in several stages: Stage 1 includes viral particle assembly via HEK293 cell line transfection
with two plasmids, referred to as core and envelope; at Stage 2, one measures the functional activity of pseudotyped viral particles, i.e.
their ability to infect target cells and trigger firefly luciferase reporter gene expression; at Stage 3 the neutralization level is analyzed using
immune sera or chemotherapeutic agents to measure their ability to block pseudotyped virus entry to target cells.
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Comparison of HIV-1 model systems used for in vitro efficacy assessment of vaccines and drugs against HIV-1

Parameter Env-pseudoviruses

Biosafety requirements (hazard level) Low
Analysis speed High
Standardization High

makes it possible to obtain all the components (cell lines,
plasmids, monoclonal antibodies) required for implementing
the technology.

Here are several noteworthy applications of env-pseudovi-
ruses panels. Antiviral activity of clinically approved co-recep-
tor antagonist Maraviroc was demonstrated using 160 HIV-1
subtype B env-pseudoviruses and 40 env-pseudoviruses of
other HIV-1 subtypes (Dorr et al., 2005). The activity of Ibali-
zumab, a monoclonal antibody binding to the CD4 receptor,
was demonstrated using 116 env-pseudoviruses of subtypes
A, B, C,and CRFO1 AE (Pace etal., 2013). HIV-1 env-pseu-
doviruses panels were also used to investigate the bnAbs spec-
trum with respect to various genetic variants of HIV-1. For
instance, the neutralization breadth of 98 % for bnAb 10ES8
was demonstrated using a panel of 181 env-pseudoviruses of
subtypes A, B, C, D, G, CRFO1_AE, and CRF02_AG (Huang
etal., 2012); neutralization breadth of 91 % for bnAb VRCO1
was demonstrated using 196 env-pseudoviruses (Wu X. et
al., 2010); neutralization breadth of 49 % for bnAb VRC34.01
was demonstrated using 179 env-pseudoviruses (Kong et al.,
2016). It is the introduction of pseudotyped virus panels, in-
cluding a wide range of genetically diverse HIV-1 variants, that
led to a breakthrough in the production and characterization
of monoclonal broadly neutralizing antibodies.

Env-pseudoviruses panels are extensively used to study
the humoral immune response induced by candidate vac-
cines against HIV-1 at a design stage and during pre-clinical
and clinical trials, since the presence of virus-neutralizing
antibodies in the vaccinated subjects is among the key indica-
tors of HIV vaccine effectiveness (Rudometov et al., 2019a;
Ou et al., 2020). Recent papers by Xu et al., who developed
a vaccination regimen based on fusion peptide (FP) of gp41,
a key structural component of HIV-1, may be cited as an
example. Earlier, they identified the VRC34.01 antibody from
an HIV-positive donor, which was aimed at the conservative
N-terminal region of HIV-1 FP. Since FP is a short linear
peptide, it has low natural immunogenicity, which is why
garden snail hemocyanin widely used in biotechnology was
used as a carrier protein. Immunization of laboratory animals
by an FP bound to garden snail hemocyanin with subsequent
boosting by a BG505 trimer resulted in induction of anti-
bodies with neutralization breadth of 31 % demonstrated using
a panel of 208 env-pseudoviruses of various HIV-1 subtypes
(Xu et al., 2018).

In conclusion of this review, it should be mentioned that
an HIV-1 pseudotyping system is tolerant to incorporation
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Infectious molecular clones  Primary isolates

and laboratory-adapted strains

High High
Low Low
High Low

of surface proteins of various enveloped viruses. Since most
laboratory experiments and studies involving viruses are to
be performed in BSL-3 or BSL-4 lab settings, the use of pseu-
dotyped viruses instead of wild-type ones makes it possible
for various research groups to study viruses of interest and
design antiviral drugs and vaccines against highly dangerous
viruses. For example, HIV-1 pseudotyping system was used
to obtain the viral particles carrying surface glycoproteins of
Ebola virus (Mohan et al., 2015), Marburg virus (Zhang L.
et al., 2019), Lassa fever (Zhang X. et al., 2019), Middle
East respiratory syndrome coronavirus (Zhao et al., 2013),
Rabies virus (Nie et al., 2017), Chikungunya virus (Wu J.
et al., 2017), and Nipah virus (Nie et al., 2019). In addition,
this technology is extensively used in designing pseudotyped
virus platforms for SARS-CoV-2 (Hu et al., 2020; Hyseni et
al., 2020; Johnson et al., 2020).

Conclusion

All technologies considered above have their own advantages
and shortcomings and most certainly complement each other
in integrated studies. Despite the labor-intensity of primary
isolate and IMC technologies in neutralization assessments,
these models still remain valuable tools for investigating the
biological properties of viruses. However, env-pseudovirus
technology has currently become the base method for efficacy
assessment of HIV-1 vaccines and antiviral agents (potential
entry inhibitors). Its main advantages include safety, high re-
peatability of the results, standardization potential, and ability
to work with virus particles exposing surface glycoproteins
of multiple virus subtypes.
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