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Transcription factor DREF regulates expression
of the microRNA gene bantam in Drosophila melanogaster

M.B. Schwartz, M.M. Prudnikova, O.V. Andreenkov, E.I. Volkova, L.F. Zhimulev, O.V. Antonenko, S.A. Demakov (%) &

Institute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
® demakov@mcb.nsc.ru

Abstract. The bantam gene encodes a vital microRNA and has a complex expression pattern in various tissues at
different stages of Drosophila development. This microRNA is involved in the control of normal development of
the ocular and wing imaginal discs, the central nervous system, and also in maintaining the undifferentiated state
of stem cells in the ovaries of adult females. At the cellular level, bantam stimulates cell proliferation and prevents
apoptosis. The bantam gene is a target of several conserved signaling cascades, in particular, Hippo. At the moment,
at least ten proteins are known to directly regulate the expression of this gene in different tissues of Drosophila.
In this study, we found that the bantam regulatory region contains motifs characteristic of binding sites for DREF,
a transcription factor that regulates the expression of Hippo cascade genes. Using transgenic lines containing a full-
length bantam lethality-rescuing deletion fragment and a fragment with a disrupted DREF binding site, we show that
these motifs are functionally significant because their disruption at the bantam locus reduces expression levels in the
larvae and ovaries of homozygous flies, which correlates with reduced vitality and fertility. The effect of DREF binding
to the promoter region of the bantam gene on its expression level suggests an additional level of complexity in the
regulation of expression of this microRNA. A decrease in the number of eggs laid and a shortening of the reproduc-
tive period in females when the DREF binding site in the regulatory region of the bantam gene is disrupted suggests
that, through bantam, DREF is also involved in the regulation of Drosophila oogenesis.

Key words: microRNA; genetic regulation; mutagenesis; transcription; transcription factors.
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TpaHcKpuninoHHsbI (pakTop DREF peryaupyer
aKcripeccuto reHa MUukKkpoPHK bantam Drosophila melanogaster

M.B. llIBapu, M.M. IlpyanukoBa, O.B. Auapeenkos, E.V1. Boakosa, /1.®. )Kumyaes, O.B. AutoHenko, C.A. Aemakos

WHCTUTYT MOoneKynapHoW 1 KneTouHoi buonornn Cubupckoro otaenenms Poccuinickoin akagemmn Hayk, HoBocnbupck, Poccus
® demakov@mcb.nscru

AHHoTayus. leH bantam KopnpyeT XWU3HEHHO Ba)KHYt0 MUKPOPHK 1 nmeeT CoXHbIN NaTTepH SKCnpeccun B pas-
JINYHBIX TKAHAX Ha pa3HbIX CTaAMAX pa3BuTUA apo3odusbl. Ta MUKPOPHK obecneunBaeT HopmManbHoe pa3Butue
rNa3HbIX M KPbITOBbIX UMAarnHanbHbIX 4NCKOB, LIEHTPaSIbHON HEPBHOW CUCTEMBbI, @ TaKXKe yyacTByeT B noafepKaHun
HeandPpepeHLMPOBAHHOrO COCTOAHNA CTBOJIOBbIX KJIETOK B ANYHMKAX B3POC/bIX CaMOK. Ha KNeToyHOM ypoBHe
bantam ctumynupyet nponvdepaumio KNETOK U NPenATCTBYeT anonTo3y. [eH bantam ABNAETCA MULLEHbBIO HECKOb-
KX KOHCEPBATUBHbIX CUTHAsIbHbIX KaCKafoB, B YacTHOCTW Hippo. Ha ceropHAWHNIA AeHb U3BECTHO He MeHee 10 6en-
KOB, HaNpAMYIO PEerynvMpyoLmnx SKCAPeCccmio 3TOro reHa B pasHbIX TKaHAX apo3odunbl. B HacToAweln pabote Mbl
o6HapyXunu, 4to perynAatopHas obnactb bantam cofepXMT MOTVBbI, XapaKTepHble AnA cainToB cBA3biBaHMA DREF -
TPaHCKPUMLMOHHOTO GpaKkTopa, KOTOPbIV PeryinpyeT SKCNpeccuio reHoB Kackaaa Hippo. icnonb3ya TpaHcreHHble
NNHWK, Copep»KaLLye NosHOpa3MepHbI GparmeHT, cnacaloLWwmin NeTasbHOCTb Aeneuunn bantam, n pparmeHT ¢ Hapy-
LeHHbIM calnTom cBA3biBaHUA DREF, Mbl nokasanu, 4To 3Tm MOTUBbI UMEIOT PYHKLIMOHaNbHOE 3HaYeHNe, MOCKONbKY
UX HapyLlleHve B IOKyce bantam CHUXaeT ypoBeHb SKCMPeCccun B IMUMHKAX U ANYHMKAX FOMO3UIOTHBIX MyX, YTO
KOPPENUPYET CO CHUMKEHHOW XKN3HECNOCOOHOCTbIO U depTUNbHOCTLI0. BnnaHue ceasbiBaHnA DREF ¢ npomoTtopHoii
obnacTblo reHa bantam Ha ypoBeHb ero 3KCnpeccuy npearonaraet AONONHUTENbHbIV YPOBEHb COXHOCTY peryns-
uun skcnpeccum 3ton MUKpPoPHK. CHxXeHne KonnyecTBa OTKNafblBaeMbIX AWL, U COKpaLleHre penpoayKTUBHOMO
nepriofa y CaMoK Npw HapyLeHnm caiita cesasbiBaHuA DREF B perynatopHoii 06nactu reHa bantam no3BonsioT npea-
nonaratb, YTo Yepes bantam DREF Take yyacTByeT B perynsauum ooreHesa apo3odusbi.
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Introduction

The bantam gene encodes a vital microRNA that is expressed
in many tissues throughout the Drosophila life cycle. At the
cellular level, bantam stimulates cell proliferation and prevents
apoptosis (Brennecke et al., 2003). This microRNA provides
normal development of the ocular and wing imaginal discs, the
central nervous system, and it is also involved in maintaining
the undifferentiated state of stem cells in the ovaries of adult
females (Shcherbata et al., 2007; Peng et al., 2009; Reddy,
Irvine, 2011; Slattery et al., 2013; Weng, Cohen, 2015).

Expression of the bantam gene is controlled by a wide
range of transcription factors that form different assemblies in
different tissues at different stages of development. Such con-
served morphogens as Notch, Wingless, and Dpp are involved
in the regulation of the bantam gene expression in different
tissues (Herranz et al., 2008; Oh et al., 2010; Ku, Sun, 2017).
Currently, about ten proteins that directly regulate bantam
expression in different tissues are known. Dysregulation of
bantam leads to abnormal development of many imaginal
organs, and problems with vitality and fertility (Hipfner et
al., 2002; Brennecke et al., 2003; Shcherbata et al., 2007).

One of the key regulators of bantam expression is the
transcriptional coactivator Yorkie (Yki), which provides the
necessary level of bantam expression by binding to tissue-
specific transcription factors (Peng et al., 2009; Slattery et al.,
2013; Nagata et al., 2022). Yki is part of the highly conserved
Hippo signaling cascade (Oh et al., 2010). In Drosophila, this
cascade suppresses the process of cell division, inducing cell
cycle arrest and apoptosis. The cascade begins with the kinase
Hippo (Hpo), which triggers the sequential phosphorylation
of a number of proteins and, finally, leads to the inactivation
of Yki (Huang et al., 2005; Reddy, Irvine, 2011). The Apo
gene promoter has been shown to contain DRE motifs (DREF
responding element). The promoter of the warts (wts) gene,
the second key kinase of the Hippo cascade, also contains
DRE motifs. The transcription factor DREF binds to these
motifs, enhancing the expression of ipo and wts in the ocular
imaginal discs (Fujiwara et al., 2012; Vo et al., 2014). Thus,
DREEF positively regulates the Hippo cascade and, accord-
ingly, reduces the expression level of bantam.

In our work, we found that the hantam regulatory region
contains motifs characteristic of DREF binding sites and tested
the consequences of their disruption at the organism level. We
examined how disruption of DREF binding sites at the bantam
locus affected fly viability and fertility.

Materials and methods

Obtaining a mutation of the DREF binding site. To obtain
the mutation, we used a DNA fragment from the bantam locus
of 4709 bp in length (3L:637635-642343, release=r6.23),
including DRE and DRE-like motifs. The DRE and DRE-like
motifs were isolated from each other using the unique EcoRV
restriction site located between them. To mutate each of these
motifs, restriction with endonuclease Clal (AT|CGJ|AT) was
performed, and then the 5’-overhangs were end-filled using a
Klenow fragment. This involved the insertion of two nucleo-
tides (CG) into the key part of each motif. Then both parts of
the 4709 bp DNA fragment with mutated DRE and DRE-like
motifs were ligated and the resulting DNA fragment DREF
was inserted at the Kpnl and Notl restriction sites into the
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previously obtained pUni-mod vector containing the attB
recombination site (Andreenkov et al., 2016). To obtain the
transgenic line “DREF” we used the attP/attB system for spe-
cific integration, and a line containing an attP site in the region
10A1-2 of the X chromosome (Andreenkov et al., 2016).

Fly stocks. The “4.7” transgenic line’s genotype was y',
Df(1)w®7¢23 10A1-2-“4.7”; ban4!/TM6B. 1t contained a
transgene insertion with a full-length DNA fragment from
the bantam locus with a length of 4709 bp into the 10A1-2
region (Schwartz et al., 2019).

The transgenic line “DREF” had the following genotype:
yl, DR(1)wo7¢23 10A1-2-“DREs_mut”; ban?'/TM6B, and it
contained the insertion of a transgene with a modified fragment
4.7 in the 10A1-2 region. The modification of the 4.7 frag-
ment consisted in mutations in potential binding sites for the
DREEF protein. In all experiments performed, homozygotes
for transgene insertion were studied.

The following lines were used as control: “yw” with the
genotype y' Df(1)wb7¢23; “ban+" with the genotype y', Df(1)
wo7¢23; +/TM6B, where TM6B is a balancer chromosome with
Tbh phenotype — short body of larvae and adults; “A4ban’ with
the genotype y!, Df(1)w7°23 ; ban4!/TM6B.

Lines of flies were kept at +23 °C on standard food with
addition of dry yeast.

Immuneostaining. Indirect immunofluorescence staining
of polytene chromosomes was performed according to the
previously described protocol (Kolesnikova et al., 2013)
using mouse monoclonal antibodies to the DREF protein
(kindly provided by C.M. Hart, USA), diluted in a ratio of
1:200, with subsequent coloring by goat-anti-mouse-Alexa
488 antibodies (Thermo Fisher Scientific, # A28175), diluted
in a ratio of 1:600.

Fly viability assessment. To determine the viability of
transgenic line flies, 5 females and 5 males of the same line
were placed in one glass vial. Once every 5 days, the flies
were transferred to fresh food, and the experiment continued
for a month. Flies of the “7M6” line were used as a control.
Based on the results of 3 repetitions during the experiment,
each line had on average the following number of descendants:
“4.77 — 454 £92; “DREF”—287+112; “TM6” — 756 £289.

The viability of homozygotes for the ban?! deletion in
transgenic lines was determined as the ratio of the number of
flies with a body of normal length (75+) to the total number of
hatched offspring. Since the 7b phenotype is identified at the
stages of larvae, pupae and adults, it is possible to distinguish
flies lacking the balancer, homozygous for the ban*' deletion,
from heterozygous flies at different stages of development. The
“ban+" line, without a transgene and without a deletion, was
used as a control. The viability of flies at different developmen-
tal stages in transgenic lines was compared with the viability
of control flies using Student’s ¢ test, with a preliminary check
for normal distribution using the Shapiro—Wilk test.

Female fertility assessment. To determine the fertility of
females of transgenic lines, they were crossed with males of
the “yw” line. Females of the “yw” line were used as control.
In each cross we used 5 females and 5 males. Every day the
flies were transferred to fresh food and the number of eggs
laid was counted. The experiment continued until the death
of the last transgenic female in a vial. The number of eggs
during the entire experiment was normalized to the number
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of females. The experiment was repeated three times. When
plotting the fertility dynamics curve, the number of eggs laid
by females each day was normalized to the current number
of living females. Differences in fertility levels between lines
were assessed using Student’s ¢ test, as well as the ¥ test.

Determination of the expression level of mature mi-
croRNA bantam. The expression level of mature microRNA
bantam was determined by quantitative PCR combined with
a reverse transcription reaction (qQRT-PCR), adapted for the
study of microRNAs through the use of an extended stem-
loop primer (Chen et al., 2005; Kramer, 2011). We used U6
snRNA as a reference gene (Zhang et al., 2017). To obtain
cDNA, we used 5 pg of total RNA, M-MuLV-PH revertase,
and accompanying reagents according to the manufacturer’s
instructions (Biolabmix). Relative bantam gene expression
was determined using the AACt method. qRT-PCR was carried
out using a thermal cycler BioRad C-1000 (USA).

The experiment was done in two biological replicates. We
used 30 pl of the following reaction mixtures: for bantam de-
tection — 3 pl of 5 uM ban-F and ban-R primers, 3 pl of 2.5 uM
TaqMan-ban probe, 3 pl of 10xAS buffer, 3 pl of 4 uM dNTP, 1
u. a. of Taq polymerase; for U6 detection—3 pl of 10 uM U6-F
and U6-R primers, 3 pl of 2.5 uM TaqMan U6 probe, 3 pul of
10xAS buffer, 3 ul of 4 uM dNTP, 1 u. a. of Taq polymerase,
3 plof 10 mM MgCl, to the final concentration of Mg?* equal
to 2.5 mM for a reaction. The nucleotide sequences of the
primers and probes used in the experiments are given in 5'—3’
orientation: ban-SL — gtcgtatccagtgcagggtccgaggtattcgeactg
gatacgacaatcag, ban-F — cgccgggceatgagatcattttg, ban-R — cagt
gcagggtccgaggt, TagMan-ban — cgcactggatacgacaatcagcttt,
U6-SL — gtcgtatccagtgeagggtecgaggtattcgeactggatacgacgge
catge, U6-F — gccgeatacagagaagatta, U6-R — agtgcagggte
cgaggta, TagMan-U6 — ttcgcactggatacgacggccatgc.
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Results and discussion

The bantam regulatory region

contains DREF binding sites

To study the role of DREF in the regulation of bantam gene
expression, we used transgenic fly lines. The “4.7” fly line
contained a transgene insertion with a 4709 bp long DNA frag-
ment from the bantam locus (Fig. 1, a) into the 10A1-2 region
of the X chromosome. This fragment, hereafter referred to as
fragment 4.7 (see Fig. 1, b), contains a sequence encoding the
bantam miRNA hairpin as well as two putative promoters of
the bantam gene (Brennecke et al., 2003; Qian et al., 2011).
It has been shown previously that the 4.7 fragment rescues
the lethal ban®' deletion, removing approximately 21 kb from
the bantam locus (Schwartz et al., 2019). In the fragment 4.7,
1.2 kb upstream of the bantam hairpin, we found TATCGATA
and TATCGATG motifs corresponding to DRE and DRE-
like elements, respectively (Ohler et al., 2002). Both motifs
are characteristic of binding sites for the transcription factor
DREEF (see Fig. 1, ¢).

The “DREF” fly line contained a transgene insertion with
the 4.7 fragment with disrupted DREF binding sites. To dis-
rupt the DREF binding sites, we introduced mutations in the
DRE (DREF-responding element) and DRE-like motifs (see
Fig. 1, ¢). It should be noted that DRE and DRE-like include
CGATA motifs that form the binding site for the insulator pro-
tein BEAF-32. The mutations we introduced did not disrupt the
CGATA motifs and, accordingly, did not destroy the BEAF-32
binding site. Immunolocalization on polytene chromosomes
of Drosophila larvae showed that in line “4.7” in the distal
part of the 10A1-2 band at the site of transposon insertion
there was an additional DREF localization signal (Fig. 2, b,
red arrow). At the same time, this additional signal was absent
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EDIa T Reg2 INCRNACRA44513  IncRNA:CR43337 NCRNA:CR43423  Gale ™ Revi
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Fig. 1. Molecular and genetic organization of the bantam locus.

a - DNA fragment 4.7 containing the bantam gene (green rectangle), banA? deletion (white rectangle). The location of other
genes in the region (blue and red rectangles); b — the 4.7 DNA fragment organization scheme. Binding sites for DREF and
BEAF-32 proteins (ovals D and B, respectively). Curved arrows correspond to the positions of putative promoters of the bantam
gene (Brennecke et al., 2003; Qian et al., 2011). The bantam hairpin position (black arrow); ¢ - nucleotide sequence with binding
sites for DREF and BEAF-32 proteins. Motifs characteristic of the DREF (orange rectangles) and BEAF-32 (blue arrows) binding
sites. Double nucleotide insertions that disrupt DREF binding sites are indicated by curly brackets.
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o-DREF

Fig. 2. Immunolocalization of the DREF protein in the 10A1-2 region of the X chromosome transgenic fly lines.

Fly lines:“4.7" (a, b) and “DREF" (c, d). Microphotographs of polytene X chromosomes of larval salivary glands in phase contrast
(Ph) mode and after staining with antibodies against DREF (green). White arrows indicate endogenous DREF localization
signals in the 9F region. The red triangle marks an additional localization signal of DREF in the distal part of the 10A1-2 band,
corresponding to the localization of the transgene in the “4.7” line. There is no additional signal in the “DREF” line (d).

Scale bar 1 pm.

in the “DREF” line (see Fig. 2, d). It can be assumed that the
DRE and DRE-like motifs we found correspond to the binding
site of the DREF protein, and the mutations of these motifs
we introduced lead to disruption of DREF protein binding.

Disruption of the DREF binding site

in the bantam regulatory region affects fly viability

We found that flies of the “DREF™ line survived against the
background of the ban®! deletion, but the viability of such flies
was significantly reduced compared to flies of the “4.7” line
(Fig. 3), as well as compared to control “7M6” flies, contain-
ing neither the transgene nor the ban?! deletion. Moreover,
the death of flies homozygous for ban?! in the “DREF” line
mainly occurred at the late pupal stage, which coincides with
the characteristic lethality of the ban®! deletion (Brennecke
et al., 2003). The use of control containing TM6B balancer
allowed taking into account the influence of the balancer itself
on the fly viability.

In order to determine whether the decrease in viability of
transgenic “DREF” flies was associated with bantam gene
expression, we examined the expression level of the mature
bantam microRNA in the larvae of transgenic and control flies.
The studies were carried out using Real-time PCR adapted
for microRNA (Chen et al., 2005; Kramer, 2011). The “yw
line with a normal bantam locus served as a positive control.
We used the “4ban” line with the ban?! deletion as negative
control. Larvae homozygous for the insertions were selected.
Since individuals homozygous for the ban®! deletion die at the
pupal stage, studies were carried out on larvae. As expected,
in the “Aban” line, the mature microRNA bantam was not
detected in larvae homozygous for ban?! (Fig. 4). The expres-
sion of bantam was reduced in both transgenic lines, “4.7” and
“DREF”, compared to the control “yw”. A significant decrease
in the expression level of mature microRNA in the “4.7” line
seems surprising given that the viability of flies in the “4.7”
line did not differ from the control. This may be explained by
the fact that although in the “4.7” line, the level of bantam
microRNA expression was significantly reduced, it remained
at a sufficient level in all the tissues where it was necessary
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for fly survival. And in the “DREF” line, the bantam expres-
sion level was ubiquitously at a low, threshold level, which
significantly affected viability. It is also possible that in the
“DREF” line, bantam expression was reduced only in certain
tissues critical for fly survival. The data obtained suggest that
although the “DREF” transgene rescues the ban®! deletion, it
does not contain all the regulatory elements required for full
bantam expression.

The fundamental ability of the mutant transgene in the
“DREF” line to “rescue” the ban?! deletion indirectly con-
firms that the introduced mutations did not destroy the bind-
ing site of the BEAF-32 protein. We have previously shown
that destruction of the BEAF-32 protein binding site in the
bantam regulatory region leads to death at the late pupal stage
(Schwartz et al., 2019).

Interestingly, in the “DREF” transgenic line, the viability
of adult flies homozygous for ban®! was sex-dependent. The
proportion of males homozygous for ban®! was only 30 % of

T
35} {
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25

151

Proportion of emerging adult
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“TM6" g7 “DREF"

Fig. 3. Effect of DREF binding to the bantam regulatory region on adult fly
viability in transgenic fly lines.

The proportion of adults homozygous for the banA! deletion in transgenic
fly lines “4.7" (green column) and “DREF” (orange column). The proportion of
adults in the control fly line “TM6" (gray column), containing only native wild-
type bantam locus. *** p < 0.001.
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Fig. 4. The expression of bantam microRNA in the 3rd instar larvae.

The amount of mature microRNA bantam in the transgenic lines “4.7” and
“DREF” and the control line “Aban’, homozygous for the ban21 deletion. The
expression of bantam in the control line “yw” was conditionally taken as one.
The bantam expression levels were normalized to the expression level of the
U6 snRNA reference gene.

all adult flies, which is significantly lower than in the “4.7”
line and in the control (p<0.01). This may be explained by
the fact that disruption of the DREF binding site in the han-
tam regulatory region has a greater effect on the viability of
males than females. Another explanation could be the different
levels of transgene activity on the X chromosome associated
with dosage compensation. Despite the fact that males of the
“DREF” line, homozygous for ban®!, were less viable than
females, they did not have problems with fertility.

Disruption of the DREF binding site

in the bantam promoter region

significantly reduces female fertility

We studied the fertility of females of transgenic lines, estimat-
ing the average number of eggs laid per female (see Materials
and methods). In the “4.7” line, the fertility of females ho-
mozygous for ban®! was significantly reduced compared to
females of the “yw” control line and amounted to 32.7 % of
the fertility of control “yw” females, taken as 100 % (Fig. 5).
The fertility of females homozygous for ban®! in the “DREF™
line was only 10.5 %. These data indicate that the 4.7 frag-
ment does not contain all the regulatory elements necessary
for the normal progression of oogenesis, and the mutation of
the binding site in the “DREF” line disrupts this process even
more crucially.

However, it should be taken into account that the life expec-
tancy of females in transgenic lines was significantly reduced
compared to control females of the “yw” line (p<0.05). Thus,
in the “yw” line, 50 % of the females died on average on the
22nd day of the experiment, in the “4.7” line — on the 16th
day, and in the “DREF” line — on the 10th day.

At the same time, a reduction in life expectancy was not the
only explanation for the decrease in the number of eggs laid
by females of transgenic lines. Analysis of the dynamics of
egg laying showed that females of transgenic lines not only
laid fewer eggs on each day of the experiment than females
of the control “yw” line (p<0.001), but also finished laying
eggs much earlier (Fig. 6). The reproductive period in females
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Fig. 5. Fertility of transgenic fly line females.

Average number of eggs per female from the control line “yw” and transgenic
lines “4.7" and “DREF’, homozygous for the transgenes and for the ban! dele-
tion. ** p < 0.01; * p < 0.05.

of'the “4.7” line lasted on average 16.3 days (p<0.01), and in
“DREF” females — 8.3 days (»<0.001), while the reproduc-
tive period in control “yw” females was 24.7 days.

Disruption of the DREF binding site

reduces bantam miRNA expression

in adult fly ovaries

The early completion of egg laying in transgenic lines is
similar to the previously described situation with inactivation
of bantam microRNA in germline stem cells in the ovaries of
adult flies (Shcherbata et al., 2007). According to the authors,
in such females, about 14 % of germline stem cells left their
niche per day. This can lead to both a general decrease in
fertility and a shortening of the reproductive period.

We decided to test whether DREF binding to the bantam
regulatory region actually affects the expression level of
mature microRNA. Using qRT-PCR, we showed that the
expression of bantam microRNA in the ovaries of females
of the transgenic lines “4.7” and “DREF” was lower than in
females of the control “yw” line (Fig. 7).

The results obtained are consistent with the fact that in
both transgenic lines the fertility of females was reduced
compared to control “yw” females. Moreover, in the “DREF”
line, bantam expression was reduced not only compared to
“yw”, but also compared to “4.7”. This indicates that DREF
binding to the regulatory region of the bantam gene plays an
important role in its expression in the ovaries, and it is the
disruption of this binding that may explain the significant
decrease in fertility in females of the “DREF” line.

Conclusion

In this work, we tested the functionality of a potential binding
site for the transcription factor DREF, found in the regulatory
region of the bantam gene. Disruption of this DREF binding
site has a significant impact on fly viability and female fertility.
This is accompanied by a significant decrease in the expres-
sion of mature bantam microRNA in both whole larvae and
the ovaries of adult flies. As was previously shown, DREF

135



M.B. Schwartz, M.M. Prudnikova, O.V. Andreenkov
E.Il. Volkova, I.F. Zhimulev, O.V. Antonenko, S.A. Demakov

60

Number of eggs laid per female, pcs.

Transcription factor DREF regulates expression
of the microRNA gene bantam in Drosophila melanogaster

o
—O— 4.7"
—A— "DREF’

1 2 3 4 5 6 7 8 9 0 11 12

13 14 15 16 17 18 19 20 21 22 23 24 25

Egg hatching time, days

Fig. 6. Temporal dynamics of female fertility.

Average number of eggs laid per day per female in the control “yw” line and in the transgenic lines “4.7" and “DREF", homozygous for transgenes and for the

ban®' deletion.
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Fig. 7. The expression of mature bantam microRNA in the ovaries of
transgenic females.

The amount of mature microRNA bantam in the transgenic lines “4.7" and
“DREF", homozygous for the ban’! deletion. The expression of bantam in the
control “yw” line was conditionally taken as one. The bantam expression levels
were normalized to the expression level of the U6 snRNA reference gene.

positively influences the activity of the Hippo cascade, thereby
indirectly limiting the expression of bantam (Fujiwara et al.,
2012; Vo et al., 2014). The effect of DREF binding to the
promoter region of the bantam gene on its expression level
suggests an additional level of complexity in the regulation
of the expression of this microRNA.

A decrease in the number of eggs laid and a shortening of
the reproductive period in females when the DREF binding
site in the regulatory region of the bantam gene is disrupted
suggests that DREF is also involved in the regulation of Dro-
sophila oogenesis through bantam.
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Assessing cell lines with inducible depletion
of cohesin and condensins components
through analysis of metaphase chromosome morphology

A.M. Yunusoval, A.V. Smirnov!, LE. Pristyazhnuk (2!, T.A. Shnaider (»!, E.K. Maltseva?, S.D. Afonnikova ()1,
O.A. Gusev(D3 %> NR. Battulin (D1 2@

T Institute of Cytology and Genetics of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia

3 |ife Improvement by Future Technologies (LIFT) Center, Moscow, Russia

4Kazan Federal University, Kazan, Russia

5 Endocrinology Research Center, Moscow, Russia

® battulin@gmail.com

Abstract. One of the most productive strategies for finding the functions of proteins is to study the consequences of
loss of protein function. For this purpose, cells or organisms with a knockout of the gene encoding the protein of in-
terest are obtained. However, many proteins perform important functions and cells or organisms could suddenly lose
fitness when the function of a protein is lost. For such proteins, the most productive strategy is to use inducible protein
degradation systems. A system of auxin-dependent protein degradation is often implemented. To use this system,
it is sufficient to introduce a transgene encoding a plant-derived auxin-dependent ubiquitin ligase into mammalian
cells and insert a sequence encoding a degron domain into the gene of interest. A crucial aspect of development
of cell lines engineered for inducible protein depletion is the selection of cell clones with efficient auxin-dependent
degradation of the protein of interest. To select clones induced by depletion of the architectural chromatin proteins
RAD21 (a component of the cohesin complex) and SMC2 (a component of the condensin complex), we propose to
use the morphology of metaphase chromosomes as a convenient functional test. In this work, we obtained a se-
ries of clones of human HAP1 cells carrying the necessary genetic constructs for inducible depletion of RAD21 and
SMC2. The degradation efficiency of the protein of interest was assessed by flow cytometry, Western blotting and
metaphase chromosome morphology test. Based on our tests, we showed that the clones we established with the
SMC2 degron effectively and completely lose protein function when induced by auxin. However, none of the HAP1
clones we created with the RAD21 degron showed complete loss of RAD21 function upon induction of degradation
by auxin. In addition, some clones showed evidence of loss of RAD21 function even in the absence of induction. The
chromosome morphology test turned out to be a convenient and informative method for clone selection. The results
of this test are in good agreement with flow cytometry analysis and Western blotting data.
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AHHoTayusA. OfHa 13 camblX MPOAYKTVBHbIX CTPATErMiA NoncKa GYHKLMIA pa3nnyHbIX 6eNKoB — NccneoBaHmne rno-
cnefcTemin notepu GyHKLUMM 6enka. YacTo ana 3Toro nonyvatoT KNETKW UM OpraHr3Mbl C HOKayTOM FreHa, KOaupyto-
wero 6enok nHTepeca. OaHAKO MHOTVe 6eKK BbIMOHAT HACTONBbKO BaXKHble GYHKLMM, UTO K/IETKA UM OpraHni3m
PEe3KO TEPSAIOT XKM3HECNOCOBHOCTb NpKY noTepe GYHKLUMKM Takoro 6enka. Ana 3tux 6enkos Hambonee NpoayKTMBHOMN
CTpaTerviein ABNAETCA NPYIMEHEHVE CUCTEM UHAYLMPYEMOi ferpafaumn 6enka. 4Yacto ncnosnb3yoT cucTemMy ayKCuH-
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OueHKa KNeTOYHbIX IMHWI C Aensieynen KoreanHa
Ha ocHOBe MOPdOSIOrMN XPOMOCOM

3aBMCMMON Aerpagauny 6enkoB. Ana npumMeHeHUA 3TON CUCTEMbl JOCTaTOYHO BBECTU B KNETKU MIeKOMUTaoLWmnX
TPaHCreH, KOAUPYIOLWWIA PacTUTENbHYIO ayKCUH-3aBUCKMMYIO YOVKBUTUH NMrasy, U BIOUYUTb B F€H MHTEpeca nocse-
[l0BaTeNIbHOCTb, KOAVPYIOLLYIO JErPOHOBBIV AOMEH. BaXKHbI 3Tan co3aaHNA KNeTOK, CMOCOOHbIX K MHAYLMPYEeMON
fgenneuunn 6enka, — oT60P KNETOUHbIX KIIOHOB C 3GbeKTMBHOW ayKCUH-3aBUCMMON Aerpagdauunen 6enka nHtepeca.
[lna oT6opa KNOHOB C MHAYLMPYEMON Aenneunen apxuTeKTypHbIX 6enKoB xpomaTiiHa RAD21 (KOMMOHEHT Koresu-
HOBOro Komnekca)  SMC2 (KOMMNOHEHT KOHAEHCUHOBOMO KOMIMJIEKCA) Mbl NMpeAJiaraem NCnonb3oBaTb MOPHOIOrnio
MeTadazHbIX XPOMOCOM Kak yaoOHbIN GyHKUMOHaNbHbIA TecT. B faHHOM paboTe Mbl MONYUYNIN CEpUto KNOHOB Kile-
TOK yenoeka HAP1, HecyLimx Heo6xoMMble FreHeTUYEeCKe KOHCTPYKLMM AN uHayumpyemon genneumn RAD21 un
SMC2. 3¢ deKTnBHOCTb Aerpagaunn 6enka MHTepeca 6bl1a OLeHEHa C MOMOLLbIO MPOTOYHOW LUTO(GIYyOpPUMETPUM,
BecTepH-6n0TTUHIa 1 TecTa Ha Mopdosiornio MmetadasHbiXx XPOMOCoM. Ha ocHoBe NpoBefeHHbIX TECTOB Mbl Mpope-
MOHCTPUPOBANK, YTO CO3LaHHbIE HAMU KIOHbI C erpoHOM SMC2 3 PpeKTUBHO 1 MONHO TepAT GyHKLMIO 6enka npu
VNHAYKLUMM ayKCMHOM. [1p1 3TOM HU 0fivH 13 cO3AaHHbIX Hamu KnoHoB HAP1 ¢ gerpoHom RAD21 He nokasan nonHom
notepu ¢yHkumMm RAD21 npu nHayKumm gerpagauumn aykcuHom. Kpome Toro, HEKOTOpble KNOHbI UMeN NPU3HaKy
notepu oyHKUMn RAD21 gaxe B OTCYTCTBME UHAYKUMU. ICNONb30BaHHbIA HaMK TeCT Ha MOPQOOrMio XpOMOCOM
oKasancsa ygobHbIM 1 MHGOPMATUBHBIM /151 0TOOPa KIOHOB. Pe3ynbTaThl 3TOro TecTa XOpOoLUO COrNacyoTcs C JaHHbI-
MU NPOTOYHON LUTODNYOPUMETPUN aHanMn3a u BectepH-6noTTuHra.
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KntoueBble cnoBa: SMC 6enku; AerpoH; KoHAeHcauma XpOMOCOM.

Introduction

Chromatin architectural proteins play a crucial role in main-
taining the three-dimensional structure of the genome (Kabi-
rova et al., 2023). Among them, special attention is drawn to
the cohesin and condensin complexes belonging to the SMC
(structural maintenance of chromosomes) family of proteins.
Cohesin has many different functions: it ensures cohesion
of sister chromatids after replication (Losada et al., 1998),
forms loops and TADs (topologically associating domains)
via the loop extrusion mechanism (Nuebler et al., 2018), and
is involved in the repair of DNA breaks (Litwin et al., 2018).
Condensins, on the other hand, organize the loops of meta-
phase chromosomes during cell division (Gibcus et al., 2018).
These functions can be considered critical for maintaining cell
life; therefore, homozygous loss-of-function mutations in the
genes encoding cohesin subunits are lethal for cells.

The inability to obtain dividing cells without cohesin makes
it difficult to study the cohesin complex. To characterize the
consequences of cohesin loss, researchers use various tricks.
For example, V.C. Seitan et al. utilized a conditional knock-
out approach to examine the effects of cohesin loss in postmi-
totic thymocytes in vivo (Seitan et al., 2011). The absence of
cell division in mature thymocytes makes them more tolerant
to the severe consequences of cohesin loss, such as disrup-
tion of mitotic mechanics due to loss of chromatid cohesion.
However, for use in cell cultures, conditional knockout of
proteins crucial for cell division is almost inapplicable, since
cells actively proliferate in culture, and DNA excision of a
gene fragment using Cre recombinase in a specific cell rarely
occurs. Therefore, it takes a long time (several days or weeks)
for a knockout to occur in a significant part of the cells.

The study of chromatin architectural proteins has greatly
advanced with the development of inducible protein degra-
dation methods. A comprehensive overview of these techno-
logies can be found in the article by E. de Wit and E.P. Nora
(2023). Among the various systems used for degrading pro-
teins, the auxin-dependent protein depletion system is cur-
rently the most widely employed (Phanindhar, Mishra, 2023).
While this system offers great potential for solving scientific
problems, its application comes with several challenges that
are not adequately addressed in the existing literature.

One of these problems is the selection of clones that carry
all the necessary genetic modifications and are truly capable of

MOJEKYNAPHAA N KNETOYHAA BUONOINA / MOLECULAR AND CELL BIOLOGY

inducible depletion of the protein of interest. The difficulty is
that the addition of the degron tag can negatively affect protein
function, which reduces cell fitness. Under such conditions,
a selection advantage is given to cells that have somehow
blocked the functioning of the introduced system of auxin-
dependent protein degradation, for example, due to epigenetic
silencing of exogenous plant ubiquitin ligase (Yunusova et al.,
2021). Therefore, clone selection based on Western blotting
or loss of protein function tests is of particular importance for
the application of auxin degron technology.

Here, we used the involvement of cohesin and crondensins
in the formation of the metaphase chromosome to assess the
completeness of the loss of protein function in cell clones
with inducible depletion of these complexes. We showed that
assessment of chromosome morphology is a convenient func-
tional test that allows screening of clones.

Materials and methods

Cell culture and cell lines. The human HAP1 cell line
(a near-haploid cell line derived from the KBM-7 cell line)
was purchased from Horizon Discovery. HCT116-based cell
lines with auxin-inducible degron-tagged RAD21 and SMC2
genes were kindly provided by Dr. Masato Kanemaki. Cells
were maintained at 37 °C in a humidified atmosphere with 5 %
CO, in growth medium that consisted of IMDM supplemented
with 10 % FBS (vol/vol), 2 mM GlutaMAX (all from Ther-
mo Fisher Scientific, USA) and 50 U/ml penicillin/50 mg/ml
streptomycin (Capricorn Scientific GmbH, Germany). After
reaching 70-80 % confluency, cells were detached with 0.05 %
trypsin/EDTA and replated at a 1:3 ratio into new cell culture
dishes. Cells subjected to flow cytometric analysis were re-
suspended in PBS. Flow cytometric analysis was performed
on a BD FACSAria (BD Biosciences).

Auxin treatment. For inducing degradation of proteins
fused with minilAA7, 500 uM Indole 3 acetic Acid (IAA,
12886, Sigma-Aldrich, USA) was added directly to the culture
medium. HCT116 cell lines were treated with 1 uM 5-Ph-IAA
at the appropriate time intervals.

Plasmids and constructs. Donor vectors with homology
arms, degron tag (minilAA7-eGFP) and selection cassette
were assembled in one reaction using the Gibson Assembly
(NEBuilder HiFi DNA Assembly Master Mix, NEB, USA) in
the pMK290 backbone (Addgene, 72828). minilAA7-eGFP
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List of used primers and sgRNAs

Assessing cell lines with cohesin depletion
through analysis of chromosome morphology

Primers Target

Sequence (5'-3")

RAD21 HAR_F: gcgaattggagctccccgggatccactttggcecttttaccctcttga

RAD21 HAR_R: ttggcgcctgcaccggatcctataatatggaaccttggtccagg
RAD21 HAL_F: acgcacggtgttgggtcgttggagctagaagcattatagctagtg
RAD21 HAL_R: aacaaaagctgggtaccggatcccactgaagtctgagtttcaaaagtg

SMC2 HAR_F: gcgaattggagctccccgggatcctaggagctggggcetgccaaa

SMC2 HAR_R: ttggcgcctgcaccggatccaacttcgacgtgtgctecttt
SMC2 HAL_F: tccctcgaagaggttcactaactacaaagttatttcttcatcttg
SMC2 HAL_R: ggaacaaaagctgggtaccggatcctcatggtgttcgctagtgtca

hRAD21_F: CAGCGTGCTCTTGCTAAAACT

Genotyping

hRAD21_R: AAGATTGCCAGTGTTACTGATGGAA
hRAD21_F1: CACAGGGAGTGATTGATAAGGGA
hRAD21_R1: TGGGGGCAATTTGTAAGCAC
hRAD21_F2: GCTGACACAGGAAGAACCGTA
hRAD21_R2: TCAAGAGGGTGACCATTGTTGT

hSMC2_F:CAAGCAGTCAACCACCAGGA

hSMC2_R:TCACAACCACAATAATTGGACCAT
hSMC2_out_F:CATGTGACACTTGATGGGGA
hSMC2_out_R:GTACGGCCATATATCAGGGGA

fragment was amplified from the vector pSH-EFIRES-B-
Seipin-minilAA7-mEGFP (Addgene, 129719). Homology
arms for RAD21 (NCBI Entrez Gene ID: 5885) and SMC2
(NCBI Entrez Gene ID: 10592) were PCR-amplified from
human genomic DNA with Q5 polymerase (NEB, USA). For
auxin receptor F-box protein overexpression AtAFB2 plas-
mids were used (pSH-EFIRES-P-AtAFB2-mCherry-weak
NLS vector (Addgene, 129717)). SgRNA targeting the last
codon of the RAD2] and SMC2 genes were cloned into
gRNA_Cloning Vector (Addgene, 41824). For CRISPR/Cas9
gene targeting the human codon-optimized Cas9 expression
plasmid (Addgene, 41815) was used. The list of primers and
gRNA sequences is shown in Table.

Generation of HAP1 cell lines with an auxin-inducible
degron system. Generation of degron cell lines was done
essentially as previously described (Yunusova et al., 2021).
Briefly, HAP1 cells were electroporated at conditions of
1200 V, 30 ms, 1 pulse, using the Neon Transfection system
(Thermo Fisher Scientific), according to the manufacturer’s
instructions with minor modifications. Per electroporation,
250,000 cells were resuspended in 10 uL of DPBS containing
1 pg of the plasmids with the ratio 1:1:2 (gRNA:Cas9:Donor
vector for recombination, accordingly). Immediately fol-
lowing pulsation, cells were transferred into pre-warmed
cell media without antibiotics. The next day cells were split
into 10 cm dishes at 1:4 and 1:10 dilutions and placed under
Hygromycin B selection (0.8 mg/ml) or puromycin selection
(1 pg/ml). The medium was replaced every there days. After
10 to 14 days of selection, single-cell clones were visible,
and a subset of clones was handpicked with pipette tips under
microscope.

Then part of the cells were lysed in PBND lysis buffer
(0.2 mg/ml proteinase K, 10 mM Tris-HCI pH 8, 50 mM
KCl, 2.5 mM MgCl,, 0.45 % (v/v) NP-40, and 0.45 % (v/v)
Tween 20) or DNA extraction buffer (0.2 mg/ml proteinase K,
10 mM TrisHCI pH 8, 100 mM NaCl, 25 mM EDTA-Na2,
0.5 % SDS) for 1 hat 55 °C followed by proteinase K inactiva-
tion for 10 min at 95 °C. The target regions were amplified by
PCR with HS-Taq DNA Polymerase (Biolabmix, Russia). The
parameters were as follows: 95 °C for 30 s, then 34 cycles of
95 °C for 10 s, 60 °C (unless otherwise stated) for 30 s, 72 °C
for 1 min/kb, and a final step at 72 °C for 5 min. The ampli-
fied products were analyzed by agarose gel electrophoresis.

Protein detection. The cells were washed twice with PBS
and scraped from the surface in the presence of RIPA buffer
(50 mM Tris-HCI pH 8, 150 mM NaCl, 1 % Triton X-100,
0.5 % sodium deoxycholate, and 0.1 % SDS) containing the
protease inhibitor cocktail (1x Complete ULTRA, 1x Phos-
STOP (both from Roche, Switzerland), 5 mM NaF (Sigma-
Aldrich)). After that, the cells were sonicated by three 10 s
pulses at 33-35 % power settings with UW 2070 (Bandelin
Electronics, Germany). Lysates were centrifuged at 14,000 g
for 20 min at 2 °C, frozen, and stored at —80 °C. The protein
concentrations in cell lysates were quantified using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Equal
amounts (20 ug) of total protein were separated on 10 %
SDS-PAGE and then transferred onto the Immun-Blot PVDF
membrane (Bio-Rad, USA). After blocking in 5 % milk/TBST
for 2 h, the membrane was incubated with primary antibodies
against RAD21 and SMC2 (#12673/#8720, Cell Signaling
Technology, USA) at 4 °C overnight. On the following day,
membranes were incubated with horseradish peroxidase—con-
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Fig. 1. Overview of experimental design.

jugated secondary antibodies (#7074, Cell Signaling Techno-
logy) for 2 h at room temperature. Detection was performed
with Clarity™ (Bio-RAD) and detected iBright™ FL1500
(Thermo Fisher Scientific).

Chromosome spread. Chromosome preparations were
made according to the previously described protocol with
minor modifications (Kruglova et al., 2008). Briefly, human
cell cultures were exposed to 50 ng/ml Colcemid (Merck
KGaA, Darmstadt, Germany) for 3 h followed by auxin
treatment for 2 hours. Afterwards, cells were detached with
0.05 % Trypsin-EDTA solution (Capricorn Scientific GmbH,
Germany) and resuspended in hypotonic solution (0.38 M
KCl) for 15 min at 37 °C. Then, cells were fixed with Carnoy
fixative (3:1 methanol: glacial acetic acid), dropped onto cold
wet glass slides, and stained with 1 pg/ml 4',6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich). The samples were
analyzed using a Carl Zeiss Axioscop 2 fluorescence micro-
scope at the Center for Collective Use of Microscopy of the
Institute of Cytology and Genetics SB RAS (Novosibirsk,
Russia). Image processing was carried out using ISIS software
(MetaSystems GmbH, Germany). At least 50 metaphase plates
were analyzed for each experimental group. Three categories
of metaphase plates were distinguished: metaphases with
separated chromatids, metaphases with non-separated chro-
matids, and an intermediate category of metaphase plates in
which the chromatids either lay parallel, in close proximity,
but were not in contact, or some of the chromosomes were
with non-separated chromatids.

Results

Introduction of modifications into the genome of cells
In this study, we implemented a clone selection system based
on chromosome morphology to obtain HAP1 cells capable of
inducible depletion of RAD21 (a component of the cohesin
complex) and SMC2 (a component of the condensin I and II
complexes).

To generate these cells, we employed the methodology
described in the study by (Yunusova et al., 2021). The process
of obtaining cell lines with auxin-dependent degradation of the
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protein of interest involved two rounds of genome modifica-
tion, as illustrated in Fig. 1. Firstly, we performed targeted
integration of an exogenous construct that encodes a degron
fused with the eGFP gene and a selectable marker in front of
the stop codon of the gene of interest. Secondly, we introduced
the AtAFB2 gene, a component of plant ubiquitin ligase and
an auxin receptor, into the cell genome through either random
or targeted integration. In fact, modification of the gene of
interest and integration of ubiquitin ligase AtAFB2 can be
carried out in the reverse order, since effective operation of
the system occurs only in cells that have both modifications.

In the presence of auxin, the AtAFB2 protein interacts with
the degron domain, leading to polyubiquitination and subse-
quent degradation of the chimeric protein in the proteasome.
This system allows for the controlled depletion of the protein
of interest upon auxin induction.

PCR genotyping of cell clones with a degron
It is crucial to modify all alleles of the gene of interest to
prevent residual wild-type alleles from maintaining protein
function. For this study, we selected the human cell line HAP1
as the experimental cell line. The near haploid karyotype of
HAPI cells simplifies the process of obtaining modified sub-
clones, as modification of a single allele of the gene of interest
is sufficient. However, the presence of pseudogenes poses a
significant challenge in clone selection, as they can complicate
the identification of clones with the desired modification.
One such pseudogene, RAD21P1, located on the X chro-
mosome, shares a high degree of homology (over 93 %) with
the C-terminal fragment of the RAD21 gene (Supplementary
Material 1)!. It is in this region that we inserted an exogenous
construct containing a degron tag, eGFP, and a selectable
marker (see Fig. 1). Therefore, the selection of appropriate
primers for PCR genotyping is a critical step in the workflow.
We carefully selected and tested several pairs of primers, as
well as their combinations (see the Table), using DNA isolated
from the HCT116 RAD21 mAC cell line as a positive con-
trol sample. These cells were obtained and intensively charac-

1 Supplementary Materials 1 and 2 are available at:
https://vavilovj-icg.ru/download/pict-2024-28/appx7.pdf
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Fig. 2. PCR genotyping of knockin in the RAD21 gene.

a - scheme of primer annealing for the wild-type allele and the knockin allele; b - results of genotyping with primers hRAD21_F1-hRAD21_R1. It can be seen that
none of the 13 cell clones tested contain the wild-type allele; ¢ - genotyping results with primers hRRAD21_F1-GFP_R. It can be seen that all 13 cell clones tested
have the knockin allele. 1, 2,4, 11,12,17,17-1,18, 21, 24, 36-1, 38, 39 — numbers of the tested clones; HCT - HCT116 RAD21_mAC; HAP - HAP1 without modifica-

tions; NTC - no template control; 1 kb and 100 bp ladders.

terized by another group (Yesbolatova et al., 2020), but since
the design of the modification of the endogenous RAD21 gene
was similar to what we used, these cells can be used as a refe-
rence for interpreting our results. Intact wild-type human DNA
and DNA from one of the clones with targeted modification of
the RAD21 locus, obtained in our laboratory, were also used
as test samples. Indeed, some primer combinations amplified
a nonspecific PCR product from the pseudogene even in the
absence of a wild-type allele. Therefore, to genotype the se-
lected clones, we used the hRAD21 F1/hRAD21 R1 primer
combination (Fig. 2, a), which amplified only a specific pro-
duct. PCR genotyping of clones with modification of the SMC2
gene did not reveal amplification of nonspecific fragments.

At the first stage, the 4A¢24FB2 gene was integrated into the
AAVS1 safe-harbor locus, and puromycin-resistant cells were
selected. These cells were then used for the second round of
modification — insertion — of a construct with a degron at the
end of the RAD21 gene. After selection on hygromycin, we
selected more than a hundred colonies and performed PCR
genotyping with primers hRAD21 F1/hRAD21 R1. Using
the selected primers (see Fig. 2, a), we genotyped cell clones
that had successfully passed selection for resistance to the
antibiotic hygromycin. Figure 2, b, ¢ shows the results of ge-
notyping of 13 selected cell clones carrying the degron tag
modification in the RAD21 gene.

The same genotyping strategy was used to establish HAP1
cell lines with the SMC2 degron (Supplementary Material 2).

Assessment of the degree of protein depletion

upon induction of degradation by auxin

The degree of degradation of the chimeric protein RAD21
minilAA7 eGFP was assessed by the number of GFP-positive
cells on a flow cytometer after 2 hours of exposure to auxin.
Most of the clones demonstrated low efficiency of degradation
of the target protein (Fig. 3, @). We assume that this is due to

low expression in cells of the auxin receptor AtAFB2, which is
integrated into the A4V S! locus. Since we used AtAFB2 fused
to the fluorescent protein mCherry (see Fig. 1), its expression
level can be detected using a flow cytometer. Indeed, the level
of mCherry fluorescence was higher in clones with more
efficient degradation of RAD21_minilAA7 eGFP (data not
shown). We believe that integration of 4¢4FB2 transgene into
a random location in the genome rather than into the A4VS1
locus is a better strategy, since in this case it is possible to
select for clones in which the insertion provides strong, per-
sistent expression of AtAFB2. This might happen due to the
selection of clones with a high copy number of the insertion
or with a successful epigenetic landscape at the site of inte-
gration. Based on this analysis, we continued to functionally
characterize the depletion efficiency of only those clones that
showed a degree of degradation comparable to the HCT116
RAD21 mAC cell line (Yesbolatova et al., 2020).

A similar analysis was carried out for subclones with the
chimeric protein SMC2_minilAA7 eGFP. In this case, both
subclones tested had a degree of chimeric protein degradation
comparable to the control sample (SMC2 mAID_Clover)
(see Fig. 3, ). SMC2_mAID_Clover cells were previously
obtained using a similar strategy by tagging the SMC2 gene
in (Yesbolatova et al., 2020).

Selected cell clones were assessed for loss of protein func-
tion by analyzing metaphase chromosome morphology.

Assessment of loss of function of cohesin and condensins
based on chromosome morphology analysis

Since the architectural proteins of chromatin — the cohesin
and condensin complexes — have a well known function in the
formation of mitotic chromosomes, changes in chromosome
morphology can serve as a convenient criterion for assessing
the function of these proteins. Therefore, we assessed the
proportion of cells with abnormal chromosome morphology in
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Fig. 3. Evaluation of degradation efficiency of a protein of interest using flow cytometry.

a - the proportion of cells that have not degraded (GFP+) fusion protein RAD21_minilAA7_eGFP. 1, 2, 4, 11, 12,17, 17-1, 18, 21, 24, 36,
38, 39 - numbers of tested clones; HCT - positive control, cells with efficient degradation of the protein of interest HCT116 RAD21_mAC;
b - the proportion of cells that have not degraded (GFP+) fusion protein SMC2_minilAA7_eGFP. 16, 18 - numbers of tested clones; HCT -
positive control, cells with efficient degradation of the protein of interest HCT116 SMC2_mAC.

clones before and after depletion of the target protein induced
by auxin exposure. Cohesin ensures cohesion of sister chro-
matids; therefore, in clones with RAD21 minilAA7 eGFP,
we counted the number of metaphase plates with uncon-
nected chromatids (Fig. 4). Condensins are responsible for
the compaction of metaphase chromosomes and the forma-
tion of their rod-shaped morphology; therefore, for clones
with SMC2_minilAA7 eGFP, we counted the number of
metaphase plates with non-compacted chromosomes (Fig. 5).

It is clearly seen from Fig. 4 that in unmodified cells,
cohesion of sister chromatids is observed in the vast ma-
jority of metaphase plates (see Fig. 4, a). We use HCT116
RAD21 mAC cells as a positive control, since these cells
demonstrate effective depletion of RAD21 (Yesbolatova et
al., 2020). For these cells, without auxin exposure, all plates
have chromosomes with sister chromatid cohesion. And when
depletion of RAD21 is induced by auxin, no plates with normal
chromosome morphology remain, and the vast majority of
plates contain separate chromatids (see Fig. 4, b). This shows
that the chromosome morphology test allows us to assess
cohesin function both before and after induction of RAD21
depletion by auxin. None of the three HAP1 cell clones (see
Fig. 4, c—e) showed loss of cohesin function comparable to
the positive control. In clones 24 and 38, there is no loss of
chromatid cohesion in most laminae. And in clone 36, even
in the absence of auxin induction, 25 percent of the plates did
not have chromatid cohesion, that is, cohesin function was
impaired without induction.

In the case of the SMC2 degron, both selected clones
showed the same complete loss of condensin function after
induction as the control and no evidence of protein function
deficiency without auxin induction (see Fig 5).

Evaluation of cohesin and condensins depletion

based on Western blotting

Assessing the efficiency of degradation of a protein of interest
based on flow cytometry is indirect, since in this way only
the protein fused with degron and fluorescent domains will be
included in the analysis. It is possible to propose several sce-
narios in which, despite the degradation of the fusion protein,
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functional molecules of the protein of interest remain in the
cells (we discuss these scenarios in Discussion). Therefore, it
is important to complement the analysis of the morphology of
metaphase chromosomes with the Western blotting methods.

Figure 6, a shows the results of Western blotting of the
RAD21 protein. It is clearly seen that the amount of RAD21
protein in unmodified cells is greater than in modified cells.
In positive control cells HCT116 RAD21 mAC after induc-
tion with auxin, RAD21 is not detected at all. In clones 24,
36, 38, two forms of the protein are detected, a heavier one
corresponding to the fusion protein with GFP and a lighter
one corresponding to the wild-type protein. After exposure to
auxin, fusion protein decreases (clones 24, 38) or completely
disappears (clone 36). However, in clones 24, 36, 38, the
wild-type form of the RAD21 protein does not decrease after
auxin induction.

Western blotting of the SMC2 protein carried out for
clone 16 also showed that knockin of the degron domain into
the SMC2 gene leads to a decrease in the amount of protein
compared to unmodified cells. After induction of protein
degradation by auxin, SMC2 is not detected (see Fig. 6, b).

Discussion

Protein function studies are often based on the loss of func-
tion strategy. However, for many proteins, loss of function
will have a dramatic impact on viability. The use of inducible
depletion systems makes it possible to apply a loss of func-
tion approach to such proteins. However, like any complex
technology, inducible protein depletion has its own limitations.
In this article, we described an approach based on the use of
chromosome morphology as a convenient functional test for
selecting clones with inducible depletion of the architectural
chromatin proteins cohesin and condensins.

The difficulty of obtaining cell clones capable of inducible
protein depletion appears to depend greatly on the properties
of the particular protein of interest. In our work, clones ca-
pable of effective loss of SMC2 function were obtained easily,
without any trouble at the stage of genotyping the clones or at
subsequent stages of assessing the completeness of degrada-
tion. At the same time, the attempt to obtain a clone capable of
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Fig. 4. Assessment of changes in chromosome morphology after induction of RAD21 depletion.
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For each cell clone, one metaphase plate is presented, illustrating the most common chromosome morphology without induction (aux-)
and after induction (aux+). Also presented is a diagram summarizing the proportion of metaphase plates with loss of chromatid cohesion,
normal chromosome morphology and ambiguous. For each condition, the number of analyzed metaphase plates is indicated - N.

a - HAP1 cells without modifications — negative control; b - HCT116 RAD21_mAC, cells with effective RAD21 depletion - positive control;
c-e - cell clones tested.
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Fig. 5. Assessment of changes in chromosome morphology after induction of SMC2 depletion.

For each cell clone, one metaphase plate is presented, illustrating the most common chromosome morphology without induction (aux-)
and afterinduction (aux+). Also presented is a diagram summarizing the proportion of metaphase plates with uncondensed chromosomes,
normal chromosome morphology and ambiguous. For each condition, the number of analyzed metaphase plates is indicated - N.

a-HCT116-SMC2-mAC; cells with effective SMC2 depletion - positive control; b, ¢ - cell clones tested.
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Fig. 6. Identification of proteins of interest using Western blotting.

a-Western blotting of RAD21 in cells without modification (HAP), in cells with effective depletion of RAD21 (HCT) and three cell clones tested (24, 36, 38) without
induction (aux-) and after induction of depletion (aux+). For RAD21, the sizes of the fusion protein and the wild-type protein are indicated. Tubulin detection was
used as an internal control; b - Western blotting of SMC2 in cells without modification (wt), and cell clone tested (16) without induction (aux-) and after induction
of depletion (aux+). Total protein staining (loading control).
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efficient degradation of the RAD21 protein was not successful:
the clones we obtained suffer from loss of protein function
without auxin induction and incomplete protein degradation
after induction. This is clearly visible when comparing these
parameters with HCT116 RAD21 mAC cells, which we chose
as a positive control (these cells are capable of effective auxin-
induced depletion of RAD21) (Yesbolatova et al., 2020).

We believe that in the case of RAD21, the main problem
is the decrease in the amount of RAD21 in cells even in the
absence of auxin induction (“basal degradation”). This de-
crease may have two independent causes: 1) instability of
the transcript/protein due to fusion with the degron tag and
GFP. Theoretically, introduction of a genetic construct could
reduce the knockin transcription efficiency of RAD21; cause a
decrease in transcript stability; reduce the efficiency of transla-
tion of the knockin transcript; cause a decrease in the stability
of the fusion protein (Yu et al., 2015); 2) background ubiquitin
ligase activity in the absence of auxin. Such activity will lead
to polyubiquitinylation and degradation of the protein carrying
the degron tag (Li et al., 2019). Apparently, both occur in our
case. To address the first cause, one can do little except make
a fusion not with the C-terminus, but with the N-terminus
of the peptide. But the second cause depends entirely on the
properties of the peptide used and the auxin-dependent ubi-
quitin ligase. We used the ubiquitin ligase AtAFB2, which is
thought to have lower basal activity compared to OsTIR1 (Li
etal., 2019). However, a system with even lower activity has
recently emerged. It was created based on OsTIR1 by replac-
ing the ligand with a synthetic auxin analogue 5-Ph-IAA and
rationally designing the active site of the enzyme (Yesbolatova
et al., 2020). Our positive control cells are designed with just
such a system. The Western blot in Fig. 6 clearly shows that
the amount of the heavy fusion form of the protein in the
positive control is significantly greater than in clones 24, 36,
38 that we created based on AtAFB2. This may be explained
by the higher basal activity of AtAFB2. In addition, the use
of alternative depletion systems, such as dTAG, may be a pro-
ductive strategy for achieving degradation of architectural
chromatin proteins (Nabet et al., 2018).

As we noted above, the key stage in obtaining cells capable
of inducible depletion is the complete modification of all al-
leles of the gene of interest. All cell clones used in this work
did not have wild-type alleles when analyzed by PCR (see
Fig. 2). However, Western blotting reveals a band correspond-
ing in size to unmodified RAD21. Since there are no wild-type
alleles during genotyping, this eliminates the possibility of
contamination of samples with unmodified cells. Theoreti-
cally, repair of the break introduced by Cas9 can lead to the
loss of the primer annealing site (we previously reported this
issue (Korablev et al., 2020)); such damaged alleles will not
be detected by PCR, however, they can produce a functional
transcript. But for haploid HAP1 cells, this explanation does
not apply since each clone contains exactly one modified
RAD?2] allele. Alternative explanations suggest that wild-type
RAD21 appears in cells containing the correct modification
of RAD?2]. For example, a transcript from a modified allele
can be spliced and, as a result, a fusion peptide is not formed.
During translation, a peptide bond may also not be formed,
for example, like in 2A viral peptides. One can speculate
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that something similar may form between the fusion parts of
the peptide. However, both of these explanations in our case
remain at the level of speculation.

For some genes, pseudogenes could be the source of a
functional peptide (Zhang et al., 2023); however, in the case
of RAD21, the pseudogene is highly mutated and contains
many stop codons and therefore does not have a functional
open reading frame.

Of course, the most direct way to assess depletion of a pro-
tein of interest is Western blotting, but this method is highly
dependent on the quality and specificity of the antibodies. It
is known that the specificity of many antibodies is questioned
(Baker, 2015).

Conclusion

Therefore, for many proteins, the use of Western blotting can
be problematic. Therefore, a convenient functional test is an
excellent way to characterize cells capable of induced deple-
tion of a protein of interest. The chromosome morphology test
used in this work proved to be very informative.
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Abstract. One of the serious issues in forest breeding is how to reduce the variability level in breeding populations of
forest tree species that is a set of selected plus trees. The problem is that variability is jeopardized by the risk of losing the
genetic diversity of future artificial forests, as well as emerging inbreeding depression in the seed plus trees progeny. DNA
markers are an effective tool to study variability, identify features of the genetic structure and degree of plant differentia-
tion. The research focuses on assessing the level of the genetic diversity and the degree of differentiation of plus trees of
various geographic origin with the use of ISSR markers. We used six ISSR primers to study 270 plus trees grown in the
Penza region, the Chuvash Republic, the Republic of Tatarstan and the Mari El Republic. The samples of plus trees under
study were characterized by different levels of genetic diversity. Two hundred fifteen PCR fragments were identified for six
ISSR primers in total, while the number of amplified fragments varied from 186 to 201 in different plus trees samples. The
genetic variability varied within the following limits: 95.7-96.9 %, polymorphic loci; 1.96-1.97, the number of alleles per
locus; 1.31-1.48, the number of effective alleles per locus: finally, 0.291-0.429, Shannon’s index; 0.205-0.298, the expected
heterozygosity. According to the analysis of molecular variance (AMOVA), 82 % of the variability of ISSR markers is typical
for the plus tree samples, while only 18 % is variability among the compared groups of trees from different geographical
zones. The dendrogram generated by UPGMA showed that the plus trees grown in the Penza region, the Chuvash Republic
and the Republic of Tatarstan are similar in term of the genetic structure of plus trees, while the plus gene pool of Scots pine
from the Mari El Republic stands alone. The results of the research prove that the level of genetic diversity, the structure of
genetic variability, and the nature of differentiation of plus trees are consistent with those previously elicited for natural
populations of Scots pine in the Middle and Upper Volga region.
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VI3MeHUYMBOCTb IIJIFOCOBBIX JIepeBbEB COCHBI OOBIKHOBEHHOT
(Pinus sylvestris L..) B CpegHeM 1 BepxHem ITOBOIXKbe
1o ISSR-mapkepam

O.B. lllenkuHa

®, E.M. PomaHoB

TOBOMKCKNIT FOCYAAPCTBEHHbIN TeXHONOrnYeckui yHnsepcuteT, Mowkap-Ona, Poccus
® shejkinaov@volgatech.net

AnHoTauumA. CH/XeHVe YPOBHA M3MEHUMBOCTN CENEKLMOHHBIX MOMYNALMIA NIECHBIX APEBECHbIX BULOB, NPeACTaBAAOLWNX
o601 COBOKYMHOCTb OTOOPaHHbIX MCOBbIX AEPEBLEB, CYMTAETCA OLHOW U3 KIOYEBbIX MPOOGIEM B JIECHOWN CeNnekuuu.
OHa cBfi3aHa C OMACHOCTbIO MOTEPU FEHETUYECKOrO Pa3sHOo6bpasnsa ByayLNX NCKYCCTBEHHO CO3AaHHbIX NIECOB, a TakKXKe C
PUCKOM BO3HUKHOBEHUSA MHOPEAHON AeNPecci CEMEHHOTO NMOTOMCTBA MJOCOBbIX AePeBbEB. DODEKTUBHBIM NHCTPYMEH-
TOM [/1A N3yUYeHWA U3MEHUMBOCTY, ONPEAENEHNs 0COOEHHOCTEN FEHETNYECKOW CTPYKTYpbI 1 cTeneHn gudpdepeHumnaummn
pacteHuii apnsioTca JHK-mapkepbl. Halle nccnepoBaHue HanpasieHo Ha OLEHKY YPOBHA FEHETUYECKOTO pa3sHoobpasuna 1
cTeneHn guddepeHumaum NIOCOBbIX AepPEBbEB PAa3HOro reorpadnyeckoro NPOMCXoXaeHnsa ¢ npruMmeHeHrem ISSR-map-
Kepos. C ncnonb3oBaHnem Lwectn ISSR-npanmepos nsyyeHo 270 nicoBbiX AepeBbeB U3 MeH3eHcKon obnactu, Yysalu-
ckoi Pecny6nuku, Pecnybnuk TatapctaH u Mapuin 3n. CpaBHMBaeMble BbIGOPKUN XapaKTepU30BannicCb PasHbiIM YPOBHEM
reHeTMYecKoro pasHoobpasus. Bcero ana wectun ISSR-npaiimepos o6HapyxeHo 215 MNLP-pparmMeHTOB, Npri 3TOM y pasHbIxX
BbIGOPOK UMCSIO aMMIMPULIMPOBaHHbIX GparmeHTOB BapbrpoBano oT 186 Ao 201. OCHOBHble NMOKa3aTenn reHeTuYecKom
M3MEHUYMBOCTU HAaXOAWUNNCh B Cleaylowmx npegenax: 4ona noanmmopdHbix NokycoB 95.7-96.9 %, uncno annenen Ha no-
Kyc 1.96-1.97, uncno spdektueHbix anneneit 1.31-1.48, nHgekc LLleHHoHa 0.291-0.429, oxnpaemasa reTepo3nroTHOCTb
0.205-0.298. Mo pe3ynbTaTam aHanm3a monekynsapHon gucnepcun (AMOVA) yctaHOBREHO, UTo 82 % BapuabenbHocTr ISSR-
NOKycoB 0OHapyXMBaeTcA BHYTPY BbIOGOPOK MOCOBbIX AepeBbEB 1 TOMbKO 18 % MPUXOAUTCA Ha N3MEHUMBOCTb MEXAY
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M3MeHUBOCTb NIIOCOBbIX AePEeBbEB COCHbI OObIKHOBEHHO
B CpenHem 1 BepxHem MNMoBosmkbe no ISSR-mapkepam

CpaBHVIBaeMbIMW Fpynnamu epeBbeB 13 Pa3HblX reorpadpuyeckmx panoHoB. NMoctpoeHne UPGMA-geHaporpammbl Noka-
3as10 61IM30CTb rEHETUYECKOW CTPYKTYPbI MOCOBbIX AepeBbeB U3 [eH3eHCKo obnactu, Yysawickon Pecnybnnkm n Pecry6-
nukn TaTapcTaH U 060CO6NEHHOCTb MOCOBOIO reHodOHAA COCHbI 0ObIKHOBEHHOW 13 Pecnybnvkn Mapwii On. PesynbTtaThl
nccnefoBaHnii yKasbiBalOT Ha TO, YTO YPOBEHb reHETUYECKOro pa3Hoobpasuna, CTPYKTypa reHeTUYeCcKon N3MeHUMBOCTY 1
XapaKkTtep gudpdepeHumaLmmn NaCOBbIX AePEeBbEB COOTBETCTBYIOT paHee BbIABIEHHbIM A1 NPUPOAHBIX MONYNALMIA COCHbI

0ob6blkHOBeHHOW B CpeHeM 1 BepxHem MNoBomxbe.

KntoueBble cnoBa: Pinus sylvestris L.; nniocoBble ilepeBba; reHeTuyeckoe pasHoobpasue; anddepeHumauus; ISSR-mapkepsbl.

Introduction

Mass selection of plus trees constitutes the Russian selective
seed production of the main forest-forming species (Tara-
kanov et al., 2021). A number of phenotypic characteristics,
such as height, diameter, trunk quality, disease resistance,
etc., are critical for plus trees selection in natural plantations.
First-order tree gene banks, an integral part of the forest-seed
establishment, serve for the mass production of seeds of forest
tree species by the vegetative offspring of plus trees (Tsarev
et al., 2021). One of the concerns, while introducing forest
seed programs for Scots pine based on the principles of plus
selection, is that the genetic diversity of the plus gene pool
declines. This happens due to the selection of a limited num-
ber of plus trees, as well as the risk of inbreeding depression
of seed offspring that are in proximity to related clones in
tree gene banks (Koelewijn et al., 1999; Hosius et al., 2006).
Therefore, further studies are necessary to research the di-
versity of the selected plus gene pool and identify the nature
of its differentiation using both morphometric characters
(Tarakanov, Kalchenko, 2015; Besschetnova, Besschetnov,
2017) and molecular markers (Shigapov, 1995; Milyutina et
al., 2013; Ilinov, Raevsky, 2021).

Molecular markers have become an effective tool that
solves a wide range of issues in the field of forest selection
and seed production, as well as estimates the genetic diversity
of plus trees (Sheikina, 2022b). To assess the variability of
Scots pine plus trees and tree gene banks established by their
offspring, different researchers used isoenzymes (Shigapov,
1995), ISSR markers (Milyutina et al., 2013; Khanova et al.,
2020) and microsatellites (Ilinov, Raevsky, 2021; Kamalov et
al., 2022). The results of comparative studies of the genetic
diversity of the plus gene pool of tree species and natural
populations showed contradictory results. A number of works
note that plus trees can be characterized by a level of genetic
variability comparable to natural populations (Bergman, Ru-
etz, 1991; Ilyinov, Raevsky, 2023). On the other hand, we
may witness a decrease in allelic diversity in samples of plus
trees growing in tree gene banks (Shigapov, 1995; Ilyinov,
Raevsky, 2017).

Until now, in the Middle and Upper Volga regions, there
have been studies of ISSR loci polymorphism only for a small
sampling of 36 plus trees in the Republic of Mari EI (Milyutina
etal., 2013). However, no assessment of the genetic diversity
of Scots pine plus trees in other parts of the Middle and Upper
Volga region has been made. Meanwhile, ISSR markers are
widely employed to study the characteristics of the popula-
tion genetic structure of Scots pine in China (Hui-yu et al.,
2005), Portugal (Cipriano et al., 2013), on the East European
Plain and in the Urals (Vidyakin et al., 2015; Vasilyeva et al.,
2021; Chertov et al., 2022; Sboeva et al., 2022), in the Perm
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Territory (Prishnivskaya et al., 2019) and in the Volga region
(Sheikina, 2022a).

The objective of this paper is to study the genetic vari-
ability and differentiation of Scots pine plus trees from the
Middle Volga region based on the analysis of ISSR markers.
We assumed that the level of genetic diversity, the structure
of genetic variability and the nature of differentiation of plus
trees selected as a result of breeding is comparable to those
previously identified for natural populations of Scots pine in
the Middle and Upper Volga region.

Materials and methods

The object of the study was plus trees of Scots pine (Pinus
sylvestris L.) or their clones from four regions of the Middle
and Upper Volga region. Samples for molecular genetic
research in the Republic of Tatarstan were stored from plus
trees growing on the territory of the Zelenodolsk forestry.
The remaining samples were stored from clones of plus trees
growing at forest seed production facilities: in the Chuvash
Republic from a first-order tree gene bank in the Ibresinsky
forestry, in the Penza Region from a first-order tree gene bank
in the Chaadayevsky forestry, in the Mari El Republic from a
collection and uterine plot in the Sernursky forestry. In total,
the authors studied 270 trees.

The material for DNA extraction was dried pine needles.
The CTAB technique (Doyle J.J., Doyle J.L., 1987) was
employed for DNA preparations. Six ISSR primers were
used for PCR: (CA)sAGCT, (CA)sAG, (CA)GT, (CA)sAC,
(AG)T and (AG)gGCT (Hui-yu et al., 2005). PCR was carried
out in a MJ MiniTM Gradient Thermal Cycler (Bio-Rad, USA)
according to the following program: 94 °C — 5 min; 35 cycles:
94 °C—45s,60°C—-45s,72°C—-45s; 72 °C — 7 min. To
perform PCR, we used the components of the commercial
set Encyclo Plus PCR kit (Evrogen, Russia) with the follow-
ing concentration: 10x PCR buffer — 1 pl; dNTPs — 0.2 pl
(10 mM); primer — 0.1 pl (100 uM); DNA preparation — 1 pl
(20 ng); Taq polymerase — 0.1 pl (2 units/pul); water — 7.6 pl.
PCR for each sample was performed in triplicate to check the
repeatability of the DNA fingerprints obtained. PCR results
were visualized with the use of electrophoresisina 1.5 % aga-
rose gel in 1 x TBE buffer at an electric field voltage of 80 V
and staining with an ethidium bromide solution. Gel images
were obtained using the GelDoc 2000 gel documentation
system (Bio-Rad, USA) and the Quantity One® Version 4.6.3
software package. The ‘100 bp+3.0 kb DNA Ladder’ marker
(Evrogen, Russia) was used to calculate the lengths of PCR
fragments.

Interpretation of the results of molecular genetic analysis
was based on compiling a binary matrix, in which PCR
fragments present in the electropherogram were designated
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as ‘1°, and those absent, as ‘0’. Calculation of genetic diver-
sity indicators, analysis of molecular variance (AMOVA)
and principal coordinate analysis (PCoA) were done in the
GenAlEx program (Peakall, Smouse, 2012). The statistical
significance of differences between the average values of
genetic diversity indicators of samples of plus trees was as-
sessed using single-factor analysis of variance. A dendrogram
illustrating the genetic relationship of samples of plus trees
was drawn based on the frequency of occurrence of ISSR loci
in the POPTREEW program (Takezaki et al., 2014) using
the Unweighted Pair-Group Method with Arithmetic Mean
(UPGMA) with bootstrap support for 10,000 replications.

Results
The authors identified 215 amplified DNA fragments for six
ISSR primers, 99.5 % of which turned out to be polymorphic
(Table 1). For samples of plus trees of different geographical
origins, the number of PCR fragments varied from 186 in
the Republic of Mari El to 201 in the Penza Region, and the
percentage of polymorphic loci ranged from 95.7 to 96.9. The
number of rare PCR fragments with an occurrence frequency
of less than 5 % in different samples varied from 1 to 23, and
the number of unique ones, from 0 to 2.

Shannon information index and expected heterozygos-
ity were different for the studied sample of plus trees. Plus
trees from the Mari El Republic proved to have the lowest

Table 1. Indicators of genetic diversity of Scots pine plus trees

Variability of Scots pine plus trees in the Middle
and Upper Volga Region with the use of ISSR markers

values of indicators (I =0.291, He = 0.205). While pine from
the Penza Region showed the maximum values of genetic
variability (I = 0.429, He = 0.298). The differences between
the samples are significant (p = 0.01). In terms of the num-
ber of alleles per locus and the number of effective alleles,
plus trees of different geographical origins did not differ
(Na=1.96-1.97,Ne=1.31-1.48) at p = 0.01. In total, for all
the trees studied, the number of alleles per locus was 1.99, the
number of effective alleles was 1.37, the Shannon index was
0.363, and the expected heterozygosity was 0.230. Figure 1
exemplifies the spectra of PCR fragments.

The different ISSR primers used in PCR allowed us to ana-
lyze from 27 to 40 loci, 80.6-93.5 % of which are polymorphic
(Table 2). The high level of polymorphism suggests that the
studied set of markers can be a useful and informative tool in
assessing the genetic variability of both natural populations
of an economically valuable species, as well as forest crops
and objects of a genetic breeding complex, including plus
trees. Other indicators of genetic diversity for different ISSR
primers varied in the following ranges: the number of alleles
per locus, from 1.62 to 1.90; the number of effective alleles,
from 1.31 to 1.41; the Shannon index, from 0.331 to 0.393;
the expected heterozygosity, from 0.206 to 0.252.

Analysis of molecular variance proved that 82 % of ge-
netic variability is distributed within samples of plus trees
from different geographical areas of the Middle Volga region

Geographical Number N(Nos;R) P %
origin of trees

PenzaRegion & 010, %5
RepublicofTatarstan 66 1990231 99
ChuvashRepublic 0 19462 957
MariElRepublic no 186400 957
Toal w ns 95

Fisher's F test - - -
(Foo1=4.94)

Na Ne | He
| 196£0013  148£0021 042940014 029840010
""""" 19740021  136£0021 034310015 023240011
19650020 14420022 03910016 0273£0010
 196:0020 13120020 02910015 02050010
19940020  137:0011 036310008 023040006
""""" 007 0% 14 1392

Note. Mean * standard error. N — number of PCR fragments; Nys — number of PCR fragments with a frequency <5 %; R — number of unique PCR fragments;
P - percentage of polymorphic loci; Na — number of alleles per locus; Ne — number of effective alleles; | - Shannon index; He — expected heterozygosity.

Fig. 1. DNA profiles showing polymorphism of Scots pine plus trees obtained with ISSR primers (CA)sAGCT (a) and (AG)gT (b).
1-18 - DNA sample numbers, M — DNA length marker 100 bp + 3.0 kb DNA Ladder.
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Table 2. Indicators of genetic diversity of ISSR primers

ISSR primer

Note. Mean * standard error. N - number of PCR fragments; Ny5; — number of PCR fragments with a frequency <5 %; P - percentage of polymorphic loci;
Na - number of alleles per locus; Ne — number of effective alleles; | - Shannon index; He — expected heterozygosity.

Table 3. Distribution of intra- and interbreeding population genetic variability of Scots pine plus trees
according to the analysis results of molecular variance

Source of variability df SS MS \Y Total variability, %
.......................................................................................................... Forausamphngs
Amongbreedmgpopu|at,ons314093 .................... 4697 ........................ 65180 .....................................
W.thmbreedmgpopmat,ons ..................... 299 ......................... 30409 ...................... 302 ...................... 302 ........................ 820 .....................................
penzaReg,onandRepubhcof'ratarstan .......................................................................................
Amongbreedmgpopu|at,ons ......................... 1 ........................... 4 289 .................... 4289 ........................ 61160 .....................................
W.thmbreedmgpopmat,ons ..................... 127 ......................... 41487 ...................... 327 ...................... 327 ........................ 340 .....................................
......................................................................................... penzaReg,onandChuvashRepubhc
Amongbreedmgpopu|at,ons ......................... 1 ........................... 4 053 .................... 4053 ........................ 56140 .....................................
W.thmbreedmgpopmat,ons ..................... 131 .......................... 45169 ...................... 345 ...................... 345 ........................ 360 .....................................
........................................................................................... P enzaReg,onandMar,HRepubhc
Among b reed, n g popu|at,on S ......................... 1 ........................... 6 42 3 .................... 6423 ........................ 92 ........................ 240 .....................................
W,th,nbreed,ngpopu|at,on5 ..................... 132 ......................... 39244 ...................... 297 ...................... 297 ........................ 760 .....................................
................................................................................... Repubhcof'ratarstanandchuvashRepubhc
Amongbreedmgpopmat,ons ......................... 1 ........................... 3 954 .................... 3954 ........................ 54150 .....................................
W,th,nbreedmgpopu|at,on5 ..................... 134 ......................... 4”65 ...................... 307 ...................... 307 ........................ 350 .....................................
RepubhcoﬁatarstanandMar,E|Repub|,c .....................................................................................
Amongbreedmgpopmat,ons ......................... 1 ........................... 3 328 .................... 3323 ........................ 45150 .....................................
WlthmerEdmgpopmatlons ..................... 135 ......................... 35239 ...................... 261 ...................... 261 ......................... 850 .....................................
....................................................................................... chuvashRepubhcandManE|Repub|,c
Among b reed, n g popu|at|on 5 ......................... 1 ........................... 6 03 7 .................... 603 7 ........................ 32 ........................ 230 .....................................
W,th,nbreedmgpopu|at,ons ..................... 139 ......................... 33922 ...................... 230 ...................... 280 ........................ 770 .....................................

Note. df - number of degrees of freedom; SS - sum of squares; MS - standard deviation; V — dispersion.

(Table 3). Interbreeding population variation accounts for
18 % of genetic diversity. Pairwise comparisons of plus trees
from different geographic areas showed that interbreeding
population variation could account for 14 to 24 %. The greatest
genetic subdivision is characterized by samples from the Penza
Region and the Mari El Republic (24 %), as well as from the
Chuvash Republic and the Mari El Republic (23 %). The share
of interpopulation variability was 14—16 % in the remaining
cases. In all cases, the significance level was p < 0.001.

Samples of trees from the Penza Region, Republic of Ta-
tarstan and Chuvash Republic were included in one cluster on
the UPGMA dendrogram with a high bootstrap value (100)
(Fig. 2). The sample of plus trees from the Mari El Republic
was assigned to a separate cluster.

The authors analyzed the principal coordinates for indi-
vidual Scots pine trees (Fig. 3, a) and samples of plus trees
(Fig. 3, b) based on pairwise Nei’s genetic distances. Analysis
of the principal coordinates for individual Scots pine trees
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Fig. 2. UPGMA dendrogram drawn with NEI's genetic distance between
plus trees of P. sylvestris L.

PO - Penza Region, RT - Republic of Tatarstan, RCH - Chuvash Republic,
RME - Mari El Republic.

showed that the three principal axes account for 17.03 %
of the polymorphism of ISSR loci, with the first coordinate
accounting for 8.45 % and the second for 4.96 % of the total
variability. At the same time, 81.02 % of the total diversity
occurs in the first and second coordinates at the level of plus
tree samples. The authors did not identify any geographic
gradients along the axes. However, one can note the similarity
in the distribution of samples on the first axis with the location
of the sampling areas of plus trees in relation to the river Volga
along the first axis. Plus trees from the Mari El Republic and
Republic of Tatarstan grow on the left bank, while those from
the Penza Region and Chuvash Republic grow on the right one.

Discussion

The paper discusses the genetic variability and differentiation
of the plus gene pool of Scots pine from different regions of
the Middle and Upper Volga region. To preserve the genetic
diversity of a species in the process of artificial regeneration,
it seems to be crucial that breeding populations are highly
variable. Literature review showed that the percentage
of polymorphic ISSR loci in Scots pine populations may
vary from 42 to 100 % (Hui-yu et al., 2005; Cipriano et al.,
2013; Vidyakin et al., 2015; Prishnivskaya et al., 2019).
The percentage varied between 95.7-96.9 % and averaged
99.5 % for the studied samplings of plus trees and the selected

a
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Coord. 1 (8.45 %)

Variability of Scots pine plus trees in the Middle
and Upper Volga Region with the use of ISSR markers

markers, which aligns with the results of the previous studies.
The value the authors got for the proportion of polymorphic
loci of plus trees was comparable to the data acquired for
12 natural populations of Scots pine (96.7 %) from the Upper
and Middle Volga region, studied with the same set of ISSR
markers (Sheikina, 2022a).

Other indicators of genetic diversity identified among
the studied samples of plus trees were not inferior to the
values typical for natural populations. Thus, the values of
the number of effective alleles and expected heterozygosity
for plus trees were 1.31-1.48 and 0.205-0.298, respectively,
while for natural populations these were 1.27-1.39 and
0.174-0.241 (Sheikina, 2022a). A similar value of the expected
heterozygosity of ISSR loci (He =0.239) was identified for plus
Scots pine trees from the Republic of Bashkortostan (Khanova
et al., 2020). Lower values of expected heterozygosity were
determined for Scots pine populations on the Russian Plain
(He = 0.046-0.239) (Vidyakin et al., 2015; Prishnivskaya et
al., 2019; Vasilyeva et al., 2021; Sboeva et al., 2022) and in
the Urals (He = 0.149-0.185) (Chertov et al., 2022). High
values of expected heterozygosity (He = 0.447-0.488) were
typical for Portuguese populations (Cipriano et al., 2013),
1.5-2.4 times higher than the values described above.

For the samplings of plus trees under study, the Shannon
index varied from 0.331 to 0.393. In other studies, the Shannon
index identified for populations from different parts of Russia
was 0.087-0.357 (Vasilyeva et al., 2021; Chertov et al., 2022;
Sboeva et al., 2022). Higher values of the Shannon index
(I=0.636-0.681) were determined for Scots pine populations
from Portugal (Cipriano et al., 2013). Differences in levels
of genetic diversity may be explained by both geographic
variability and the fact that studies have used different sets
and numbers of ISSR markers.

Based on the analysis of the molecular dispersion of plus
pine trees of different geographical origins, the authors
found that that 18 % of the variability of ISSR loci accounts
for the interpopulation component. These data comply with
the information previously acquired for natural populations
of Scots pine in the Upper and Middle Volga region (14 %)
(Sheikina, 2022a). The value of this parameter was 37-48 %
(Vasilyeva et al., 2021; Chertov et al., 2022; Sboeva et al.,
2022) for the populations from the East European Plain and

A RCH

WRT

Coord. 2 (32.05 %)

® RME
& PO

Coord. 1 (48.97 %)

Fig. 3. Spatial location of the principal coordinate (PCoA) of Scots pine plus trees (a) and geographic origins (b).
PO - Penza Region, RT - Republic of Tatarstan, RCH — Chuvash Republic, RME - Mari El Republic.
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the Urals. Assessment of the differentiation of Scots pine
populations from various parts by measuring the indicator
of genetic subdivision (Gst) proved that the interpopulation
component of the variability of ISSR loci can account for
from 5.8 to 55.8 % (Hui-yu et al., 2005; Cipriano et al., 2013;
Vidyakin et al., 2015; Vasilyeva et al., 2021; Chertov et al.,
2022; Sboeva et al., 2022; Sheikina, 2022a). Relatively low
values of the genetic subdivision indicator were found for
populations from the Middle Urals (Gst = 0.155) (Sboeva et
al., 2022) and from Portugal (Gst = 0.058) (Cipriano et al.,
2013). Higher values of the genetic subdivision indicator were
shown for populations from China (Gst = 0.396) (Hui-yu
et al., 2005), from the East European Plain (Gst = 0.439-
0.558) (Vidyakin et al., 2015; Vasilyeva et al., 2021; Sboeva
et al., 2022) and from the Urals (Gst = 0.362) (Chertov et
al., 2022). The indicator of genetic subdivision of natural
populations from the Upper and Middle Volga region was
0.161 (Sheikina, 2022a). Thus, the data on the structure of
genetic variability in samples of plus trees acquired in this
study do not contradict previously described results for na-
tural populations of Scots pine.

Clustering of plus trees samples with the UPGMA method
showed the isolation of the plus gene pool of Scots pine from
the Mari El Republic from three other groups of trees. Tree
samples from the Penza Region, Chuvash Republic and Re-
public of Tatarstan constitute a single cluster with a similar
genetic structure. While assessing the population structure of
pine forests in the Middle and Upper Volga regions, the authors
also traced the differences between populations growing in the
Mari El Republic, on the right Volga riverbank, from left-bank
populations growing in the Chuvash Republic and the Penza
Region (Sheikina, 2022a). The identified differentiation of
populations and plus gene pools of Scots pine of different
geographical origins may be the result of the intersection of
the species’ migration routes in the post-glacial period. Specifi-
cally, with the allozyme analysis, the authors discovered that
five different Pleistocene refugia could have participated in
creating the gene pool of Scots pine populations on the East
European Plain (Sannikov et al., 2020).

Conclusion

The studied plus trees samples taken from various parts of
the Middle and Upper Volga regions differ in the level of
polymorphism of ISSR loci. A level of genetic diversity of
the plus gene pool of Scots pine selected during breeding is
comparable to natural populations in the region under the
study. The structure of genetic variability and the nature of
differentiation of samples of plus trees of various geographical
origin also correspond to the population genetic structure of
natural populations.

The authors’ results proved that the ISSR markers described
by A.I. Vidyakin et al. (Vidyakin et al., 2015) are feasible for
the study of the population genetic structure of Scots pine.
Moreover, the high level of variability of the selected loci
(80.6-93.5 %) allows recommending this set for assessing
the genetic variability of natural populations, forest crops and
objects of the unified genetic breeding pool (UGBP). Further
studies with the use of other types of molecular markers
are necessary to improve the reliability of genetic diversity
assessment and differentiation of plus trees.
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Abstract. Climate change is the key challenge to agriculture in the XXI century. Future agricultural techniques in the Rus-
sian Federation should involve the optimization of land utilization. This optimization should apply algorithms for smart
farming and take into consideration possible climate variations. Due to timely risk assessment, this approach would
increase profitability and production sustainability of agricultural products without extra expenditures. Also, we should
ground farming optimization not on available empirical data encompassing limited time intervals (month, year) or hu-
man personal evaluations but on the integral analysis of long-term information bodies using artificial intelligence. This
article presents the results of a multivariate analysis of meteorological extremes which caused crop failures in Eastern
and Western Europe in last 2600 years according to chronicle data and paleoreconstructions as well as reconstructions
of heliophysical data for the last 9000 years. This information leads us to the conclusion that the current global warming
will last for some time. However, subsequent climate changes may go in any direction. And cooling is more likely than
warming; thus, we should be prepared to any scenario. Plant breeding can play a key role in solving food security prob-
lems connected with climate changes. Possible measures to adapt plant industry to the ongoing and expected climate
changes are discussed. It is concluded that future breeding should be based on the use of highly adapted crops that have
already been produced in pre-breeding programs, ready to meet future challenges caused by potential climate change.
Key words: climate; global warming; models; next generation breeding; adaptability; earliness.
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AHHoTauusa. /i3meHeHne KnMaTa — onpeaendiowasn npobnema pacteHnesogctsa XXI B. ArpotexHonorum 6ygyliero B
Poccuinckon Oepepaumy JOMKHbI ObITb CBA3aHbI C ONTYMU3aLMe 3eMIenosb30BaHsA, KoTopas 6yaeT oCyLecTBAATbCA
KaK C NPYIMeHeHNeM anropMTMOB «YMHOTO» CENbCKOro XO3ANCTBA, TaK 1 Ha OCHOBE MPOrHO3a NOTeHLMaNbHbIX KMMaTu-
YeCKMX N3MEHEHUIA. ITO NMO3BONUT MOBbLICUTb PEHTABENBHOCTb 1 YCTONYMBOCTb NPOV3BOACTBA CENTbCKOXO3ANCTBEHHON
NPOAYKLMMN 6e3 JOMOMHUTENbHBIX 3aTPaT 3a CYET CBOEBPEMEHHOIO YYeTa BO3MOXHbIX PUCKOB. [1py 3TOM onTuMmsaums
CUCTeMbl BO3AENbIBaHUA KyNbTyp JOMKHA 6a3MpoBaTbCA He Ha UMEIOLMXCA SMMUPUYECKUX NOKa3aTeNAaX, MOyYeHHbIX
Mo OrpaHNYeHHbIM BO BPEMEHU TOUKaM yuyeTa (Mecsal, rof), 1 CyObeKTUBHOW YenoBeyecKol OLEeHKe, a Ha KOMMIEKCHOM
aHanmse MaccmMBoB MHoroneTHel nHdopmaumm. B HacToAweln paboTte npuBeaeHbl pesynbTaTbl MHOFOMEPHOro aHanm3a
METEOPONOrNYeCcKMX SKCTPEMYMOB 1 CBA3AHHbIX C HUMU HeypoxkaeB B BoctouHol 1 3anagHon EBpone 3a nocnepHve
2600 neT no NETONNCHbIM AAHHBIM Y MaNeOPEKOHCTPYKLMAM, a TakKe PEKOHCTPYKUMAM rennodmnsnyecknx aHHbIX 3a
nocnegHue 9000 net. OTMeYaeTcs, uTo nayLlee rnobanbHOE NOTENEHVE NPOASINTCA elle HeKoTopoe Bpems. OfHaKo no-
cnefyolme n3MeHeH A KnMmaTa MOryT ObITb HanpasJsieHbl B JI0OYI0 CTOPOHY, NPUYeM, CKOPee, B CTOPOHY NMOXONOAaHMS,
a He noTenneHns, No3TOMy HaZlo ObiTb FOTOBLIMU K NOGbIM cLeHapuam 6yayuiero. Ana HUBeNMpoBaHUA NOCIeACTBUIA
3TUX M3MEHEHUIA CeNeKLMA MOXKET CbirpaTb KJIOUEBYI0 posib B pelueHrr npobnem NpoAoBOSIbCTBEHHON 6€30MacHOCTH.
O6cy»xaaloTca NepcneKkTUBbl pa3paboTkn Mep aganTaumm pacTeHMEBOACTBA K NMPOUCXOAALLMM U OXULAEMbIM M3MeHe-
HUAM KNUMATA, 1 CAeNaH BbIBOZ, UTO cenekuums byayLiero gomkHa 6a3mpoBaTbCs Ha NCMONb30BaHNM YKe OTPaboTaHHbIX
B NMporpamMmMax npeasaputenbHol cenekumm (pre-breeding) BbICOKOaAaNTMPOBaHHbIX CEJIbCKOXO3ANCTBEHHbIX KYNIbTYP,
NnoTeHUManbHo oTBevaloLmx 6yayLnum Bbi3oBam, 06yCNOBNEHHbIM NOTEHLMANIBbHBIM 3MEHEHUEM KNMMaTa.

KnioueBble cnoBa: KNUmMart; rmobanbHoe noTenneHve; Mogeny; cenekumua 6yayLiero; afanTUBHOCTb; CKOPOCMNENOCTb.

© Efimov V.M., Rechkin D.V., Goncharov N.P, 2024
This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0003-3035-8049
https://orcid.org/0000-0003-3035-8049

V.M. Efimov, D.V. Rechkin
N.P. Goncharov

Introduction

Geologic record indicates that dramatic climate changes
directly affected humanity throughout its history (Gupta,
2004). The cooling in the Palearctic, sometimes reaching
extreme values, started in the late Pleistocene, about 27 ka
BP, and ended about 14 ka BP (Prentice, 2009). Archeo-
logical data show that humans inhabiting the Palearctic
either successfully adapted to the changes or migrated to
areas with better conditions. In VIII-X centuries BC, the
latter group proceeded to productive economy (Shnirel-
man, 2012), that is, farming based on plant domestication
and, later, animal domestication (Goncharov, 2013). At
present, it is obvious that Toynbee’s (1954) ‘challenge
and response’ theory of the history of civilisations, which
presumes that the transition to agriculture was the response
of hunters and gatherers to abrupt aridization caused by the
melting of Late Pleistocene glaciers, has found no evidence
(Trifonov, Karakhanyan, 2004). Moreover, agriculture in
West Asia started against the background of wears relative
humidization.

Local and global climatic changes constitute the primary
concern for the XXI century, particularly, its first decades,
when measures for mitigation of severe consequences for
humanity and the global agroecosystem are urgent (Eckardt
et al., 2023). The oncoming climate change may exert
numerous adverse effects on crop production throughout
the globe. It will demand significant extension of biodi-
versity (germ plasm pool), required for the inclusion of
new characters and traits and completely new previously
uncultivated plant species in breeding. The collection,
preservation, and subsequent effective and intelligent use
of the biodiversity of crops and their wild relatives in the
changing climate are critical issues (Eastwood et al., 2022).

Many relatives of commercially important crops have
considerable polymorphisms for seasonal adaptation
(Goncharov, Chikida, 1995; Leigh et al., 2022; Liang, Tian,
2023); thus, they can be useful for improving the general
adaptability of crops to local and global climate changes.

The consequences of climate changes cause anxiety to
experts in various fields (Kattsov et al., 2011; Ruddiman
et al., 2016), including biologists and agrarians, who deal
with a wide variety of objects (Baltzoi et al., 2015; Gurova,
Osipova, 2018; Morgounov et al., 2018; Eastwood et al.,
2022; and others). It is beyond doubt that current climatic
trends adversely influence the performance of many exten-
sively grown crops. These trends are a considerable com-
mercial risk to global agriculture and other farm industries
(Lobell, Gourdji, 2012). It is predicted that climate changes
will affect not only the production but also the quality of
food (Atkinson et al., 2008), thereby jeopardizing food
security. The broadening of polymorphism for many cha-
racters (Trifonova et al., 2021) with ensuing breeding for
optimal duration of vegetative period (earliness) of crops
are becoming more and more relevant (Kamran et al., 2014;
Smolenskaya et al., 2022).
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The potential climate changes demand modification
of breeding programs for new generation cultivars and
breeds. The requirements for higher adaptability to future
environmental condition changes should be put at the
forefront, which will apparently differ from the present.
Neither the scale nor the directions of the changes can
be unambiguously assessed. Present forecasts concern
mainly risks associated with the broad (standard) use of
conventional crop architectonics (Jatayev et al., 2020; Liu
et al., 2022). This problem is significant, because about
70 % of dwarf common wheat commercial cultivars bear
only two alleles of the Rht genes — Rht-B1b and/or Rht-D1b
(Sukhikh et al., 2021).

There is no consensus among investigators as to whether
the recorded climate changes are caused by anthropogenic
or natural factors (Ruddiman et al., 2016; Lobkovsky et al.,
2022; and others). At last time, the Sun is shown to operate
in distinct modes —a main general mode, a Grand minimum
mode corresponding to an inactive Sun, and a possible
Grand maximum mode corresponding to an unusually ac-
tive Sun (Solanki et al., 2004; Usoskin et al., 2014). It states
that the heat flux from the Sun to Earth, the so-called solar
constant, is in fact not constant, at least, on the millennial
scale. This flux demonstrates variations unpredictable with
the current state of knowledge.

It is clear that the presently observed global warming
started long before the industrial boom. We just live in a
time of changes, when the solar heat flux on our planet
starts its change once again to induce a climatic upheaval
(Usoskin et al., 2014; Biswas et al., 2023). In view of all
this, the analysis of historical and modern data to assess
the possible limits of natural climatic variations appears
to be essential for choosing land use strategies and for
successful farming in the future.

The goal of this study is to analyze the limits of climate
variability, meteorological extremes, and crop failures
in Eastern and Western Europe over 2600 years from
chronicles (Barash, 1989), paleoreconstructions of air
temperatures (Sleptsov, Klimenko, 2005), and composite
solar physics data across millennia based on proxy methods
(Clette etal., 2014; Wu et al., 2018). We applied multivari-
ate analysis approaches, in particular, the principal com-
ponent analysis (PCA), for more comprehensive coverage
and deeper analysis of the processes under study.

Materials and methods

The following data were invoked:

1) chronicle data on years with meteorological extremes
and crop failures in Western and Eastern Europe over
2600 years, from X century BC to XVI century AD from
monograph of S.I. Barash (1989);

2) climate reconstructions for Eastern Europe (East Euro-
pean Plain) over the last 2000 years according to paleo-
climatic data reported by A.M. Sleptsov and V.V. Kli-
menko (2005);
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3) Solar activity reconstruction over the last 9000 years
according to indirect data (Wu et al., 2018);

4) Wolf sunspot numbers SN(v2.0) (1700-2022) from
(WDC-SILSO, Royal Observatory of Belgium, Brus-
sels).

We added some attributes to chronicle data presented in
S.1. Barash (1989) to compensate insufficient accuracy in
the characterization of years. Specifically, we introduced
an integral attribute bulking crop failures in general in
addition to attributes reflecting data on failures caused
by particular factors: drought, overflooding, etc. In this
case, the formation of this characteristic was carried out
exclusively according to the data of S.I. Barash (Fig. 1).

Long-term data were processed by the principal compo-
nent analysis (PCA) for time series, PCA-TS (Karhunen,
1947; Loéve, 1948). By this method, any time series can
be expanded into principal components that reflect the
trend, quasicyclic fluctuations, and noise (Efimov et al.,
1988). The modern PCA-TS version (Efimov et al., 2021)
converts a unidimensional time series into a trajectory
matrix (Takens, 1981). The matrix of Euclidean distances
between its rows is calculated, and principal components
(PCs) are extracted from the latter by the master coordinate
procedure (Gower, 1966). Time series intervals uniform in
variability patterns are detected from phase images drawn
from principal components.

It should be mentioned that the opinion that statistical
independence of principal components presumes their
functional independence and, therefore, no principal com-
ponent can be another component’s derivative in the strict
mathematical sense, because their correlation is zero, is
false. A counterexample is the pair of time series, Sin(f) and
Cos(t). The derivative of sine is cosine, their phase image
is a circle, and their correlation is zero.

Similar situations often arise in the processing of real
series by PCA. When one of the components is inter-
preted as a derivative of another, this fact can be used for
predictions. Components often appear in pairs with close
variances and frequencies, their phase images are close to
circles, and which of them is the derivative of the other
can be determined from the contributions of attributes to
the components or from their shift with reference to each
other. In another frequent case, contributions to one of
the components are of the same sign and are similar in
amplitude, forming a trend, whereas the other component
is constituted by two sequential intervals of opposite signs,
characterizing trend changes.

As each line has two directions, the researcher chooses
the orientation at his discretion. Any principal component
can be multiplied by “~1”. This will invert signs of contri-
butions of all attributes. It is recommended that component
orientation be chosen so that the signs of all contributions
be positive in case of trend, whereas in case of opposite
directions, negative contributions should be first and then
positive ones. With this choice, the phase trajectory rotates
mainly clockwise, a positive value of the derivative points
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to the growth of the principal component, and a negative,
to its drop.

The calculation of pairwise cross-correlations between
the manifestations of the listed attributes of years involved
the cutoff of noise related to less significant (minor) princi-
pal components (Supplementary Material 1)!. We confined
our studies to the effects of the detected modulation on
events mentioned in chronicles; therefore, the diagonal
matrix elements in the table presented in Supplementary
Material 2 are always below unity. The mean error of the
correlation coefficient for the specified number of objects
(n = 2600) and the mean correlation coefficient value
(r = 0.500) is s, = (1—72)/AJn no more than 0.014. Thus,
pairwise correlation coefficients exceeding the triple mean
error (0.044) were considered significant.

Results

We analyzed the collected by S.I. Barash’s (1989) data
transformed into matrix (see Fig. 1), in which objects are
years and attributes in cells indicate favorable (good yield)
or unfavorable (all other) events.

Designations in what follows: Eastern Europe: Dr-EE,
drought and local poor crops; DrCF-EE, severe drought,
extreme widespread crop failure; R-EE, rainy summer, local
poor crops; RCF-EE, wet summer and extreme widespread
crop failure; W-EE, severe winter; WPC-EE, extreme
winter and local poor crops because of frost-killing of
winter crops; F-EE, famine; L-EE, locust plague; Epi-EE,
epidemics; P-EE, plague; Sp-EE, smallpox; SF-EE, spot
fever; M-EE, murrain (epizootics); Y-EE, good yield; CF-
EE, widespread crop failure. Western Europe: the same
with the WE after the hyphen.

We introduced the CF-EE and CF-WE attributes. In
S.I. Barash (1989), lean years are not marked by the
CF-EE and CF-WE, but are “coded” in a hidden way in the
Dr, DrCF, R, RCF, and WPC. We resigned out their effect
in the two CF-EE and CF-WE attributes and, after that, we
assessed the influence of all the listed natural phenomena.
We found that crop failures are affected only by the DrCF
and RCF, associated with widespread crop failures, rather
than by local poor crops.

The data presented by S.I. Barash (1989) lack any infor-
mation on typhus epidemics in Western Europe; thus, the
SF-WE is null. For this reason, the overall matrix shows
15 natural phenomena for Eastern Europe and 14 ones for
Western, 29 in total.

The data were processed by the PCA (Fig. 2, Supple-
mentary Materials 1-3). The first (PC1) and second (PC2)
principal components account for 22 % of the total sample
variance (see Supplementary Material 1). Eigenvalues are
conventionally arranged in decreasing order. They reflect
information redistribution and the concentration of the
most significant factors in the principal components (see
Supplementary Material 3).

1 Supplementary Materials 1-3 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Efimov_Engl_28_2.pdf
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Fig. 1. Meteorological extremes and crop failures in Western (WE) and Eastern (EE) Europe over 2600 years, from X century BC to XV century AD,
fragment from (Barash, 1989).
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The sum of all eigenvalues equals the dimensionality
of the correlation matrix (the number of attributes in the
original sample). Therefore, when no regularities in the in-
teractions of attributes can be recognized, each eigenvalue
should be unity in case of a correlation matrix calculated
from the original data matrix with centered and normal-
ized attributes. Therefore, value “1” can be considered the
threshold whose crossing by a principal component reflects
a factor essential for sample description. Correspondingly,
principal components whose eigenvalues fall short of this
threshold should be considered insignificant. We will
follow the terminology used by experts in computer and
radio sciences (Oppenheim, Schafer, 1975) and name the
informative set of PCs signal and other, insignificant com-
ponents, statistical noise (see Supplementary Material 1).
Here we regard the major principal components PC1 to
PC12, accounting for about 66 % of the overall variance
of the sample in question, as signal. Their eigenvectors
are shown in Supplementary Material 3.

The first principal component (PC1; 14.5 % of the overall
variance) reflects the influence of climatic (natural) factors
on widespread crop failures and, consequently, on famine
in Eastern and Western Europe. The greatest contribution
amplitudes are made by the attributes DrCF-EE, RCF-EE,
WPC-EE, DrCF-WE, RCF-WE, and WPC-WE. Conse-
quently, the contributions of associated attributes CF-EE,
F-EE, CF-WE, and F-EE are also high. The nature of the
factor can be defined as yield vs. famine.

The second principal component (PC2; 7.5 % of the
overall variance) reflects the influence of the factor de-
termined by the set of attributes Dr-EE, R-EE, RCF-EE,
and WPC-EE and their counterparts Dr-WE, R-WE, RCF-
WE, W-EE, and CF-WE. In Western Europe, the signs of
contributions of Dr-WE, R-WE, and W-EE are opposite
to those of RCF-EE and CF-EE. Obviously, the second-
rank factor in Western Europe shows that excess moisture
in summer is the main cause of crop failures. In contrast,
such climatic conditions in Eastern Europe do not result
in crop failures, although they exert a certain influence on
agriculture in general. The nature of the factor responsible
for PC2 can be defined as differences in moisture regimes
between Eastern and Western Europe.

By analyzing chronicle data on meteorological extremes
and crop failures in Western and Eastern Europe for
2600 years, we assessed the similarities between the series
of these events from the location of attributes in the phase
space of principal components (see Fig. 2; Supplementary
Material 2). For clarity, attributes similar in Eastern and
Western Europe are connected with lines (see Fig. 2).

The third principal component (PC3; 5.8 % of the overall
variance) shows that the effect of widespread crop failures
in Western Europe manifests itself as a threat of famine,
whereas in Eastern Europe famines are not so great threat as
epidemics, first of all, plague. This fact stems from seeking
food by the population of steppe and forest-steppe regions
and contacts of humans with small animals inhabiting
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Fig. 2. The similarity in the manifestation of year natural phenomena
in Western (WE) and Eastern (EE) Europe with respect to PC1 and PC2.

steppes and conveying plague: marmots, ground squirrels,
tarbagans, and such.

The association of epidemics and epizootics with lean
years can be explained by the poorer disease resistance in
humans and livestock caused by undernourishment. Nature
behaves in a different way in outbreaks of locust popula-
tions. The gregarious behavior of locusts is enhanced in
generations produced by undernourished parents.

We assessed climate changes on the grounds of data
reported by A.M. Sleptsov and V. V. Klimenko (2005), who
attempted to reconstruct climate in Eastern Europe (East
European Plain) from four kinds of sources: instrumental
measurements, historical evidence, palynology, and den-
drochronology. They reconstructed the variation in the
annual average air temperatures in the East European Plain
for the last 2000 years (Fig. 3).

A.M. Sleptsov and V.V. Klimenko note a negative trend
in annual average temperatures, most pronounced in the last
millennium; more precisely, from year 1200 to the second
half of the XX century. They extrapolate these data to the
50 years to come and conclude that the so-called “global
warming” is in fact of anthropogenic nature and that it
rescued humanity from a “global cooling”, which would
have been much more disastrous for our civilization, as
shown by the history of the XIV-XVIII centuries. Also,
they reveal a clear climatic rhythm of about 200 years,
closely associated with solar activity variation (Sleptsov,
Klimenko, 2005).
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Fig. 3. Annual temperature deviations from the present values in the East
European Plain (averaged over decades). Data from (Sleptsov, Klimenko,
2005; Fig. 3).

A relatively beneficial time span lasted from the I to the
XII century. After the XII century, it gave way to a cooling,
which lasted nearly till present. However, additional infor-
mation can be extracted from the data illustrated in Fig. 3.

Multivariate analysis of long-term
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Fig. 4. Phase image of the variation of annual average temperature in
the East Siberian Plain on the plane of two major principal components,
PC1 and PC2.

The processing of this time series by the PCA (Figs. 4-5)
clearly demonstrates its nonuniformity. It can be concluded
from the coefficients of correlation of the first two principal
components (PC1 and PC2) with the annual average tem-
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Fig. 5. Phase images of the variation of annual average temperature in the East Siberian Plain on the plane of PC1 and PC2, separately for each

temperature phase.
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Fig. 6. Solar activity reconstruction for the last 9000 years (Wu et al.,
2018).

perature with various lags that PC1 (47.7 % of variance) is
responsible for air warming, and PC2 (24.9 % of variance),
for its derivative (see the Table). This means that, when the
trajectory of the series is above zero for PC2, it is bound to
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move right, towards higher temperatures, until it falls below
zero and turns back. This regularity shows no significant
deviations (Figs. 6, 7). Four phases with different regimes
are recognized in the time span analyzed: cyclic oscillations
with period about 200 years (years 105—1115), transitional
phase (1115-1295); quasichaotic variation (1295-1975),
and warming (1975-present), see Figs. 4 and 5.

It follows from the phase images in Figs. 6, 7 that (1)
the trajectory of the time series under consideration has
exceeded the limits that confined it in the last seven cen-
turies, (2) it has not exceeded the limits in which it stayed
in the entire I millennium and the beginning of the II mil-
lennium, and (3) it is not inconceivable that the cyclic
regime characteristic of the I millennium is returning. If
this conclusion is true, further temperature increase should
be expected in the next 50—60 years for natural causes, not
related to human activity.

The results of time series processing (see Figs. 4-6) con-
firm the inferences from our earlier analysis (Efimov, Gon-
charov, 2013). Specifically, climate in Western and Eastern
Europe experiences centuries-long oscillations for presently
unknown reasons, abruptly turning from one climate regime
to another. The most notable transitions occurred in the

-10 -8 -6 -4 -2 0 2 4 6 8 10
PC1

Fig. 7. The first two principal components (PC1 and PC2) of solar activity over the last 9000 years (a), their phase image (b).

Variances PC1 = 36.3 %, PC2 = 28.5 %.
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I and II millennia AD and in the XIV-XVIII centuries.
The climate leaps observed now (see Figs. 6, 7) may be
indicative of another transition from one climate phase
to the next, whose closest analogue is the regime of the
I millennium, warmer and more arid than the present.

In addition, multivariate analysis allows recognition of
clearly different time ranges of the influence of heat flow
onto the Earth (see Fig. 7). The reconstruction of solar
activity for the last 9000 years (see Fig. 7, a) brings us
to the suggestion that it is undergoing a profound change
in the form of heat flow onto the Earth (Wu et al., 2018).
The start of this change should be dated back to the
XVI-XVII centuries, thereby rejecting the hypothesis of
industrial activity as the main cause of the present climate
change. Figure 7, a shows that the I millennium AD was
warmer than the preceding [ millennium BC or the subse-
quent II millennium AD.

Discussion

Our analysis of data reported by S.1. Barash (1989) indicates
that lean years in Eastern Europe are those with droughts
or excessive rains covering areas commensurable with the
entire subcontinent (see Fig. 2, Supplementary Material 2).
The same is observed in Western Europe, where the cor-
relation between famine and excessive precipitation is more
pronounced. Severe winters in Eastern Europe cause famine
more often than in Western Europe. These differences stem
from geographic features. Western Europe lies southwest
and northeast and forms a natural barrier in the way of the
North Atlantic Current, the main source of additional heat
and moisture from the Atlantic (Hendry, 1982; Hogg, 1992;
Hogg, Johns, 1995). The influence of Arctic air masses in
Western Europe is weaker than in Eastern. In contrast, the
effect of the North Atlantic Current on Eastern Europe is
much weaker, and cold Arctic air masses greatly influence
plant growth. Winter crops occupy a notable portion of
arable areas in Eastern Europe, and their overwintering is
of greater importance there.

The correlation between plague epidemics and crop
failures in Eastern Europe is nearly two times closer than
in Western (see Supplementary Material 2). This fact
may be related to the predominance of arid and steppe-
like agrolandscapes in Eastern Europe. They are home to
populations of steppe rodents, which are plague seeders.
Just these animals closely approach human dwellings in
times of food shortage. The situation with smallpox is
different: it shows poor correlation in both Eastern and
Western Europe. Smallpox virus is transmitted from human
to human without animal vectors. Therefore, only intense
human traveling matters in this case.

For unknown natural causes, climate in Western and
Eastern Europe undergoes centuries-long changes with
abrupt transitions from one regime to another (see Fig. 3).
The most likely cause of these changes is millennia-long
variations in heat flow from the Sun to the Earth. The
most notable transitions were noted in the onsets of the
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I and II millennia (AD) and in the XIV-XVIII centuries.
The climatic change observed at present may be a transi-
tion to another, unknown by now, climatic regime or the
continuation of the cold climatic phase that started half a
millennium ago. In fact, the current global warming began
in the middle of the XX century, but it was considered the
return to normal climatic conditions after the extraordinary
cooling, the Little Ice Age of the XIV-XVIII centuries.
It was not until recently that the notion appeared that this
warming, if continued, would bring about catastrophic
consequences, and humanity should be prepared for them
in advance. As the main cause of this change was claimed
to be human activity, its natural consequence was the illu-
sion that it was the power of humanity to modify climate.

Although climate regime variations have long been stu-
died and are of practical significance, their primary cause
is still debatable. Some scientists state that they are caused
by industrial activity (and proponents of this viewpoint
succeeded in getting three Nobel awards: Peace Prize
(Solomon et al., 2007), Prize in Economic Sciences (Nord-
haus, 2019), and Prize in Physics (Manabe, 2019, 2023)).
Others interpret the changes as a regular round of natural
climatic fluctuations (Usoskin et al., 2014; Lobkovsky et
al., 2022; and others).

The fact that the Earth receives nearly all heat from the
Sun poses the question of regularities in the variation of this
heat flow and predictability of changes. Naturally, attention
is focused primarily on the trend and cyclic mode of the
variation. However, as seen from analyses of solar activity,
the results clearly depend on the scale of consideration.
If we confine ourselves the epoch of regular direct solar
activity observations over the last 300 years, the commonly
known 11-year cycles are most pronounced. If we smooth
them, the ascending trend is beyond dispute, and only un-
limited increase can be forecasted, as is the present case.

When we increase the scale to the last millennium, we
see a Middle Age dip in the middle of the II millennium
AD, out of which we are just coming. The only prediction
in this case is further rise. In covering three millennia,
we see that such dips happened before, but they were not
as deep as the current; therefore, the temperature after
the end of such a dip slowly drifts to cooling, being ac-
companied by minor fluctuations. The prediction will be
a short-time rise followed by a gentle trend to cooling.
If we analyze the information on the longest attainable
time span (see Fig. 6), we see that big dips happened
even during the greatest rises, e. g., on the cusp of the
IV and III millennia BC. Such a change may happen in
XXI century. The cause of such dips is unknown, and no
reliable statistical regularities have been revealed.

Conclusion

Scientists have long been discussing the prospects of using
climatic models in the development of measures for the
adaptation of various human activities to the current and
expected climate changes (Kattsov etal., 2011, and others).
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Climate is fully responsible for what lives and grows
in a certain biome. Lately, the effect of climate changes
on farming has been extensively investigated (Rauner,
1981; Sirotenko, 2001; Zolotokrylin et al., 2020; Cooper,
Messina, 2023; and others). However, assessments of
agricultural response in various regions are diverse. The
main cause of this fact is differences in source data, me-
thods for data processing, and methods for evaluating the
influence.

The paradigm shift determined by the warming predic-
tion is most often discussed in the context of probable
aridization of huge areas (Trifonov, Karakhanyan, 2004),
the resulting necessity of raising drought resistance of
various crops (Zotova et al., 2020; Cooper, Messina,
2023), and search for new drought-resistant plant species
applicable for cultivation (Baltzoi et al., 2015). Strategies
of adaptation to climate changes may include better fitness
of plant phenology to moisture availability (Ceccarelli
et al., 2010), broader access to varieties with different
duration of vegetative period (earliness) (Smolenskaya,
Goncharov, 2023) in order to avoid stress at critical stages
of their life cycles, water use improvement, and switch to
breeding new-generation varieties for mitigating the rising
unpredictability (Ceccarelli et al., 2010). Anyhow, breeders
should take into consideration the high probability of cli-
mate changes in the decades to come, even if the formerly
recorded extreme levels, which may aridize broad areas and
shift agricultural zones from south to north, are not reached.
In this case, the development of early varieties as a precau-
tionary measure for improving agrocenosis adaptivity is
an urgent task.
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Abstract. Powdery mildew (Sphaerotheca macularis Mag. (syn. Podosphaera aphanis Wallr.)) is a dangerous disease of
strawberry (Fragaria L.). The resistance of strawberry to powdery mildew is controlled polygenically. Several genetic
loci with a large contribution to disease resistance have been identified in various strawberry varieties. Diagnostic
DNA markers have been developed for QTL 08 To-f. They showed a high level of reliable gene detection in mapping
populations. The purpose of this study was assessment of a strawberry genetic collection for resistance to powdery
mildew and identification of promising strawberry forms for breeding for resistance to S. macularis. The objects of the
study were wild species of the genus Fragaria L., varieties and selected seedlings of strawberry (Fragaria x ananassa
Duch.) created in the I.V. Michurin Federal Scientific Center, and strawberry varieties introduced from various ecologi-
cal and geographical regions. To identify QTL 08 To-f, DNA markers IB535110 and 1B533828 were used. Locus 08 To-f
was detected in 23.2 % of the analyzed strawberry genotypes, including wild species F. moschata and F. orientalis,
strawberry varieties of Russian breeding (Bylinnaya and Sudarushka) and foreign breeding (Florence, Korona, Mal-
wina, Ostara, Polka and Red Gauntlet). The correlation between the presence of markers IB535110 and 1B533828 and
phenotypic resistance (powdery mildew effect on strawberry plants is absent) was 0.649. The determination coef-
ficient (R?) showing the contribution of the studied locus to the manifestation of the trait was 0.421, that is, in 42.1 %
of cases resistance was explained by the presence of QTL 08 To-f, and in 57.9 % of cases, by other genetic factors. All
strawberry genotypes with locus 08 To-f were characterized by high field resistance to S. macularis in the conditions of
Michurinsk, Tambov region. Thus, locus 08 To-f is promising for conferring resistance on local powdery mildew races,
and markers IB535110 and 1B533828 can be used in marker-assisted breeding programs to create powdery mildew-
resistant strawberry genotypes.
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V3yuyeHNe reHeTU4YeCKO KojuteKium 3eMiassHuKY (Fragaria L.)
10 YCTOMUYMBOCTY K MYUHNCTOI poce

A.C. Avoxun ()@, 1.B. AyKBSIHUYK

DepepanbHblii HayUHbIN LeHTPp nM. U.B. MuuypuHa, MudypuHck, Poccua
& Ranenburzhetc@yandex.ru

AHHoTauua. MyyHucTasa poca (Sphaerotheca macularis Mag. (cuH. Podosphaera aphanis Wallr.)) - onacHoe 3aboneBa-
Hue 3eMnAHnKK (Fragaria L.). YCTOMUMBOCTb 3eMAIAHUKN K MyYHUCTON poce KOHTPONMPYETCA NOANreHHo. Y pasnny-
HbIX COPTOB 3eMAHVKM CaJ0BON NAEHTUPMLMPOBAHO HECKOJSIbKO reHeTnYecKmx IokycoB (QTL) ¢ 6onbluymM BKNafom
B YCTOMUMBOCTb K 60ne3Hu. ina QTL 08 To-f pa3paboTaHbl gnarHoctnyeckme JHK-mapkepbl, NoKa3aBLUMe BbICOKMI
YPOBEHb HafieXXHOCTM BbIABIEHWA reHa B KapTupylowmx nonynaumax. Llenb HacTosAwero nccnegosaHma — nsyyeHune
reHeTNYeCKo KOMTEKLMN 3eMAAHUKM MO YCTOMUYMBOCTU K MyYHUCTON poce 1 AEHTUOUKALMA NepcrnekTUBHbIX AnA
ceneKkummn Ha yCToumBOoCTb K S. macularis dopm. O6bekTaMmn nccnefoBaHuna 6oinm gukopacTyLime Buabl poga Fraga-
ria L., copTa 1 oTOopHble CesHLbl 3eMAAHKKIM cagoBoli (F. X ananassa Duch.) cenekummn OefepanbHOro HayYHOTO LIEHT-
pa um. .B. MuuypuHa, a Takxe Gopmbl, MHTPOLYLIMPOBAHHbIE 13 Pa3fINUYHbIX SKONOro-reorpadnuyecknx perroHoB.
[Ona npeHtnéukaumm QTL 08 To-f ncnonb3osanu mapkepbl IB535110 1 IB533828. Jlokyc 08 To-f o6HapyeH y 23.2 %
reHOTWMOB 3eMJIAHUKNM, B TOM YMCIIE Y AUKOPACTYLWMX BUAOB F. moschata v F. orientalis, cOpTOB 3eMAAHNKN CaloBOWA
oTeyectBeHHON (BbinuHHas, CypapyLuka) n 3apybexHon (Florence, Korona, Malwina, Ostara, Polka, Red Gauntlet) ce-
nekuuu. CreneHb KOppenaummn Mexay Hanmumem mapkepos IB535110 1 1B533828 1 deHoTMNMYECKON YCTONUMBOCTHIO
(NPU3HaKN NopakeHUs MyYHUCTOI POCOI OTCYTCTBYIOT) cocTaeuna 0.649. KoadduumeHT getepmmHaumn (R?), noka-
3bIBAOLLNI BKNAA U3y4YaemMoro fokyca B GopmrpoBaHue npusHaka, paseH 0.421, T.e. B 42.1 % cyiyyaeB yCTOMYMBOCTb
onpegensetca Hanuunem QTL 08 To-f, Torga Kak B 57.9 % cnydyaeB BAMAHME OKa3blBaloT GaKTOPbl BHELUHEN cpefbl.
Bce reHOTUMbI 3eMNSHUKK € NIOKycom 08 To-f xapaKTepu3yioTCs BbICOKOW MOMEBOW YCTONUMBOCTLIO K S. macularis B
ycnoBusx r. MuuypuHcka TamboBckoi ob6nacti. Takum obpasom, nokyc 08 To-f ABnAeTcA nepcnekTUBHbIM ASiA Npu-
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M3yueHne reHeTyecKom Konnekumn 3emnanuuku (Fragaria L.)
no yCTOMYMBOCTU K MyYHUCTON poce

[aHVA YCTONYMBOCTU K MECTHBIM pacam MyYHMCTOIN pocbl, a Mapkepbl IB535110 1 IB533828 moryT 6biTb MCMONb30-
BaHbl B MpOrpamMmmMax MapKep-onocpefoBaHHON ceneKkumy No Co3AaHnio YCTONYMBBIX K MyYHUCTON poce reHOTMMNOB

3eMNAHNKN.

KntoueBble c/ioBa: 3eMNAHNKS; MYYHNCTaA poCa; yCTOIZHVIBOCTb; MOJ1eKYNIAPHbIE MapKepbl; QTL.

Introduction

Powdery mildew is a dangerous disease of strawberry. The
causative agent of powdery mildew is the obligate biotrophic
fungus Sphaerotheca macularis Mag. (syn. Podosphaera
aphanis Wallr.). The greatest harmful effect to plantings
is caused by the conidial stage of the pathogen — Oidium
fragariae Harz. (Holod, Semenova, 2014; Tapia et al., 2021).
Powdery mildew affects all above-ground plant organs. The
infection manifests itself in the form of a white powdery coat-
ing of mycelium and conidia of the fungus. Severely affected
strawberry leaves curl upward in the shape of a boat, infected
peduncles form deformed fruits, tendrils and young rosettes
are stunted in growth and subsequently die (Kennedy et al.,
2013; Stolnikova, Kolesnikova, 2017). Strawberry yield losses
from powdery mildew can exceed 60 % (Nelson et al., 1995;
Lifshitz et al., 2007).

Powdery mildew especially affects strawberry plantings in
protected soil (greenhouses, hotbeds, tunnels) due to favorable
conditions for the development of the pathogen — elevated
temperature and humidity (Sylla et al., 2013; Tapia et al.,
2021). The development of the pathogen in strawberry plant-
ings is facilitated by warm weather (temperature 18-24 °C)
and high air humidity (about 100 %). The decline of the
disease is observed when the air is excessively dry or there is
an abundance of precipitation (it washes away the pathogen
spores and improves the condition of the plants), as well as
at temperatures below 15 °C and above 30 °C (Zubov, 1990,
2004). An earlier manifestation of the disease was noted in
the spring after warm and snowy winters. In frosty and snow-
less winters, the main supply of infection dies, and late and
weak development of the pathogen is observed (Govorova,
Govorov, 2004).

Control of the spread of S. macularis in strawberry planta-
tions is ensured primarily by the use of contact (sulfur) and
systemic (captan, benomyl) fungicides (Bajpai et al., 2019;
Palmer, Holmes, 2021). However, the active use of chemical
plant protection products contradicts the global trend in the
development of agriculture — its biologization and ecologiza-
tion (Zhuchenko, 2009; Gorgitano, Pirilli, 2016). In addition,
S. macularis is characterized by a high ability to develop resis-
tance to fungicides (Carisse, Bouchard, 2010; Sombardier et
al., 2010). In this regard, a promising direction for increasing
resistance to powdery mildew is to identify from the existing
assortment and create new strawberry varieties with geneti-
cally determined resistance to S. macularis.

Resistance of strawberry varieties to powdery mildew is
controlled polygenically. The formation of the “powdery mil-
dew resistance” trait depending on the genotype is influenced
by both additive (the summed influence of alleles of one gene
or several non-allelic genes expressed equally) and non-ad-
ditive (interaction of alleles of a gene or non-allelic genes ac-
cording to the type of dominance, overdominance and epistasis
due to different levels of gene expression, and as a result one
allele of a gene or gene suppressing another) gene effects. The

heritability of the “powdery mildew resistance” trait in the
strawberry hybrid offspring, according to estimates by vari-
ous authors, ranges from medium to high (H?= 0.44-0.94).
This indicates prospects for increasing strawberry resistance
to powdery mildew using breeding (Kennedy et al., 2014).
Analysis of the inheritance of resistance to S. macularis in
strawberry hybrid combinations shows continuous variability
of hybrids from resistant to susceptible forms. In a number
of strawberry combinations, transgression (additive genetic
effects) may occur, leading to the appearance of seedlings
that are superior in powdery mildew resistance to the parent
forms. Additive effects, as reported by a number of authors
(Zubov, 2004; Kennedy et al., 2014), play a major role in the
formation of strawberry resistance to powdery mildew.

Some initial strawberry forms (wild species F. orientalis,
F. moschata and F. ovalis, and interspecific hybrids 298-
22-19-21 (FB, F orientalis, F. moschata, F. * ananassa),
297-22-124,297-28-84 (FB, F. orientalis, F. x ananassa) and
778-7 (FB, F. ovalis, F. x ananassa)) transfer a high level of
powdery mildew resistance to a large number of hybrid forms,
regardless of the combination of crossing (non-additive ge-
netic effects). The predominance of non-additive gene effects
makes it possible to identify donors of strawberry resistance
to powdery mildew (Zubov, 2004; Davik, Honne, 2005).

In recent years, several major quantitative trait loci (QTLs)
for strawberry resistance to powdery mildew have also been
identified. However, they were characteristic only of specific
crossing combinations and their manifestation varied depend-
ing on prevailing weather conditions. Thus, six QTLs were
identified in the hybrid combination Emily x Fenella, and five
QTLs were identified in the hybrid combination Red Gaunt-
let x Hapil. The most stable QTLs include the FaRPalC (Emi-
ly X Fenella) and FaRPa6D2 (Red Gauntlet x Hapil) loci. At the
same time, validation of the identified QTLs in a genetically
diverse sample of strawberry varieties and forms showed the
high uniqueness of the identified powdery mildew resistance
loci and their almost complete absence in other genotypes,
which limits the possibilities of their use in strawberry breed-
ing (Cockerton et al., 2018).

In the hybrid combination Sonata x Babett, three loci of
resistance to powdery mildew (FxaPMR5b, FxaPMR7A and
FxaPMR7X2)were identified. Of these, one QTL (FxaPMR7A4)
was identified when strawberry plants were cultivated in a
greenhouse, and two QTLs (FxaPMR5b and FxaPMR7X2)
were identified in strawberry plants of open ground (Sargent
et al., 2019). However, diagnostic DNA markers for these
loci have not been developed, which prevents their use in
breeding practice for identifying strawberry forms resistant to
S. macularis. In 2020, H. Koishihara and co-authors, based on
an analysis of the strawberry hybrid combinations Miyazaki
Natsu Haruka x 08 To-f, Miyazaki Natsu Haruka x Ohkimi
and 09s E-b45¢ x Miyazaki Natsu Haruka, identified another
QTL (08 To-f") with a high contribution to the manifestation
of resistance to powdery mildew (15.7 %) (Koishihara et al.,
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2020). The 08 To-f locus size was 6.83 cM. To identify the
08 To-f locus in the strawberry germplasm, diagnostic DNA
markers IB535110 and IB533828 were developed. The reli-
ability of identification of strawberry genotypes resistant to
powdery mildew using the IB535110 and IB533828 markers
in the analyzed crossing combinations was 98.5 %. These
markers, according to the authors’ recommendations (Koishi-
hara et al, 2020), can be used for marker-assisted screening of
strawberry forms resistant to powdery mildew.

The MLO locus (Mildew Resistance Locus O), encoding
genes that affect susceptibility to the pathogen, can also make
a certain contribution to the formation of strawberry resistance
to S. macularis. Blocking the expression of alleles of these
genes or transferring them to a recessive state contributes to
the manifestation of strawberry resistance to powdery mildew.
68 MLO sequences have been identified in octoploid strawber-
ry. The most important of them are the FaMLO10, FaMLO17
and FaMLO201oci (Tapiaetal., 2021). In addition, strawberry
resistance to powdery mildew is influenced by the 7G4 family
transcription factors (involved in the metabolism of salicylic
acid). 11 FaTGA genes were identified in strawberry varieties.
The genes FaTGAl, FaTGA2, FaTGAS5, FaTGA7, FaTGAS
and FaTGA10 are characterized by the greatest specificity to
powdery mildew infection (Feng et al., 2020).

Applied research is also being conducted to develop diag-
nostic DNA markers to identify powdery mildew-resistant
strawberry genotypes. In particular, the scientific group of
L.J. Cheng, based on SSR analysis of hybrid seedlings from
crossing the varieties Darselect (susceptible to powdery mil-
dew) and Sweet Charlie (resistant to powdery mildew), identi-
fied SSR markers FSS50 and FSS121, which showed a close
relationship with the presence of phenotypic resistance to
S. macularis (Liu etal.,2012). H.-J. Je with co-authors, based
on the analysis of the hybrid combination Akihime (suscep-
tible) x Seolhyang (resistant), developed the CAPS marker
SP1-Eae I, which allows identifying strawberry genotypes
resistant to powdery mildew (Je et al., 2015).

The development of diagnostic DNA markers suitable for
use in marker-assisted breeding programs is an important step
in increasing the efficiency of selection of pathogen-resistant
genotypes and creating new varieties (Whitaker et al., 2012).
However, data on the suitability of the identified molecular
markers for the analysis of genetically diverse strawberry
varieties or wild species of the genus Fragaria L., and the
prevalence of resistance loci in the strawberry germplasm,
are not provided.

The purpose of this research was to study the strawberry
genetic collection according to powdery mildew resistance
and identify promising forms for breeding for resistance to
S. macularis.

Materials and methods
In this work, we used 43 samples, consisting of wild species
of the genus Fragaria L., varieties and selected seedlings of
garden strawberry (£ x ananassa Duch.) created in the FSSI
“I.V. Michurin FSC”, and strawberry forms originating from
different ecological and geographical regions (Table 1).
Weather and climatic conditions of the growing seasons
during research (2018-2022) differed from the long-term
average. In 2018, average monthly air temperatures exceeded
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long-term values by 0.7-2.4 °C. 2019 and 2020 have both
cooler (July and August 2019, April and May 2020) and
hotter months (April, May and June 2019, June, July and
September 2020). In 2021 and 2022, the average monthly air
temperature exceeded long-term values by 0.64.2 °C and
0.84.5 °C. Precipitation amount in 2018-2020 was lower than
the long-term average values by 13.9-28.7 % and its distribu-
tion across the months was quite uniform. In 2021 and 2022,
precipitation amount exceeded the long-term average by 2.3
and 16.1 %, respectively. At the same time, precipitation was
uneven: there were periods of high humidity (for example, in
the 2nd decade of July 2022, 58.8 mm of precipitation fell)
and periods of insufficient and weak water availability (August
2021 —31.3 mm of precipitation, August 2022 — 40.1 mm of
precipitation.).

Phenotypic assessment of the powdery mildew resistance
of strawberry genotypes was carried out in field conditions
against a natural infectious background on a scale from 0
to 5 points, where 0 — no plants affected, 5 — all vegetative
organs of the plant are severely affected (Zubov, 1990).

Total genomic DNA was isolated from fresh leaves; extrac-
tion was carried out using the CTAB method with modifica-
tions described by I.V. Luk’yanchuk et al. (2018).

The QTL 08 To-f was identified with the dominant mar-
kers IB535110 and 1B533828. DNA marker IB535110 was
represented by a 500 bp amplicon. DNA marker IB533828
was represented by an amplicon of about 120 bp. These pro-
ducts were amplified only if the strawberry genotype had the
08 To-f locus (Koishihara et al., 2020).

PCR reactions were performed in 15 pl final volume con-
taining: 20 ng of genomic DNA, 0.2 mM of each dNTP,
2.5 mM MgCl,, 0.2 uM of each primer, 0.2 U of Taqg DNA
polymerase and 1.5 pl of PCR-buffer (+(NH,),SO,4, —KCI).
All components were produced by Thermo Fisher Scientific
(USA).

Amplification was performed in a T100 Thermal Cycler
(Bio-Rad, USA). PCR conditions were as follows: 94 °C for
1 min, followed by 35 cycles of 94 °C for 30 s, Tm for 30 s,
72 °C for 1 min, and with a final extension of 72 for 5 min.
Tm — primers annealing temperature: 35110 v1F/35110
vIR - 60 °C; 22828 v6F/22828 v6R — 58 °C.

The amplification products were separated on a 2 % agarose
gel and visualized by ethidium bromide staining. Gene Ruler
100 bp DNA Ladder (Thermo Fisher Scientific) was used as
a molecular weight marker.

Experimental data were processed by methods of mathe-
matical statistics using Microsoft Excel 2016 and STATIS-
TICA 6.0. A comparison of the frequency of occurrence of the
“powdery mildew resistance” trait in samples of Russian and
foreign strawberry varieties was carried out using Student’s
t test. The reliability of the results of phytopathological assess-
ment of strawberry genotypes was assessed using two-factor
ANOVA. The contribution of a genetic determinant to the for-
mation of a trait was assessed using the heritability coefficient
(H?), calculated using the following formula: H2 = V/ Vp,
where V; — genotypic variance, Vp» — total phenotypic varian-
ce. The identification of a statistical relationship between the
presence of DNA markers for the 08 7o-f locus of powdery
mildew resistance and its phenotypic manifestation was car-
ried out by regression analysis using the F-test.
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Table 1. List of wild strawberry species, varieties and selected forms

Genotype Crossing combination Originator/origin
Fonenta[,sLosW||dspec|es ................................................................................ P nmoryeTemtoryRuss.a ................................................
EmoschataDuch. EuropeanpartofRussia
F.ovalis (Lehm) Rydb. British Columbia, Canada

F. virginiana subsp.
platypetala (Rydb.) Staudt

Festivalnaya x Senga Sengana I.V. Michurin Federal Scientific Center, Russia

Senga Sengana x Redcoat

FB, F. orientalis Los.,
F. moschata Duch.,
F. X ananassa Duch.

B L. LakomayaxMaryshka

92267 P8 F ovalis (L ) Ry,
Bereginya Solovushka x Unduka Federal Horticultural Research Center for Breeding,

oroutskays NadezndaxRed Gauncier Agrotechnology and Nursery, Russia

Tsarskoselskaya Pavlovchanka x Holiday Institute for Engineering and Environmental
problems in Agricultural Production, Russia

Festivalnaya Obilnaya x Premier Federal Research Center the N.I. Vavilov All-Russian
Institute of Plant Genetic Resources, Russia

Bylinnaya Persikovaya x Seyanets VIR-228613 Krymsk Experimental Breeding Station of Federal
Research Center the N.I. Vavilov All-Russian Institute
of Plant Genetic Resources, Russia

Clery Sweet Charlie x Onebor Consorzio Italiano Vivaisti (CIV), Italy
JolyT26><A2017 ...........................................................................
Murano ................................... R 6R126><A03o12 ...................................................................
|_| m alex|a ................................. E 00” >< E0021 ............................................................................. |_ | mg rou pNethe r|ands ...................................................
Dr|sco||Jub||ee ....................... 5 0c130><19/-\331 ........................................................................ D r|sco||sUn|tedK|ngdom ..............................................
Korona  TamellaxUnduka | Plant Research International - WUR, Netherlands

Florence [Tioga x (Red Gauntlet x (Wiltguard x Gorella))] x MEIOSIS Ltd, United Kingdom
(Providence x self)
‘Symphony | RhapsodyxHoliday | MylInefield Research Services Ltd, United Kingdom
o be rly ................................. G orellaxchandle s G eb r V|55ers Netherl an ds ...............................................
‘Flamenco | EvitaxEMR77 ] East Malling Research Station, United Kingdom
‘RedGauntlet (New Jersey 1051 xClimax) x (ClimaxxNew Jersey 1051) Scotlnd
Bar||daun ................................ M Dus2359xp\/|Dus2713 ......................................................... U SA ...................................................................................
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Fig. 1. Strawberry plants affected by powdery mildew.

Study of a genetic collection of strawberry (Fragaria L.)
for resistance to powdery mildew

g

" ’, 4

.

a - the Sudarushka variety, no effect; b - the Festivalnaya variety, degree of effect — 3.0 points.

Results and discussion

During the research (2018-2022), in the conditions of Mi-
churinsk, Tambov region, there were both relatively favorable
years for the S. macularis (2018,2019 and 2020) and unfavor-
able years for the pathogen (2021 and 2022). Under favorable
conditions, the degree of strawberry genotypes affected by
powdery mildew varied in the range from 0 to 4 points; under
conditions unfavorable for the pathogen, plants affected did
not exceed 1 point (Fig. 1, Table 2).

Analysis of variance of the obtained results showed a sta-
tistically significant influence on the manifestation of the
“powdery mildew resistance” trait of both the genotype and
the prevailing weather conditions (Table 3).

At the same time, the predominance of the influence of
environmental conditions over the genotype in the formation
of the “powdery mildew resistance” trait was noted. The
heritability coefficient (H2) was 34.8 %. The low contribution
of genetic variance to the total phenotypic variation of a trait
is explained by weather and climatic conditions: out of five
years of research, two years (2021 and 2022) were unfavor-
able for S. macularis, and as a result phenotypic differences
between resistant and susceptible strawberry varieties did not
appear. Taking into account only the years that were relatively
favorable for the pathogen (2018, 2019 and 2020), when the
differences between strawberry varieties were more contrast-
ing, the contribution of the genotype to the formation of the
trait was 50.7 %.

Variation in the heritability coefficient of the powdery mil-
dew resistance locus depending on the degree of infectious
load is also described by other researchers. In particular, it
is noted that low phenotypic variability of a trait reduces the
calculated heritability coefficient (Kennedy et al., 2014).

Most of the studied strawberry collection (88.4 % forms),
including all analyzed wild species of the genus Fragaria,
were characterized by high-level resistance to S. macularis —
the degree of plants affected did not exceed 1.0 points. It
should be noted that in the strawberry variety Sonata, which
has resistance loci FxaPMRS5b, FxaPMR7A, FxaPMR7X2

(Sargent et al., 2019), the degree of effect over the years
of research was on average 0.2 points, and in some years —
1.0 points. In addition, the strawberry variety Clery, obtained
by hybridization of the powdery mildew-resistant variety
Sweet Charlie (Liu et al., 2012), in some years was characte-
rized by leaf effect of 1 point (the average affected score for
2018-2022 was 0.4).

Over the years of research, 18 out of 43 analyzed strawberry
genotypes (41.9 % of the total number of forms) were charac-
terized by the absence of powdery mildew effect. Among the
strawberry varieties, the absence of S. macularis effect was
detected in 35.9 % genotypes. Among the strawberry varieties
of Russian breeding, the absence of S. macularis effect was
detected in 29.4 % genotypes, among the foreign strawberry
varieties — in 47.4 % forms. At the same time, the differences
in the distribution of the “powdery mildew resistance” trait in
the samples of Russian and foreign strawberry varieties were
statistically insignificant (at a significance level of p < 0.05
lfaet = 0.4 < I = 4. 3)

The wild species F. moschata, F. orientalis, F. ovalis and
F. virginiana subsp. platypetala, strawberry varieties Boro-
vitskaya, Bylinnaya, Kubata, Sudarushka and Flora (Russian
breeding), and Florence, Korona, Limalexia, Malwina, Mu-
rano, Ostara, Polka, Red Gauntlet and Vima Tarda (foreign
breeding) are resistant to S. macularis (no plants affected over
the years of research). The presence of populations with a high
level of powdery mildew resistance in many wild strawberry
species (F. ovalis, F. virginiana, F. chiloensis, etc.) is con-
firmed by literature data. At the same time, the ecological and
geographical disunity of the habitats of these species suggests
the presence of different mechanisms of plant resistance to
S. macularis (Kennedy et al., 2013).

It should also be noted that strawberry genotypes that are
resistant to powdery mildew in the Tambov region can be af-
fected by the pathogen in other regions. For example, in the
conditions of the Altai Territory (Western Siberia), strawberry
varieties Korona and Polka were affected by 1.0-1.5 points,
and the variety Bylinnaya — by up to 2.5 points (Stolnikova,
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Table 2. Powdery mildew effect on the studied strawberry genotypes in the conditions of Michurinsk, Tambov region (2018-2022),
and the presence of DNA markers for the 08 To-f resistance locus

Genotype Degree of effect, points Phenotypic QTL 08 To-f

......................................................................................... resistance*
2018 2019 2020 2021 2022  Average IB535110 1B533828

* R - resistance (no plants affected); S - susceptibility (affected plants were noted); 1 - target amplicon of DNA marker is present; 0 — target amplicon of DNA
marker is absent.
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Table 3. ANOVA test of powdery mildew effect on strawberry genotypes over the years of research

Source of variation SS df MS

Note. SS - sum of squared deviations; df - degrees of freedom; MS — mean squares; F - F-test (fact. value); p-value - significance of the results; Fcrit. - F-test (crit.

value).

Fig. 2. Electrophoresis profile of markers IB535110 (a) and I1B533828 (b) of 14 out of 43 analyzed strawberry genotypes.

1 - Red Gauntlet; 2 - Symphony; 3 - Bereginya; 4 — Izbrannitsa; 5 - Limalexia; 6 - Monterey; 7 — Bylinnaya; 8 — Korona; 9 — Barlidaun;
10 - Sudarushka; 11 - Polka; 12 - F. ovalis; 13 - F. virginiana subsp. Platypetala; 14 - F. moschata. M — molecular weight marker.

Kolesnikova, 2017). The results obtained are explained by
the presence of physiological races of S. macularis that are
specific to different regions.

To identify genetic factors of resistance, molecular genetic
screening of the analyzed collection of strawberry genotypes
was carried out using DNA markers IB535110 and IB533828,
linked to the 08 To-f powdery mildew resistance locus. Mar-
kers IB535110 and IB533828 were identified in 10 forms
out of 43, which is 23.2 %. The results obtained for markers
IB535110 and IB533828 are characterized by 100 % agree-
ment with the phenotype assessment. An example of identi-
fication is shown in Fig. 2; the results are shown in Table 2.

Among the analyzed wild strawberries, the 08 To-f* locus
was identified in F. moschata and F. orientalis. At the same
time, the selected strawberry form 298-19-9-43 (three-species
hybrid, second backcross generation from hybridization of
F. moschata and F. orientalis) QTL 08 To-fapparently did not
inherit it from the original species, since the average degree
of powdery mildew affect over the years of research was
1.6 points, the maximum was 2.0 points. Among the straw-
berry varieties, the proportion of genotypes with an identified
powdery mildew resistance locus was 22.2 % (8 varieties out
of36). Among the analyzed Russian strawberry varieties, QTL
08 To-f is present in two forms (Bylinnaya and Sudarushka)
out of 17, which is 11.7 %. Among the analyzed foreign
strawberry varieties, QTL 08 To-f'is present in six genotypes

(Florence, Korona, Malwina, Ostara, Polka and Red Gaunt-
let) out of 19, which is 31.6 %. It should also be noted that
in the strawberry variety Sonata, in which the FxaPMR5b,
FxaPMR74 and FxaPMR7X2 loci were identified (Sargent
et al., 2019), the 08 To-f locus was not identified (markers
IB535110 and 1B533828 are absent). The obtained results
confirm that the powdery mildew resistance of the Sonata
variety is determined by QTL identified earlier.

Based on a BLAST analysis of the sequences of the used
markers, it was suggested that the loci FxaPMR7A4 and 08 To-f
are orthologous (Sargent et al., 2019). For the strawberry
variety Red Gauntlet, other QTLs were also mapped on chro-
mosomes 2A, 4B, 6D, 7C and 7D (Cockerton et al., 2018).
Therefore, in the Red Gauntlet variety, phenotypic resistance
can be determined by the cumulative effect of several QTLs,
and additional studies are necessary to compare the results
obtained and clarify the number of identified QTLs and their
location.

Analysis of the origin of the strawberry varieties, for
which amplification fragments with markers IB535110 and
1B533828 were obtained, indicates that the Florence and Os-
tara varieties were obtained using the Red Gauntlet variety,
which, according to the data obtained, is the source of QTL
08 To-f. The strawberry variety Korona was obtained in the
crossing combination Tamella x Unduka, the Polka variety
was obtained in the hybrid combination Unduka x Sivetta,
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Table 4. Results of regression analysis of the dependence of strawberry phenotypic resistance to powdery mildew

on the presence of the 08 To-f locus

Index df SS
Regre55.0n1 ..................................... 440451 .........................
Res|dua| .......................... 41 ..................................... 606060 5 .......................
Tota| ................................ 42 .................................... 1046512 .......................

MS F F-value
440451 29.79651 2.54E-06
0.14782

Note. df - degrees of freedom; SS - sum of squared deviations; MS — mean squares; F — F-test (fact. value); F-value - significance of the results.

and therefore the source of QTL 08 To-f for these forms is
presumably the Unduka variety. To clarify, it is necessary to
analyze the original parental strawberry forms for the presence
of diagnostic markers IB535110 and IB533828.

It should also be noted that using the strawberry varieties
Red Gauntlet and Unduka, varieties Borovitskaya (Nadezh-
daxRed Gauntlet), Tsaritsa (Ventax Red Gauntlet) and Be-
reginya (Solovushka x Unduka) were obtained, which, accord-
ing to the results of a molecular genetic analysis, do not have
the 08 To-f powdery mildew resistance locus. The strawberry
variety Bylinnaya was obtained in the crossing combination
Persikovaya x Seyanets VIR-228613; for the original parental
forms, there is no data on the presence of QTL 08 To-f. For the
strawberry variety Sudarushka, the initial parental forms are
Festivalnaya and Roxana. The strawberry variety Festivalnaya
was affected by powdery mildew over the years of research
by an average of 1.8, with the effect varying over the years
from 1.0 points to 3.0 points; the variety does not have mar-
kers IB535110 and 1B533828. Therefore, the source of QTL
08 To-f for the strawberry variety Sudarushka is presumably
the Roxana variety.

A comparison of the results of molecular genetic analysis
and phenotypic assessment of resistance to powdery mildew
showed that all strawberry genotypes with identified markers
IB535110 and 1B533828 in the conditions of Michurinsk,
Tambov region, are characterized by field resistance to
S. macularis (no plants affected over the years of research).
Thus, QTL 08 To-fis a promising component of the genetic
determinant of resistance to local races of S. macularis, and
the strawberry varieties Bylinnaya, Sudarushka, Florence,
Korona, Malwina, Ostara, Polka and Red Gauntlet as well
as the wild species F. moschata and F. orientalis are valu-
able initial forms that can be used in breeding programs to
create pathogen-resistant strawberry genotypes. At the same
time, to reduce research time, financial and labor resources,
it is permissible to use one of the two DNA markers. The
disadvantage of the diagnostic markers used is the presence
of only one target amplicon, and therefore it is possible to
obtain false negative results due to PCR inhibition. To exclude
false negative results, it is necessary to conduct a prelimi-
nary assessment of the quality of the extracted total straw-
berry DNA.

In addition, according to previous studies, the strawberry
variety Bylinnaya is characterized by the presence of the
Rpf1 red stele root rot resistance gene (the causative agent
is Phytophthora fragariae var. fragariae Hickman) (Lyzhin,
Luk’yanchuk, 2020), and the strawberry variety Sudarushka
is characterized by the presence of the Rca2 anthracnose
resistance gene (the causative agent is Colletotrichum acuta-

tum J.H. Simmonds) (Lyzhin et al., 2019). Therefore, these
strawberry varieties are complex sources of resistance alleles
to fungal pathogens.

It should also be noted that some of the studied strawberry
genotypes (wild species F. ovalis and F. virginiana subsp.
platypetala; strawberry varieties Borovitskaya, Kubata, Flora,
Limalexia, Murano and Vima Tarda), in which QTL 08 To-f
is absent, were not affected by powdery mildew over the
years of research.

The dependence of phenotypic resistance to S. macularis on
the presence of QTL 08 To-f'in the genotype in the analyzed
strawberry forms is described by the regression equation
y=0.758x + 0.242. Testing the significance of the regression
model using Fisher’s F test showed that at a significance level
of 0.05, the null hypothesis about the absence of dependence
between the variables is refuted (Table 4).

The degree of correlation between the presence of markers
1B535110 and IB533828 and phenotypic resistance (no pow-
dery mildew infection) was 0.649, which on the Chaddock
scale corresponds to a perceptible communication between
the traits (0.5 < r,, < 0.7). The coefficient of determination
(R?), showing the contribution of the studied locus to the trait
manifestation, is equal to 0.420, that is, in 42 % of cases,
phenotypic resistance is determined by the presence of QTL
08 To-f, and in 58 % of cases, it is affected by other factors.
According to literature data, the coefficient of determination
(R?) for some resistance loci identified for powdery mildew
varied from 0.16 to 0.57 (Cockerton et al., 2018).

The obtained results indicate the presence of additional
genetic determinants of resistance to S. macularis in these
strawberry forms. In this regard, identification of powdery
mildew-resistant genotypes in the strawberry hybrid progeny
using diagnostic DNA markers IB535110 and IB533828 is
possible if the parental forms have QTL 08 To-f. In other
cases, strawberry resistance to S. macularis may be controlled
by other genetic factors and, therefore, the use of markers
IB535110 and IB533828 is inappropriate.

Conclusion

Thus, diagnostic DNA markers IB535110 and IB533828 make
it possible to reliably identify the 08 To-f powdery mildew
resistance locus in the strawberry genoplasm and can be
used in marker-assisted strawberry assortment improvement
programs. Promising sources of resistance to S. macularis,
according to the results of molecular genetic analysis, are
the wild species F. moschata and F. orientalis, and straw-
berry varieties Bylinnaya and Sudarushka (Russian breeding),
Florence, Korona, Malwina, Ostara, Polka and Red Gauntlet
(foreign breeding).
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Abstract. Pathogen recognition receptors encoded by R genes play a key role in plant protection. Nowadays, R genes
are a basis for breeding many crops, including potato. Many potato R genes have been discovered and found suitable
for breeding thanks to the studies of a wide variety of wild potato species. The use of primitive cultivated potato spe-
cies (PCPS) as representatives of the primary gene pool can also be promising in this respect. PCPS are the closest to
the early domesticated forms of potato; therefore, their investigation could help understand the evolution of R genes.
The present study was aimed at identifying and analyzing R genes in PCPS listed in the open database of NCBI and
Solomics DB. In total, the study involved 27 accessions belonging to three species: Solanum phureja Juz. & Bukasov,
S. stenotomum Juz. & Bukasov and S. goniocalyx Juz. & Bukasov Materials for the analysis were the sequencing data
for the said three species from the PRJINA394943 and PRJCA006011 projects. An in silico search was carried out for se-
quences homologous to 26 R genes identified in potato species differing in phylogenetic distance from PCPS, namely
nightshade (S. americanum), North- (S. bulbocastanum, S. demissum) and South-American (S. venturii, S. berthaultii) wild
potato species, as well as the cultivated potato species S. tuberosum and S. andigenum. Homologs of all investigated
protein-coding sequences were discovered in PCPS with a relatively high degree of similarity (85-100 %). Homologs of
the Rpi-R3b, Rpi-amr3 and Rpi-ber1 genes have been identified in PCPS for the first time. An analysis of polymorphism
of nucleotide and amino acid sequences has been carried out for 15 R genes. The differences in frequencies of substitu-
tions in PCPS have been demonstrated by analysis of R genes, the reference sequences of which have been identified
in different species. For all the studied NBS-LRR genes, the proportion of substituted amino acids in the LRR domain
exceeds this figure for the NBS domain. The potential prospects of using PCPS as sources of resistance to Verticillium
wilt have been shown.
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In silico ToucK R-TeHOB
V IIPYMUTMBHBIX KYJIbTYPHBIX BIIJOB KapTodes

A.A. Typuna (D! @, M.C. Tanuesa (22, H.B. Aanarbesa ()}, E.B. Porosuna (2!
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2 CaHkT-MeTepbyprekuii rocyAapcTBeHHbI yHuBepcuTeT, CaHKT-MeTepbypr, Poccua
® a.gurina@vir.nw.ru

AHHoTayuA. KnioueBylo posib B 3alyyTe pacTeHUi OT MaTOreHOB UrpaloT peLenTopbl, Kogupyemble R-reHamu. OHK
ABMAOTCA FEHETUYECKOW OCHOBOW [NA CENeKLUM MHOTVX CeNTbCKOXO3ANCTBEHHbIX KyNbTYp, B TOM Yncie Kaptodens.
MHOXeCTBO reHOB YCTONUMBOCTY Y KapTodens cTano 13BeCcTHO U ObiNo BOBIEUEHO B CeneKumio 61arofaps n3yyeHnto
LUIMPOKOTrO Pa3Ho0bpasnsa AMKUX copoanyein Kaptodens. Micnonb3oBaHne NpUMUTUBHBIX KyNbTypHbIX Bugos (MKB),
OTHOCALMXCA K NepBUYHOMY reHodoHAY KapTodens, Takxe nepcrnekTmBHo. Kak Hanbonee 6nv3Kne K paHHUM Jo-
MecTULMPOBaHHbIM popmam KapTodens, NKB npeacTaBnAT 0cobbIfi MHTEPeC AN UCC/IeA0BaHNSA SBOMIOLMN TeHOB
ycToiumBocTu. Llenbio HacTosLwero nccnefoBaHna CTany Nouck 1 aHanus R-reHos y MNKB KapTodens, reHombl KOTo-
PbIX C Pa3INYHBIM KauecTBOM COOPKM NpefcTaBneHbl B 6ase aaHHbIx NCBI. MiccnefoBaHo 27 06pa3LoB, OTHOCALLMXCA
K Tpem Bugam: Solanum phureja Juz. & Bukasov, S. stenotomum Juz. & Bukasov u S. goniocalyx Juz. & Bukasov. Mpo-
BefieH in silico nonck nocnefoBaTenbHOCTEN, FOMONOTMYHBIX 26 R-reHam, VAEHTUGULMPOBAHHBIX Y Pa3NYHbBIX MO
dunoreHetTnyeckon otaaneHHocTn ot MNKB KapTodens Bupaos: nacnéna (S. americanum Mill.), ceBepoameprKaHCKMX
(S. bulbocastanum Dunal,, S. demissum Lindl.) n to>kHoamepukaHckux (S. venturii Hawkes & Hjert., S. berthaultii Hawkes)
[VIKMX BULOB, a TaKXe BUAOB KynbTypHoro kaptodens (S. tuberosum L., S. andigenum Juz. & Bukasov). fomonoru kogu-
pyloLmMX NocnefoBaTeNbHOCTEN BCEX MCCNIEA0BAHHbIX FeHOB 0bHapy»keHbl y MKB kapTodens ¢ OTHOCUTENBHO BbICOKOI
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cTeneHblo cxofcTBa (85-100 %). BnepBble y NPUMUTUBHBIX KyNIbTYPHbIX BUAOB KapTodens HalneHbl FOMOJSIOr reHoB
R3b, Rpi-amr3 w Rpi-ber1. Ana 15 R-reHOB NpoBefeH aHanv3 noanmopdusMa HyKNneoTUAHbIX M aMUHOKNCIIOTHBIX No-
cnepoBaTtenbHocTel. MprBeeHbl oTIMYMA B YacToTe 3ameH y MKB kapTodena npu aHanuse R-reHoB, pedepeHcHble
nocnefoBaTeNbHOCTM KOTOPbIX NAEHTUGMLMPOBaHbI Y pa3Hbix BUAOB. [Ana Bcex n3yyeHHbix NBS-LRR reHoB fona 3ame-
LLieHHbIX aMHoKKcnoT B LRR-gomeHe npeBocxoaunT aToT nokasatenb ansa NBS-gomeHa. lNokasaHa noTeHumnanbHasa nep-
CNEeKTUBHOCTb UCMonb3oBaHuA MKB KapTodensa B KauecTBe MCTOYHNKOB YCTOMUYMBOCTU K BEPTULMINESHOMY YBALAHMIO.
KntoueBble cnoBa: R-reHbl; NBS-LRR; nonumopduam; Solanum phureja; S. stenotomum.

Introduction

The main factor in plant evolution is the adaptation to unfavor-
able external conditions, including microorganisms and pests
(Fang et al., 2022). Recently, significant progress has been
made in understanding the molecular mechanisms of plant-
pathogen interaction. It has been established that plants have
amulti-level system of protection against pests, including the
stages of recognition, signaling and initiation of a protective
response (Zhang et al., 2019). Receptors localized on the sur-
face or inside the cell have been shown to play a leading role
in the activation of immunity, and R genes (resistance genes)
encoding receptors are the genetic basis for breeding many
crops for disease resistance (Deng et al., 2020).

In general, plants have two immune systems: PAMP, the
pathogen-associated molecular patterns immunity, which
includes the recognition of elicitors (conservative non-race-
specific signals, such as polysaccharides, chitin, etc.), and
ETI, the effector-triggered immunity, which includes the
recognition of race-specific effectors. It is with the recogni-
tion of effectors that the action of R genes is associated: they
directly or indirectly (mediated by other proteins) interact with
effectors and trigger the plant immune response, which often
includes the programmed cell death that blocks the further
spread of the pathogen (Kourelis et al., 2018).

Potato is the most important non-grain crop. In terms of
production volume, it ranks fourth among all agricultural
crops; according to the FAO data, global potato production in
2020 was over 350 million tons (FAO, 2020). Despite its high
adaptive potential, potato is affected by a variety of diseases
and pests, 27 of which cause economically significant damage
worldwide (Bradshaw, 2021). According to the FAO, potato
diseases cause annual losses of about 11.6 % of the gross yield
(FAO, 2010). Cultivation of resistant potato cultivars is neces-
sary for stable agricultural production, optimized use of means
of chemical control, and for obtaining high-quality products.
Introgression of resistance genes from wild and cultivated
potato relatives (species of the section Pefota Dumort. of the
genus Solanum L.) allows the creation of resistant varieties
and breeding lines. The search for genes for resistance to
pathogens and pests in representatives of different groups of
the potato gene pool is a topical trend in research conducted
by research centers in Europe, the USA, India and China
(Bradshaw, 2021).

The breeding value of tuber-bearing Solanum species de-
pends on their compatibility with cultivated potatoes and the
nature of inheritance of the target trait (Rogozina, Khavkin,
2017). Primitive cultivated species, including S. phureja Juz.
& Bukasov, S. stenotomum Juz. & Bukasov, S. goniocalyx Juz.
& Bukasov (according to J. Hawkes (1990), S. stenotomum
subsp. goniocalyx (Juz. & Bukasov) Hawkes), belong to the
primary gene pool, representatives of which easily cross with
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potato cultivars (Bradeen, Kole, 2011). In this regard, the use
of primitive cultivated species as source material for breeding
is of particular interest.

In 2011, the first article was published describing the ge-
nome sequence of the artificially created DM 1-3 516 R44
(DM1-3) doubled monoploid from the group Phureja (Po-
tato Genome Sequencing Consortium (PGSC), 2011). The
published sequence represented 86 % of the genome of an
artificially created homozygous clone, and was obtained
by integrating two assemblies of genomic sequences, i.e.
the diploid heterozygous clone RH89-039-16 and the clone
DM 1-3 516 R44 (CIP 801092) (The Potato Genome Se-
quencing Initiative, https://www.hutton.ac.uk/sites/default/
files/documents/posters/sharma/Sharma_Potato Sequencing
Initiative.pdf, accessed May 2, 2023).

By 2022, improvements in sequencing technologies made
it possible to create assemblies of genomic sequences of rep-
resentatives of all groups of the potato gene pool, i.e. wild
and cultivated species, and tetraploid potato cultivars (Usa-
del, 2022). Genetic information on potato and related Sola-
num spp. presented in the database of NCBI, Spud and
Solomics DBs contributes to a better understanding of their
genetic differences, the process of species evolution, and helps
in the search for genes that determine the traits of importance
for breeding.

The objective of the present work was the search for and
structural analysis of R genes using whole-genome sequenc-
ing data, including short-read data (sequence raw archive
(SRA)), and genomes partially assembled (to the contig level)
for PCPS.

Materials and methods

Material. The search for resistance genes used the potato
reference genome sequence DM 1-3 v4.3 (PGSC, 2011), short-
read data resulting from the whole-genome sequencing in the
PRINA394943 Project (Li et al., 2018), as well as genome
assemblies from the PRICA006011 Project (Tang et al., 2022)
for such PCPS as Solanum phureja, S. stenotomum, and S. go-
niocalyx (Table 1).

Twenty-six R genes were taken as objects for analysis (the
complete list is presented in Supplementary Material 2)!, the
reference sequences of which are contained in the database of
NCBI. These sequences were isolated from the genetic mate-
rial of wild and cultivated potato species, as well as American
black nightshade S. americanum.

In silico search for and analysis of R genes in genomes
of PCPS. At the first stage of in silico analysis, a search for
R gene homologs was carried out in the whole-genome se-
quencing data and assemblies of genomes of PCPS.

T Supplementary Materials 1 and 2 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gurina_Engl_28_2.pdf
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Table 1. Whole-genome sequences and SRA data included in the analysis

Species Designation
Sphureja ................................... p hug ................
Sstenowmum .......................... S tn8 ................
Sgon,oca/yx ............................. g on4 ................

Number of samples (SRA data)

Genome assemblies

Note. Genome assembly identification numbers are given according to the source (Tang et al., 2022). A full description of the material is presented in

Supplementary Material 1.

Search for and analysis of R gene homologs in SRA data.
After assessing the quality of sequencing (FASTQC v0.11.9)
(Wingett, Andrews, 2018), low-quality reads were filtered
(Trimmomatic 0.39). The process included the removal of
PCR duplicates, as well as reads containing more than 20 %
of nucleotides with Phred quality <5, or more than 10 % of
unidentified nucleotides (Bolger et al., 2014). Further on, the
reads of each sample were aligned to the reference R genes
using the local multiple alignment algorithm of the bowtie2
v.2.3.5.1 program (Langmead, Salzberg, 2012). The results
of alignment were processed using the samtools 1.10 and
bedtools 2.30.0 programs; the same programs were used to
assess the sufficiency and homogeneity of gene coverage
(Quinlan, Hall, 2010). The search for variants was carried
out using VarScan 2.4.4 with a minimum coverage of 5 (Ko-
boldt et al., 2009). The results were processed using R 4.2.2
and Python 3.8.2.

Search for and analysis of R genes in genome assemblies
for PCPS. The presence of gene sequences in several genome
assemblies for PCPS from the PRICA006011 Project (Tang et
al., 2022) was checked using the local blast 2.5.0+ algorithm
(Ladunga, 2017). Selection of sequences was based on their
similarity to the reference ones (at least 80 %) and at least
80 % coverage of the latter. These sequences could represent
both the complete sequences of R genes and their individual
parts, i.e. UTRs, exons, and introns. Using ClustalW local
alignment, sequences with a fully represented coding region
of the gene were selected.

At the second stage, resistance genes identified in genomes
of PCPS were analyzed for the presence of polymorphism in
nucleotide and amino acid sequences. ClustalW local align-
ment in Mega X software was used to evaluate changes in
amino acid sequences (Kumar et al., 2018). InterPro (Paysan-
Lafosse et al., 2023) was used to calculate domain organization
and key positions in the amino acid sequences of R genes.

Results

Homologs of all 26 original reference R genes were identi-
fied and their significant similarity (over 80 %) in the coding
regions was revealed in the whole-genome sequencing data
and assemblies of genomes of S. phureja, S. stenotomum,
and S. goniocalyx. The non-coding sequences (UTRs and/or
introns) in most putative homologs are very different from
those in the reference genes, and the degree of their similarity,
as a rule, does not exceed 60 %.

The quality and uniformity of SRA data coverage for each of
the 26 R genes was assessed, and a search for complete coding
sequences in genome assemblies for PCPS was performed.
Further analysis excluded genes, the exact and complete

protein-coding sequences of which were unknown, as well as
genes, the initial search for which demonstrated discrepan-
cies between the data obtained from the study of genome
assemblies and SRA data (for instance, the Rpi-mchl gene
had extremely low coverage when SRA data were analyzed,
although it was present in the assemblies). Taking into account
the published data on the high degree of similarity of genes
in clusters on chromosomes IV, VIII and IX, one reference
gene was selected from each cluster for analyzing a group of
homologs: Rpi-R2-like for the Rpi-R2, Rpi-R2-like, Rpi-abpt,
and Rpi-blb3 group of homologs; Rpi-stol for the Rpi-stol,
Rpi-blb1, and Rpi-btl group; and Rpi-vntl.3 among different
allelic variants of the Rpi-vntI gene.

Based on the results of the first stage of analysis, 15 R genes
were selected. A number of these genes provide potato resis-
tance to late blight; these are Rpi-R1 (Ballvora et al., 2002),
Rpi-R2-like (Lokossou et al., 2009), Rpi-R3a (Huang S. et al.,
2005), Rpi-R3b (L1G. etal., 2011), Rpi-stol (Vleeshouwers et
al., 2008), Rpi-blb2 (van der Vossen et al., 2005), Rpi-vntl.3
(Foster et al., 2009), Rpi-berl (Monino-Lopez et al., 2021),
Rpi-R8 (Vossen et al., 2016), and Rpi-amr3 in nightshade
(Witek et al., 2021). Also, there was the Rx gene of resistance
to potato virus X (Bendahmane et al., 1999), Gpa2 — to patho-
type Pa2 of the pale cyst nematode (van der Vossen et al.,
2000), Vel, Ve2 — to verticillium wilt (Song et al., 2017), and
Tm2-ToMV — to tomato and tobacco mosaic viruses (Wu X.
et al., unpublished). All of these genes are representatives
of two families: the Vel and Ve2 genes belong to the RLP/
RKL (receptor-like proteins/receptor-like kinases) family, the
remaining 13 genes are from the CC-NBS-LRR (Coiled-Coil
Nucleotide Binding Site Leucine Rich Repeats) family.

Genome assemblies for PCPS were found to contain dif-
ferent numbers of copies of the analyzed R genes (Table 2).
The Rpi-R3a gene is represented by a single sequence in
most genomes. The Rpi-amr3, Rpi-R1, Rpi-R3b, Rpi-blb2,
Rpi-berl, Vel, Ve2, Rx, Gpa2, and Tm2-ToMV genes have
from one to 10 copies. More than a dozen copies were found
for the Rpi-stol, Rpi-vntl.3, and Rpi-RS8 genes. The number
of copies of the Rpi-R2-like gene in different assemblies can
reach 45. No noticeable differences in the number of copies
of each gene were observed between genome assemblies; the
pairwise correlation coefficient between the number of copies
in different assemblies exceeds 80 % (see Table 2).

Unlike other assemblies in the reference genome DM1-3,
several genes (Rpi-R1, Rpi-R3b, and Rpi-blb2) do not have ho-
mologs capable of producing similar proteins (all homologous
sequences contain premature stop codons) (see Table 2). We
attribute this to the synthetic origin of the doubled monoploid
S. phureja.
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Table 2. Number of gene copies in assemblies for PCPS,

In silico search for and analysis of R gene variation
in primitive cultivated potato species

indicating the number of copies that do not contain premature stop codons (in parentheses)

Gene DM1-3 PG6029 PG6225 PG6169 PG6148 PG6055
Rpi-amr3 6(1) 11(3) 7 (6) 6(2) 9(6) 8(4)
Rpi-R1 3(0) 8(6) 7(3) 4(3) 7(5) 9(5)
Rpi-R2-like 26 (7) 34(22) 35(21) 24(17) 45 (26) 40 (23)
Rpi-R3a 7(1) 1(1) 1(1) 1(1) 2(2) 1(1)
Rpi-R3b 2(0) 5(1) 3(2) 5(2) 7(6) 4(2)
Rpi-sto1 5() 16 (12) 13(8) 7 (5) 20(13) 8(6)
Rpi-blb2 1(0) 3(1) 4(4) 2(2) 4(3) 2(1)
Rpi-ber1 3(1) 6(1) 9(2) 4(1) 5(1) 3(1)
Rpi-vnt1.3 6(5) 6 (6) 11(6) 10(9) 17 (12) 13(7)
Vel 3(2) 4(2) 6 (4) 7 (6) 5(3) 5(3)
Ve2 3(1) 3(2) 3(1) 4(1) 4(1) 4(1)
Rpi-R8 10 (1) 18(12) 20(9) 21(15) 12(7) 15(9)
Rx 2(1) 4(3) 6 (4) 3(1) 4(4) 2(2)
Gpa2 2(2) 3(2) 7 (4) 2(2) 6(5) 2(2)
Tm2-ToMV 4(3) 6(5) 11(8) 7(7) 10(7) 9(6)
Cultivated Southv;\:rlrcmjerican North American wild Other
0.5
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04l B Common SNPs
c
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Fig. 1. Occurrence of SNPs in R gene homologs among samples of PCPS (according to SRA data).

For the 15 selected reference R genes, nucleotide and amino
acid sequences were subsequently analyzed for the presence
of polymorphism in PCPS; they were found to contain more
than two thousand polymorphism sites in the coding sequences
of resistance genes, most of which are single nucleotide
polymorphisms (SNPs). Deletions or insertions that affect
the predicted amino acid sequence were found in at least one
copy of all genes. Nevertheless, variants capable of producing
a protein similar to the reference one were found for all genes
in the genomes of individual species.

The distribution of SNP occurrence corresponds to the
concept of PCPS as a group of closely related species. Most
commonly distributed are the SNPs common for all samples,
compared to the unique SNPs found in only one sample. Many
common SNPs (572, which is more than 25 % of all detected)
distinguished the studied samples from the reference R gene
sequences (Fig. 1). Almost 15 % of the detected SNPs were
unique sites.

The distribution of SNPs occurrence in samples of PCPS
depends on the origin of the source species of the reference
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Fig. 2. Heat map of similarity of cds nucleotide sequences (a) and amino acid sequences (b) of R gene homologs in PCPS with the reference sequences

of R genes.
The color scale represents the level of similarity with the reference gene.

R gene. We found significant differences (Kruskal-Wallis test
value of 7.4044, p-value = 0.02467) between SNPs common
for all studied samples of PCPS in genes from North American
wild species and from cultivated potato species (see Fig. 1).
We noted similar indicators in the analyzed genome assem-
blies. The number of variable sites common for PCPS was
minimal for the reference genes Rpi-R8, Rx, Vel, and Ve2, the
sources of which are samples of cultivated potato. Meanwhile,
more than 40 % of the SNPs detected in the genes Rpi-R3a,
Rpi-blb2, and Rpi-R2-like, were the same for all samples of
PCPS, the sources of which are samples of North American
wild potato species phylogenetically distant from PCPS (see
Fig. 1). The differences in the frequencies of unique SNPs are
not so pronounced; the largest proportion is characteristic of
the Rpi-RS, Vel, and Gpa?2 genes, the sources of which are
cultivated potato species.

Of the genes originating from North American wild potato
species, only the Rpi-RI gene breaks the trend of a high
proportion of common SNPs characteristic of other genes
(in this gene, the proportion of SNPs common for PCPS is
below 20 %) (see Fig. 1). This gene was introgressed into
cultivated potato from a distant wild species S. demissum.
However, when examining different copies of this gene pre-
sent in genomes of PCPS, we found several indels in each of
these copies, including deletions up to 15 nucleotides long.
We observed a similar decrease in the proportion of common
SNPs and the presence of indels in each copy when study-
ing Rpi-amr3, another late blight resistance gene found in
S. americanum, one of the nightshade species, also very distant
from cultivated potato.

An analysis of genome assemblies and SRA data revealed
differences in the degree of similarity between sequences
found in PCPS and reference sequences of R genes (Fig. 2, a).

The differences are most pronounced in multicopy genes.
The reason is that the analysis of SRA data actually takes
into account the consensus sequence for all copies, while an
increase in the number of copies reduces the likelihood of
taking into account the SNPs, since the variant that occurs in
the majority of copies is taken into account in the consensus
sequence. The strongest differences between the estimates
of the assembled genomes and raw reads are observed when
analyzing the Rpi-R3a and Rpi-amr3 genes (see Fig. 2, a).
Most likely, they result from the chimeric alignment of reads
from other genes to the reference ones. Further analysis of
these sequences did not take into account the results of SRA
data processing.

Samples of PCPS showed differences in terms of the de-
gree of similarity of the found homologs (without taking into
account the DM 1-3 assembly) with the reference sequences
of R genes. The median level of differences is 0.5 %. The
copies of the Rpi-berl and Vel genes that are most similar
to the reference gene differ in single SNPs (0.01 %) between
different genomes of PCPS. The maximum level of differences
between the nucleotide sequences of R gene homologs in
PCPS was observed for the Rpi-amr3 gene and amounted to
2.3 %. A level of polymorphism close to this value was noted
when analyzing Rx, R1, Rpi-vntl.3, and Rpi-stol homologs. It
was noted for the Rpi-R8, Rpi-blb2, and Ve2 genes that one or
several copies are quite stable and have a low level of poly-
morphism, while other copies differ significantly from each
other. This corresponds to the notions about the evolutionary
process of R genes, for which the copy number can reduce
the influence of selection.

In the assemblies of PCPS (excluding the DM 1-3 assem-
bly), homologs of all R genes were found to contain copies
potentially capable of producing amino acid sequences (no
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Fig. 3. Comparison of the proportion of amino acid substitutions in dif-
ferent domains of R genes.

Significant differences between LRR and other domains were assessed accord-
ing to the Kruskal-Wallis test value of 17.343, p-value = 0.0001714.

reading frame shifts or premature stop codons were found in
them). The degree of similarity to the reference amino acid
sequence varies between 72—100 % (see Fig. 2, b).

The groups of genes, the origin of which is directly related
to cultivated potatoes, are clearly divided into two groups
based on the similarity of amino acid sequences to the refer-
ence ones: the genes of the RLP-RLK family, Vel and Ve2,
have the highest similarity to the reference gene: 100 and
92-94 %, respectively; the similarity of genes of the CC-
NBS-LRR family (Gpa2, Rx, Rpi-R8) is significantly lower
85-90 % (see Fig. 2, b). The genes from the CC-NBS-LRR
family, the origin of which is associated with South American
wild species, have a higher amino acid sequence similarity to
the reference ones than the Rpi-R2-like, Rpi-stol, Rpi-R1 and
Rpi-R3b genes from North American wild species: about 95
and 80-85 %, respectively. Changes in the nucleotide sequence
in the Rpi-R3a, Rpi-amr3 and Tm2-ToMV genes lead to low
similarity (75-80 %) with the reference amino acid sequence
(see Fig. 2, b).

The functional analysis of amino acid sequences performed
using InterPro showed that the homologs of the NBS-LRR
genes in PCPS have no changes in domain organization, even
in the sequences, the similarity of which to the reference
sequence is below 80 %.

The distribution of amino acid substitutions across indi-
vidual domains in genes of the CC-NBS-LRR family is shown

In silico search for and analysis of R gene variation
in primitive cultivated potato species

in Fig. 3. Only sequences forming complete proteins (free from
premature stop codons) were taken into account. The Vel and
Ve2 genes, which, according to InterPro and NCBI data, have
a different domain organization compared to CC-NBS-LRR,
are not included.

The percentage of substituted amino acids varies signifi-
cantly depending on the domain (see Fig. 3). The LRR domain
in all found R gene homologs demonstrated the largest number
(on average more than 9 %) of amino acid substitutions com-
pared to the reference. In the Rpi-vntl.3, Rpi-stol, Rpi-R1, and
Rpi-R3b genes, the proportion of amino acids substituted in
the LRR domain exceeds 10 %. The proportion of substitu-
tions in the CC domain varies significantly between genes.
This domain was found to contain no amino acid substitutions
in homologs of the RS, Rpi-vntl.3, and Rx genes, while there
were 7 % amino acid substitutions in Rpi-b/b2 and Gpa2, and
11 % in the Tm2-ToMV gene. The NBS domain contains about
5 % substituted amino acids on the average.

The distribution of substituted amino acids in different
domains among PCPS is also uneven. In the CC domain of
almost all genes, most substitutions occur only in individual
samples or small groups. Substituted amino acids common for
all samples of PCPS are represented by 0-3 sites. An exception
is the Gpa?2 gene, in which five substitutions in the CC domain
are common, and several of them are located either directly in
the RanGAP2 interaction site (according to NCBI data), or in
close proximity to it (neighboring amino acids). In the NBS
domain, substitutions common for PCPS are prevalent, and Rx
was the only gene where they are absent. In the LRR domain,
amino acid substitutes that are common or characteristic only
of some samples are distributed relatively evenly.

Discussion

Potato is a heterozygous tetraploid, the genetic analysis of
which is a challenge. Genomic studies of potatoes and related
tuber-forming species, the search for and annotation of genes
that determine agronomically important characteristics make
a significant contribution to genetics proper of the crop and
the improvement of breeding technologies (Bradshaw, 2021).
PCPS belong to a systematic group of interest from the evolu-
tionary point of view and as a source of important potato traits
of value for breeding, such as disease resistance.

We conducted a bioinformatics analysis of whole-genome
sequencing data from 27 samples of S. phureja, S. stenoto-
mum and S. goniocalyx (21 from SRA data and 6 genome
assemblies) for 26 genes of resistance to pathogens and pests.
All samples contained sequences homologous to the coding
regions of all analyzed R genes, and their significant similarity
(> 85 %) with the corresponding regions of reference genes
was revealed. The noncoding sequences (UTRs and/or introns)
in most putative homologs differed greatly from those in the
reference genes, and the degree of their similarity, as a rule,
did not exceed 60 %.

Many of the reference sequences were obtained from
species distant from PCPS. For instance, the Rpi-amr3 gene
sequence was isolated from the nightshade S. americanum,
and Rpi-blb2, from S. bulbocastanum, a representative of
the North American wild potato species. The latter does not
directly cross with cultivated species, and the discovery of
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R gene homologs with a fairly high level of similarity in PCPS
is of interest from the point of view of peculiarities of these
genes’ evolution. For the first time, homologs of the Rpi-R3b,
Rpi-amr3, and Rpi-berl genes were discovered in S. phureja
and S. stenotomum.

Cultivated potatoes grown in South America were found
to contain homologs of genes providing reliable protec-
tion against late blight, which had been found in the South
American wild species S. venturii and the Mexican species
S. bulbocastanum and S. stoloniferum, as well as homologs
of race-specific late blight resistance genes from the North
American species S. demissum. Previously, molecular genetic
screening of accessions from the VIR potato collection re-
vealed the presence of SCAR markers of the Rpi genes from
wild potato species of the North and South American series,
and in samples of PCPS (Muratova et al., 2020; Gurina et al.,
2022; Rogozina et al., 2023). The similarity of wild and culti-
vated potatoes in genes of resistance to the highly specialized
pathogen Phytophthora infestans (Mont.) de Bary confirms
the conclusion about the inheritance of part of the genetic
material from wild species by diploid cultivated potatoes
(Hardigan et al., 2017).

The discovery of not only genes protecting potatoes from
late blight, viruses, and pale nematodes, but also homologs
of R genes from tomato and nightshade in representatives of
cultivated potatoes, is in good agreement with the data on a
significantly larger repertoire of disease resistance genes in
potatoes compared to the closely related Solanaceous crops
(Tang et al., 2022).

The previously conducted bioinformatics analysis of the
potato reference genome DM1-3 (Jupe et al., 2012; Lozano
et al., 2012) was performed without taking into account the
R3b, Rpi-amr3, Vel, Ve2, and Rpi-berl genes, since their
sequences were not yet known. In a later work devoted to the
search for NBS-LRR genes in the cultivated potato S. steno-
tomum subsp. goniocalyx, the RS, Vel, Ve2, Rpi-berl, and
Tm2-ToMV gene sequences were not used (Liu, 2020). For the
majority of the R gene homologs that we identified, the degree
of their similarity to the reference sequences corresponds to
the published data (Lozano, 2012; Liu, 2020). However, in
the studied samples of S. goniocalyx, sufficiently reliable
homologous sequences for the Rx, R3b, and Gpa?2 genes were
not found (Liu, 2020). Most likely, this is due to the extremely
high degree of polymorphism in the non-coding parts of these
genes, which, moreover, occupy rather extensive areas, which
prevents their full-length analysis.

The diploid species S. phureja and S. stenotomum are the
closest to the early domesticated forms of tuber-forming spe-
cies of the genus Solanum L. Representatives of these species
were found to contain homologs of R genes with different
evolutionary histories. The ancient origin of the extracellular
receptor encoded by the Vel gene is indicated by the wide
distribution of functional and nonfunctional Ve/ homologs
in plants of the Solanacea family and other phylogenetically
distant species (Song et al., 2017). In PCPS, copies of the Vel
gene were found in all assemblies, the amino acid sequences
of which do not differ from the reference, thus indicating
prospects of this group as a potential donor of resistance to
Verticillium wilt.
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The evolution of Rpi-blb1 and Rpi-blb3, the genes of the
Mexican species S. bulbocastanum, proceeded at different
rates and in different ways, and only sequences identical to
the reference gene were found in S. bulbocastanum samples
for the Rpi-blb2 gene (Lokossou et al., 2010). Therefore, the
discovery of Rpi-blb2 and Rpi-stol homologs (Rpi-blb1 ortho-
log) in cultivated potatoes growing on another continent and
non-crossable with S. bulbocastanum is of particular interest.

As arule, R genes, especially representatives of the NBS-
LRR family, are presented in the genome not singly, but in
clusters, which are numerous copies of homologous genes
(Prakash, 2020). In genomes of PCPS, most of the studied
R genes (except for R3a, Rpi-berl, and Ve2) are also re-
presented by two or more copies. The R2-like gene, which
belongs to a large cluster of R genes located on the fourth
chromosome, especially stands out. Its copy number among
PCPS was the highest, and the number of identified copies
varied from 24 to 40. According to the literature, the presence/
absence of a gene and its copy number is a common type of
polymorphism among resistance genes, since their organiza-
tion contributes to unequal recombination, which results in
differences in the number of copies of one gene. For some
genes, we did observe differences in copy number, but since
the assemblies are incomplete, and the method only showed
homologs with similarities above the threshold, we cannot say
for sure that the revealed differences really occur instead of
being a consequence of methodological aspects of the work.

Many authors associate the process of domestication with
the loss of diversity in many genes, primarily the economically
valuable ones, which include R genes (LiY. et al., 2018; Tang
etal., 2022). Y. Li et al. (2018) noted lower variability in the
genetic material of cultivated species compared to wild ones.
This agrees well with the high proportion of common SNPs
in PCPS, as well as with the potato taxonomy developed by
D. Spooner, who considers the species of this plant as a group
within one species S. tuberosum (Spooner et al., 2014).

The R genes under study have a complex structure, and the
unequal rate of amino acid substitutions in different domains
has been previously shown (Prakash et al., 2020). For instance,
the NBS domain is more conservative, since it is associated
with the activation of the plant protection mechanism inside
the cell, while the LRR domain responsible for pathogen
recognition is more variable, and the rate of substitutions in it
is higher. The uneven distribution of amino acid substitutions
across the domains of NBS-LRR proteins discovered in our
research corresponds to literature data on the rate of these
proteins evolution.

In terms of the prevalence of substituted amino acids among
PCPS samples, the R gene domains are also not uniform. The
most widespread are changes in the NBS domain, which are
common for this group, and are likely associated with changes
in proteins subsequently activated by R genes. On the con-
trary, the CC domain has the smallest number of amino acid
substitutions common for PCPS. Little is understood about
the function of this domain; in some proteins, it is known to
trigger the mechanism of cell death (Huang J. et al., 2021),
but for other genes, its interaction with the pathogen recogni-
tion system has been shown (Rairdan et al., 2008). It is quite
difficult to guess what causes such differences in PCPS and
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what they can lead to, but when studying different copies, we
found that indels were located exactly in the CC domain in
the majority of clearly non-functional sequences (containing
a premature stop codon). This may reflect the evolutionary
nature of diversification of paralogs in the genome while a
relatively stable variant is maintained.

The LRR domain was found to contain substituted amino
acids, both common ones and those characteristic of individual
samples or large groups; most likely, these substitutions are
part of the mechanism of PCPS ancestral forms adaptation to
the races of pathogens common in those times. The mechanism
of'the LRR domain operation is poorly understood. It has been
shown that even a small number of changes in specific amino
acids can result in a change in pathogen recognition from
virus to nematode (Slootweg et al., 2017). At the same time,
large groups of orthologs that recognize the same pathogen
are known to be only 85-90 % similar to each other (Park et
al., 2005). Apparently, only changes in specific patterns in the
sequence lead to changes in the effector, which is recognized
by the LRR domain. A detailed study of this phenomenon,
however, requires a significantly larger number of well-phe-
notyped samples, as well as the use of methods that allow the
assessment of the interaction of products of different genes.

Conclusion

Primitive cultivated potato species were found to contain
sequences homologous to R genes that provide protection of
potatoes from late blight, viruses, potato cyst nematode, of
potatoes and tomatoes from Verticillium wilt, and of tomatoes
from mosaic viruses. For the first time, a search was carried out
and showed the presence of homologs of the R3b, Rpi-amr3,
Vel, Ve2, and Rpi-berl genes in PCPS. The similarity of the
coding sequences found in PCPS to the reference R genes is
over 85 % for all genes. It was shown for the first time that
homologs of all R genes in all the studied genome assemblies
have copies, among which all genomes except DM1-3 have
at least one sequence that does not contain stop codons or
frameshifts.

The studied group of samples showed differences in the
nature of R gene polymorphism, depending on the source of the
reference gene. The changes characterizing the PCPS group
as a whole are significantly more represented for homologs
of genes from North American wild species, compared to
genes from cultivated potato species. It was shown for the
first time that one of the copies of the Ve/ gene in PCPS does
not contain amino acid substitutions relative to the reference
gene, which indicates the potential resistance of PCPS to
Verticillium dahliae Kleb.
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Fertility differences between two wild-type

Drosophila melanogaster lines correlate

with differences in the expression of the Jhehl gene,
which codes for an enzyme degrading juvenile hormone
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Abstract. Juvenile hormone plays a “status quo” role in Drosophila melanogaster larvae, preventing the untimely meta-
morphosis, and performs a gonadotropic function in imagoes, ensuring the ovaries’ preparedness for vitellogenesis.
The decreased level of juvenile hormone results in reproductive disorders in D. melanogaster females including a delay
in the oviposition onset and a fertility decrease. Another factor that can affect the insect reproduction is an infection
with the maternally inherited symbiotic a-proteobacterium Wolbachia. The present study is devoted to the analysis of
the expression of two juvenile hormone metabolism genes encoding enzymes of its synthesis and degradation, juve-
nile hormone acid O-methyltransferase (jhamt) and juvenile hormone epoxide hydrase (JhehT), respectively, in four
wild-type D. melanogaster lines, two of them being infected with Wolbachia. Lines w153 and Bi90 were both derived
from an individual wild-caught females infected with Wolbachia, while lines w1537 and Bi90" were derived from them by
tetracycline treatment and are free of infection. Line Bi90 is known to be infected with the Wolbachia strain wMel, and
line w153, with the Wolbachia strain wMelPlus belonging to the wMelCS genotype. It was found that infection with either
Wolbachia strain does not affect the expression of the studied genes. At the same time, it was shown that the w153 and
w1537 lines differ from the Bi90 and Bi90 lines by an increased level of the Jheh1 gene expression and do not differ in
the jhamt gene expression level. Analysis of the fertility of these four lines showed that it does not depend on Wolba-
chia infection either, but differs between lines with different nuclear genotypes: in w153 and w1537, it is significantly
lower than in lines Bi90 and Bi90". The data obtained allow us to reasonably propose that the inter-line D. melanogaster
polymorphism in the metabolism of the juvenile hormone is determined by its degradation (not by its synthesis) and
correlates with the fertility level.

Key words: Drosophila melanogaster; Wolbachia; jhamt; Jheh1; gene expression; fertility; juvenile hormone metabolism.
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Pasanuus B INIOGOBUTOCTY MeXIY OBYMSI IMHUSIMU
Drosophila melanogaster IUKOT0O TUIIa KOPPEIUPYIOT

C pasanumMsIMM B 9Kcripeccuu reHa Jhehl,

Koaupymoilero pepMeHT gerpaganmni BeHNJIbHOTO TOPMOHA

O.B. Anppeenkosa (), H.B. AponbeBa, B.M. Edpumos (%), H.E. IpyHTeHKO ®

DepepanbHblii NCCNEeROBATENBCKUI LeHTP MHCTUTYT yutonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuinckor akagemmnmn Hayk, HoBocnbrpck, Poccns
® nataly@bionet.nsc.ru

AHHoTauusA. FOBEHUNbHBIA FOPMOH UrpaeT y NMYnMHOK Drosophila melanogaster ponb “status quo” ropmoHa, npenaT-
CTBYA MpexAeBpeMeHHOMY HacTynneHnio meTaMop$o3a, a y MMaro BbIMOSIHAET roHafoTPOorHyto GyHKLUMIo, obecneyn-
Bas MOArOTOBKY AVYHMKOB K BUTENNOreHe3y. Mpy CHUXKEHNN YPOBHA I0BEHUIBHOMO roOpMoHa Y camok D. melanogaster
HaboAATCA HapYLLEHNA PENPOAYKLIMI, BbipaxaloLwmecs B 3a4epKKe Havana oTKIaAKy ANL, U CHXKeHUV NIOA0BKTO-
c. Ewe ogHMM $pakTOpOM, CMOCO6HbBIM NMOBANATL Ha PENPOAYKTUBHYIO GYHKLIMIO HACEKOMbIX, ABNAETCA MHOMLIMPOBa-
HVe MaTePVHCKN HacnesyeMoli cuMbrnoTyeckoln a-npoteobaktepuenn Wolbachia. Hactoswee nccnegosaHue nocss-
LLeHO aHanM3y 3KCNPeccumn AByX reHOB MeTabonM3Ma IOBEHMIBHOrO rOPMOHa, KOAMPYIOLNX pepMeHTbl ero cMHTe3a 1
Aerpagaumnn — kucnyio O-metuntpaHcpepasy I0BEHUNbHOTO ropMoHa (jhamt) n snokcuarnapasy BEHUNbHOTO FrOpMOHa
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Fertility differences between two D. melanogaster lines
correlate with expression of the Jheh1 gene

(Jheh1) cooTBETCTBEHHO, Y YeTblpex NuHUIA D. melanogaster gukoro Tna, fBe U3 KOTopbix MHGUUmpoBaHbl Wolbachia.
JInHn w153 n Bi90 nponcxodaT oT oTAeNbHbIX CAMOK, OT/IOBJIEHHbIX B VKON Npupoae, u uHdurumposanbl Wolbachia,
a nuHuK w1537 n Bi90T nonyueHbl Ha NX OCHOBE NMOCPEACTBOM TETPALMKIIMHOBOM 06paboTK/ U XapaKTepu3yTcs OT-
cyTCTBMEM MHEKLMU. M3BeCTHO, uTo NuHKA Bi90 nHounumposaHa wrammom Wolbachia reHotvna wMel, a nuHna w153 —
wrammom Wolbachia wMelPlus, otHocAawmMcA K reHoTny wMelCS. O6Hapy»eHo, YUTo MHGULMPOBaHME Kak OAHMM, TaKk
n apyrum wrammom Wolbachia He BnuAeT Ha aKCNpeccuio NccnefoBaHHbIX reHoB. B To e Bpema nokasaHo, uto obe
NINHWN C AREPHBIM FEHOTUMOM W153 OTANYAOTCA OT IMHUIA C FeHOTUNOM Bi90 NOBbILLIEHHbIM YPOBHEM SKCMPECCUN reHa
Jheh1 n He pa3nnyaloTCA NO YPOBHIO SKCNpeccumn reHa jhamt. YpoBeHb NAIOAOBUTOCTU He 3aBUCeN OT UHOULMPOBaHUA
Wolbachia, Ho y nuHWIA C AKEPHBIM reHOTUMNOM W153 OH OKa3anca CyLeCTBEHHO HUXKE, YeM Y NIMHWIA C AJEPHbIM reHo-
TNom Bi90. MonyyeHHble faHHbIe NO3BONAT CAeNlaTb 060CHOBAHHOE MPEAMONOXKEHNE O TOM, UTO MEXIVHENHDBIN NO-
numopdunsm D. melanogaster no meTabonr3my 10BEHUIbHOTO FOPMOHa KOPPENUPYeT C YPOBHEM MAIOAOBUTOCTU U Onpe-
fenaeTca aerpajaumei ropMoHa, a He ero CUHTE30M.

KnioueBble cnosa: Drosophila melanogaster; Wolbachia; jhamt; Jheh1; skcnpeccusa reHoB; MOAOBUTOCTb; METAGONN3M

IOBEHNJIbHOIO rOPMOHa.

Introduction

According to the current understanding of the genetic control
of Diptera reproduction, a key role is played by 20-hydroxy-
ecdysone (20E), while juvenile hormone (JH) only prepares
ovaries for vitellogenesis, unlike in most other insect orders,
where JH has the function that in Diptera is performed by
20E (Roy etal., 2018; Wu et al., 2021). The balance between
these two hormones determines many events in the life of
holometabolic insects from the larval period, where 20E
initiates the start of moulting, and the JH level determines
whether it will be larval moulting (if it is high), or the onset
of metamorphosis (if it is low) (Truman, Riddiford, 2007),
the neurohormonal stress response, which involves both hor-
mones, and the regulation of changes in ovaries under heat
stress or starvation (Gruntenko et al., 2003a; Terashima et al.,
2005; Gruntenko, Rauschenbach, 2008).

Despite the secondary role of JH in oogenesis regulation
and reproduction control in Drosophila, there are data indicat-
ing that in flies with a decreased level of JH, the reproduction
process is disrupted, which is expressed as a delay in oviposi-
tion onset and a fertility decrease (Altaratz et al., 1991; Grun-
tenko et al., 2003b; Yamamoto et al., 2013; Meiselman et al.,
2017), and endogenic JH treatment of females speeds up egg
maturation (Richard et al., 2001). Thus, we can assume that
through controlling vitellogenins uptake by oocytes (Berger,
Dubrovsky, 2005), JH takes part in the determination of the
fertility level in Drosophila.

The intracellular signaling of JH is well described in the
literature (Jindra et al., 2015; Roy et al., 2018), including the
JH receptor complex Methoprene-tolerant (Met) — Taiman —
Germ cell-expressed (Gcee), the heat shock protein HSP83 and
nucleoporin Nup358, which interact with Met and ensure JH
transfer into the nucleus and the activation of the transcrip-
tional factor Kr-hl by it. At the same time, the mechanisms
of the JH level regulation are still underresearched.

To add to the knowledge regarding this subject, we have
estimated the level of fertility and expression of the genes
responsible for JH synthesis and degradation, jhamt and
Jhehl, in four Drosophila melanogaster lines, two of which
were earlier demonstrated to differ in the fertility level (Ado-
nyeva et al., 2021). jhamt codes for juvenile hormone acid
O-methyltransferase (JHAMT), transforming JH acid or inac-
tive JH precursors into the active form of the hormone at the
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final stage of JH biosynthesis in insects (Niwa et al., 2008).
Jhehl codes for one of the forms of JH epoxide hydrolase
that inactivates the hormone via hydrolysis of the epoxide
functional group producing JH diol (Flatt et al., 2005).

Notably, another factor capable of affecting fly fertility as
well as JH metabolism is the infection with the maternally-
inherited symbiotic a-proteobacterium Wolbachia pipientis
(Werren et al., 2008; Burdina, Gruntenko, 2022). Wolbachium
is a widely spread intracellular insect symbiont infecting more
than 40 % of the studied species and greatly affecting host
physiology (Werren et al., 2008; Burdina, Gruntenko, 2022).
As lines w1537 and Bi907, the differences in the fertility of
which were shown earlier, were derived from lines wi/53
and Bi90, which, in turn, were derived from single females
caught in nature and were initially infected with Wolbachia,
we decided to use for analysis lines w/53 and Bi90, carrying
the infection, and lines w1537 and Bi907, having undergone
antibacterial therapy, to search for possible effects of Wol-
bachia on the fertility level and the expression of the JH
metabolism genes.

Materials and methods

Drosophila lines. In the work, we used four D. melanogaster
lines: the wi53 and Bi90 lines, derived from single females
and carrying Wolbachia strains of the wMelCS and wMel
genotypes, respectively (Ilinsky, 2013), and their derivatives,
w1537 and Bi907, which underwent antibacterial therapy prior
to the start of experiments. The lines were received from the
collection of the Institute of Cytology and Genetics SB RAS.
Notably, the Wolbachia wMelPlus strain, infecting the wi53
line, differs from other published strains of wMelCS by a large
chromosomal inversion (Korenskaia et al., 2022).

Flies were kept on a standard medium (agar-agar, 7 g/l;
corn flour 50 g/l; dry yeast 18 g/l; sugar 40 g/1) in an incubator
(Sanyo, Japan) at a temperature of 25 °C, relative humidity
of 50%, and 12:12 h light cycle. For the experiments, flies
were synchronized at eclosion (they were collected 3—4 h
afterwards). To analyze fertility and gene expression levels,
10-days-old females were taken.

Total RNA isolation and real-time RT-PCR. To assess
the number of mRNA of the jhamt and Jhehl genes, 15 fe-
males per biological replicate per line were frozen in liquid
nitrogen in 1.5 ml Eppendorf tubes. In total, three biological
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replicates of all four Drosophila lines were performed. After
removing the tubes from liquid nitrogen, 150 pl of TRI re-
agent No. BCBT8883 (Sigma, USA) was added to each tube
and flies were homogenized. To remove large tissue fragments
from the homogenate, the tubes were centrifuged for 5 min
at 10,000 rpm in an Eppendorf centrifuge at a temperature of
7 °C and then the homogenate was transferred to clean 0.5 pl
tubes. 30 pl of cold chloroform was added, and after shaking
the tubes were left for 15 min at room temperature. Afterwards,
the homogenate was centrifuged for 15 min at 12,000 rpm and
a temperature of 7 °C. 75 pl of cold isopropanol was added
to the supernatant, and after shaking the tubes were left for
10 min at room temperature. After centrifugation (12,000 rpm;
10 min), pellets were washed with 150 pl of 75° ethanol
twice with centrifugation in-between, dried and dissolved in
100 pl of deionized water. RNA concentration was measured
with the use of Nanodrop OneC (Thermo Scientific, USA)
and adjusted to 200 ng/ul by the addition of deionized water.
cDNA synthesis was performed with the use of ABScript 111
RT Master Mix for qPCR with gDNA Remover No. RK20429
(ABclonal Technology, China) in accordance with the manu-
facturer’s protocol.

jhamt and Jhehl expression were analyzed with CFX96
Touch amplificator (Bio-Rad, USA) using real-time RT-PCR
with the M-427 set with SYBR-Green I (Syntol, Russia). Data
were normalized on Act5C. For every sample, three technical
replicates were performed. Primer sequences used in the study
are presented in Table 1.

Fertility. To assess fertility, three male-female pairs aged
0-5 h were placed in cultivation vials (10 vials per experi-
mental group), where they were left to lay eggs under standard
conditions; flies were transferred to new vials every 24 h for
10 days. Fertility was calculated as the number of offspring
(imagoes) eclosed from the eggs laid by experimental flies
during the 10th day per one parent female.

Statistical analysis. Statistical significance of the differen-
ces in fertility (number of eggs per day per female) in the
experimental groups was assessed using Student’s z-test.
Pairwise comparisons were performed using the Benjamini—
Hochberg correction. In all cases, p<0.05 was considered
statistically significant. Histogram data are presented as aver-
age means+SEM.

Data on gene expression were analyzed by 2 2A€T method
(Livak, Schmittgen, 2001) using three biological replicates,
each of which was obtained from three technical ones. Since
Real-Time CFX96 Touch amplificator (Bio-Rad) provides

Primer sequences used in RT-PCR

Paznuuna B nnogoBmtocTn Mexay ABymMA nuHuammn D. melanogaster
KOppenvpyoT ¢ pasnnumamin B SKkcnpeccum reHa Jheht
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only the average mean of three technical replicates and
standard mean error, it is impossible to check normality, use
non-parametric criteria or bootstrap. However, these data are
sufficient to calculate sum of squares of the three replicates.
The general formula for the squared error of the mean:

SEM*(X) = (X ~Nx%) /(Nx(N-1)).
For each biological replicate, N = 3, and
Yx2 = 6SEM?(X) + 3x.
This is sufficient to calculate both the average mean and
it error:

x= (Z)_Ck)/3§
SEM?2(%) = (6ZSEM2()_Ck)+32)_612{79)72)/72.

The total sum of technical values for each average mean
equals 9. When calculating Student’s criterion of the sig-
nificance of the difference between two average means,
2x9 —2 =16 degrees of freedom are obtained. It is known
that significance criteria like Student’s criterion are resistant
to deviations from normality (Kendall, Stewart, 1961) due to
the distribution of means approaching normality with increas-
ing sample size.

As we made six comparisons in total, the Benjamini—Hoch-
berg correction was additionally calculated for the p-value to
compare with three standard significance levels (Narkevich,
Vinogradov, 2020).

Results and discussion

Real-time RT-PCR did not reveal significant differences in
the expression level of the gene of juvenile hormone acid
O-methyltransferase, jhamt, both between D. melanogaster
lines Bi90/Bi90T and wi53/wi53T (the same genetic back-
ground but infected/uninfected with Wolbachia), and between
lines Bi90/w153 and Bi90T/wi53T (the same infection status
but different genetic background) (Fig. 1, a). At the same time,
the expression of the JH epoxide hydrolase gene, Jhehl, was
significantly decreased (p<0.001) in lines Bi90 and Bi90"
compared to lines w153 and w1537 (see Fig. 1, b). This means
that Wolbachia infection has no influence on the expression
level of jhamt and Jhehl, which allows us to assume that
synthesis and degradation of JH do not change under the
bacteria effect. On the other hand, the existing differences in
the gene expression level of Jheh I, which encodes an enzyme
degrading JH, between D. melanogaster lines Bi90/Bi90T and
wi53/wi153T allow us to assume the existence of differences
in the enzyme activity level and, as a result, in JH content,

Gene name 5'—3'
jhamt ........................ F ............... GTCAGTTGTTGAACGATGTGGGT .............
R CCTCATTATTTICACCTIGCTGC
J he h1 ......................... F ............... AGTTT ACCAGGTTATGGCTGGTC ..............
R CAGICTCCACCCTGGATAAAGAA
Act5c ........................ F ............... GCGCCCTTACTCTT TCACCA ......................
R ............... ATGTCACGGACGATTTCACG ......................

Length Tm, °C Reference
.................. 2358QUEta|2017
.................. 2455
.................. 2357Gu|0eta|2014
................. 2356
................. 2058Gu|oeta|2014
................. 2055
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jhamt
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Relative normalized expression
level (relative units)

Jheh1

05

Relative normalized expression
level (relative units)
Q
o

Bi90T Bi90 w1537 wi53

Fig. 1. Relative expression level of the jhamt (a)
and Jheh1 (b) genes in females of D. melanogas-
ter lines Bi90 (infected with the wMel strain of
Wolbachia), w153 (infected with the wMelPlus
strain of Wolbachia), Bi90T (uninfected), w1537

(uninfected).

Each value is the average mean of three biological
replicates+ SEM. a - the significance of the diffe-
rences from females of the w153 line (p<0.001);
b - the significance of the differences from fe-
males of the w1537 line (p<0.001).

Fertility (progeny/female)

w1537

Bi9oT

Bi90 wi53

Fig. 2. Fertility level of D. melanogaster lines
Bi90 (infected with the wMel strain of Wolba-
chia), w153 (infected with the wMelPlus strain
of Wolbachia), Bi90T (uninfected), w1537 (unin-
fected).

Each value is the average mean of 10 replicates
(three females per replicate) +£ SEM. a - the signifi-
cance of the differences from females of the Bi90
line (p<0.001); b - the significance of the diffe-
rences from females of the Bi907 line (p <0.001).

Fertility differences between two D. melanogaster lines
correlate with expression of the Jheh1 gene

the level of which should be elevated in the Bi90 and Bi90" lines with a decreased
expression level of the gene coding for an enzyme degrading the hormone.

Fertility analysis of the Bi90, Bi907, wi53 and w1537 lines revealed that the
line with a supposedly lower JH level (w753 and w1537) are characterized by sig-
nificantly lower fertility (p<0.001) compared to both the Bi90 line and the Bi90T
line (Fig. 2). This agrees well with earlier data on the correlation of low fertility
level with low JH level (Altaratz et al., 1991; Gruntenko et al., 2003b; Yamamoto
etal., 2013; Meiselman et al., 2017) or with the Me#?” mutation in the gene of the
JH receptor (Gruntenko et al., 2000). Data regarding a decrease of the number of
germline stem cells in the ovaries of D. melanogaster, carrying mutations in the
jhamt and Met genes or with a knockdown of the latter, also indicate the important
role JH plays in fertility regulation (Luo et al., 2020).

However, it is worth noting that most researchers attribute the demonstrated dis-
ruptions in reproduction and the decrease in fertility to disturbances in JH synthesis
or the functioning of its receptor (Altaratz et al., 1991; Yamamoto et al., 2013;
Meiselman et al., 2017; Luo et al., 2020), whereas our results indicate a correla-
tion of interline differences in fertility in D. melanogaster with differences in the
expression of gene encoding the enzyme that does not synthesize but degrades JH.

The lack of difference in fertility between the lines with the same genetic back-
ground infected and the uninfected with Wolbachia (Bi90/Bi90T and wi153/wi1537)
correlates with the lack of difference in the expression of genes responsible for JH
synthesis and degradation and allows us to assume that Wolbachia does not influ-
ence this trait. There is a slight contradiction with our earlier data obtained on the
Bi90wMelPlusline, where fertility and JH degradation differed from those of the Bi90
line (Gruntenko et al., 2019).

However, it is necessary to note that the Bi90"MelPlus Jine was received by trans-
ferring cytoplasm carrying a Wolbachia strain from the w/53 line to the nuclear
background of the Bi90 line (via 20 generations of backcrossing females carrying
the corresponding Wolbachia strain with males of the Bi907 line), and there is a non-
zero probability that some aspects of Wolbachia influence on the physiology of the
host can be attributed to the recent bacteria transfer and not merely to its presence
in the cytoplasm. This hypothesis is indirectly confirmed by the lack of Wolbachia
effect on fertility and JH degradation in the Bi90 line, which was discovered in the
same study (Gruntenko et al., 2019).

Additionally, transcriptomic analysis data obtained on infected D. melanogaster
females revealed no changes in the differential expression of genes of the JH signa-
ling pathway and the enzymes of its metabolism compared to uninfected females,
which correlates with the lack of Wolbachia effect on the expression of the jhamt
and Jhehl genes in D. melanogaster females in our work (Detcharoen et al., 2021;
Lindsey et al., 2021).

Conclusion

To sum up, three reasonable hypotheses could be made based on our data: 1) JH does
play a certain part in the regulation D. melanogaster reproduction; 2) JH catabolism
has no less, or perhaps more, of a role in providing interline polymorphism by the
JH level; 3) Wolbachia does not affect the JH level and fertility in D. melanogaster
given the long history of symbiosis between a certain bacterium strain and host
line.
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Abstract. High milk yield is associated with reduced longevity in high-producing dairy cattle breeds. Pre-term cull-
ing leads to high replacement heifer demand and economic losses for the dairy industry. Selection for this trait is
limited because of low heritability and difficulties in phenotype measurement. Telomeres are elements found at the
ends of chromosomes, consisting of repetitive DNA sequences, several thousand base pairs in length, coupled with
nucleoprotein complexes. Eventually, in humans and most other animals, telomere length reduces with age. When
telomeric DNA is truncated to a critical length, cell ageing, cell cycle arrest, and apoptosis are induced. As a result,
telomere length can be considered as a predictor of health risks and an individual’s lifespan. The leukocyte telomere
length may be used as a proxy phenotype of productive lifespan to improve cattle selection. Our objectives were to
assess the effects of breed and breed group (dairy vs. beef) on the leukocyte telomere length and to estimate the ef-
fect of cold climate on this trait in Kalmyk cattle populations from the South (Rostov Oblast) and Far North (Republic
of Sakha) regions of Russia. The leukocyte telomere lengths were estimated computationally from whole-genome
resequencing data. We leveraged data on leukocyte telomere length, sex, and age of 239 animals from 17 cattle
breeds. The breed factor had a significant effect on leukocyte telomere length across our sample. There was no dif-
ference in leukocyte telomere length between dairy and beef groups. The population factor had a significant effect
on leukocyte telomere length in Kalmyk animals. In conclusion, we found that breed, but not breed group (dairy vs.
beef), was significantly associated with leukocyte telomere length in cattle. Residence in colder climates was asso-
ciated with longer leukocyte telomere length in Kalmyk breed cattle.
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BausiH1e Mopoabl U cpeabl Ha AAMHY TeJIoMep JIEIKOIIITOB
Y KPYIITHOT'O pOTraToro CKOTa
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T DepepanbHbIit NcCnefoBaTeNbCKII LEHTP UHCTUTYT LMTONOTUM 1 reHeTnKn CUBMPCKOro OTAeneHns POCCitckol akaaemnn Hayk, HoBocubupck, Poccus
2 APKTNUECKNI rocyfapCTBEHHbIN arpoTeXHONOrMYecKnin yHmsepcutet, AkyTck, Poccua

3 KoponeBcKuii BeTeprHapHbIii konneax, JIoHAoH, Benukobputanus
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AHHoTauumA. Bbicokne yonm MooKa conpsKeHbl C COKpaLLeHNemM NpOoAoHKUTENIbHOCTY XKU3HW Y BbICOKOMPOAYK-
TUBHBIX MOJIOYHBIX NMOPOJ CKOTa. [pexxaeBpeMeHHasa BbIOpaKoBKa NPUBOAMUT K 3HAUMNTENbHBIM SKOHOMUYECKMM No-
TEPSIM B MOJTIOYHOM »KMBOTHOBOZLCTBE 1 YBEJIMUEHUIO NMOTPEOHOCTY B PEMOHTHBIX Tenkax. OTOop No 3ToMy NpusHaky
3aTPyAHEeH 13-3a HU3KOW HacnedyeMoCTy U CIIOXKHOCTM M3MepeHUa AaHHoro deHoTuna. Tenomepbl — 3TO CTPYKTY-
Pbl, HAXOAAWMECA HAa KOHLLaX XPOMOCOM, COCTOALLME 13 MOBTOPAOLMXCA nocnegoBaTenbHocten AHK gnuHon B He-
CKOMNbKO TbICAY Nap OCHOBAHWIA, CBA3aHHbIX C HYKNEOMNPOTEMHOBBIMU KOMMieKcaMu. Y nioaeit 1 60NbLUMHCTBA APY-
TVIX XMBOTHbIX AJINHA TENOMEpP yMeHbLUaeTca ¢ Bo3pacToM. Korga tenomepHasa [JHK cokpaluaeTca 1o KpUtmnyeckon
L/VIHbI, MHAYLVPYIOTCA NPOLIECChI CTapeHWA KNeTOK, OCTaHOBKM KNETOYHOrO LMKMa 1 anonTto3a. B pesynbTtate gnvHy
TesloMep MOXHO PacCMaTpUBaTb Kak NpefuKkTop PUCKOB A/1A 300POBbA U NPOAOIKUTENBHOCTIN XU3HW NHAUBMAA.
[nvHa Tenomep NenKoLMTOB MOXET ObITb UCMONb30BaHa B KauyecTBe cypporaTtHoro GeHotuna Ans nprsHaka npo-
LYKTVBHOTO JONTONETUSA AN YNYYLLEHUA CENeKUMM KPYMHOro poraTtoro ckoTa. Llenbto Haweli paboTbl 6bin0 — oue-
HUTb BAVAHWE NOPOLbl N HaMpaBReHNA NPOAYKTMBHOCTY (MOSIOYHOE UNIM MACHOE) Ha AVHY TefIoMep IeNKOLMTOB, a
TaKXe npoaHann3npoBaTb BANAHME XONOLHOMO KUMaTa Ha 3TOT NpM3HakK B NOMyNALMAX KPYMHOro poraToro ckota
KanmblLKoM nopofbl Ha lOre (PocTtoBckaa obnactb) 1 KpaHem CeBepe (Pecnybnuka Caxa) Poccun. M3amepenue gnu-
Hbl TeNOMep NeNKOLMTOB OCYLLECTBIEHO C MOMOLLbIO KOMMbIOTEPHbIX METOI0B Ha OCHOBE JAaHHbIX MOTHOF@HOMHOTO
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BnusHe nopogpl 1 cpefpbl Ha ANNHY TeNoMep NeiKoLnUTOB
Y KpYMHOTO pOoraToro ckota

peceKkBeHUpPOBaHMsA. Mbl UCMONb30Bany faHHble O AJIMHE TENIOMEP NIENKOLMTOB, NONOBOV MPUHAANEXHOCTMN 1 BO3-
pacTe 239 XMBOTHbIX, OTHOCALMXCA K 17 NOpoAam KpyrnHoro poratoro ckota. ®akTop nopofbl OKasbiBaeT cylie-
CTBEHHOE BNIUsAHME Ha ANVIHY TeNoMep NEeNKOLUTOB B Halleil BbibopKe. [JOCTOBEPHbIX pa3nnunii B AnNviHe TeloMep
NeNKOUNTOB MeXy MOJIOYHbIMY U MSACHBIMMW TPYMNMNamMy Hamy He BbisIBNEHO. 3HaUMTeNIbHOE BAVSHME Ha LJIMHY Te-
noMep NENKOLMTOB Y »KMBOTHBIX KaNIMbILKOI MOPOfibl OKa3biBaeT dakTop nonynsauumn. Takum obpasom, Mbl 06Hapy-
KWW, YTO MMEHHO NMOPOJa, HO He HaMnpaB/eHne NPOLYKTUBHOCTY (MOMIOUHOE UK MACHOE), LOCTOBEPHO BAMANA Ha
LJIMHY TeloMep NeNKOLMTOB Y KPYMHOTO poratoro ckota. Pa3BefieHue B 60ee XonofgHOM Kmmate 6bl1o accoummnpo-
BaHO ¢ 6onbluel ANNHOW TeNoMep NeKOLMTOB Y KPYMHOIo pOraToro CKoTa KasiMbILKO Nopoabl.

KnioueBble cnoBa: fonroneTue; cenekums; KPYMHbIA poraTtblii CKOT; MOJIOYHBINA; MACHOW; XONOAHbIV KNVMaT; AirHa

Tenomep J'IeI7IKOL|,I/ITOB.

Introduction

High milk production correlates with poor longevity in high-
producing cattle breeds, primarily Holstein Friesian (Hu et
al., 2021). Pre-term culling leads to high replacement heifer
demand and economic losses for the dairy industry (Grandl
et al., 2019). There is a need to improve the longevity traits
of dairy cattle. However, selection for these traits is limited
because of low heritability and difficulties in phenotype mea-
surement (Zhang H. et al., 2021).

Telomeres are elements found at the ends of chromosomes,
consisting of repetitive DNA sequences, several thousand base
pairs in length, coupled with nucleoprotein complexes (Jenner
et al., 2022). They protect the chromosomes from degrada-
tion and inhibit aberrant rearrangements during cell division
(Monaghan, Ozanne, 2018). Telomeres become shorter with
every cell division due to the end replication problem (Chakra-
varti et al., 2021) but can be maintained through telomerase
activity (Schrumpfova, Fajkus, 2020) and shelterin complex
(de Lange, 2018). Eventually, in humans and most other ani-
mals, telomere length reduces with age (Blackburn et al., 2015;
Whittemore et al., 2019). When telomeric DNA is truncated
to a critical length, cell ageing, cell cycle arrest, and apoptosis
are induced (Chakravarti et al., 2021; Lopez-Otin et al., 2023).
As a result, telomere length can be considered as a predictor
of health risks and an individual’s lifespan. Telomere length
is correlated with many age-related conditions in humans
(Armanios, 2022; Rossiello et al., 2022) and reduced life ex-
pectancy in humans and other species (Wilbourn et al., 2018;
Liu et al., 2019; Crocco et al., 2021).

Telomeres in cattle shorten with age, similar to most other
animals (Miyashita et al., 2002). Adult Holstein dams with
short telomeres are more likely to be culled than dams with
long telomeres (Brown et al., 2012). Productive lifespan in
Holsteins was correlated with telomere length at birth (Ilska-
Warner et al., 2019), at the age of one year (Seeker et al.,
2018a), as well as telomere attrition rate (Seeker et al., 2021).
The telomere length in the Agerolese breed, having a long
lifespan, was significantly higher than that in the Holstein
breed of the same age (lannuzzi et al., 2022). Therefore,
telomere length may be used as a proxy trait of lifespan and
health to improve cattle selection.

Telomere length in cattle is a complex trait controlled by
both genetics and environment. However, it is still unclear to
what extent these factors influence this trait. A recent meta-
analysis of the heritability of telomere length showed a mode-
rate mean heritability of this trait (0.45) in 18 vertebrate species
(Chik et al., 2022). Estimates of the heritability of telomere
length, even in a single species (human), may range from 0.36

(Andrew et al., 2006) to 0.70 (Broer et al., 2013). This vari-
ability in estimates appears to be due to different research
methodologies. For example, in most studies, parents and
offspring are of different ages. In statistical analyses, age is
counted as a covariate, but this implies a linear relationship
between telomere length and age, which is not always the case
(Dugdale, Richardson, 2018).

The influence of environmental factors on telomere length
has been well studied in human epidemiological studies. For
example, a negative correlation was found between telomere
length and emotional stress (Law et al., 2016), Western pat-
tern diet (Rafie et al., 2017), cigarette smoking (Astuti et al.,
2017), and environmental chemicals (Zhang X. et al., 2013).
In birds, short telomeres or a high rate of telomere shorten-
ing have been associated with malaria infection (Asghar et
al., 2016), increased brood size (Reichert et al., 2014), early
postnatal stress (Herborn et al., 2014) and sibling competition
(Mizutani et al., 2016).

Heritability estimates of leukocyte telomere length in Hol-
stein cattle ranged from 0.32 to 0.47 (Seeker et al., 2018a, b).
Fourteen candidate genes at birth and nine at first lactation
were associated with this trait in this breed using a genome-
wide association study (Ilska-Warner et al., 2019). Our ge-
nome-wide association study of seventeen cattle breeds re-
vealed several SNPs associated with bovine telomere length.
We also confirmed the effects of loci reported by previous
studies (Igoshin et al., 2023). Mastitis (Ilska-Warner et al.,
2019), bovine leukaemia virus infection (Szczotka et al.,
2019), oxidative stress (Ribas-Maynou et al., 2022), parturi-
tion and raising the first calf (O’Daniel et al., 2023), lameness
(Ilska-Warner et al., 2019), and lactation (Laubenthal et al.,
2016) have been found to be associated with cattle telomere
length. The management of the farm and genetics are herd-
related factors that can significantly affect telomere length
(Brown et al., 2012). However, the question remains unan-
swered: to what extent is telomere length in cattle determined
by breed and influenced by environmental stressors, such as
weather conditions?

There are two studies on the association of the animal breed
and telomere length in cattle (Tilesi et al., 2010; lannuzzi et
al., 2022). Both studies found differences in telomere lengths
between the two cattle breeds in the same tissues. However,
it is unclear how widespread this phenomenon is across mul-
tiple cattle breeds with different phylogenetic origins and
ecogeographic breeding conditions. P. Kordowitzki et al.
hypothesized that severely disturbed energy balance in high-
producing dairy cows eventually leads to decreased regene-
rative capacity and premature senescence, which can be
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Influence of breed and environment
on leukocyte telomere length in cattle

The climatic conditions for the sampling locations in Rostov Oblast and the Republic of Sakha
(according to https://climatecharts.net (Zepner et al,, 2021), accessed on 30 August 2023)

Location Coordinates Mean January

temperature, °C

Mechetny settlement 48°03'54"N, -4.4
(Rostov Oblast) 40°38'23"E

Kyuyorelyakh settlement 62°34'17"N, -37.2
(Republic of Sakha) 126°50'26"E

assessed by telomere length (Kordowitzki et al., 2021). The
fraction of short telomeres in PBMCs of the high-producing
Holstein-Friesian breed was higher than in the dual-purpose
Polish Red breed, but this observation was not supported by
a statistical test significance. Therefore, it remains unclear
whether different breeds of cattle (dairy vs. beef) exhibit va-
riation in telomere length.

Seeker et al. suggested that heat may be an environmental
stressor capable of causing telomere attrition (Seeker et al.,
2021). They found a strong correlation between maximum
summer temperature and telomere attrition in Holstein-
Friesian cattle. Heat stress during gestation also affected the
telomere length in newborn Holstein calves. A higher median
temperature-humidity index during gestation resulted in calves
born with shorter telomere lengths (Meesters et al., 2023).
There are, however, no studies that investigate the influence
of cold weather on telomere length in cattle. A single human
study showed that prenatal temperature exposure below 5 °C
was associated with longer telomere length in newborn babies
(Martens et al., 2019).

There are only two native beef cattle breeds in Russia: Kal-
myk and its derivative Kazakh Whiteheaded breeds. It is be-
lieved that the Kalmyk cattle originated in Northwest China
(Dzungaria) and was brought to Russia, to the Volga area, by
migrating nomadic tribes in the seventeenth century (Dmit-
riev, Ernst, 1989). The Kalmyk breed was created under harsh
conditions: the icy wind in winter or the hot sun in summer,
frequent epizootics, etc. The specific traits of the Kalmyk
breed include high viability, adaptation to the harsh climate,
resistance to infections, long lifespan, thickening of the epi-
dermis at the expense of the dermis in winter, abundance of
sebaceous and sweat glands in the skin compared to other
breeds (Dmitriev, Ernst, 1989). In Russia, the Kalmyk beef
herd is mainly found in two regions: the Republic of Kalmy-
kia and Rostov Oblast (Kayumov et al., 2014). This breed has
also been reared in the Republic of Sakha (Yakutia) since 2013
when about 200 Kalmyk cattle animals were imported from
the Republic of Kalmykia (Sleptsov, Machakhtyrova, 2019).
Yakutia has an extreme and severe climate, with the average
winter temperature below —35 °C.

The objectives of our study were (1) to assess the effects
of breed and breed group (dairy vs. beef) on the leukocyte
telomere length in the sample of 239 animals from 17 cattle
breeds and (2) to estimate the effect of cold climate on this trait
in Kalmyk cattle populations from the South and Far North
regions of Russia. We hypothesized that high milk yield or
extreme cold weather may be stress factors that may have led
to a change in telomere length in cattle.

Mean July Mean annual Precipitation sum,
temperature, °C temperature, °C mm

237 9.8 508.7

18.0 -9.1 312.7

Materials and methods

Samples. In this work, we leveraged data on leukocyte telo-
mere length, sex, and age of 239 animals from cattle breeds
used in our previous study (Igoshin et al., 2023). The leukocyte
telomere lengths have been estimated computationally from
whole-genome resequencing data using TelSeq software (Ding
et al., 2014), which is a frequently used program for this pur-
pose and which has been confirmed by multiple experimental
techniques (Ding et al., 2014; Cook et al., 2016; Pinese et al.,
2020; Taub et al., 2022; Zhang D. et al., 2022). The details of
the estimation procedure can be found in our previous work
(Igoshin et al., 2023).

The breeds investigated are dairy (Russian Black Pied,
Holstein, Kholmogory, Red Steppe, Yaroslavl), beef (Charo-
lais, Hereford, Kalmyk, Kazakh Whiteheaded, Wagyu), and
dual-purpose (Alatau, Bestuzhev, Buryat, Kostroma, Tagil,
Ukrainian Grey, Yakut) (Dunin, Dankvert, 2013; Lhasaranov,
2020). Among 30 individuals of the Kalmyk cattle breed
(Supplementary Material 1)!, one group of animals (n = 10)
was reared in Rostov Oblast (Mechetny settlement), while the
other (n =20) was from the Republic of Sakha (Kyuyorelyakh
settlement). The climatic conditions in these locations differ
substantially (see the Table). All the Kalmyk animals from
both locations were raised in a stall-pasture system.

Population structure. Even in the absence of selection,
a founder effect or, more broadly, genetic drift could lead to
genetic differentiation between two isolated populations of
common origin. To ensure that two populations of the Kal-
myk breed are genetically indistinguishable, we performed
the principal component analysis using PLINK v.1.9 (Purcell
et al., 2007) (--pca option) and the analysis of population
structure using fastSTRUCTURE v1.0 (Raj et al., 2014). The
fastSTRUCTURE program was run with K ranging from K =2
to K = 8. The resulting cluster memberships were visualized
with PONG v.1.5 software (Behr et al., 2016). For both me-
thods, we used an LD-pruned (PLINK: --indep-pairwise 5000
100 0.1) dataset containing genotypes of 20,184 SNPs in
116 animals (Kalmyk animals and individuals having SRA ID
from Supplementary Material 1).

Statistical analysis. Like in many other studies, the distri-
bution of LTL in our work was skewed. If not corrected, this
violates the assumptions of parametric tests, thus affecting
statistical power (Lantz, 2013). Therefore, associations with
LTL were tested by using log-transformed LTL values (e. g.
Leung et al., 2014; Lynch et al., 2016). To find out whether
a breed factor contributes to LTL variation in cattle, we used

1 Supplementary Materials 1-6 are available at
https://vavilovj-icg.ru/download/pict-2024-28/appx10.pdf
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ANOVA (“aov” R function) with log-transformed LTLs
(log;((LTLs)) as a response variable and breed as a factor va-
riable, accounting for age and sex: aov(logLTL ~ Age + Sex +
Breed). To find out which breeds significantly differ from each
other, we additionally performed a standard ANOVA post hoc
test — Tukey’s HSD test utilising the “g/A¢” function from the
“multcomp” R package (Hothorn et al., 2008). Also, we com-
bined beef and dairy breeds into two groups and tested for a
difference between them: aov(logLTL ~ Age + Sex + Group).
As all the Kalmyk individuals used were dams, the test for
differences between this breed’s populations was conducted
by accounting only for age: aov(logLTL ~ Age + Population).

For statistically significant variables we estimated the va-
riance explained (n?) using the “eta_squared” function from
the “effectsize” R package (Ben-Shachar et al., 2020) with the
“partial = TRUE” option.

Preparing data for visualization and descriptive sta-
tistics. As confirmed in our study, telomere length typically
decreases with age (Spearman’s p = —0.305, p = 1.58x10°¢
for raw and log-transformed LTLs) (Supplementary Mate-
rial 2). Therefore, for boxplot visualization and descriptive
statistics, we calculated the log;((LTL) values expected given
the constant age. For this purpose, we fitted a regression model
(“Im” R function) with logLTL as the response variable, and

BnmaHuwe nopogbl 1 cpeapbl Ha ANIMHY TeNoMep NeNKOLUTOB 2024
Y KPpYNHOro poraToro ckota 28.2

age, sex (coded by 0/1) and breed (16 covariates coded by
0/1) variables as predictors. As a result, we obtained regres-
sion parameters (intercept and slopes for each predictor) and
residuals. For each animal, we summed up: the intercept, the
animal’s residual, and products of each predictor value and
its respective slope. For the age predictor, however, actual
values were substituted by the average value of 4.5 years. The
resulting values represent the expectation for logLTL given
the constant age of 4.5 years. These age-adjusted log;o(LTLs)
and their corresponding values in kilobases (hereafter “age-
adjusted LTLs”) are shown in Supplementary Material 1. The
descriptive statistics for breeds can be found in Supplementary
Material 3.

Results
The statistical analysis shows that breed factor has a signifi-
cant (p=6.12x10715,12=0.37) effect on leukocyte telomere
length across our sample of 239 individuals (see Figure, a).
Tukey’s HSD test showed significant differences for 28 breed
pairs (Supplementary Material 4). At the same time, there is no
significant difference in LTL between dairy and beef groups
(p=0.0748) (see Figure, b).

The statistical testing performed for the Kalmyk breed
shows that the population factor has a significant (p = 0.0283,

p=0.0748 p=0.0283
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Boxplots illustrating the log-transformed and adjusted for age (expectation at 4.5 years) leukocyte telomere lengths

in a) different breeds; b) beef and dairy breed

groups, and c) in two populations of the Kalmyk breed.

The p-values designate the statistical significance for differences between the abovementioned categories. The brown, pink
and light-yellow colours correspond to beef, dual-purpose, and dairy breeds. The numbers at the top of boxplots indicate the

number of animals.
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n? = 0.17) effect on LTL in studied Kalmyk animals, with
the individuals from Rostov Oblast having shorter telomeres
(see Figure, c). The results of the principal component ana-
lysis show that the Rostov and Sakha populations form two
highly overlapping clusters (Supplementary Material 5). Also,
fastSTRUCTURE results suggest that the two Kalmyk po-
pulations are homogeneous and possible genetic differences
between them do not exceed the level of variation within
other breeds (Supplementary Material 6). Therefore, the LTL
differences between the two groups are most likely explained
by environmental conditions.

It should also be mentioned that the age variable signifi-
cantly affects LTL in all tests: p = 1.46 x 107, 1> =0.10 (testing
for the effect of breed); p = 0.0248, n? = 0.07 (dairy vs. beef
group); and p = 0.0038, > = 0.27 (Kalmyk Sakha vs. Kalmyk
Rostov). However, the sex factor has no significant effect on
LTL either in the test for breed factor (p = 0.205) or in the
test for the factor of breed group (p = 0.8752).

Discussion

The primary aim of this study was to investigate the correlation
between the breed type and leucocyte telomere length (LTL)
in cattle. Our additional goal was to check the effect of the
environment (e. g., colder climate) on the LTL within popula-
tions of the same breed grown in different climates. Based on
the resequencing data of 17 cattle breeds, our findings indicate
that the breed factor has a significant impact on LTL. These
results align with earlier studies that reported LTL differences
in pairwise comparisons between cattle breeds (Tilesi et al.,
2010; Tannuzzi et al., 2022). We also found evidence for an
association between LTL and differences in climatic conditions
for a single cattle breed reared in different regions of Russia.

It was shown in our analysis that the breed factor contributes
more to total LTL variation compared to age. The possible
practical implication for this could be the use of breeds cha-
racterised by long telomeres in crossbreeding programs aimed
to improve telomere-length-associated phenotypes in cattle.

Apart from cattle, studies are reporting LTL differences
between Caenorhabditis elegans strains (Cook et al., 2016),
outbred populations and inbred strains of mice (Mus musculus
and Peromyscus leucopus) (Manning et al., 2002), and dog
breeds (Fick et al., 2012). These reports suggest the existence
of a genetic basis for such variability. Based on heritability
estimates for LTL in Holsteins (0.32-0.47) (Seeker et al.,
2018a, b), we propose that genetic factors may largely explain
inter-breed differences observed in our study.

Herein we compared the LTL in dairy and beef breeds. The
results However did not reveal any statistically significant
difference between these two groups. This finding is con-
sistent with a previous study that compared LTLs between
dairy and dual-purpose cattle breeds, which also showed no
difference (Kordowitzki et al., 2021). Our study focused on
distinct groups of cattle breeds, specifically dairy and beef,
covering a wider range of genetics than the previous study.
Also, each production breed type was represented by five
breeds. Therefore, the results reported herein could provide
stronger support for the lack of LTL differences between the
cattle breed types. Our results are also consistent with similar
studies done in other domestic species, e. g., dogs, where no
difference in LTL was reported for breed groups (working,
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herding, hunting) (Fick et al., 2012). It appears that comple-
mentary contributions of many factors affecting a particular
breed (e. g. genetic makeup, management practices, veterina-
ry care, climate conditions, etc.) have a greater influence on
the LTL than physiological features associated with different
production types. This result suggests that the selection for
telomere-length-associated traits will probably not lead to
substantial changes in milk or meat yields.

To investigate the possible effects of environments on
telomere lengths of the same cattle breed, we compared the
LTLs between two populations of the Kalmyk cattle reared
in different climatic conditions. We observed a significant
difference in agreement with a previous human study show-
ing an association between prenatal cold exposure and longer
blood telomere length in newborns (Martens et al., 2019).
Indeed, longer telomere lengths detected in animals from the
Sakha Republic with colder climates compared to the control
population from Rostov Oblast imply that there could be a
mechanism of telomere maintenance in colder climates in
cattle. In ectotherms, however, there are reports that at cooler
conditions telomere shortening happens during development
(Friesen et al., 2022; Burraco et al., 2023), but other authors
did not confirm this observation (McLennan et al., 2018).

In bat species, Myotis myotis, average and minimum tem-
peratures, rainfall and wind speed during the spring when
bats emerge from hibernation, give birth and rear young were
associated with higher telomere attrition (Foley et al., 2020).
The authors, however, did not report which variable is the
driver for telomere length change. The comparison of telomere
length between two species of rodents hibernating at either 3
or 14 °C revealed that individuals hibernating at the warmer
temperature had longer telomeres than individuals hibernating
at the colder temperature (Nowack et al., 2019). The authors
hypothesized that the observed effect was not related to cold
climate, but rather was associated with restoration of telomere
length during frequent arousals when the body temperature
returns to normal values.

The mechanisms by which cold climate impacts leukocyte
telomere length in cattle remain unclear. On the one hand,
cold exposure may inhibit telomere shortening, since low
temperature reduces the rate of cell proliferation in mamma-
lian cells (Kanagawa et al., 2006; Fulbert et al., 2019). On the
other hand, cold exposure may induce telomere elongation by
influencing the components of the telomerase complex. It was
shown that cold-inducible RN A-binding protein (CIRP) was
essential for telomere maintenance at hypothermia conditions
in vitro by regulating both reverse transcriptase TERT and the
RNA subunit TERC in the telomerase core complex (Zhang Y.
etal., 2016). The transcription of telomeric repeat-containing
RNAs (TERRASs), which are associated with telomere stabil-
ity, was induced in mice exposed to cold (Galigniana et al.,
2020).

One could ask if there is an optimal ambient temperature
at which the LTL in cattle would be the longest. The few
studies on the effect of ambient temperature on the LTL of
endothermic mammals do not allow us to answer this question
unambiguously. Extremely low or high ambient temperatures
lead to hypo- and hyperthermia when the body temperature
deviates substantially below and above the narrow limits of
the regulated range, i. e., cause stress. The influence of a large
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number of stressors, including extreme environmental fac-
tors, is known to be associated with shorter telomeres or an
increased rate of telomere shortening (Chatelain et al., 2020;
Lin, Epel, 2022).

Indirect information on the effect of moderate cold on LTL,
when body temperature remains within the normal range,
could be obtained from studies of the effect of body tempera-
ture on the ageing process. On the one hand, in endotherms,
a small decrease in body temperature is associated with an
increase in life expectancy (Conti et al., 2006; Carrillo, Flouris,
2011). On the other hand, in some cases, there is an inverse
relationship (Zhao et al., 2022). For example, human females
tend to have a longer life expectancy than males, but their body
temperature is higher (Waalen, Buxbaum, 2011). The mecha-
nisms that control the relationship between body temperature
and life expectancy involve not only a decrease in metabolic
rate when the temperature declines, but also neuroendocrine
processes that indirectly affect a variety of physiological
responses when temperature changes. Therefore, the optimal
limits of ambient temperature at which the LTL in cattle will
be longest could exist, but this question requires further study.

Conclusion

In conclusion, we found that breed, but not breed group (dairy
vs. beef), significantly influenced leukocyte telomere length
in cattle. Residence in colder climates was associated with
longer leukocyte telomere length in the Kalmyk cattle breed.
Our results add to the evidence regarding the influence of
breed origin and cold climate on this trait in farm animals.
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Abstract. In humans, aneuploidy is incompatible with the birth of healthy children and mainly leads to the death
of embryos in the early stages of development in the first trimester of pregnancy. Trisomy 16 is the most common
aneuploidy among spontaneous abortions of the first trimester of pregnancy. However, the mechanisms leading to
the death of embryos with trisomy 16 remain insufficiently investigated. One of these potential mechanisms is ab-
normal placental development, including aberrant remodeling of spiral arteries. Spiral artery remodeling involves
the migration of trophoblast cells into the maternal spiral arteries, replacing their endothelium and remodeling to
ensure a stable embryonic nutrition and oxygen supply. This is a complex process which depends on many factors
from both the embryo and the mother. We analyzed the methylation level of seven genes (ADORA2B, NPR3, PRDM1,
PSG2, PHTLH, SV2C, and TICAM2) involved in placental development in the chorionic villi of spontaneous abortions
with trisomy 16 (n = 14), compared with spontaneous abortions with a normal karyotype (n = 31) and the control
group of induced abortions (n = 10). To obtain sequencing libraries, targeted amplification of individual gene re-
gions using designed oligonucleotide primers for bisulfite-converted DNA was used. The analysis was carried out
using targeted bisulfite massive parallel sequencing. In the group of spontaneous abortions with trisomy 16, the
level of methylation of the PRDM1 and PSG2 genes was significantly increased compared to induced abortions
(p = 0.0004 and p = 0.0015, respectively). In the group of spontaneous abortions, there was no increase in the
level of methylation of the PRDM1 and PSG2 genes, but the level of methylation of the ADORA2B gene was signifi-
cantly increased compared to the induced abortions (p = 0.032). The results obtained indicate the potential mecha-
nisms of the pathogenetic effect of trisomy 16 on the placental development with the participation of the studied
genes.

Key words: aneuploidy; trisomy 16; DNA methylation; chorionic villi; miscarriage; bisulfite sequencing; sponta-
neous abortions.
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AbGeppaHTHOEe METUINPOBaHNE TeHOB Pa3BUTHS IJIAIl€HThI
B BOPCMHAaX XOPMOHA CIIOHTAaHHBIX ab0OPTYCOB C Tpucomueii 16

O.10. Bacuabesa ()@, E.H. Toamauena ()1, A.2. Amurpues (0%, 4.A. Aapxosa (1)%, E.A. Caxenoga ()1,
T.B. Hukurusna (91, VILH. AebepeB 1 C.A. Bacuabes (9!

1 HayuHo-nccnepoBaTenbCkmin UHCTUTYT MeAULIMHCKON reHeTVKY TOMCKOTO HaLMOHaNbHOTO UCCIE[0BaTENbCKOTO MEAVLIMHCKOTO LIEHTPa
Poccuiickoin akapemnn Hayk, Tomck, Poccusa

2 HaunoHanbHbIn nccnefoBaTtenbckuii TOMCKMIA rOCyAapCTBEHHbIN yHMBepcuTeT, Tomck, Poccna
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AHHOTaLuA. Y yenoBeka aHeYNnIonana He COBMeCTIMa C POXKAEHMEM 3[00POBbIX AeTell U B OCHOBHOM NPUBOAUT
K rmnbenn sM6proHOB Ha paHHMX CTaAMAX Pa3BUTUA B ePBOM TpumecTpe 6epemeHHOCTU. Hanbonee yactas aHey-
NnonanA cpean CNoHTaHHbIX abOPTYCOB MepBOro TpMmecTpa 6epemeHHOCTU — Tprcomma 16. OfHaKo MexaHu3-
Mbl, MPUBOAALME K T<MOGeNn SMOPMOHOB C TPMCOMMEN 16, OCTaloTCA HEAOCTAaTOUHO MCCNIeAOBaHHbIMW. OAHUM 13
TaKMX NOTEHLMANbHbIX MEXaHN3MOB ABMAETCA HapyLUeHVe Pa3BUTUA NNaLEHTbl, B TOM Y1CTe PeMOfeNnpoBaHNA
cnupanbHbIX apTepuin. PemoaenmpoBaHme cnvpanbHbIX apTepuid 3aKnioyaeTca B MUrpaumm Knetok Tpopobnacra
B CMMpasibHble apTepuv MaTepy 1 3aMeLLEHUN UX SHOOTeNVA AnA obecrneyeHnsa cTabuibHOro NUTaHNA SMOPMOHa
1 CHabXKeHNA KMCNopoLoM. ITO KOMMIEKCHbIV MPOLIECE, 3aBUCALLMIA OT MHOXeCTBA GaKTOPOB KaK CO CTOPOHbI 3M-
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AbeppaHTHOE METUNPOBaHME rEHOB Pa3BUTUA NIALEHTbI
B BOPCVHaX XOPMOHa CMOHTaHHbIX abopTyCoB ¢ Tpucomuelt 16

6pPUOHa, TaK 1 CO CTOPOHbI MaTepu. Hamu npoBefeH aHann3 ypoBHA MeTunnpoBaHma cemu reHoB (ADORA2B, NPR3,
PRDM1, PSG2, PHTLH, SV2C v TICAM2), yyacTByIOLWMX B Pa3BUTAM MIALEHTbI, B BOPCMHAX XOPMOHa CMOHTaHHbIX
abopTycos ¢ Tpucomuein 16 (n = 14), N0 CPABHEHMWIO CO CMOHTAHHbIMM aboPTYCamyi C HOPMaJibHbIM KapyoTMNom
(n=31) 1 KOHTPOMbHOW rPYNMNON MeagULUHCKUX abopTycoB (n = 10). [lnA nonyyeHnsa 6ubnnoTek Ans ceKBEHNPOBa-
HMA NCMOSIb30BaHa TapreTHaa amnanduKaLma OTAENbHbIX PEFMOHOB FEHOB C MOMOLLBIO Pa3paboTaHHbIX ONNFOHY-
KNeoTVAHbIX NpaiMepoB Ha brcynbouT-koHBepTMpoBaHHo [IHK. AHanv3 npoBoANAN C NpMMeHeHeM TapreTHOro
61CynbGUTHOrO MacCcoBOro NapasnieNlbHOro CEKBEHMPOBaHWA. B rpynne cnoHTaHHbIX abopTycoB ¢ Tpucomunein 16
6bl/1 3HAUMMO MOBBILLEH YPOBEHb METUNMPOBaHNA reHoB PRDMT 1 PSG2 no cpaBHeHUIO C MeAULIMHCKMI abopTy-
camut (p = 0.0004 1 p = 0.0015 COOTBETCTBEHHO). B rpynne cnoHTaHHbIX aBOPTYCOB C HOPMasbHbIM KaprOTUMOM He
06Hapy»KeHO MOBbILLEHVA YPOBHA METUANPOBaHNA reHoB PRDM1 1 PSG2, HO 6bin1 3HaUMMO MOBbILLEH YPOBEHb Me-
TMnupoBaHua reHa ADORA2B no cpaBHeHUIO C MeanUUHCKUMK abopTycamu (p = 0.032). MonyyeHHble pe3ynbTaTbl
yKa3blBaloT Ha NOTeHLMaNbHble MeXaHN3Mbl MAaTOreHeTUYeCKoro AeNCTBNA Tpcommnn 16 Ha pa3BuTre NnaLeHTbl C
y4acTieM N3yYeHHbIX FeHOB.

KnioueBble cnoBa: aHeynnounaus; Tpucomms 16; metunmposanmve JHK; BOPCUHBI XOPUOHA; HEBbIHALLIMBaHNE Gepe-
MEHHOCTW; 6UCYNbOUTHOE CEKBEHVPOBaHME; CMOHTaHHble abOPTYCbl.
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Introduction

Spontaneous abortion (miscarriage) is the spontaneous death
of an embryo or fetus before 20 weeks of gestation. In the vast
majority of cases, pregnancy is terminated when the embryo
has life-incompatible genetic abnormalities. Slightly more
than 50 % of all clinically diagnosed miscarriages are caused
by aneuploidy, which mainly occurs during spermatogenesis
or oogenesis, or in the early stages of embryonic develop-
ment, and the most common aneuploidy among spontaneous
abortions of the first trimester is trisomy 16 (Nikitina et al.,
2016). Most of the aneuploid embryos die at the implantation
stage, and the next peak of embryonic mortality is observed
around 89 weeks of pregnancy. However, the mechanisms
leading to the death of embryos with aneuploidy remain
poorly understood.

In the first trimester of pregnancy, the most important pro-
cess occurs: remodeling of spiral arteries, which consists in
the migration of trophoblast cells into the spiral arteries of the
mother, replacement of their endothelium and remodeling to
ensure stable nutrition of the embryo and oxygen supply (Red-
Horse et al., 2004; Jauniaux et al., 2006). This is a complex
process that depends on many factors from both the embryo
and the mother. Our preliminary results show that spontane-
ous first trimester abortions with an aneuploid karyotype have
large-scale methylation disorders of repetitive sequences
(Vasilyev et al., 2021) and genes playing an important role in
placental development (Tolmacheva et al., 2022).

In this work, we conducted a more detailed study of part
of the genes, the methylation disorders of which were pre-
viously detected in spontanecous abortions with trisomy 16
(PRDM1, PTHLH) (Tolmacheva et al., 2022) and a normal
karyotype (ADORA2B, NPR3, PSG2, SV2C, and TICAM?2)
(unpublished data).

The ADORA2B gene is associated with remodeling of
spiral arteries, and its hypermethylation is associated with
impaired placental development, fetal growth retardation and
the development of preeclampsia (Jia et al., 2012; Yeung et al.,
2016). The NPR3 gene is a receptor for natriuretic peptide A,
which plays an important role in the remodeling of the spiral
arteries of the uterine wall (Zhang et al., 2021). Deficiency
of natriuretic peptide A impairs trophoblast invasion and re-
modeling of spiral arteries, which leads to a phenotype simi-
lar to preeclampsia. The PRDM1 gene is a key regulator of

terminal differentiation of giant trophoblast cells that replace
the endothelium of the spiral arteries of the mother (Maioli et
al., 2004). The PSG2 gene encodes pregnancy-specific beta-1
glycoprotein 2, the expression of which is increased in the
trophoblast, and its increased level is observed in circulating
trophoblast cells with true placenta accreta (Grunblatt et al.,
2004). The PTHLH gene encodes osteostatin (parathyroid
hormone-related protein), which is a precursor to a signal-
ing peptide that plays a role in the differentiation of giant
mouse trophoblast cells (Sandor et al., 2017). For the SV2C
and TICAM? genes, expression disorders are known in other
pregnancy pathologies potentially associated with abnormal
placentation (McMaster et al., 2004). The expression of the
SV2C gene increases in exosomes in the blood of the mother
with gestational diabetes compared with the group with
normal pregnancy (Fang et al., 2021). Hypomethylation and
high expression of the 7/CAM?2 gene are also associated with
preeclampsia and premature birth (Mason et al., 2011; Lim
et al., 2020).

The aim of this study was to analyze the aberrant methyla-
tion of the genes of placental development ADORA2B,
NPR3, PRDM1, PSG2, PTHLH, SV2C, and TICAM?2 among
spontaneous abortions of the first trimester of pregnancy with
trisomy 16.

Materials and methods
The analysis was performed on chorionic villi of spontaneous
abortions with trisomy 16 (n = 14, gestational age 8.7+1.6
weeks), spontaneous abortions with a normal karyotype
(n =31, gestational age 10.0£2.2 weeks) and induced abor-
tions (n = 10, gestational age 8.3+1.2 weeks). Samples
from the bio-collection “Biobank of the population of North
Eurasia” of the Research Institute of Medical Genetics of
the Tomsk National Research Medical Center of the Russian
Academy of Sciences were used. Tissue samples were stored
at a temperature of —80 °C. Informed parental consent was
obtained for all samples to use the biomaterial for biobanking
and research. The study was approved by the Committee on
Biomedical Ethics of the Research Institute of Medical Ge-
netics of the Tomsk NRMC (09.11.2020/No. 7).

The karyotype was determined using conventional cytoge-
netic analysis on direct preparations of chorionic villi and in
fibroblast cultures of extraembryonic mesoderm (Lebedev et
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Aberrant methylation of placental development genes
in chorionic villi of spontaneous abortions with trisomy 16

Sequences of oligonucleotide primers used to obtain libraries for targeted bisulfite massive parallel sequencing

Name Sequence Product, bp Coordinates (hg38),
gene region
ADORA2B_m1 F 5-GATAGATATTTGGTTATTTGTGTTT-3’ 519 chr17:15945552-15946070,
............................................................................................................. exon T-intron 1
R 5-TACCTTACCCTTAATAAAAACCTCC-3'
ADORA2B_m2 F 5'-GTTATGTTGTTGGAGATATAGGA-3’ 331 chr17:15945246-15945576,
............................................................................................................. exon |
R 5'-AAACACAAATAACCAAATATCTATC-3’
NPR3 F 5'-TAGGGAGGAGTTTTGATGTAAGAAT-3’ 465 chr5:32711142-32711606,
............................................................................................................. exon 1
R 5-TCCTTCTCTACAATATCACTAATTT-3'
PRDM1 F 5-AGTTTGTGTATTTGAAATTGTATAAG-3’ 372 chr6:106107017-106107388,
............................................................................................................. exon 7
R 5-ACTCATAAAAACTACACCCTAAAAA-3'
PSG2 F 5'-GTTGTTGTGTGTAGAGGAGGAATAG-3’ 344 chr19:43083681-43084024,
............................................................................................................. promoter
R 5'-ATCCCAAACCAAACCTAAAACTAAC-3'
PTHLH F 5'-GGGTTTTGATAGTAATTATTATTTTT-3’ 476 chr12:27969063-27969538,
............................................................................................................. exon 4-intron 4
R 5'-ATCCCATTCCCTTCTATTACAAATC-3’
svac F 5-AGAGTAAGAGAGGGTTGGAGAGTAG-3’ 393 chr5:76084117-76084509,
............................................................................................................. intron 1
R 5'-ATACTAACTACCCCAAACCAAATTC-3'
TICAM2 F 5'-ATTTGTTTATGGTTTTGAGGTGTTT-3' 671 chr5:115601810-115602480,

al., 2004). The presence of trisomy 16 was verified by fluo-
rescent in situ hybridization (FISH) using subtelomeric DNA
probes (16q and 16p) according to the described technique
(Vasilyev et al., 2010).

Tissue separation was carried out morphologically, then
chorionic villi cells were incubated overnight at 37 °C with
proteinase K. The standard phenol-chloroform method was
used to isolate DNA. Bisulfite DNA modification was per-
formed using the EZ DNA Methylation-Direct kit (Zymo
Research, USA) according to the manufacturer’s protocol.
During bisulfite conversion, unmethylated cytosine is modi-
fied into uracil, which is replaced by thymine during further
PCR, and methylated cytosine is not modified.

The methylation profile was analyzed using targeted bi-
sulfite massive parallel sequencing. To obtain the libraries,
the designed oligonucleotide primers were used to amplify
the target regions of the ADORA2B, NPR3, PRDM1, PSG2,
PTHLH, SV2C, and TICAM? genes from bisulfite-converted
DNA (see the Table). The choice of genes and target sites in
them was determined by the differentially methylated CpG
sites in chorionic villi of spontaneous abortions according to
our preliminary results obtained using a large-scale methyla-
tion analysis (Tolmacheva et al., 2022), and their participation
in the development of the placenta.

Amplification of target fragments was carried out using a
set of HS-Taq PCR mastermix (2x) (Biolabmix, Russia) ac-
cording to the manufacturer’s protocol with the following PCR

exon 1-intron 1

conditions: 95 °C for 5 min; 36 cycles: 95 °C for 30 s, 60 °C
for 45 s, 72 °C for 45 s. The concentration of the target frag-
ments was determined using a Qubit 4.0 fluorimeter (Thermo
Fisher Scientific, USA). The reaction products were purified
using Sephadex G50 solution (Sigma, USA).

Targeted bisulfite massive parallel sequencing was per-
formed on a MiSeq device (Illumina, USA) using a Micro kit
(2x150). The quality of the reads was evaluated using FastQC
v0.11.8, after which the remaining adapter sequences and
low-quality reads were trimmed using Trim-Galore. The reads
were then mapped to bisulfite-converted target sequences
using the bwa-meth tool (v0.2.2) with default parameters.
Methylation data in the context of CpG were extracted from
the resulting BAM files using the MethylDackel tool. The
results were presented as the methylation level, which is the
ratio of the number of cytosines to the total number of cyto-
sines and thymines in a individual CpG site. In addition, the
average methylation level was calculated along all target sites.
The statistical analysis was performed using the Statistica
10.0 software package (StatSoft, USA). The Mann—Whitney
rank test was used to compare the methylation level between
groups of samples. The differences were considered statisti-
cally significant at p < 0.05.

The study was conducted using the equipment of the
center for collective use “Medical Genomics” of the Tomsk
National Research Medical Center of the Russian Academy
of Sciences.
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The average level of methylation of CpG sites in the target regions of the ADORA2B, NPR3, PRDM1, PSG2, PTHLH, SV2C, and TICAM2 genes in chorionic villi
of spontaneous abortions with trisomy 16 compared with spontaneous abortions with a normal karyotype and induced abortions.

IA —induced abortions; SA NK - spontaneous abortions with a normal karyotype; SATri16 — spontaneous abortions with trisomy 16. The boxes represent the 25th
and 75th percentiles, and the whiskers mark the minimum and maximum values. The square in the center of the box indicates the median, with blue lines marking
the minimum and maximum values in the IA group. Above the figures, the proportion and number of spontaneous abortions with trisomy 16 with methylation
levels of target genes beyond the limits of variation in the group of induced abortions are indicated (lowered - blue, elevated - red).

Results
Significant differences in spontaneous abortions with tri-
somy 16 compared with induced abortions were observed in
the following genes: PRDM1 (81.9 +2.8 % vs. 76.5 £ 2.6 %,
p=0.0004), PSG2 (51.6 £4.4% vs.44.6 £ 3.6 %, p=0.001),
and TICAM?2 (4.5 +3.6% vs. 12.5 £ 11.0%, p = 0.044) (see
the Figure). At the same time, the level of methylation of the
PRDM]1 and PSG2 genes in the group of spontaneous abor-
tions with trisomy 16 was higher, and that of the 77CAM?2 gene
was lower compared with induced abortions. In the group of
spontaneous abortions with a normal karyotype, the level of
methylation of the ADORA2B gene (m1 region) was signifi-
cantly higher compared with the group of induced abortions
(48.8 £ 15.3% vs. 38.7 £ 10.2%, p =0.032) (see the Figure).
Some spontaneous abortions had methylation levels beyond
the normal variability in the control group of induced abortions
(see the Figure). The maximum number of spontaneous abor-
tions with trisomy 16 with an increased level of methylation
was found for the PSG2 gene (11 samples out of 14, which is
78.6 % of the total number of the studied samples) and for the
PRDM]1 gene (10 samples out of 14, 71.4 %) (see the Figure).
Also, an increased level of methylation was observed in some
spontaneous abortions with trisomy 16 for the following genes:
ADORA2B ml (38.5 %), ADORA2B m2 (14.3 %), NPR3
(35.7 %), and PTHLH (13.3 %). Lowered methylation levels
in some spontaneous abortions were recorded only for the
ADORA2B m1 (7.7 %); NPR3 (7.1 %); PTHLH (14.3 %),

and TICAM? (23.1 %) genes. No spontaneous abortions with
impaired methylation levels were detected for the SVV2C gene
(see the Figure).

Discussion

Previously, our group and others showed methylation disorders
in chorionic villi of spontaneous abortions with trisomy 16:
increased methylation of retrotransposon LINE-1 (Vasilyev
etal., 2021) and large-scale methylation disorders throughout
the genome (Blair et al., 2014; Tolmacheva et al., 2022). In
addition, methylation disorders in trisomy 16 were found
to overlap with those in early-onset preeclampsia (Blair et
al., 2014). Considering that one of the mechanisms of the
development of preeclampsia is considered to be impaired
placentation and remodeling of spiral arteries (McMaster et
al., 2004), a possible mechanism leading to the death of em-
bryos with trisomy 16 is abnormal methylation of placental
development genes.

In this work, it was shown that in the studied group of spon-
taneous abortions with trisomy 16, the level of methylation
of the PRDM1 and PSG2 genes was significantly increased
compared with induced abortions. At the same time, the level
of methylation of these genes did not significantly increase in
the group of spontaneous abortions with a normal karyotype.
Since the PRDM1 gene is a transcription factor, its effect is
observed in many processes in the body. Recently, it was
found that hypomethylation of the PRDM1 gene and a cor-
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responding increase in gene expression in chorionic villi
is associated with recurrent miscarriage (Du et al., 2020).
Potentially, the negative effect of hypomethylation of PRDM 1
may be associated with abnormal trophoblast migration and an
increased level of trophoblast cell apoptosis (Du et al., 2020),
as well as with the role of PRDM1 in regulating the transcrip-
tion factor GATA2, which is key for trophoblast development
(Paul et al., 2017).

It is possible that the increased methylation of the PRDM
and PSG?2 genes in the group of spontaneous abortions with
trisomy 16 is associated with the effect of a supernumerary
chromosome on the DNA methylation profile (Tolmacheva
et al., 2013). This process is probably triggered by specific
genes located on chromosome 16, which may be involved in
the regulation of DNA methylation (Tolmacheva et al., 2022).
In the context of this work, it is interesting that CTCF, one
of the key regulators of chromatin conformation located on
chromosome 16, can regulate the transcription of human PSG
genes (PSG1-PSGY9, PSG11) in trophoblast cells. Suppression
of CTGF expression increased or suppressed the expression
of several PSG genes, and this effect was accompanied by
epigenetic changes (Jeong et al., 2021).

An interesting result requiring further study is a significant
increase in the level of methylation of the ADORA2B gene in
spontaneous abortions with a normal karyotype. It is likely
that in individual embryos with a normal karyotype, methyla-
tion disorders of some genes involved in the development of
the placenta may be caused by other causes unrelated to the
influence of aneuploidy.

Conclusion

The results indicate that the aberrant level of methylation
of placental development genes may be an important factor
associated with the death of embryos with trisomy 16 in the
first trimester of pregnancy.
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Abstract. Recent studies have shown that the bacterial microbiome of the respiratory tract influences the develop-
ment of lung cancer. Changes in the composition of the microbiome are observed in patients with chronic inflam-
matory processes. Such microbiome changes may include the occurrence of bacteria that cause oxidative stress and
that are capable of causing genome damage in the cells of the host organism directly and indirectly. To date, the
composition of the respiratory microbiome in patients with various histological variants of lung cancer has not been
studied. In the present study, we determined the taxonomic composition of the sputum microbiome of 52 patients
with squamous cell carcinoma of the lung, 52 patients with lung adenocarcinoma and 52 healthy control donors,
using next-generation sequencing (NGS) on the V3-V4 region of the bacterial gene encoding 16S rRNA. The sputum
microbiomes of patients with different histological types of lung cancer and controls did not show significant diffe-
rences in terms of the species richness index (Shannon); however, the patients differed from the controls in terms of
evenness index (Pielou). The structures of bacterial communities (beta diversity) in the adenocarcinoma and squa-
mous cell carcinoma groups were also similar; however, when analyzed according to the matrix constructed by the
Bray-Curtis method, there were differences between patients with squamous cell carcinoma and healthy subjects,
but not between those with adenocarcinoma and controls. Using the LEFse method it was possible to identify an
increase in the content of Bacillota (Streptococcus and Bacillus) and Actinomycetota (Rothia) in the sputum of patients
with squamous cell carcinoma when compared with samples from patients with adenocarcinoma. There were no dif-
ferences in the content of bacteria between the samples of patients with adenocarcinoma and the control ones. The
content of representatives of the genera Streptococcus, Bacillus, Peptostreptococcus (phylum Bacillota), Prevotella, Ma-
cellibacteroides (phylum Bacteroidota), Rothia (phylum Actinomycetota) and Actinobacillus (phylum Pseudomonadota)
was increased in the microbiome of sputum samples from patients with squamous cell carcinoma, compared with
the control. Thus, the sputum bacterial microbiome of patients with different histological types of non-small-cell
lung cancer has significant differences. Further research should be devoted to the search for microbiome biomarkers
of lung cancer at the level of bacterial species using whole-genome sequencing.

Key words: non-small cell lung cancer; squamous cell lung cancer; lung adenocarcinoma; bacterial microbiome;
sputum; taxonomic composition; 16S rRNA; NGS sequencing.
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CocTaB 6aKTepuanbHOro MUKPOBUOMa MOKPOTbI MaLeHTOB
C pasHbIMM GOPMaMIN HEMENKOKIIETOYHOTO pakKa JIerkoro

WSIN OMOCPeJOBaHHO NOBPeXAaTb FeHOM B KleTKax OpraH13mMa Xo3amnHa. [lo HacToALero BpeMeHy cocTaB pecnmpa-
TOPHOro MMKPOO6MOMa y 60MbHBIX C Pa3IMYHbIMY TMCTONOMMYECKMU BapriaHTaMy paka JIerkoro He n3yyeH. B HacTtos-
WemM nccefoBaHnn AA aHanm3a TakCOHOMMYECKOro cocTaBa MUKPOOGMOMa MOKPOTbI 52 MauMeHTOB C NNOCKO-
KNEeTOYHbIM PaKOM JIErKOro, 52 MauMeHTOB C afieHOKapLMHOMON Nerkoro 1 52 3[0pOBbIX JOHOPOB KOHTPONbHOM
rPynnbl NCMNOJIb30BANN TEXHONMOMMI0 MAaCCOBOrO NapanienibHoro CeKkBeHnpoBaHua pervoHa V3-V4 16S pPHK. Mukpo-
61OMbI MOKPOTbI GOJIbHBIX C Pa3HbIMU FMCTONOMMYECKMMI TUMaMK Paka JIEFKOTO 11 KOHTPOJA HE MENV 3HAUYMMBbIX
pasnnunii No NHAeKCy BMaoBoro 6oratcTea (LLleHHOHa), 0oAHAKO Y NaLMEHTOB OHU OTIMYANNCh OT KOHTPOMA MO WH-
feKcy BblpaBHeHHOCTM (Mueny). CTpyKTypbl 6akTepranbHbiX coobLiecTs (6eTa-pa3Hoobpasme) Mexay ageHoKapLum-
HOMOW 1 NNOCKOKJIETOYHbIM PAKOM TaKe 6bl1n 61M3KMU. Tem He MeHee MaTpuLa, NoCcTpoeHHas no bpato-KépTtucy,
No3BONUAA BbIABUTb PA3fiMumMA Mexay nauveHTamMy C NMIOCKOKMETOUYHbIM PaKoM 1 340POBbIMK CyObeKTaMm, HO He
MeXAy afeHoKapLMHOMOW 1 KoHTponem. MeToa LEFse no3sonun ngeHTmdrumpoBaTtb B MOKPOTE 60/IbHbIX MIOCKO-
KNeToYyHbIM pakoM yBenuyeHwue cogepxanua Bacillota (Streptococcus v Bacillus) v Actinomycetota (Rothia) npu cono-
cTaBneHnn c obpasuamm NaLMEHTOB C afleHOKapLMHOMOW. He HanieHO pa3nnuuniin B cogepaHnmn 6aktepuin mexxay
o6pasuamm 60bHbIX aAeHOKaPLMHOMOW 1 KOHTponA. B Mrkpobrnome 06pa3LioB MOKPOTbI MaLMEHTOB C MIOCKOKJIe-
TOYHbIM PAKOM MO CPABHEHMIO C KOHTPOseM Oblfio MOBBILEHO COfepPKaHWe NpeacTaBuTeneil pogos Streptococcus,
Bacillus, Peptostreptococcus (dunym Bacillota), Prevotella, Macellibacteroides (punym Bacteroidota), Rothia (dunym
Actinomycetota) n Actinobacillus (bunym Pseudomonadota). Takum o6pa3om, bakTepranbHbii MUKPOOYOM MOKPOTI
NMaLUMEHTOB C Pa3HbIMM TMCTONOTMYECKUMMN TUMaMM HEMESTKOKIIETOYHOTO PaKa Nerkoro UMeeT CyLleCTBEHHbIE pas-
nnuna. flanbHenwmne nccnefoBaHna BOMKHbI ObITb MOCBALLEHbI MOVNCKY MUKPOBMOMHbIX 61IOMapKepOB paka Jierkoro
Ha ypoBHe 6aKkTepuranbHbIX BUAOB C MCMOJSIb30BaHWEM NMOHOreHOMHOIO CEKBEHNPOBAHMA.

KnioueBble cnoBa: HEMENKOKNETOUHbIV pak JIErkoro; NIOCKOKNIETOUHbIN paK Nerkoro; ageHokapLyHOMa JIerKoro;
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6aKTepuanbHbIi MUKPOOUOM; MOKPOTa; TaKCOHOMMYecKuii cocTas; 16S pPHK; NGS cekBeHMpoBaHMe.

Introduction

Recent studies show that many bacteria living in the human
body are related to the development of malignant tumors.
Microbial ecosystems capable of initiating oncogenic trans-
formation, inducing metabolic changes in the tumor microen-
vironment, or modulating responses to cancer immunotherapy
have already been described (Xavier et al., 2020; Chen et al.,
2022). Integrated metagenomic approaches are expected to
accurately identify tumor-associated microbiome profiles and
uncover mechanisms of bacterial influence on cancer initia-
tion and progression (Chiu, Miller, 2019). Moreover, recent
studies have identified microbial profiles specific to certain
cancer types that may serve as biomarkers for diagnosing
tumor risk (Wu et al., 2021).

Lung cancer (LC) originates in the lung parenchyma or
bronchi and is diagnosed in approximately 1.2 million people
worldwide each year (Cheng T.Y. et al., 2016). Mortality from
LC remains high, in part due to the lack of early detection
of diagnostic biomarkers, including metagenomic markers.
Therefore, the search for bacteria associated with the risk of
developing LC has intensified dramatically in recent years,
especially with the application of massively parallel DNA
sequencing technology (Mao et al., 2018; Maddi et al., 2019).
Previous studies have shown that there are features of micro-
biota composition in saliva, bronchoalveolar lavage, and lung
tissue samples that may be associated with LC, but the results
of these studies regarding the significance of specific bacteria
are largely contradictory (Hasegawa et al., 2014; Lee et al.,
2016; Liu H.X. et al., 2018; Tsay et al., 2018; Peters et al.,
2019; Wang et al., 2019; Zhang et al., 2019; Cheng C. et al.,
2020; Zhuo et al., 2020).

An important source of information on the composition
of the respiratory tract microbiota is sputum, which has so
far been little studied in LC patients (Hosgood et al., 2014,
2019; Cameron et al., 2017; Druzhinin et al., 2020; Ran et al.,
2020). Although sputum does not reflect the microbiome of
any specific part of the respiratory tract, it may be useful for

searching for metagenomic biomarkers of LC because its col-
lection is relatively simple and non-invasive.

Despite the fact that all forms of LC originate from epithelial
cells of the airway mucosa, the current classification includes
several different histologic types of this disease (Tsao, Yoon,
2018). LC is commonly divided into small cell lung cancer
and non-small cell lung cancer (NSCLC), which accounts for
85 % of all LC cases (Molina et al., 2008). NSCLC is in turn
subdivided into large cell lung cancer, adenocarcinoma of the
lung (AD), and squamous cell lung cancer (LUSC). Diffe-
rent histological types of LC are characterized by distinctive
biological patterns, different molecular markers and specific
treatment strategies (Herbst et al., 2008). Based on this, it
can be hypothesized that the composition of the respiratory
tract microbiome may also differ between AD and LUSC
patients. To date, this question remains open, given the very
few published studies comparing the respiratory microbiome
with individual histologic types of LC.

Here, we present the results of a comparative study of the
taxonomic composition of the bacterial microbiome of the
sputum of AD, LUSC patients and healthy donors, residents
of the Kuzbass region of Western Siberia, for the first time.

Material and methods

Microbiota composition was studied in sputum samples
from 52 patients with AD (37 men, 15 women; mean age
62.5 years); 52 patients with LUSC (49 men, 3 women; mean
age 59.9 years) and 52 healthy donors (39 men, 13 women;
mean age 62.5 years). The cohort of patients with NSCLC was
formed from individuals who were first admitted for examina-
tion to the Kemerovo Regional Oncology Center (Kemerovo,
Russian Federation). The material for the study was collected
from March 2018 to March 2022. A questionnaire was filled
out for each participant with information on place and date
of birth, living environment, occupation, exposure to occu-
pational hazards, health status, medication intake, radiologic
procedures, smoking and alcohol consumption. For patients
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with NSCLC, the results of clinical and histological analyses,
primary tumor localization, and disease stage according to
the TNM classification were additionally taken into account
(Goldstraw, 2013). Demographic and clinical data on patients
and control donors are presented in Table 1.

Inclusion criteria were male and female age > 40 years,
sputum donation, and signing written informed consent.
Exclusion criteria were any acute or chronic condition that
would limit the patient’s ability to participate in the study, use
of antibiotics within 4 weeks prior to collection, inability to
obtain a sputum sample, or refusal to give informed consent.
All participants were informed about the aims, possible risks
of the study and signed informed consent. The study was ap-
proved by the Biomedical Ethics Commission of Kemerovo
State University (protocol # 17/2021 dated 05.04.2021). When
patients and control donors were included in the study, ethical
principles required by the World Medical Association Declara-
tion of Helsinki (World Medical Association Declaration of
Helsinki, 1964, 2000) were followed.

To analyze the taxonomic composition of the respiratory
microbiome, sputum samples (2-3 ml) from patients with

Table 1. Characteristics of the study cohorts

Composition of the sputum bacterial microbiome
of patients with different forms of non-small-cell lung cancer

NSCLC and control group donors were obtained noninva-
sively through productive coughing. The obtained samples
were immediately placed in sterile plastic vials and frozen
(=20 °C). Frozen samples were transported to the laboratory
and stored at —80 °C until bacterial DNA extraction.

DNA extraction, amplification, and sequencing of 16S
rRNA on a MiSeq instrument (Illumina, USA) were performed
according to the manufacturer’s recommendations. A detailed
description of the procedures is given in a previous publication
(Druzhinin et al., 2021).

Microbiome sequencing data were processed using the
QIIME?2 software package (Bolyen et al., 2019). Quality as-
surance was performed and a sequence library was created.
Sequences were combined into operational taxonomic units
(OTUs) based on a 99 % nucleotide similarity threshold using
the Greengenes (version 13-8) and SILVA (version 138) re-
ference sequence libraries, followed by removal of singletons
(OTUs containing only one sequence). The correspondence
of bacterial phylum names to current international nomen-
clature was determined using the LPSN resource (Parte et
al., 2020).

Variables NSCLC, n=52
Age, years (mean) 59.9
Gender (n/%):

Men 49/94.0

Women 3/6.0
Place of residence (n/%):

City 35/67.0

Village 17/33.0
Occupational hazards (n/%):

Yes 19/37.0

No 33/63.0
Smoking status (n/%):

Yes 38/73.0

No 14/27.0
Alcohol consumption (n/%):

Yes 34/65.0

No 18/35.0
Chronic diseases (n/%):

Cardiovascular 29/56.0

Bronchitis 16/31.0

Chronic obstructive pulmonary disease 24/45.0

Gastrointestinal 7/15.0

Diabetes 1/2.0

Asthma 3/6.0

Obesity 4/8.0
TNM# (n/%):

I 28/54.0

1, IvVv 24/46.0
Tumor localization (n/%):

Central 27/52.0

Peripheral 22/42.0

Not established 3/6.0

#TNM - tumor-node-metastasis.

AD,n=52 Control,n=52
62.5 62.5
37/71.0 39/75.0
15/29.0 13/25.0
40/77.0 46/88.0
12/23.0 6/12.0
23/44.0 12/23.0
29/56.0 40/77.0
25/48.0 20/38.5
27/52.0 32/61.5
35/67.0 39/75.0
17/33.0 13/25.0
40/77.0 20/38.5
12/23.0 4/8.0

6/12.0 0

7/15.0 11/21.0

3/6.0 4/8.0

1/2.0 1/2.0
15.0 1/2.0
32/61.5 -
20/38.5

3/6.0 _
47/90.0

2/4.0
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The total diversity (alpha-diversity) of sputum prokaryo-
tic communities was estimated by the number of isolated
OTUs (analogous to species richness) and Shannon indices
(H = Zpi Inpi, where pi is the proportion of the i-th species
in the community). The evenness of species distribution in
terms of their abundance in the community was assessed by
the Pielou index. The difference in the structure of bacte-
rial communities of different samples (beta diversity) was
analyzed using UniFrac (Lozupone, Knight, 2005), a method
common in microbial ecology that assesses the difference
between communities based on the phylogenetic relatedness
of the represented taxa. Normalization of samples by 1070 se-
quences (minimum number of sequences obtained per sample)
was used to calculate diversity indices. The significance of
differences between groups of samples was assessed by the
PERMANOVA method (Adonis). The construction of the
principal coordinate analysis (PCOA) graph was performed
using the QIIME2 package. A linear discriminant analysis
(LEFse) effect size measure (Segata et al., 2011) was used
to compare the relative percentages of individual bacterial
taxonomic units in the microbiomes of the matched groups.

Statistical processing of the study results was performed
using the STATISTICA.10 program package (Statsoft, USA).
Quantitative parameters were evaluated by calculating mean
values (M). The Mann—Whitney rank U-test was used to as-
sess the reliability of differences in the relative percentages of
individual bacterial taxa in the samples. Differences were con-
sidered reliable at p <0.05. To eliminate the effect of multiple
comparisons, the False Discovery Rate (FDR) correction was
used to assess the significance of differences. Multiple regres-
sion analysis was used to assess the relationships between the
content of individual bacteria in the sputum of patients with
the presence of comorbidities, smoking, alcohol consumption,
place of residence, and occupational harmful factors.

Results

Sequencing of the V3-V4 region of the 16S rRNA gene in
sputum identified a total of nine bacterial types with a relative
frequency above 0.1 %. The predominant bacterial types in
the microbiomes of LUSC patients, AD patients and controls
were Bacillota and Bacteroidota, which together accounted
for about 70 % of the total microbiota. Overall, the relative
percentages as well as the ratio of dominant bacterial types in
sputum appeared close to the parameters previously described
for the sputum microbiome in LC patients (Hosgood et al.,
2014; Huang et al., 2019).

The Shannon index was used to assess alpha diversity. The
results of the analysis showed that there were no differences
between the matched samples of patients and healthy donors
(Fig. 1). However, a significant reduction in alpha diversity
according to the Pielou index (evenness) was found in the
sputum of patients with AD and with LUSC compared to
controls (Kruskal-Wallis test; p = 0.0001). There were no
significant differences in uniformity (Pielou index) between
the different histologic types of LC (Fig. 2).

Differences in bacterial community structure (beta diver-
sity) in sputum samples from AD patients, LUSC patients and
healthy individuals were evaluated with the PERMANOVA
(Adonis) test using a Bray—Curtis difference matrix (Fig. 3).
The analysis showed that there were differences in beta
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Fig. 1. Shannon diversity index of microbiomes of patients with adeno-
carcinoma, squamous cell lung cancer and control donors.
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Fig. 2. Pielou index of microbiomes of patients with adenocarcinoma,
squamous cell lung cancer and control donors.
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Fig. 3. Three-dimensional diagram constructed by principal component
analysis showing the phylogenetic diversity of prokaryotic communities
in the sputum of patients with adenocarcinoma, squamous cell lung can-
cer and control donors.
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Composition of the sputum bacterial microbiome
of patients with different forms of non-small-cell lung cancer
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Fig. 4. Different representation of bacterial taxa in sputum samples of patients with squamous cell carcinoma and adenocarcinoma of the lung.

Here and in Fig. 5, 6: a - cladogram giving an idea of the proximity of the differing taxonomic groups; b — graph representing the results of LEFse analysis.

LDA - linear discriminant analysis.

diversity only between LUSC and control communities
(pseudo-F = 3.89; p =0.007).

Differences in bacterial taxonomic composition between
the study samples were examined using linear discriminant
analysis (LEFse), which estimates the effect size of the repre-
sentation of different bacteria. The LEFse method revealed a
significant increase in the representation of selected bacterial
taxa in the sputum of patients with LUSC compared with AD.
This applies in particular to the type Bacillota, the class Ba-
cilli and the genus Streptococcus (Fig. 4). Comparison of the
taxonomic composition of LUSC patients and healthy do-
nors showed an increase in the content of representatives of
Bacillota and Pseudomonadota types, Bacilli class, genera
Streptococcus, Rothia, Bacillus, Macellibacteroides, etc.
in the sputum of patients (Fig. 5). There were significantly
fewer bacterial taxa for which LEFse analysis revealed dif-

ferences between healthy donors and AD patients (Fig. 6).
Specifically, the sputum of healthy individuals showed an
increase in representatives of the order Clostridiales, the class
Clostridia and the genus Moryella, whereas in patients with
AD the representation of the order Flavobacteriales and the
class Flavobacteriia was increased.

Multiple regression analysis (MRA) was used to assess
possible relationships between the content of individual bac-
teria in the sputum of LUSC patients with a range of other
factors potentially affecting the composition of the microbiota.
In addition to the bacterial genera (Streptococcus, Rothia,
Bacillus, Macellibacteroides) significant for LUSC, MRA
models included sex, patient age, comorbidities, smoking,
alcohol consumption, place of residence, and presence of
occupational hazards (see Table 1). As a result, it was found
that among the confounders studied, only the presence of
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Fig. 5. Different representation of bacterial taxa in sputum samples of patients with squamous cell cancer and healthy donors.
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as a function of age.

cardiovascular disease (ischemia, hypertension, etc.), chronic
bronchitis, and/or chronic obstructive pulmonary disease was
associated with LUSC.

The effect of age and smoking status on microbiota com-
position in patients and controls was studied separately. Cor-
relation analysis (Spearman) revealed a significant increase
with age in the content of Prevotella species in the sputum
of patients with AD (p = 0.0196) and in patients with PRL
(p=0.0274) (Fig. 7). At the same time, a positive correlation
of age with the content of representatives of the genera Atopo-
bium (p = 0.03) and Leptotrichia (p = 0.03) was observed in
patients with AD. In the control samples, an increase with age
in the content of bacteria from the genera Porphyromonas
(p=0.01) and Veillonella (p = 0.045) and, at the same time, a
decrease in the content of representatives of the genera Lach-
noanaerobaculum (p = 0.02), Stomatobaculum (p = 0.006)
and Oribacterium (p = 0.02) were found.

Smoking status had no effect on sputum microbiome
composition in patients with AD and LUSC. For the control
sample, there was an increase in Streptococcus in the sputum
of smoking donors compared to nonsmoking donors (20.87
vs. 15.16 %; p = 0.0007), and a significant decrease in Neis-
seria in the sputum of smokers (2.75 vs. 5.68 %; p = 0.001).

A question of separate interest is the possible influence of
the stage of the tumor process on the composition of bacteria
in sputum. The results summarized in Table 2 show that the
percentage of bacterial taxa differs significantly between pa-
tients with NSCL in stages I-II as compared to stages [II-1V of
the disease. From the analysis of this data, it can be concluded
that there is an increase in bacteria belonging to four genera
in the sputum of patients in advanced stages of tumorigenesis.

Primary tumor localization in LC may be another factor
potentially influencing the composition of the bacterial mi-
crobiota of the respiratory tract. Therefore, we compared the
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Table 2. Average percentage of bacterial taxa Table 3. Average percentage of bacterial taxa
in the sputum microbiome of patients in the sputum microbiome of patients
with non-small cell lung cancer with non-small cell lung cancer
at different stages of the disease with different tumor localization
Genus -1l ni-1v p* Genus Central Peripheral p
(n=60),M,% (n=44),M, % NSCLC NSCLC
.................................................................................................................... _ 0 _ 0
Porphyromonas 3.09 3.99 0.004% (n3 1 ) M/° ..... (n6 8) MA) .............................
Alloprevotella 175 3.86 ooor  Vellonela AT AT o
Selenomonas 1 14 0.007* Bacllss S AN 0%
Megasphaera 0.88 1.45 0.03 Granulicatella 1.63 0.94 0.04
Oribacterium 0.48 0.72 0.01* Bacteroides 1.62 0.52 0.002*
Filifactor 0.05 0.09 0.03 Oribacterium 0.43 0.18 0.03

*Here and in Table 3: the p-value is less than the FDR-corrected p-value.

mean percentage of bacterial genera in the sputum of patients
with central NSCLC and peripheral NSCLC (Table 3).

As follows from these data, the central localization of the
tumor is accompanied by an increase in representatives of the
genus Bacteroides. At the same time, an increase in bacteria of
the genus Viellonella was observed in patients with peripheral
NSCLC as compared to a central tumor localization (12.79
vs. 7.99 %; p=0.01).

Discussion

Differences in the taxonomic composition of the bacterial
microbiome of the human respiratory tract have already been
recognized as an important pathogenetic factor in lung cancer
(Maddi et al., 2019; Yagi et al., 2021), but to date, the impor-
tance of the microflora in patients with different histological
types of NSCLC remains an open question. Here, we com-
pared the taxonomic composition of the microbiome in sputum
samples from patients with the two most common forms of
NSCLC: adenocarcinoma and squamous cell lung cancer.

According to previous studies, the respiratory microbiota of
LC patients tends to have lower alpha diversity compared to
healthy individuals, while beta diversity is not significantly dif-
ferent (Lee et al., 2016; Liu N.N. et al., 2020). The same trend
has been observed for the microbiomes of cancer-affected and
non-cancerous lung tissues (Kim et al., 2022).

Evidence of similarities or differences between airway and
lung tissue community diversity parameters of patients with
different histologic types of LC to date is scarce and these
results are inconsistent. For example, alpha diversity of the
microbiome was found to be higher in the sputum of AD pa-
tients compared to LUSC and a significant difference in beta
diversity was also found between these groups, but the samples
compared were too small (6 and 7 cases, respectively) (Ran
et al., 2020). Another study showed that the bronchoalveolar
lavage (BAL) microbiota was more diverse in LUSC than in
AD (Gomes et al., 2019). No differences in alpha diversity as
well as beta diversity of microbiomes from sputum and BAL
samples were found between samples of patients with AD
and LUSC (Huang et al., 2019). The microbiome of tumor
tissues of patients with AD did not differ in alpha diversity
from LUSC, although a significant increase in the content of

Gram-positive bacteria was recorded in the adenocarcinoma
group (Kovaleva et al., 2020).

Our study showed that the values of the Shannon index,
which reflects the species richness of the microbiota, are
close in the matched cohorts of patients and control donors.
A significant decrease in both patient cohorts compared to
controls was observed for the evenness index, which is based
on measuring the relative abundance of different species in
a community and is one of the metrics characterizing alpha
diversity. Bacterial community structures (beta diversity)
between AD and LUSC were also similar, but according to
the Bray—Curtis matrix, differences were present between the
bacterial communities of LUSC patients and healthy subjects,
but not between AD and controls (see Fig. 3). Thus, our study
showed that the a-diversity and -diversity of bacterial com-
munities of sputum from patients with different histologic
types are similar. Nevertheless, it is worth noting that the
microbiome of LUSC patients differs significantly from that
of healthy individuals.

To answer the question of differences between sputum mi-
crobiome compositions in cohorts of patients with different
histologic types of LC, we used the LEFse method, which
is the most commonly used method in microbiome studies.
LEFse analysis allowed identification of differences between
the compared patient samples (see Fig. 4). The sputum of
LUSC patients had a significant enrichment of Bacillota (ge-
nus Streptococcus and Bacillus) and Actinomycetota (genus
Rothia) when compared with samples from AD patients.
Comparison of respiratory microbiome composition in groups
of patients with LUSC and healthy subjects also revealed a
number of significant differences. According to the results of
LEFse analysis (see Fig. 5), the content of representatives of
the phylum Bacillota and Pseudomonadota; genera Strep-
tococcus, Bacillus, Rothia, Macellibacteroides, Prevotella,
Actinobacillus and Peptostreptococcus was increased in the
sputum of patients compared to controls. In healthy study
participants, an increase in the representation of the Actino-
mycetales and the genus Moryella was observed.

Several previous studies have shown that the composition of
the bacterial microbiota in the respiratory tract of LC patients
may be histologically dependent. For example, Q. Leng and
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colleagues (Leng et al., 2021) used digital droplet PCR to ana-
lyze 25 genera of bacteria commonly associated with NSCLC
in the sputum of 17 NSCLC patients and 10 healthy subjects.
A significant increase in the content of representatives of the
genera Acidovorax, Streptococcus, H. pylori and Veillonella
was detected in the sputum of LUSC patients, whereas an
increased abundance of Capnocytophaga was found in the
sputum of AD patients. These same sputum bacterial biomar-
kers were then confirmed in another cohort consisting of 69
NSCLC cases and 79 control donors. In another study, the
relationship between saliva microflora and lung cancer was
examined. DNA samples from 20 LC patients (10 LUSC and
10 AD) and control subjects (n = 10) were sequenced (Yan et
al., 2015). At the level of bacterial genera, Capnocytophaga,
Selenomonas, and Veilonella were elevated in both AD and
squamous cell cancer, and Neisseria was reduced in both AD
and LUSC.

In our study, patients with LUSC had a significant increase
in members of the genera Streptococcus, Bacillus and Rothia
compared to AD. There was an increase in Capnocytophaga
(1.46 vs. 1.08 %) in the sputum of AD patients compared to
LUSC, as in a previous study (Leng et al., 2021), but these
differences were not significant. Thus, it can be stated on the
one hand that the two main histologic forms of LC have dis-
tinct respiratory microbiomes, however, there is no uniform
set of bacterial taxa marking these differences. Perhaps, this
fact reflects the initially different composition of bacteria in-
habiting the respiratory tract of patients with NSCLC living
in different regions of the world, i.e. it is a consequence of
environmental factors (Costello et al., 2012).

An important finding of this study is the significant diffe-
rence in the content of bacterial taxa in the sputum microbiome
of patients with different histologic forms of LC compared to
healthy subjects. While for LUSC there is a significant enrich-
ment of Streptococcus, Bacillus, Rothia, Macellibacteroides,
Prevotella, Actinobacillus and Peptostreptococcus genera in
sputum (see Fig. 5), no significant differences in bacterial
composition were found in the sample of patients with adeno-
carcinoma compared to controls (see Fig. 6). This fact means
that the search for metagenomic biomarkers associated with
LC can be correct only after separate analysis of microbiota
composition depending on the histological classification of
the tumor.

The sample size used in our study allowed us to examine,
in addition to the histological type of tumor, other individual
factors (age, smoking status, stage of malignant process,
tumor localization) potentially capable of influencing the
composition of the microbiota in NSCLC. Of interest is the
age-correlated increase in the content of representatives of
the genus Prevotella, which was registered in both samples of
patients (see Fig. 7). This is in disagreement with the results
of a study of BAL samples from NSCLC patients, where a
subgroup of patients older than 60 years recorded a decrease
in Prevotella (P. oryzae) compared to younger patients (Zheng
etal., 2021).

Comparison of the composition of the sputum microbiome
in smoking and nonsmoking patients with PRL and ACL
showed no differences in bacterial composition. However,
the control group showed an increase in Streptococcus as well
as a marked decrease in Neisseria in the sputum of smokers
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compared to nonsmokers, which is consistent with previously
published results (Huang, Shi, 2019; Ying et al., 2022). Note-
worthy is the fact that smokers also show increased Strepto-
coccus representation and decreased Neisseria representation
in the upper gastrointestinal tract compared to non-smoking
donors (Shanahan et al., 2018). According to recent findings
(Haldar et al., 2020), the effect of smoking on sputum mi-
crobiota remains unclear and requires further investigation.

The evaluation of the possible influence of NSCLC stage
on the structure of sputum microbiome has shown that in the
sputum of patients at advanced stages of tumor progression
there is an increase in the content of bacteria belonging to the
genera Porphyromonas, Alloprevotella, Selenomonas, Mega-
sphaera, Oribacterium and Filifactor. NSCLC patients with
central lung cancer had increased sputum levels of bacteria
from the genus Bacteroides. At the same time, an increase
in Veillonella content was noted in patients with peripheral
lung cancer compared to central tumor localization. These
results should be considered as preliminary, as the analysis
was performed for the total sample of patients without taking
into account the histologic type of NSCLC.

Conclusion

In this study, a comparative analysis of the taxonomic com-
position of the bacterial microbiome of sputum from patients
with two major histologic types of NSCLC and healthy
sputum donors was performed based on the sequence of the
16S rRNA coding gene region identified using massively
parallel sequencing technology. Significant differences in the
content of representatives of a number of bacterial genera in
the sputum of patients with LUSC and AD were revealed. In
particular, the presence of Streptococcus, Bacillus, Rothia and
other genera was elevated in the sputum of LUSC patients
compared to healthy subjects.

The present findings require confirmation in independent
large-scale studies to further understand the role of the spu-
tum microbiota in the development of NSCLC. In addition,
the search for bacterial “signatures” associated with lung
cancer risk requires whole-genome sequencing to obtain an
accurate assessment of taxonomic composition at the species
level.

References

Bolyen E., Rideout J.R., Dillon M.R., Bokulich N.A., Abnet C.C., Al-
Ghalith G.A., Alexander H., ... Willis A.D., Xu Z.Z., Zaneveld J R.,
Zhang Y., Zhu Q., Knight R., Caporaso J.G. Reproducible, in-
teractive, scalable and extensible microbiome data science using
QIIME 2. Nat. Biotechnol. 2019;37(8):852-857. DOI 10.1038/
s41587-019-0209-9

Cameron S.J.S., Lewis K.E., Huws S.A., Hegarty M.J., Lewis P.D.,
Pachebat J.A., Mur L.A.J. A pilot study using metagenomic se-
quencing of the sputum microbiome suggests potential bacterial
biomarkers for lung cancer. PLoS One. 2017;12(5):0177062. DOI
10.1371/journal.pone.0177062

ChenY., Wu F.H., Wu P.Q., Xing H.Y., Ma T. The role of the tumor mi-
crobiome in tumor development and its treatment. Front. Immunol.
2022;13:935846. DOI 10.3389/fimmu.2022.935846

Cheng C., Wang Z., Wang J., Ding C., Sun C., Liu P, Xu X,, Liu Y.,
Chen B., Gu B. Characterization of the lung microbiome and ex-
ploration of potential bacterial biomarkers for lung cancer. Transl.
Lung. Cancer Res. 2020;9(3):693-704. DOI 10.21037/tlcr-19-590

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 2



B.I. ApyxuHuH, El. BapaHosa, IN.C. lemeHkoB
J1.B. Maukosa, A.B. JlapnoHos

Cheng T.Y., Cramb S.M., Baade P.D., Youlden D.R., Nwogu C.,
Reid M.E. The international epidemiology of lung cancer: latest
trends, disparities, and tumor characteristics. J. Thorac. Oncol. 2016;
11(10):1653-1671. DOI 10.1016/j.jtho.2016.05.021

Chiu C.Y., Miller S.A. Clinical metagenomics. Nat. Rev. Genet. 2019;
20(6):341-355. DOI 10.1038/541576-019-0113-7

Costello E.K., Stagaman K., Dethlefsen L., Bohannan B.J., Rel-
man D.A. The application of ecological theory toward an under-
standing of the human microbiome. Science. 2012;336(6086):1255-
1262. DOI 10.1126/science.1224203

Druzhinin V.G., Matskova L.V., Demenkov P.S., Baranova E.D., Volo-
baev V.P.,, Minina V.I., Apalko S.V., Churina M.A., Romanyuk S.A.,
Shcherbak S.G., Ivanov V.I., Larionov A.V. Taxonomic diversity of
sputum microbiome in lung cancer patients and its relationship with
chromosomal aberrations in blood lymphocytes. Sci. Rep. 2020;
10(1):9681. DOI 10.1038/s41598-020-66654-x

Druzhinin V.G., Matskova L.V., Demenkov P.S., Baranova E.D., Volo-
baev V.P., Minina V.I., Larionov A.V.,, Titov V.A., Fucic A. Gene-
tic damage in lymphocytes of lung cancer patients is correlated to
the composition of the respiratory tract microbiome. Mutagenesis.
2021;36(2):143-153. DOI 10.1093/mutage/geab004

Goldstraw P. New staging system: How does it affect our practice?
J. Clin. Oncol.2013;31(8):984-991.DOI1 10.1200/JC0O.2012.42.7922

Gomes S., Cavadas B., Ferreira J.C., Marques P.I., Monteiro C., Suce-
na M., Sousa C., Vaz Rodrigues L., Teixeira G., Pinto P., Tavares de
Abreu T., Barbara C., Semedo J., Mota L., Carvalho A.S., Matthie-
sen R., Pereira L., Seixas S. Profiling of lung microbiota discloses
differences in adenocarcinoma and squamous cell carcinoma. Sci.
Rep. 2019;9(1):12838. DOI 10.1038/s41598-019-49195-w

Haldar K., George L., Wang Z., Mistry V., Ramsheh M.Y., Free R.C.,
John C., Reeve N.F., Miller B.E., Tal-Singer R., Webb A.J.,
Brookes A.J., Tobin M.D., Singh D., Donaldson G.C., Wedzi-
cha J.A., Brown J.R., Barer M.R., Brightling C.E. The sputum
microbiome is distinct between COPD and health, independent of
smoking history. Respir. Res.2020;21(1):183. DOI 10.1186/s12931-
020-01448-3

Hasegawa A., Sato T., Hoshikawa Y., Ishida N., Tanda N., Kawamu-
ra Y., Kondo T., Takahashi N. Detection and identification of oral
anaerobes in intraoperative bronchial fluids of patients with pul-
monary carcinoma. Microbiol. Immunol. 2014;58(7):375-381. DOI
10.1111/1348-0421.12157

Herbst R.S., Heymach J.V., Lippman S.M. Lung cancer. N. Engl. J.
Med. 2008;359(13):1367-1380. DOI 10.1056/NEJMra0802714

Hosgood H.D. 3rd, Sapkota A.R., Rothman N., Rohan T., Hu W., Xu J.,
Vermeulen R., He X., White J.R., Wu G., Wei F., Mongodin E.F.,
Lan Q. The potential role of lung microbiota in lung cancer attri-
buted to household coal burning exposures. Environ. Mol. Mutagen.
2014;55(8):643-651. DOI 10.1002/em.21878

Hosgood H.D. 3rd, Mongodin E.F., Wan Y., Hua X., Rothman N.,
Hu W., Vermeulen R., Seow W.J., Rohan T., Xu J., Li J., He J.,
Huang Y., Yang K., Wu G., Wei F., Shi J., Sapkota A.R., Lan Q. The
respiratory tract microbiome and its relationship to lung cancer and
environmental exposures found in rural China. Environ. Mol. Muta-
gen. 2019;60(7):617-623. DOI 10.1002/em.22291

Huang C., Shi G. Smoking and microbiome in oral, airway, gut and
some systemic diseases. J. Transl. Med. 2019;17(1):225. DOI
10.1186/s12967-019-1971-7

Huang D., Su X., Yuan M., Zhang S., He J., Deng Q., Qiu W., Dong H.,
Cai S. The characterization of lung microbiome in lung cancer pa-
tients with different clinicopathology. Am. J. Cancer Res. 2019;9(9):
2047-2063

Kim O.H., Choi B.Y,, Kim D.K., Kim N.H., Rho J.K., Sul W.J,,
Lee S.W. The microbiome of lung cancer tissue and its associa-
tion with pathological and clinical parameters. Am. J. Cancer. Res.
2022;12(5):2350-2362

Kovaleva O., Podlesnaya P., Rashidova M., Samoilova D., Petrenko A.,
Zborovskaya 1., Mochalnikova V., Kataev V., Khlopko Y., Plotni-
kov A., Gratchev A. Lung microbiome differentially impacts sur-

2024
28.2

CocTaB 6aKTepuanbHOro MUKPOBUOMa MOKPOTbI MaLeHTOB
C pasHbIMM GOPMaMIN HEMENKOKIIETOYHOTO pakKa JIerkoro

vival of patients with non-small cell lung cancer depending on tu-
mor stroma phenotype. Biomedicines. 2020;8(9):349. DOI 10.3390/
biomedicines8090349

Lee S.H., SungJ.Y., Yong D., ChunJ., Kim S.Y., Song J.H., Chung K.S.,
Kim E.Y., Jung J.Y., Kang Y.A., Kim Y.S., Kim S.K., Chang J.,
Park M.S. Characterization of microbiome in bronchoalveolar la-
vage fluid of patients with lung cancer comparing with benign mass
like lesions. Lung Cancer. 2016;102:89-95. DOI 10.1016/j.lungcan.
2016.10.016

Leng Q., Holden V.K., Deepak J., Todd N.W., Jiang F. Microbiota bio-
markers for lung cancer. Diagnostics (Basel). 2021;11(3):407. DOI
10.3390/diagnostics11030407

Liu H.X., Tao L.L., Zhang J., Zhu Y.G., Zheng Y., Liu D., Zhou M.,
Ke H., Shi M.M., Qu J.M. Difference of lower airway microbiome
in bilateral protected specimen brush between lung cancer patients
with unilateral lobar masses and control subjects. Int. J. Cancer.
2018;142(4):769-778. DOI 10.1002/ijc.31098

Liu N.N., Ma Q., Ge Y., Yi C.X., Wei L.Q., Tan J.C., Chu Q., Li J.Q.,
Zhang P., Wang H. Microbiome dysbiosis in lung cancer: from com-
position to therapy. NP.J Precis. Oncol. 2020;4(1):33. DOI 10.1038/
s41698-020-00138-z

Lozupone C., Knight R. UniFrac: a new phylogenetic method for com-
paring microbial communities. Appl. Environ. Microbiol. 2005;
71(12):8228-8235. DOI 10.1128/AEM.71.12.8228-8235.2005

Maddi A., Sabharwal A., Violante T., Manuballa S., Genco R., Pat-
naik S., Yendamuri S. The microbiome and lung cancer. J. Thorac.
Dis. 2019;11(1):280-291. DOI 10.21037/jtd.2018.12.88

Mao Q., Jiang F., Yin R., Wang J., Xia W., Dong G., Ma W,, Yang Y.,
Xu L., HuJ. Interplay between the lung microbiome and lung cancer.
Cancer Lett. 2018;415:40-48. DOI 10.1016/j.canlet.2017.11.036

Molina J.R., Yang P., Cassivi S.D., Schild S.E., Adjei A.A. Non-small
cell lung cancer: epidemiology, risk factors, treatment, and survivor-
ship. Mayo Clin. Proc. 2008;83(5):584-594. DOI 10.4065/83.5.584

Parte A.C., Sarda Carbasse J., Meier-Kolthoff J.P., Reimer L.C.,
Goker M. List of Prokaryotic names with Standing in Nomenclature
(LPSN) moves to the DSMZ. Int. J. Syst. Evol. Microbiol. 2020,
70(11):5607-5612. DOI 10.1099/ijsem.0.004332

Peters B.A., Hayes R.B., Goparaju C., Reid C., Pass H.I., Ahn J. The
microbiome in lung cancer tissue and recurrence-free survival. Can-
cer Epidemiol. Biomark. Prev. 2019;28(4):731-740. DOI 10.1158/
1055-9965.EPI-18-0966

Ran Z., Liu J., Wang F., Xin C., Shen X., Zeng S., Song Z., Xiong B.
Analysis of pulmonary microbial diversity in patients with advanced
lung cancer based on high-throughput sequencing technology.
Zhongguo Fei Ai Za Zhi. 2020;23(12):1031-1038. DOI 10.3779/
j.1ssn.1009-3419.2020.103.16 (in Chinese)

Segata N., Izard J., Waldron L., Gevers D., Miropolsky L., Garrett W.S.,
Huttenhower C. Metagenomic biomarker discovery and explana-
tion. Genome Biol. 2011;12(6):R60. DOI 10.1186/gb-2011-12-6-r60

Shanahan E.R., Shah A., Koloski N., Walker M.M., Talley N.J., Morri-
son M., Holtmann G.J. Influence of cigarette smoking on the human
duodenal mucosa-associated microbiota. Microbiome. 2018;6(1):
150. DOI 10.1186/s40168-018-0531-3

Tsao M.S., Yoon J.Y. The eighth TNM classification for lung can-
cer — What is next? Lung Cancer. 2018;121:97-98. DOI 10.1016/
j-lungcan.2018.04.018

Tsay J.J., Wu B.G., Badri M.H., Clemente J.C., Shen N., Meyn P, Li Y.,
Yie T.A., Lhakhang T., Olsen E., Murthy V., Michaud G., Sulai-
man [., Tsirigos A., Heguy A., Pass H., Weiden M.D., Rom W.N.,
Sterman D.H., Bonneau R., Blaser M.J., Segal L.N. Airway mcro-
biota is associated with upregulation of the PI3K pathway in lung
cancer. Am. J. Respir. Crit. Care. Med. 2018;198:1188-1198. DOI
10.1164/rcem.201710-21180C

Wang K., Huang Y., Zhang Z., Liao J., Ding Y., Fang X., Liu L., Luo J.,
Kong J. A preliminary study of microbiota diversity in saliva and
bronchoalveolar lavage fluid from patients with primary bron-
chogenic carcinoma. Med. Sci. Monit. 2019;25:2819-2834. DOI
10.12659/MSM.915332

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 213



V.G. Druzhinin, E.D. Baranova, P.S. Demenkov
L.V. Matskova, A.V. Larionov

Wu Y., Jiao N., Zhu R., Zhang Y., Wu D., Wang A.J., Fang S., Tao L.,
LiY., Cheng S., He X., Lan P., Tian C., Liu N.N., Zhu L. Identifica-
tion of microbial markers across populations in early detection of
colorectal cancer. Nat. Commun. 2021;12(1):3063. DOI 10.1038/
s41467-021-23265-y

Xavier J.B., Young V.B., Skufca J., Ginty F., Testerman T., Pearson A.T.,
Macklin P., ... Johnson W.E., Jobin C., Ridlon J.M., Koh A.Y.,
Yu M., Kelly L., Wargo J.A. The cancer microbiome: distinguishing
direct and indirect effects requires a systemic view. Trends Cancer.
2020;6(3):192-204. DOI 10.1016/j.trecan.2020.01.004

Yagi K., Huffnagle G.B., Lukacs N.W., Asai N. The lung microbiome
during health and disease. Int. J. Mol. Sci. 2021;22(19):10872. DOI
10.3390/ijms221910872

Yan X., Yang M., LiuJ., Gao R., Hu J., Li J., Zhang L., Shi Y., Guo H.,
Cheng J., Razi M., Pang S., Yu X., Hu S. Discovery and validation
of potential bacterial biomarkers for lung cancer. Am. J. Cancer Res.
2015;5(10):3111-3122

Composition of the sputum bacterial microbiome
of patients with different forms of non-small-cell lung cancer

Ying K.L., Brasky T.M., Freudenheim J.L., McElroy J.P., Nicker-
son Q.A., Song M.A., Weng D.Y., Wewers M.D., Whiteman N.B.,
Mathe E.A., Shields P.G. Saliva and lung microbiome associations
with electronic cigarette use and smoking. Cancer Prev. Res. (Phila).
2022;15(7):435-446. DOI 10.1158/1940-6207.CAPR-21-0601

Zhang W., Luo J., Dong X., Zhao S., Hao Y., Peng C., Shi H., Zhou Y.,
Shan L., Sun Q., Li Y., Zhao X. Salivary microbial dysbiosis is as-
sociated with systemic inflammatory markers and predicted oral
metabolites in non-small cell lung cancer patients. J. Cancer. 2019;
10(7):1651-1662. DOI 10.7150/jca.28077

Zheng L., SunR., Zhu'Y., Li Z., She X., Jian X., Yu F., Deng X., Sai B.,
Wang L., Zhou W., Wu M., Li G., Tang J., Jia W., Xiang J. Lung
microbiome alterations in NSCLC patients. Sci. Rep. 2021;11(1):
11736. DOI 10.1038/s41598-021-91195-2

Zhuo M., An T., Zhang C., Wang Z. Characterization of microbiota in
cancerous lung and the contralateral non-cancerous lung within lung
cancer patients. Front. Oncol. 2020;10:1584. DOI 10.3389/fonc.
2020.01584

Funding. This work was financially supported by the Russian Science Foundation (grant No. 18-14-00022R).

Conflict of interest. The authors declare no conflict of interest.
Received April 14, 2023. Revised July 21, 2023. Accepted July 23, 2023.

214 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2024 - 28 - 2



MEDICAL GENETICS Vavilovskii Zhurnal Genetiki i Selektsii
[Review | Vavilov Journal of Genetics and Breeding. 2024;28(2):215-227

DOI 10.18699/vjgb-24-26

Role of sirtuins in epigenetic regulation and aging control

E.M. Samoilova (91 2# S E. Romanov (91 3# D.A. Chudakova (9%, P.P. Laktionov (91 3@

T Novosibirsk State University, Novosibirsk, Russia

2 Engelhardt Institute of Molecular Biology of the Russian Academy of Sciences, Moscow, Russia

3 nstitute of Molecular and Cellular Biology of the Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia
4Federal Center of Brain Research and Neurotechnologies of the Federal Medical Biological Agency of Russia, Moscow, Russia
® laktionov@emcb.nsc.ru

Abstract. Advances in modern healthcare in developed countries make it possible to extend the human lifespan,
which is why maintaining active longevity is becoming increasingly important. After the sirtuin (SIRT) protein fami-
ly was discovered, it started to be considered as a significant regulator of the physiological processes associated
with aging. SIRT has deacetylase, deacylase, and ADP-ribosyltransferase activity and modifies a variety of protein
substrates, including chromatin components and regulatory proteins. This multifactorial regulatory system affects
many processes: cellular metabolism, mitochondrial functions, epigenetic regulation, DNA repair and more. As is
expected, the activity of sirtuin proteins affects the manifestation of classic signs of aging in the body, such as cellular
senescence, metabolic disorders, mitochondrial dysfunction, genomic instability, and the disruption of epigenetic
regulation. Changes in the SIRT activity in human cells can also be considered a marker of aging and are involved in
the genesis of various age-dependent disorders. Additionally, experimental data obtained in animal models, as well
as data from population genomic studies, suggest a SIRT effect on life expectancy. At the same time, the diversity of
sirtuin functions and biochemical substrates makes it extremely complicated to identify cause-and-effect relation-
ships and the direct role of SIRT in controlling the functional state of the body. However, the SIRT influence on the
epigenetic regulation of gene expression during the aging process and the development of disorders is one of the
most important aspects of maintaining the homeostasis of organs and tissues. The presented review centers on the
diversity of SIRT in humans and model animals. In addition to a brief description of the main SIRT enzymatic and bio-
logical activity, the review discusses its role in the epigenetic regulation of chromatin structure, including the context
of the development of genome instability associated with aging. Studies on the functional connection between SIRT
and longevity, as well as its effect on pathological processes associated with aging, such as chronic inflammation,
fibrosis, and neuroinflammation, have been critically analyzed.
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PoJIb CUPTYMHOB B SIIUT€HETUUECKON Peryasaiumn
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AHHoTauuA. [loCTVXEHNA COBPEMEHHOTO 3iPaBOOXPaHEHUA B Pa3BUTbIX CTPaHaX MO3BONWIN YBENNUNTb NPOLON-
XKUTENbHOCTD XIM3HU, 13-3a Yero Bce 6osiee akTyaNlbHbIM CTAHOBUTCA COXPaHeHWe akTBHoro gonronetus. C MomeHTa
OTKPbITVA 6eNKM CeMencTBa CUPTYVHOB PAacCMaTPUBAMChL B KauyecTBE 3HAUMMbIX PETYNIATOPOB GU3VONOrMYeCKmX
NpOLeCCoB, aCCOLMUPOBAHHBIX CO cTapeHuemM. CUPTYMHbI NPOABAAIOT AealeTunasHyto, feauunasHyto, AJO-punbo-
3unTpaHchepasHyo akTUBHOCTb 1 MOANOULMPYIOT MHOXECTBO BENKOBbIX CybCTPaToB, BK/OUasA KOMMNOHEHTbI XPO-
MaTvHa U perynatopHble 6enku. CTonb MHOrodakTopHas cucTeMa perynsaummn 3aTparvBaeT psag NpoLeccoB, Takmx
KaK KNeTOUYHbIN MeTabonmam, GYHKLMM MUTOXOHAPUIA, INUreHeTUYecKyto perynauuio, penapauuio JHK n npoune.
HeyanBuTeNbHO, UTO aKTMBHOCTb GENKOB-CMPTYMHOB 3aTparvBaeT NPOMBJIEHNE KNACcCMUECKMX MPU3HAKOB CTape-
HVA OpraHu3Mma: KNeToyHoe CTapeHue, HapylWweHUs MeTabonv3ma, MUTOXOHAPUANbHYI0 ANCPYHKLMIO, TeHOMHYO
HecTabunbHOCTb 1 HAapyLLEeHVE SMMreHeTUYecKon perynaunm. HenocpencTBeHHOE N3MEHEHWE aKTUBHOCTY CUPTY M-
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Role of sirtuins in epigenetic regulation
and aging control

HOB B KJIETKAX YE/IOBEKA TaKKe PacCMaTPMBAETCA B KaUeCTBe MapKepa CTapeHNs 1 BOBIEUEHO B FeHE3 PasiuHbIX
BO3PaCT-3aBMCUMbIX MATONOMMHYECKMX COCTOSAHMIA. Kpome TOro, SKCrnepuMeHTasibHble AaHHbIE, MOyYeHHble Ha MO-
AeNbHbIX dXUBOTHbIX, a TakXe pe3ynbTaTbl NONYMALNOHHbLIX FT€HOMHbIX VICCI'Ie,ElOBaHVIPI MO3BOMAKT NPeAnoNnoXntb
BNUAHME CYPTYMHOB Ha NPOAOIIKATENbHOCTb »KM3HW. BMecTe ¢ TeM MHOroobpasune GyHKUMIA CUPTYWHOB 1 6UOXN-
MUYeCKMX Cy6CTPaToB AenaeT KpaiiHe HETPUBMA/bHBIM BbISBNEHVE NPUUMHHO-CIIEACTBEHHbIX CBA3EN 1 Henocpea-
CTBEHHOW PO CUPTYMHOB B KOHTPOE GYHKLMOHAIbHOMO COCTOAHUA opraHu3ma. OHAKO BAWAHUE CUPTYMHOB Ha
SMUrEeHETUYECKYIO PETYNIALMIO SKCMPECCUI FEHOB B XOAE CTAPEHUA 1 NMPU MATONOMMAX — OAUH U3 Hanbosee BaXKHbIX
acreKToB MojAepKaHus roMeocTasa OpraHoB 1 TkaHei. MpefcraBneHHbI 0630p NOCBALEH pasHoobpasmio 6en-
KOB-CMPTYMHOB Y YeNnoBeka N MOLEJIbHbIX XXUBOTHbIX. [Momumo KpaTKoro onmcaHmAa OCHOBHbIX d)epMeHTaTI/IBHbIX n
610IOrMYECKNX AKTUBHOCTEN CUPTYNHOB, PACCMATPUBAETCA POJIb CUPTYUHOB B SMUMEHETUYECKON PErynaLmum CTpyK-
Typbl XPOMATUHA, B TOM UMC/IE B KOHTEKCTE Pa3BUTUA HECTABUIbHOCTY FreHOMA, aCCOLMMPOBAHHON CO CTapeHneMm.
MpoBeaeH KPUTMYECKMIA aHann3 PaboT Mo NCCNeAoBaHNI0 GYHKLMOHAbHO CBA3M CUPTYMHOB 1 JOJSITONETUSA, a TaK-
e BNUAHNA CUPTYVHOB HA acCOLMMPOBAHHbIE CO CTAPEHUEM MATONIOTMYECKME MPOLIECChI, TaKMe KaK XPOHNYeCKoe

BoCnaneHve, du6PO3 1 HeMpPoBOCManeHue.

Kniouesble cnosa: CUPTYUHbI; CTapeHne; fealeTnnnpoBaHmne 6eJ'IKOB; anureHeTn4veckan perynayuna.

Introduction

The first representative of sirtuin proteins, Sir2 (silent in-
formation regulator 2), was discovered in the budding yeast
Saccharomyces cerevisiae. It was initially described as a key
transcription repressor at HM loci responsible for the mating-
type switching of yeast (Ivy et al., 1986). Subsequently, it was
confirmed that Sir2 is needed to suppress the expression of
transgenes near telomeres and the silencing of retrotranspo-
sons that have been integrated into tandem repeats of ribo-
somal DNA (Gottschling et al., 1990; Bryk et al., 1997). Its
main function is the NAD'-dependent histone deacetylation
(Imai et al., 2000; Smith et al., 2000). Deletion of the Sir2 gene
was found to approximately halve the lifespan of S. cerevi-
siae. Conversely, the overexpression of Sir2 increases it by a
third (Sinclair, Guarente, 1997; Kaeberlein et al., 1999). Sir2
homologues, united by the name “sirtuins” (silent informa-
tion regulator two proteins), were found in all domains of
living organisms from bacteria and archaea to humans (Frye,
2000). Therefore, a direct relationship between Sir2 activity
and yeast lifespan initiated research into the role of the NAD-
dependent Sir2 family deacetylases in the regulation of the
aging processes. Seven sirtuins (SIRT1-SIRT7) were found
in mammals, where SIRT1 has the greatest homology to yeast
Sir2 (Frye, 2000).

Sirtuins of higher eukaryotes were grouped into class 11
HDAC due to their specific function and structural features
(Gray, Ekstrom, 2001). All human sirtuins are characterized
by a common conserved core region of 250-270 amino acids
in length (Fig. 1). This protein fragment consists of a Rossman
fold domain, which is characteristic of many NAD*-dependent
proteins, and a small domain, which consists of a Zn-binding
and a helical modules (Moniot et al., 2013).

The main differences between homologues are found in
the N- and C-terminal domains, which can contain signals
for nuclear or nucleolar localization (NLS and NoLS, re-
spectively), nuclear export (NES) or mitochondrial transport
(MTS) in different proteins (see Fig. 1). It is worth noting
that the seven human sirtuin genes encode at least 23 protein
isoforms (Rack et al., 2014; Zhang X. et al., 2021). Features
of minor isoforms can be either an absence of transport signal
sequences or an altered core structure, due to which they can
have original functions (Rack et al., 2014; Du Y. et al., 2018).

Sirtuins are involved in the regulation of different intracel-
lular processes: cellular metabolism, mitochondrial functions,
chromatin remodeling, and response to oxidative stress (Wu
et al., 2022). At the body level, sirtuins affect metabolism,
aging, and carcinogenesis. Changes in the activity of sirtuins
in human cells and model organisms are considered to be
markers of aging (Kumar et al., 2014; Zhang J. et al., 2016),
as well as factors affecting overall life expectancy (Roichman
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Fig. 1. Human sirtuins diversity. Information on protein isoforms anno-
tated in the CCDS database is provided (Pruitt et al., 2009).

Functional protein regions are marked with colored rectangles. * Amino acid
sequence identifier from the NCBI Proteins Database (Sayers et al., 2022).
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Fig. 2. Human sirtuins molecular function.

a - deacylase activity of sirtuins; b - some functional groups that can be removed by different sirtuins; ¢ — ADP-ribosyltransferase reaction involving sirtuins;
d - localization of human sirtuins in cells. The protein is marked with blue text if it is placed in the area of constitutive localization in the diagram, or green

otherwise.

et al., 2021). Within the frames of the presented review, the
regulatory activities of sirtuins, their participation in epige-
netic regulation and involvement in the genesis of age-related
diseases are analyzed.

Sirtuins biochemical activity

First of all, sirtuins are known as enzymes-deacetylases of
histones and non-histone proteins (Fig. 2, ) (Sauve et al.,
2006). In addition, sirtuins are able to remove different acyl
residues (see Fig. 2, a, b). For example, SIRT5 predominantly

deacylates lysine residues which are modified by succinyl,
malonyl or glutaryl groups (DuJ. etal., 2011; Tan et al., 2014).
Some sirtuins combine deacetylase and deacylase activity.
For instance, SIRT6 can remove residues of myristic and
palmitic fatty acids (Jiang et al., 2013; Zhang X. et al., 2017),
and SIRT4 can remove residues of lipoic acid, biotin, gluta-
rate and its derivatives (Laurent et al., 2013; Mathias et al.,
2014).

Sirtuins are also able to perform mono-ADP-ribosylation
of proteins (Frye, 1999). In such cases, sirtuins transfer ADP-
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ribose from NAD" directly to the amino acid residues of argi-
nine, yielding nicotinamide (see Fig. 2, ¢) (Fahie et al., 2009).
ADP-ribosyltransferase activity in mammals has now been
described for SIRT4, SIRT6, and SIRT7. However, the total
number of their targets is small. For example, SIRT4 ADP-
ribosylates glutamate dehydrogenase (GDH) in pancreatic beta
cells and inhibits its activity by limiting glutamate and gluta-
mine metabolism (Haigis et al., 2006). Under oxidative stress,
SIRT®G is recruited to DNA breakpoints and induces damage
repair by ADP-ribosylation of poly-ADP-ribosyltransferase
PARP1, one of the most important regulators of DNA repair
(Mao etal., 2011). Moreover, SIRT6 is recruited in fibroblasts
to the 5" untranslated region of LINE] retrotransposon and
suppresses its expression by ADP-ribosylation of transcrip-
tional repressor KAP1 (Van Meter et al., 2014). Auto-ADP-
ribosylation of SIRT7 in humans regulates its binding to
genes enriched with mH2AT1.1 histone modification, which
is important for glucose homeostasis (Simonet et al., 2020).

Sirtuin function and modulation in cells

Sirtuins are divided into predominantly nuclear (SIRT1/6/7),
cytoplasmic (SIRT2), and mitochondrial (SIRT3/4/5) (Michi-
shita et al., 2005). However, their intracellular localization can
change both during the cell cycle and under various stimuli
(see Fig. 2, d).

SIRT1 is most often found in the nucleus, where it regulates
the structure of chromatin and the activity of many regulatory
proteins. It has also been found in the cytoplasm (Bai, Zhang,
2016). SIRT1 is assumed to be present in the nucleus, but
under the influence of unknown stimuli it can be transported
to the cytoplasm due to a nuclear export signal (NES) (Sun,
Fang, 2016). The transfer of SIRT1 into cytoplasm is also
observed during cellular aging, accompanied by autophago-
cytosis of SIRT1 in lysosomes (Xu et al., 2020; Wang L. et al.,
2021).

SIRT6 is more commonly found in the nucleus, but it
can be observed in the cytoplasm of liver cells in response
to increased levels of saturated fatty acids. In this case, it
deacetylates and activates acyl-CoA synthetase 5 (ACSLS),
one of the fatty acid oxidation enzymes (Hou et al., 2022). In
mouse macrophages, the SIRT6 fraction is constantly pres-
ent in the cytoplasm and stimulates the secretion of TNF-a
protein by removing its meristyl modification (Bresque et
al., 2022).

SIRT?7 is the only sirtuin that is enriched in the nucleoli,
where it is involved in the transcription of ribosomal genes
(Ford etal., 2006; Kiran et al., 2013). Under stress, when rRNA
production is disrupted, SIRT7 moves to the nucleoplasm or
cytoplasm (Chen et al., 2013; Zhang P.-Y. et al., 2016), where
it interacts with a variety of proteins (Tsai et al., 2012; Lee et
al., 2014). Although the exact function of cytoplasmic SIRT7
remains unknown, it is presumably associated with the regula-
tion of replicative senescence (Kiran et al., 2013).

SIRT2 is more often found in the cytoplasm. It is involved
in the regulation of cell cycle, fatty acids and carbohydrates
metabolism, oxidative stress response and many other pro-
cesses. In the interphase, it localizes to microtubules and
deacetylates a-tubulin (North et al., 2003). During the G2/M
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transition, SIRT2 temporarily migrates to the nuclei and
deacetylates histone H4 by lysine 16, thereby modulating
chromatin condensation (Vaquero et al., 2006). SIRT?2 passes
from the nucleus to the cytoplasm due to the nuclear export
signal (NES) at the N-terminus (North, Verdin, 2007). Its
nuclear export depends on posttranslational modifications
and can be disrupted by various stimuli (North, Verdin, 2007).
For example, infection of HelLa cells with Listeria monocyto-
genes bacterium leads to dephosphorylation of SIRT2 by S25
residue, which leads to an increase in the nuclear concentration
of the protein. Here, it mediates the repression of immune
response genes by deacetylation of H3K18ac (Eskandarian
et al., 2013; Pereira et al., 2018).

The transfer of SIRT2 to the nucleus is also observed in
glioblastoma cells and other types of tumors, and patients
with higher SIRT2 in the nuclei of tumor cells have a worse
prognosis for glioma (Imaoka et al., 2012; Eldridge et al.,
2020). Reduction in nuclear exports can also be achieved
through alternative splicing. For example, the recently dis-
covered SIRT2°5 jsoform with unknown enzymatic activity
does not have a nuclear export signal and is constitutively
present in the nucleus, where it interacts with histone methyl-
transferases, and also suppresses transcription and replication
of the hepatitis B virus (HBV) (Rack et al., 2014; Piracha et
al., 2020).

SIRT3, SIRT4, and SIRTS are predominantly found in the
mitochondrial matrix and play a key role in cellular processes
such as oxidative stress response, dissimilation, and apoptosis
(Michishita et al., 2005). At the same time, in mice, a disrup-
tion of the SIRT3 function leads to a significant increase in
acetylation of mitochondrial proteins. Knockout of SIRT4
and SIRTS has a significantly weaker effect (Lombard et al.,
2007; Finkel et al., 2009). However, mitochondrial proteins are
also found in other cellular compartments. SIRT3 is detected
in the cell nucleus, where it is involved in the regulation of
heterochromatin structure and NHEJ-dependent DNA repair
(Sengupta, Haldar, 2018; Diao et al., 2021). SIRT4 interacts
with the centrosome at the end of the G2 phase, and under
mitochondrial stress moves to the nucleus, although the func-
tion of this remains unclear (Ramadani-Muja et al., 2019;
Bergmann et al., 2020). In addition, only three out of four
studied SIRTS isoforms contain a signal of mitochondrial lo-
calization (see Fig. 1). At the same time, the shortest isoform,
SIRT5°4, does not have it, and is found in the cytoplasm of
cells (DuY. et al., 2018).

Sirtuins in chromatin and epigenetic regulation
The key parts of epigenetic mechanisms of gene regulation
are specific marks — histone modifications and DNA methyla-
tion — as well as effector proteins capable of establishing
and recognizing such tags. The coordinated work of such
a system determines the properties of chromatin, which, in
its turn, determines the activity of genes and the stability of
the genome. Sirtuins are involved both in the direct control
of histone modifications and in the activity and stability of
regulatory factors.

SIRT1 is involved in the formation of heterochromatin
by removing H4K16Ac, H3K9Ac, and HIK26Ac marks, as
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well as interacting with Suv39h1 histone methyltransferase,
which is responsible for the installation of a key histone
modification of the H3K9me3 constitutive heterochromatin
(Vaquero et al., 2004, 2007; Bosch-Presegué et al., 2011).
Thus, SIRT1 participates in the establishment of H3K9me3
by removing H3K9Ac, as well as by direct interaction with
Suv39h1, which increases the specific activity of the latter
as a result of conformational changes, deacetylation of K266
in the catalytic SET domain, and also increases resistance to
proteosomal degradation by suppressing ubiquitination at the
K87 site in Suv39hl chromodomain (Vaquero et al., 2007;
Bosch-Presegué et al., 2011). Impaired SIRT1 function leads
to a significant loss of HP1 and H3K9me3 in the composition
of pericentromeric heterochromatin (Vaquero et al., 2007;
Wang R.-H. et al., 2008; El Ramy et al., 2009).

It is important to note that such a significant effect on
chromatin structure cannot but affect the expression of other
regulatory factors. For example, the activation of SIRT1 has
been found to increase proliferation, invasion, and accelerate
epithelial-mesenchymal transition in pancreatic tumor cells,
which is associated at least in part with suppression of gene
expression of the FOXO3 and GRHL3 transcription factors
(Leng et al., 2021).

SIRTT is also involved in the regulation of DNA methyla-
tion, both at the level of transcription regulation and directly
modulating the activity of DNA methyltransferases. Thus, in
amouse embryonic stem cell model, it was shown that SIRT1
deacetylates H1 and H4 histones in the promoter region of the
Dnmt31 gene, suppressing its expression (Heo et al., 2017).
A deficiency of SIRT1 leads to increased methylation of
genomic DNA, as well as to deregulation of imprinted genes
(Heo et al., 2017). It is interesting to note that the same study
showed that SIRT1 is able to deacetylate the Dnmt31 protein,
which reduces its stability (Heo et al., 2017). The effect of
SIRT1 on human DNMT1 DNA methyltransferase has also
been demonstrated. Moreover, deacetylation of lysine residues
in the catalytic domain led to an increase in methyltransfe-
rase activity, and deacetylation in GK linker region led to its
decrease (Peng et al., 2011). During differentiation of human
macrophages, SIRT1 and SIRT?2 physically interact with the
DNMT3B DNA methyltransferase to prevent aberrant activa-
tion of pro-inflammatory genes (Li T. et al., 2020).

In addition to DNA methyltransferases, SIRT1 also af-
fects the activity of many other non-histone targets. Thus,
deacetylation of p53 protein under the action of SIRT1 led to
the repression of apoptosis in H1299 cells (Luo et al., 2001;
Vaziri et al., 2001). In addition, deacetylation of p53 leads to
suppression of its regulatory activity as an oncosuppressor
(Ong, Ramasamy, 2018).

Deacetylation of Ku70 protein, one of the key components
of NHEJ DNA repair, by SIRT1 activates DNA repair (Jeong
etal.,2007). These examples show that SIRT1 stimulates cell
survival in case of DNA damage. However, SIRT1 is also
able to deacetylate the p65 subunit of NF-«B, which on the
contrary leads to activation of TNF-a-induced apoptosis in
non-small cell lung cancer cells (Yeung et al., 2004).

Deacetylation of FOXO transcription factors (FOXOI,
FOXO03, FOX04) under the action of SIRT1 can lead to both
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activation of apoptosis (FOXO1) and cell cycle arrest and
suppression of apoptosis (FOXO3) (Brunet et al., 2004; Yang
et al., 2005). In turn, deacetylation of FOXO4 increases its
protective effect under oxidative stress (van der Horst et al.,
2004). In addition to the above, SIRT1 is involved in regulating
the activity of transcription factors that control the response to
hypoxia, metabolism, cell invasion, and proliferation.

SIRT3 is largely described as a regulator of mitochondrial
functions. However, in nuclei, its role in NHEJ DNA repair
due to the removal of H3K56ac histone modification has been
shown (Sengupta, Haldar, 2018). SIRT3 also plays a role
in deacetylation of H3 histone at lysine residue 27, which
is associated with repression of transcription of the FOS
transcription factor gene and prevention of TNF-a-induced
inflammatory and profibrotic responses in rat cardiomyocytes
(Palomer et al., 2020).

At the chromatin level in HEK293T cells, SIRT3 has been
shown to be able to directly interact with nuclear lamina com-
ponents LaminB1 and LBR, as well as the HP1a, HP1y, and
KAP1 heterochromatin proteins (Diao et al., 2021). Moreover,
deletion of SIRT3 in human mesenchymal stem cells (MSCs)
resulted in dissociation of lamina-associated domains and a
decrease in the abundance of the H3K9me3, HP1a, and KAP1
heterochromatin protein markers, as well as the LaminB1
nuclear membrane component (Diao et al., 2021). Restor-
ing SIRT3 had the opposite effect (Diao et al., 2021). At the
same time, it is important to note that deletion of SIRT3 led
to accelerated cellular senescence, and all the detected effects
are (among other things) its classical manifestations. In this
regard, despite the obviousness of the phenotype, as well as
the participation of SIRT3 in the regulation of other processes
associated with cellular aging, the cause-and-effect relation-
ship may be more complex.

SIRT®6 is also involved in epigenetic regulation. One of its
first discovered activities at the level of chromatin regulation
was the ability to deacetylate the H3 histone by K9 and K56
(Kawahara et al., 2009). SIRT6 acts as a co-repressor of such
transcription factors as NF-kB and HIF-1a by regulating the
H3KO9 acetylation (Kawahara et al., 2009; Zhong et al., 2010).
Deacetylation of H3K9 under the action of SIRT6 is involved
in the regulation of telomeres and gene expression (Michishita
et al., 2008; Zhong et al., 2010). For example, the control of
mouse embryonic stem cell differentiation depends on the
removal of the H3K56ac and H3K9ac marks in the promoter
regions of the Oct4, Sox2, and Nanog genes (Etchegaray et
al., 2015). In addition, SIRT6 is able to directly deacetylate
DNMT1 DNA methyltransferase, which reduces its stability
(Jia et al., 2021; Subramani et al., 2023).

Increased expression of SIRT6 leads to destabilization of
DNMTI and a decrease in methylation of the NOTCH! and
NOTCH? gene promoters, which leads to a predominant
osteogenic differentiation of the MSCs from adipose tissue
(Jia et al., 2021). In non-small cell lung cancer cell cultures,
decreased SIRT6 expression leads to stabilization of DNMT1
and methylation of the promoter of the NOTCH1 gene, which
is involved in oncogenesis and metastasis (Subramani et al.,
2023). As mentioned earlier, SIRT6, through ADP-ribosylation
of the KAP1 transcription repressor, is involved in suppress-

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 219



E.M. Samoilova, S.E. Romanov
D.A. Chudakova, PP. Laktionov

ing LINE1 expression and maintaining genome stability (Van
Meter et al., 2014).

SIRT?7 is the only sirtuin localized in the nucleolus, where
it plays a key role in the formation of transcriptionally inac-
tive heterochromatin by recruiting DNMT1, SIRT1, and
SMARCAS to ribosomal DNA repeats (Ianni et al., 2017;
Paredes et al., 2018). Compact state of chromatin is needed to
prevent homologous recombination between repetitive rDNA
sequences. Therefore, a disruption of the SIRT7 function
leads to the formation of active chromatin, instability of the
rDNA region and genome, and accelerated cellular senescence
(Ianni et al., 2017; Paredes et al., 2018). In addition, SIRT7 is
involved in the regulation of R-loop — RNA-DNA complexes,
which are also a potential factor in genome instability (Agu-
ilera, Garcia-Muse, 2012; Song et al., 2017).

It is interesting to note that in the drosophila model, it was
shown that the area of distribution of R-loops increases with
age, while their number remains unchanged (Hall, 2023).
Defects in the processing of R-loops can lead to accumulation
of DNA/RNA hybrids, single-stranded DNA fragments in the
cytoplasm, which stimulates the immune response, chronic
inflammation, apoptosis and senescence (Chatzidoukaki et
al., 2021; Crossley et al., 2023). SIRT7 deacetylates and
activates the DDX21 helicase involved in R-loop resolving
(Song et al., 2017).

In addition, the role of SIRT7 in the deacetylation of the
H3K18ac histone modification, which is needed to activate
the repair of double-strand breaks (DSBs) in DNA, has been
shown (Barber et al., 2012; Lin et al., 2016b; Vazquez et al.,
2016). Direct interaction with the KAP1, HP1a, and HP1y
heterochromatin proteins, as well as components of the LBR
and LaminB1 nuclear lamina in the HEK293T cells was also
demonstrated for SIRT7 (Bi et al., 2020). Reduced SIRT7 in
human MSCs led to accelerated senescence, heterochromatin
destabilization, awakening of repeated sequences, and the
cGAS-STING proinflammatory signaling pathway activation
(Bi et al., 2020).

Sirtuins and longevity
For the first time, the possible influence of sirtuins on longe-
vity was discovered in trials with an overexpression of Sir2,
which led to an increase in the number of budding cycles in the
S. cerevisiae yeast (Kaeberlein et al., 1999). In studies of the
Sir2 homologues, with SIR-2.1 protein in the Caenorhabditis
elegans nematode and dSirt] in Drosophila melanogaster, an
increased lifespan was observed with their overexpression
(Tissenbaum, Guarente, 2001; Rogina, Helfand, 2004). At
the same time, an overexpression of Sir2 in yeast increases
the replicative potential, but does not regulate the lifespan of
quiescent cells, which is a key parameter in the chronological
aging model of S. cerevisiae (Fabrizio et al., 2005). In nema-
todes, the positive effect of sirtuins depends on the genetic
background and is not detected in some laboratories (Burnett
et al., 2011; Viswanathan, Guarente, 2011; Schmeisser et al.,
2013; Zhao et al., 2019).

In drosophila, the effect of dSirtl overexpression on
longevity is dose-dependent. At the same time, exceeding a
certain expression threshold may shorten the lifespan due to

220

Role of sirtuins in epigenetic regulation
and aging control

its toxicity to certain organs (Griswold et al., 2008; Burnett
et al., 2011; Whitaker et al., 2013). In particular, it has been
demonstrated that induced tissue-specific overexpression of
dSirtl increases the median lifespan of flies only when the
transgene is activated in adipose tissue, but not in muscles
(Banerjee etal., 2012). Similarly, a 9—16 % increase in mouse
lifespan was achieved by triggering transgenic SIRT1 specifi-
cally in hypothalamic cells (Satoh et al., 2013), whereas in
an earlier study, an overexpression of SIRT1 in mice did not
affect longevity, although it reduced the likelihood of cancer
(Herranz et al., 2010).

The effect of overexpression of sirtuins on longevity has
also been shown for dSirt4 and dSirt6, the drosophila sirtuins
(Wood et al., 2018; Taylor et al., 2022). In a recent study,
slowed aging and increased maximum lifespan under the
influence of SIRT6 were shown in mice (Roichman et al.,
2021). The effect of SIRT6 on longevity is associated with
its participation in DNA repair (Tian et al., 2019). Moreover,
the activity of species-specific SIRT6 variants in the context
of repair correlates with the maximum lifespan of different
rodent species (Tian et al., 2019).

Conflicting data have been obtained for SIRT7. In particular,
it has recently been demonstrated that male mice with SIRT7
knockout have an increased median lifespan and exhibit a
slower decrease in physiological parameters (Mizumoto et
al., 2022). This result contrasts with observations from earlier
studies, in which the SIRT7 knockout significantly shortened
the lifespan. It is important to note that none of the experi-
ments evaluating the effect of sirtuins on organismal longevity
showed an extreme increase in the lifespan, and along with
the difficulty in selecting correct experimental controls — as
genetically close as possible — this leads to ambiguous con-
clusions about the role of sirtuins as autonomous factors of
longevity (Brenner, 2022).

Data on the possible relationship between sirtuins and
human life expectancy are, to some extent, confirmed by
population genetics data. For example, the research of Dutch
centenarians showed that carriers of the rs12778366 single
nucleotide polymorphism have better glucose tolerance and
a reduced risk of death (Figarska et al., 2013). The research
on the Americans of European descent and populations of
Georgia and Louisiana demonstrated the association of the
rs7896005 polymorphism of the SIRT! gene with longevity
and telomere length in lymphocytes (Kim et al., 2012). In
addition, SIRTI rs3758391 and rs4746720 polymorphisms
were associated with healthy aging in the Han Chinese
(Zhang W.-G. et al., 2010). However, in a similar research of
another population of Chinese centenarians, the relationship
of these loci with life expectancy was not revealed (Lin et
al., 2016a). A number of other studies have not revealed the
association of genetic variants of the SIRTI gene with longe-
vity (Flachsbart et al., 2006; Willcox et al., 2008; Soerensen
etal., 2013).

In the fifth intron of the SIRT3 gene, variability in the num-
ber of tandem repeats (VNTR) was identified, some variants of
which acquire the properties of an allele-specific enhancer. The
allele without this enhancer activity was practically not found
among men over 90 years old, while no such correlation was
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observed in women (Bellizzi et al., 2005). Polymorphisms of
the SIRT3 gene, 1s11555236 and rs4980329, were associated
with the life expectancy of women in an Italian population
(Albani et al., 2014).

The rs107251 nucleotide polymorphism of the SIRT6
gene was associated with a more than five-year increase in
life expectancy in the elderly in the United States, and the
rs117385980 polymorphism was associated with longevity
in Finns (TenNapel et al., 2014; Hirvonen et al., 2017). The
SIRT6 allele with N308K/A313S substitutions, which has
strong ADP-ribosyltransferase activity, was enriched in a
group of centenarians among Ashkenazi Jews (Simon et al.,
2022).

Sirtuins in chronic inflammation

In addition to some evidence of a possible functional rela-
tionship with longevity, sirtuins have been shown to play a
significant role in the development of age-associated diseases,
in particular those arising from chronic inflammation. The
SIRT1, SIRT2, and SIRT6 proteins counteract the inflamma-
tory response by suppressing the NF-kB signaling pathway
(Vazquez et al., 2021). The key element of this pathway — the
transcription factor NF-xB, which controls the expression of
immune response genes, consists of five subunits: p50, p52,
p65 (RelA), RelB, and c-Rel (Vazquez et al., 2021).

There are several mechanisms that sirtuins can use to sup-
press the activity of the NF-«xB signaling pathway. SIRT 1 and
SIRT?2 are able to deacetylate the p65 subunit at lysine 310,
directly inhibiting the activity of NF-kB. They can also pre-
vent methylation of neighboring lysine residues (K314 and
K315), which contribute to ubiquitination and degradation
of p65 (Rothgiesser et al., 2010). SIRT6 interacts with p65
and deacetylates H3K9 in promoters of NF-«kB target genes,
thereby reducing inflammation (Kawahara et al., 2009). SIRT1
is also able to deacetylate and inhibit the activity of NF-xB
transcriptional coactivators, such as PARP-1 and p300 histone
acetyl transferase (Rajamohan et al., 2009).

Sirtuins also influence the TGF-B signaling pathway —
which plays a key role in tubulointerstitial renal fibrosis — by
stimulating the production of connective tissue growth factor
(CTGF) (Isaka, 2018). Overexpression of SIRT1 suppresses
TGF-B1-induced cellular apoptosis and fibrosis, and reduces
CTGF expression by stimulating TGF-B1 in the kidneys of
mice with unilateral ureteral obstruction (Ren et al., 2015).
SIRT1 is also able to weaken TGF-B-dependent signaling by
deacetylating SMAD3 and SMAD4 molecules, which inhibits
the production of collagen, fibronectin, and MMP7 metallo-
protease (Zhang Y. et al., 2017).

The effect of sirtuins on the Smad transcription factors is
also important in cardiac fibrosis. This is because systematic
knockout of the mouse SIRT6 gene disrupts inhibition of the
TGF-B/Smad3 signaling pathway, the cause of cardiac fibrosis
(Maity et al., 2020). In addition, SIRT1 produces a cardiopro-
tective effect by deacetylating SMAD2/3 and reducing the
activity of the TGF-f signaling pathway in mouse cardiac
fibroblasts (Bugyei-Twum et al., 2018).

The SIRT3 protein has antifibrotic properties that weaken
TGF-B-dependent signaling, and the suppression of SIRT3
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activity can lead to the transformation of mouse and human
cardiac fibroblasts into myofibroblasts — cells capable of
producing extracellular matrix (Sundaresan et al., 2016).
As expected, activators of sirtuins counteract fibrosis. Thus,
honokiol — a SIRT3 activator — counteracts kidney fibrosis in
mice with unilateral ureteral obstruction (Quan et al., 2020).
Similarly, activation of both SIRT1 and SIRT3 by resveratrol
attenuates cardiac fibrosis in mice by inhibiting the TGF-f/
Smad3 pathway (Liu et al., 2019).

The physiological effect of sirtuins in inflammation is also
directly related to the effect on immune cells. For example,
SIRT1 is involved in the transmission of inflammatory signals
in mouse dendritic cells by modulating the balance of type 1
pro-inflammatory T helper cells and Foxp3(+) anti-inflamma-
tory regulatory T cells. A deficiency of SIRT6 in macrophages
leads to inflammation with increased acetylation and greater
stability of FoxO1 (Woo et al., 2016, 2018). SIRT4 also has
an anti-inflammatory effect, since its deficiency can increase
inflammation and promote macrophage infiltration and the
development of cellular hepatocarcinoma in humans (Li Z. et
al., 2019). In mouse liver cells, SIRT3 inhibits the production
of pro-inflammatory chemokines and some profibrotic factors
(LoBianco et al., 2020).

As they do in the case of chronic inflammation, in neuro-
inflammation, sirtuins have mainly an anti-inflammatory
effect. However, the literature describes exceptions. For
example, inhibition of SIRT2 in mice with accelerated cel-
lular senescence reduced neuroinflammation, as evidenced
by reduced glial fibrillar acid protein, IL-1f3, IL-6, and TNF-a
and increased glutamate receptor subunits GluN2A, GluN2B,
and GluA1. However, inhibition of SIRT2 could not reverse
cognitive decline or neuroinflammation (Diaz-Perdigon et
al., 2020). In this case, SIRT2 demonstrated a temporary
pro-inflammatory effect.

Neurodegenerative diseases correlate with aging, as do
changes in sirtuin expression (Julien et al., 2009; Jiao, Gong,
2020). It is interesting to note that age-related changes in
serum sirtuin can be used as a diagnostic tool (Kumar et al.,
2014). For instance, the expression of SIRT1 and SIRT6 is
reduced against the background of neurodegenerative diseases
(Jiao, Gong, 2020; Pukhalskaia et al., 2020). A high content
of SIRT2 is found in Alzheimer’s and Parkinson’s diseases,
suggesting that it may contribute to neurodegeneration (Ca-
cabelos et al., 2019).

Conclusion

Since the discovery of yeast Sir2, studies of sirtuins have fo-
cused on their functions in regulating processes associated with
aging (Pukhalskaia et al., 2022). Recent research confirms the
key role of sirtuins in the pathogenesis of age-related diseases.
This makes sirtuins promising targets for research in the field
of age-related disease therapy. Indeed, currently underway are
many clinical trials aimed at pharmacological modulation of
sirtuin activity for the treatment of metabolic, immune, and
neurological disorders, as well as cardiovascular and onco-
logical diseases (Curry et al., 2021). Unfortunately, these
clinical trials do not always show positive results, which, in all
likelihood, may be due to the highly multifaceted functions of
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sirtuins. However, detailed information about their functions
is dynamically accumulated, which hopefully will allow for
the implementation of such progressive methods of therapy
for age-dependent diseases as soon as reasonably possible.
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Abstract. Alzheimer’s disease affects an average of 5 % of the population with a significant increase in prevalence
with age, suggesting that the same mechanisms that underlie aging may influence this pathology. Investigation
of these mechanisms is promising for effective methods of treatment and prevention of the disease. Possible par-
ticipants in these mechanisms are transposons, which serve as drivers of epigenetic regulation, since they form
species-specific distributions of non-coding RNA genes in genomes in evolution. Study of miRNA involvement in
Alzheimer’s disease pathogenesis is relevant, since the associations of protein-coding genes (APOE4, ABCA7, BIN1,
CLU, CR1, PICALM, TREM?2) with the disease revealed as a result of GWAS make it difficult to explain its complex
pathogenesis. Specific expression changes of many genes were found in different brain parts of Alzheimer’s pa-
tients, which may be due to global regulatory changes under the influence of transposons. Experimental and clini-
cal studies have shown pathological activation of retroelements in Alzheimer’s disease. Our analysis of scientific
literature in accordance with MDTE DB revealed 28 miRNAs derived from transposons (17 from LINE, 5 from SINE,
4 from HERV, 2 from DNA transposons), the expression of which specifically changes in this disease (decreases in
17 and increases in 11 microRNA). Expression of 13 out of 28 miRNAs (miR-151a, -192, -211, -28, -31, -320c, -335,
-340,-378a,-511,-576, -708, -885) also changes with aging and cancer development, which indicates the presence
of possible common pathogenetic mechanisms. Most of these miRNAs originated from LINE retroelements, the
pathological activation of which is associated with aging, carcinogenesis, and Alzheimer’s disease, which supports
the hypothesis that these three processes are based on the primary dysregulation of transposons that serve as dri-
vers of epigenetic regulation of gene expression in ontogeny.
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AHHoTauua. bonesHb Anbureiimepa nopaxaet B cpefiHeM 5 % HaceneHna CO 3HaUUTENbHbIM YBENNYEeHeM pac-
NPOCTPAHEHHOCTUN C BO3PACTOM, YTO CBUAETENbCTBYET O BO3MOXXHOM BAIMAHMUM Ha AAHHYI0 NaTONOrMIo TeX »e Me-
XaHU3MOB, KOTOpble NleXaT B OCHOBE CTapeHuA yenoBeka. MiccnegoBaHme 3TVX MeXaHW3MOB NepCrekTUBHO AA
pa3paboTky 3P eKTNBHBIX METOAOB fleyeHnsa U NPodUNakTMKM 3aboneBaHna. BO3MOXHbIMM yYacTHUKaMM STUX
MeXaHN3MOB ABMAIOTCA TPAHCMO30HbI, KOTOPbIe CNy»KaT ApaliBepaMu SMUreHeTUYeCcKon perynauum, nocKosbKy
dopmupytoT B 3BOsIIOLMN BUAocneLmnduyeckne pacnpeneneHna reHos Hekoaupyowmx PHK B reHome uyenose-
Ka. M3yueHne ponv MukpoPHK B pa3Butumn 6onesHn Anbureiimepa akTyasibHO, MOCKOSIbKY MO pe3yfbTatam Mnpo-
BefeHHbIx GWAS accounauuin 6enok-kogupyowmx reHos (APOE4, ABCA7, BINT, CLU, CR1, PICALM, TREM2) TpyfHO
06BACHUTDL CNIOXKHDBIN NaToreHes 3aboneBaHnA. Kpome Toro, B pasfiMyHbIX JOSIAX FOIOBHOrO Mo3ra npu 6onesHu
Anburerimepa 6binn o6HapyxeHbl cneuynduryeckme N3MEHEHNA SKCNPECCUM MHOXECTBA FeHOB, YTO MOXET ObITb
06ycnoBneHo rnobanbHbIMU PEryIATOPHbIMUA U3MEHEHVAMUN MOJ BANAHMEM TPAHCMO30HOB. [eCTBUTENbHO, KC-
nepuMeHTasnbHble U KIMHUYECKNe NCCeA0BaHNA MOKa3any NaTonormyeckyio akTuBaLmio peTpo31eMeHToB Npu 60-
nesHu Anbureimepa. lNpoBefeHHbI HaMK aHaNI3 Hay4YHOW IMTepaTypbl B COOTBETCTBUM € 6a3o1 faHHbix MDTE DB
(microRNAs derived from transposable elements) no3sonun BbisiBUTb 28 pa3nnyHbix MUKPOPHK, nponcxogawmx
OT MO6USbHBIX 3nemeHToB (17 — oT LINE, 5 — ot SINE, 4 — ot HERV, 2 - o1 [HK-TpaHCNO30HOB), 3KCNpeccusa KOTopbIX
cneunduyeckn n3meHaeTca Npu AaHHoOM 3aboneBaHnm (CHKaeTca 'y 17 v nosbiwaetca y 11 mukpoPHK). Skcnpec-
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cna 13 3 28 mukpoPHK (miR-151a, -192, -211, -28, -31, -320c, -335, -340, -378a, -511, -576, -708, -885) meHseTcA
TaKXe Mpu CTapeHN N Pa3BUTUM 37T0KaYeCTBEHHBIX HOBOOOPA30BaHMI, UTO MOATBEPKAAET BO3MOXKHOE Hasmumne
061X NaTOreHeTUYECKNX MeXaHN3MOB. BoNbLIMHCTBO 13 3TUX MUKPOPHK npousownu ot LINE-peTpoanemeHToB,
naTonormyeckas akTrMBaLma KOTOPbIX aCCOLMMPOBaHa CO CTapeHreM, KaHLieporeHe3om 1 6one3Hblo AnbLreimepa,
YTO CBUAETENbCTBYET B MOMb3Y MMMNOTE3bl O TOM, YTO B OCHOBE 3TUX TPEX NPOLIeCCOB NEXMT NepBUYHana Ancperynsa-
LA TPAHCMO30HOB, KOTOPbIe CAyXKaT ApaniBepamu SMMreHeTUYeCKon Perynaumm SKCNpeccuy reHoB B OHTOreHese.
KnioueBble cnoBa: 6onesHb AnbLreiiMepa; KaHueporeHes; MUKpoPHK; cTapeHue; TpaHCMO30HbI; PeTpo3ieMeHTbI.

Introduction

Alzheimer’s disease (AD) is the most common neurodegenera-
tive disease. Disease pathogenesis is caused by extracellular
deposition of beta-amyloid plaques and intracellular accu-
mulation of tau protein tangles with cell death in the brain
(Barak et al., 2013). AD is detected in 62 % of patients with
dementia (Swarbrick et al., 2019). In 2017, a meta-analysis
revealed a 5 % prevalence of AD in Europe (3.31 % in men
and 7.13 % in women) and an increase in these rates with
age (7.66 % in 75-84-year-olds, 22.53 % in 85-year-olds and
older). In Japan, AD occurs in 7 % of people over 65 years of
age, in the USA — in 9.51 % of people over 70 years of age.
In Chinese residents, the incidence of AD is 1.27 % in people
65—69 years old and 18.54 % in people 85—89 years old (Niu
etal.,2017). Twin studies showed the heritability of AD to be
58 %, regardless of gender (Gatz et al., 2006).

In 2018, a genome-wide association study (GWAS) of
DNA samples from 314,278 patients showed an association
of the ACE, ADAM10, BCKDK/KATS, TOMM40, VKORC1
genes with AD (Marioni etal., 2018). In 2019, a meta-analysis
of GWAS results (53,042 AD patients and 355,900 healthy
controls) identified 37 specific loci associated with AD in the
human genome. Among them, the APHIB, BINI, CASS4,
CCDC6, NCK2, PILRA, PTK2B, SPRED2, TSPAN14 genes
showed the greatest significance. However, it is difficult to
explain the role of allelic variants of these genes in the patho-
genesis of AD of these genes.

Possible mechanisms of other AD-associated genes are
shown for LILRB?2 (encodes a receptor that recognizes multi-
ple HLA alleles and may be involved in the growth of beta-
amyloid fibrils), ABCA I (involved in the transfer of phospho-
lipids to apolipoproteins), AGRN (involved in the formation
of synapses of mature hippocampal neurons) (Schwartzentru-
beretal., 2021). In 2021, a meta-analysis showed an associa-
tion of 23 different SNPs with AD, among which the highest
significance was determined for rs3865444 (in the CD33
transmembrane receptor gene), 1s7561528 (in the nucleocy-
toplasmic adapter protein gene (B/N1)) and rs1801133 (in the
methylenetetrahydrofolate reductase gene (MTHFR)) (GNS
etal., 2021).

In GWAS:s, a significant association with AD was also
shown for the CLU (APOJ, encodes apolipoprotein J), CR1
(encodes complement component 3b/4b) (Lambert et al.,
2009), APOE (encodes apolipoprotein E), PICALM (encodes
protein phosphatidlinositol-binding clathrin assembly) (Ha-
rold et al., 2009; Ando et al., 2022), BINI (Ando et al., 2022)
genes. Meta-analyses of GWAS results with Alzheimer’s
disease showed a significant association of allelic variants of
the TREM?2 (encodes the trigger receptor expressed on pro-
tein 2 myeloid cells) (Guerreiro et al., 2013) and ABCA7 (Ma
et al., 2018) genes.

According to numerous genome-wide association meta-
analyses and large-scale genome-wide association studies, the
strongest genetic risk factor for sporadic AD is the APOE €4
allele, while the most powerful protective genetic factor is
the APOE €2 allele. This is due to the effects of APOE on
B-amyloid peptide aggregation and clearance, neurofibrillary
tau degeneration, microglial and astrocyte responses, and the
blood-brain barrier (Serrano-Pozo et al., 2021). The produc-
tion and breakdown of amyloid are also directly influenced
by the ABPP, PSENI and PSEN2 genes, the allelic variants of
which contribute to increased toxic amyloid types aggregation
(Robinson et al., 2017).

The key role of genetic factors in the development of AD is
evidenced by the presence of monogenic hereditary forms of
the disease with an autosomal dominant type of inheritance.
These forms of the disease are caused by germline mutations
in the APP (amyloid precursor protein) (Rogaev et al., 1994;
Goate et al., 2006), PSEN! (presenilin-1) (Sherrington et
al., 1995), PSEN2 (presenilin-2) (Levy-Lahad et al., 1995)
genes. Genomic instability is important in the pathogenesis
of AD, as evidenced by the pronounced association of AD
with age (which is characterized by genomic instability)
(Hou et al., 2017). A genomic instability component in AD
may be expression changes of long non-coding RNAs, such
as XIST (X-inactive specific transcript), which is considered
as a potential target for AD therapy (Chanda, Mukhopadhyay,
2020).

In addition to the association of allelic variants of specific
genes from DNA samples of peripheral blood leukocytes
of patients with AD, a number of studies have analyzed the
expression of specific genes in the brain cells of patients. The
data obtained could better explain the possible mechanisms
of AD pathogenesis. In 2022, a meta-analysis identified 1915
differentially expressed genes in the entorhinal cortex (the
hippocampus-related part of the temporal lobe) in AD patients
compared to healthy controls (Fagone et al., 2022). Earlier, in
2019, a meta-analysis of the transcriptome in AD had showed
differential expression of a large number of genes in different
lobes of the brain: in the temporal lobe — 323, in the frontal —
435, parietal — 1023, cerebellar — 828 genes (Patel et al., 2019).
This indicates a pronounced deregulation of gene expression
in the brain in AD on a genome-wide scale, a possible cause of
which is the pathological activation of transposable elements
(TEs), which occupy 45 % of the human genome. TEs have
a global regulatory effect on the expression of all genes (as
drivers of epigenetic regulation (Mustafin, Khusnutdinova,
2017)) and binding sites for transcription factors (Mustafin,
2019).

The cause of genomic instability in neurons in AD may
be somatic recombinations between TEs, such as Alus and
LINEls (Pascarella et al., 2022). This is evidenced by recent
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From two adjacent transposon gene

From transposon gene
with flanking sequences

in evolution

miRNA

miRNA gene

pri-miRNA

Mechanisms of origin of microRNAs from transposable elements.

results obtained from fluorescent in sifu hybridization (FISH)
in individual neurons of AD patients’ brain (Yurov et al., 2023),
as well as experimental studies on mice with knockdown of
one allele of the BMII gene (encodes a protein of the Poly-
comb group and regulates compaction of heterochromatin).
In adults, BMI1 is normally expressed ubiquitously in brain
neurons, but is reduced in AD. Bmil+/— mice are characte-
rized by neurodegenerative changes similar to AD. In this
case, the loss of heterochromatin is determined mainly in
the regions with repeating sequences, which include TEs or
originated from them in evolution (El Hajjar et al., 2019).

TEs carry out epigenetic regulation due to their interac-
tion with microRNAs, which evolved from TEs by various
mechanisms (see the Figure), as well as by processing their
transcripts to form microRNAs (Wei et al., 2016). MicroRNAs
have a post-transcriptional regulatory effect on gene expres-
sion (Barak et al., 2013) and are guides for binding to DNA
methyltransferases (RADM, RNA-directed DNA methylation)
with specific genomic loci, regulating expression at the tran-
scription level (Watcharanurak, Mutirangura, 2022). There-
fore, it can be assumed that the observed hypermethylation
of 236 specific CpG location loci in the cerebral cortex of
AD patients occurs under the influence of microRNAs upon
activation of TEs (Smith et al., 2021).

TEs are divided into classes of DNA transposons (moving
by a cut-and-paste mechanism) and retroelements (REs).
Transposition of REs occurs by “copy-and-paste” with an
intermediate RNA, from which cDNA is formed by reverse
transcription. Based on the presence of long terminal repeats
(LTRs), REs are classified into LTR-containing REs and
non-LTR-REs. The latter include autonomous LINEs (long
interspersed elements) and non-autonomous SINEs (short

Ttransposable element genes

Sources of origin

Long noncoding RNA gene

Long noncoding RNA

Involvement of transposable elements
in Alzheimer’s disease pathogenesis

Transposon mRNA

miRNA mRNA

— T —

Transposon proteins

interspersed elements) and SVEs (SINE-VNTR-Alus). LTR-
REs are endogenous retroviruses (ERVs), occupying 8 % of
the human genome, while LINEs (L1 and L2) occupy 21 %
(Ravel-Godreuil et al., 2021).

Role of transposable elements

in Alzheimer’s disease development

The activity of TEs is under the control of epigenetic modi-
fiers (DNA and histone methylation), as well as specific
molecules, such as PRC2 (Polycomb repressive complex 2,
which forms the H3K27me3 mark), DNMT1 (promotes the
formation of H4K20me3), KAP1 protein (Kruppel-associated
box associated protein 1, promotes the formation of H3K9me3
marks), sirtuin 6 (SIRT6, causes repression of L1 through ri-
bosylation of KAP1, facilitating the interaction of KAP1 with
its partners and the formation of heterochromatin in the L1
promoter region) (Ravel-Godreuil et al., 2021). According to
recent data, TEs themselves are drivers of epigenetic regula-
tion of genes through the formation of long non-coding RNAs
and microRNAs from their transcripts (Mustafin, Khusnutdi-
nova, 2017). That is, TEs are under the control of regulatory
mechanisms that they drive, which indicates the presence of
evolutionarily programmed self-control. Failure in this system
is one of the factors of human aging (Wood, Helfand, 2013;
Van Meter et al., 2014).

It is possible that the relationship between TEs and tau pro-
teins reflects the system of mutual regulation of TEs and genes
in the human genome. Indeed, inhibition of the BMII gene
(component of the Polycomb repressive complex 1, which
promotes chromatin compaction and gene silencing through
E3-mono-ubiquitin ligation activity mediated by Ringla/b on
histone H2A at lysine 19 (H2A")) expression was found in
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the brain of AD patients. BMII gene knockout in postmitotic
human neurons resulted in beta-amyloid deposition and accu-
mulation of tau protein (because BMI1 suppresses tau protein
transcription) (Flamier et al., 2018).

Modeling AD in mice by knocking out one allele of the
Bmil gene showed the development of neurodegeneration due
to derepression of TEs (EI Hajjar et al., 2019). Experiments
in mice show enhanced processing of non-coding RNAs from
SINE B2 transcripts in the hippocampus under the influence
of amyloid deposition (Cheng et al., 2020). Transcriptomic
analysis showed activation of TEs (mainly ERVs) induced
by aging and tau in mouse brain. Transgenic mice expressing
tau protein in the brain showed an increased number of TEs’
DNA copies (Ramirez et al., 2022). G-quadruplex derived
from evolutionarily conserved L1 suppresses gene expression
in AD neurons (Hanna et al., 2021).

In 2018, an analysis of postmortem brain tissue samples
showed that in tauopathies, decondensation of heterochro-
matin and decreased levels of piwi and piRNA cause deregu-
lation of TEs. A significant increase in HERVs transcripts
was also found in AD brains (Sun et al., 2018). In the same
year, a study of postmortem brain tissue from AD patients
(636 people) and a Drosophila model of the disease showed
differential expression of several specific REs in association
with the load of neurofibrillary tau tangles. In this case, global
transcriptional activation of LINE1s and ERVs occurred. Tau
protein-associated chromatin marks were detected at HERV-
Fcl location loci. Profiling of TEs in Drosophila throughout
the brain showed heterogeneous response profiles, including
those depending on age and genotype, activation of TEs under
the influence of tau proteins (Guo C. et al., 2018).

Further studies of post-mortem brain tissue from patients
with AD (60 individuals) confirmed the data on the activation
of specific TEs (L1s and Alus) in AD compared with controls
(Grundman et al., 2021). Analysis of blood samples from 25
late-onset AD patients revealed a significant increase in the
expression of 1790 RE transcripts (LINE, LTR, SVA) before
clinical phenoconversion (from normal cognitive indicators
to the manifestation of AD), which the authors called a retro-
transposon storm (Macciardi et al., 2022). It is possible that
the data obtained by the researchers indicate the effect of a
feedback relationship between TEs activated during aging and
the influence of the resulting tau proteins on them, which trig-
gers the cascade mechanism of the TEs > tau proteins > TEs
relationship.

Activation of REs in AD depends on the transmission of
redox signals (such as complex I of the mitochondrial respira-
tory chain) from mitochondria to the nucleus. It is believed
that this phenomenon is a side effect of general signaling from
mitochondria to the nucleus, aimed at facilitating the transcrip-
tion of mitochondrial genes to restore mitochondrial function
(Backen et al., 2020). As a result, DNA hypomethylation and
increased expression of REs, such as LINE1s, occur (Prota-
sova et al., 2021). In this case, a vicious circle may develop
when activated REs aggravate mitochondrial pathology due
to insertions into genes involved in their functioning. Thus,
frequent primate-specific retrotranspositions of Alu elements
into the introns of the TOMM40 gene, encoding the B-barrel
protein necessary for mitochondrial transport of preproteins
and associated with AD, were identified (Larsen et al., 2017).
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Association of microRNAs derived

from transposable elements

with Alzheimer’s disease

In 2016, G. Wei et al. created a database of microRNAs
derived from TEs (MDTE DB: a database for microRNAs
derived from Transposable element) (Wei et al., 2016). Due
to the presence of data on the role of dysregulation of TEs
in AD (Guo C. et al., 2018; Sun et al., 2018; Grudman et
al., 2021; Macciardi et al., 2022), analysis of specific mi-
croRNAs presented in the MDTE DB may reveal one of the
mechanisms of AD pathogenesis upon activation of TEs. In
2019, S. Swarbrick et al. conducted a systematic review of the
accumulated data in the scientific literature on microRNAs
associated with Alzheimer’s disease. A significant role was
identified for 44 microRNAs in blood plasma, 250 microRNAs
in the brain, 153 microRNAs in cerebrospinal fluid (Swarbrick
etal., 2019).

Our analysis of the scientific literature allowed us to de-
termine the association of a number of microRNAs derived
from TEs that are associated with AD. In 2014, a study of the
brains of rabbits modeled for AD found decreased expression
of miR-576-3p (Liu et al., 2014), which was derived from L1
(Weietal.,2016). In 2022, areduced level of miR-576-3p was
detected in the serum of people with AD (Xu et al., 2022). In
2014, a GWAS of blood samples from 158 AD patients and
155 healthy controls showed a significant difference in the
expression of miR-885-5p (derived from SINE/MIR (Wei et
al., 2016)) in AD (Tan et al., 2014). Further studies showed
that overexpression of miR-885-5p attenuates beta-amyloid-
induced neuronal damage by suppressing KREMENI syn-
thesis (Pan et al., 2022).

In 2015, a comparative analysis of microRNA levels in
blood samples of 48 patients with AD and 22 controls showed
an increase in the expression of miR-151a (Satoh etal., 2015),
derived from L2 (Wei et al., 2016), miR-3200 (Satoh et al.,
2015), derived from ERVL (Wei et al., 2016), and a decrease
in the expression of miR-502 (derived from L2 (Wei et al.,
2016)) (Satoh et al., 2015). In the same year, a study of 127
AD patients and 123 controls revealed a decrease in the level
of miR-31 in AD (Dong H. et al., 2015), which originated
from L2 (Wei etal., 2016). Experiments on AD mouse models
showed significant improvement in neurological parameters
with lentiviral-mediated expression of miR-31 due to a de-
crease of beta-amyloid in the hippocampus (Barros-Viegas
et al., 2020).

In 2016, an experiment in mice modeled for AD demon-
strated the role of miR-211 (derived from L2 (Wei et al.,
2016)), affecting NUAK1, causing the accumulation of beta-
amyloid and reducing neuronal survival (Fan et al., 2016).
Elevated levels of miR-211 were found in another study in
AD mouse models and beta-amyloid accumulation (Sierksma
et al., 2018). A decrease in the expression of miR-511 (de-
rived from L1 (Wei et al., 2016)) was found in AD, resulting
in increased synthesis of the FKBPS protein (Zheng et al.,
2016). Treatment of AD mouse models with cauterization at
acupuncture points of the control vessel contributed to the
improvement of cognitive functions by increasing the expres-
sion of miR-511-3p (Jia et al., 2022).

In 2017, mouse models of AD showed increased levels of
miR-28-3p (the miR-28 family is derived from L2 (Wei et al.,
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2016)) in the cerebrospinal fluid (Hong et al., 2017). In the
blood serum of people with asthma, an increased concentra-
tion of miR-28-3p was also determined, compared to healthy
controls. The level of this microRNA decreased with effective
donepizil therapy (Zhao et al., 2020).

ERVL-derived miR-1246 (Wei et al., 2016) has been pro-
posed as a biomarker of AD to determine its level in the blood
serum of patients (Guo R. et al., 2017). A decreased miR-
545-3p level was determined in the blood plasma of patients
with AD compared to controls (Cosin-Tomas et al., 2017).
The miR-545 family originated from L2 (Wei et al., 2016). In
AD, reduced expression of miR-325 (derived from L2 (Wei
et al., 2016)) is determined, which has a post-transcriptional
regulatory effect on tomosyn synthesis (impairs synaptic
transmission in the brain) in the hippocampus (Barak et al.,
2013). The pro-inflammatory microRNA miR-326, derived
from the DNA transposon hAT-Tip100 (Wei et al., 2016), was
characterized by increased expression in AD (Cai et al., 2017).
Low levels of miR-342-5p (derived from SINE (Wei et al.,
2016)) were detected in the worst course of AD (Dakterzada
et al., 2021). SINE-derived miR-3646 was overexpressed in
AD patients (Lu et al., 2021).

In 2018, increased expression of miR-320c (derived from
L1 (Wei et al., 2016)) was determined in patients with AD
compared to patients with amyotrophic lateral sclerosis (Rahe-
jaetal., 2018). Previously, significant association of miR-320
gene locus was determined in a genome-wide linkage analysis
in patients with late-onset familial AD (Kunkle et al., 2016).

In mouse models of AD, increased expression of miR-320
in brain neurons was determined (Boese et al., 2016). Reduced
level of miR-4487 (derived from L1 (Wei et al., 2016)) was
detected in neurons of the brain of AD patients (Hu et al.,
2018). In AD, miR-384 (derived from LINE/Dong-R4 (Wei
etal.,2016)) is overexpressed. This microRNA interacts with
mRNA of BACEI protein (beta-secretase, which catalyzes the
conversion of amyloid precursor to beta-amyloid (Samadian et
al., 2021)). In the blood serum of AD patients, a reduced level
of miR-4286 (Henriques et al., 2020), derived from ERVL
(Weietal., 2016), and miR-4422-5p (derived from LTR/Gypsy
(Wei et al., 2016)) was detected (Hajjari et al., 2021).

In 2019, in the search for potential biomarkers and thera-
peutic agents for AD, integration of transcriptomic data with
protein-protein and transcriptional regulatory interactions
revealed the role of miR-192-5p (derived from L2) and
miR-335-5p (derived from SINE/MIR) (Wei et al., 2016)
as key signaling and regulatory molecules associated with
transcriptional changes in AD. Their levels decrease both in
the blood of people with AD (Rahman et al., 2019) and in
relation to miR-192-5p in the hippocampus of experimental
mice. Further studies showed the potential protective efficacy
of miR-192-5p in AD. The level of this microRNA decreased
with exercise and contributed to a decrease in the expression
of TNF-a, IL-6 and IL-1B, which are involved in inflamma-
tion in AD (Qin et al., 2022). Similar results were obtained in
experiments on cell cultures and AD mouse models regarding
miR-335-5p, which can be used for targeted therapy of the
disease (Wang et al., 2020).

In 2020, reduced expression of miR-340 (derived from
TcMar-Mariner DNA TE (Wei et al., 2016)) was detected
in mouse AD models (Tan et al., 2020). A low level of miR-
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708-5p (derived from L2 (Wei et al., 2016)) was detected in
blood samples of 28 patients with AD (Rahman et al., 2020).
The data obtained were confirmed by studying the brain neu-
rons of AD patients (Di Palo et al., 2022). Analysis of brain
samples from patients who died from AD showed increased
levels of miR-1202 (Henriques et al., 2020), derived from L1
(Wei et al., 2016).

In 2021, an analysis of DNA blood samples from 48 AD
patients and 48 healthy controls showed a significant increase
in the level of miR-378a (Dong Z. et al., 2021), which was de-
rived from SINE/MIR (Wei et al., 2016). This microRNA has
been proposed as a biomarker for AD. The brains of deceased
AD patients showed reduced levels of miR-1271 (Majumder
et al., 2021), which was derived from L2 (Wei et al., 2016).
An increase in the expression of miR-4504 (derived from L1)
in the brain of patients with AD was determined (Eysert et
al., 2021). Our data on changes in the expression of specific
microRNAs derived from TEs in AD are shown in Table 1.

Association of transposable element-derived
microRNAs with aging, carcinogenesis

and Alzheimer disease

Epidemiological studies indicate a significant increase in the
risk of developing AD with age (Niu et al., 2017). In both
aging and neurodegenerative diseases, genomic instability is
observed in neurons, with activation of TEs by various mecha-
nisms (Wood, Helfand, 2013; Guo C. et al., 2018), including
loss of SIRT6 marks (Van Meter et al., 2014). Although AD
and cancer are diseases associated with aging, an analysis
of scientific literature has identified an inverse correlation
between cancer and AD, which may be due to the influence
of the proteins p53 and PIN1 (Peptidyl-prolyl cis-trans iso-
merase) (Lanni etal., 2021). At the same time, mortality from
AD in people who survived cancer for 10 years or more was
higher than in the general population (Abdel-Rahman, 2020),
which may indicate the presence of common pathogenetic
pathways of these diseases, possibly associated with TEs
deregulation.

Changes in TEs activity during aging contribute to changes
in the expression of microRNAs, which can contribute to the
development of AD and suppress the growth of cancer (acting
as tumor suppressors). To test this assumption, we analyzed an
online resource created in 2018 by N.W. Wong et al. concern-
ing changes in specific microRNAs in certain cancer types
(Wong et al., 2018), as well as searched for scientific data on
microRNAs associated with AD and aging. As a result, we
identified 13 specific microRNAs derived from TEs associated
with aging and simultaneously involved in the pathogenesis
of AD and cancer (Table 2).

MiR-151a is associated with Alzheimer’s disease (Satoh
et al., 2015); expression changes of this microRNA are also
characteristic of various cancers (Wong et al., 2018) and aging
(Noren Hooten et al., 2013). LINE2-derived miR-192 (Wei
et al., 2016), the level of which decreases in AD (Rahman et
al.,2019; Qin et al., 2022), is associated with various cancers
(Wong et al., 2018). miR-192 expression is significantly
reduced in aging kidney tissue (Sataranatarajan et al., 2012).
LINE/L2-derived miR-211 (Wei et al., 2016), the level of
which increases in AD (Fan et al., 2016; Sierksma et al., 2018),
is also associated with cancer (Wong et al., 2018). miR-211
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Table 1. Association of transposon-derived microRNAs with Alzheimer’s disease

miRNA Transposon, source of microRNA Expression change Reference
m|R1 202 .................... |_1 ................................................................... |nc re a SEd ..................................... Henn q ueseta| 2 0 20 ...........................................

m,R1246 .................... ERVL .............................................................. |ncreased ..................................... GuoReta|2017 ..................................................

m,R1 271 ..................... L2 .................................................................. DecreaSEd ................................... Maju mde r eta| 2 021 ............................................

m|R1 51a ..................... |_2 .................................................................. |nc re a SEd ..................................... SatOh eta| 2015 ...................................................

mlsz ...................... Lz .................................................................. Decreased ................................... Rahmaneta|2019Qmeta|2022 ....................

m,RZH ....................... |_2 .................................................................. |ncreased ..................................... Faneta|20165,erksmaeta|2018 ...................

mleS ......................... |_2 .................................................................. |ncreased ..................................... Hongeta|2o172haoeta|2020 ......................
m,R31 ......................... Lz .................................................................. Decreased ................................... DongHeta|2015Barrosvlegaseta|2020
m|R320 ...................... |_1 ................................................................... |nc re a SEd ..................................... Boe Se Et a|201 6 . R a heJa eta| 2 018 ..................

m,R3200 .................... ERVL .............................................................. Decreased ................................... SatOh eta| 2015 ...................................................

m,R325 ....................... L2 .................................................................. DecreaSEd ................................... Barak e t a| . 20 1 3 ....................................................

m|R326 ...................... DNA/h A-|--|-|p 100 .......................................... |nc re a SEd ..................................... Ca , . et a| 2017 ........................................................

m,R335 ....................... 5|NE/M| R ....................................................... Decreased ................................... Rah manet a | 201 . 9 Wa n g eta| 2020 ................

m,R340 ...................... DNA/TCMar Marmer .................................... DecreaSEd ................................... Tan eta| 2020 .......................................................

m|R342 ...................... S|NE .............................................................. Decreased ................................... Dakterz ada e t a| . 20 2 1 ..........................................

m,R3646 .................... S|NE/M|R ....................................................... |ncreased ..................................... Lueta|2021 .........................................................

m|R378a ..................... 5|NE/M| R ....................................................... |nc re a SEd ..................................... Dong . Z e t a| 2 0 21 ................................................

m,R384 ...................... |_|NE/Dong R4 .............................................. |nc re a Sed ..................................... Sama d |aneta| 2021 .............................................

m,R4286 .................... ERVL .............................................................. DecreaSEd ................................... Henn q ueseta| 2 0 20 ...........................................

m|R4422 .................... LTRGypSy .................................................... DecreaSEd ................................... HaJ J aneta| 2021 ...................................................

m,R4487 .................... U ................................................................... Decreased ................................... Hu eta| 20 18 ........................................................

m,R4504 .................... |_1 ................................................................... |nc re a SEd ..................................... Eysert e t a| 202 1 ...................................................

m|R502 ...................... |_2 .................................................................. Decreased ................................... SatOh eta| 2015 ...................................................

m,RSH ....................... U ................................................................... Decreased ................................... Zh enget a | 201 . 6 J,a et a| . 2 0 2 2 .........................

m|R545 ....................... |_2 .................................................................. DecreaSEd ................................... COS, n Tomaset a| 2 0 17 .......................................

m,R576 ...................... |_1 ................................................................... Decreased ................................... Llueta | 201 . 4 Xu e t a| 2 0 22 ..............................

m,R708 ...................... L2 .................................................................. DecreaSEd ................................... Rah manEt a | 2020 D,pa|oeta| 2022 ..............

mIRS 85 ....................... S|NE/M| R ....................................................... DecreaSEd ................................... Tan eta| 20 14 Panet a | 2022 ............................

expression is increased in centenarians and may serve as a
biomarker of aging (Smith-Vikos et al., 2016).
LINE2-derived miR-28 (Wei et al., 2016), the level of which
increases in AD (Hong et al., 2017; Zhao et al., 2020), is also
associated with specific cancers (Wong et al., 2018). Physio-
logical aging is associated with decreased miR-28 production
(Zhang T. et al., 2017). LINE2-derived miR-31 (Wei et al.,
2016), the level of which decreases in AD (Dong H. et al.,
2015; Barros-Viegas et al., 2020), is associated with cancer
(Wong etal., 2018). Expression of this microRNA is increased
during replicative aging (Dellago et al., 2013). MiR-320c,
derived from LINE2 (Wei et al., 2016), the level of which
is increased in AD (Boese et al., 2016; Raheja et al., 2018),

is also associated with specific cancers (Wong et al., 2018).
MiR-320c levels decrease with aging (Ukai et al., 2012).
MiR-335, derived from SINE/MIR (Wei et al., 2016), which
is reduced in AD (Rahman et al., 2019; Wang et al., 2020),
is also associated with cancer (Wong et al., 2018) and aging
(Raihan et al., 2018). MiR-340, derived from DNA-TE TcMar-
Mariner (Wei et al., 2016), the expression of which is reduced
in AD, is associated with cancer (Wong et al., 2018) and with
aging (Zhang H. et al., 2015). SINE/MIR-derived miR-378a
(Wei etal., 2016), the level of which is significantly increased
inAD (Dong Z. et al., 2021), is associated with various cancers
(Wong et al., 2018) and aging (Guo D. et al., 2017). The level
of miR-511 (source: L1 (Wei etal., 2016)) decreases not only
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Table 2. TE-derived miRNAs associated with aging, carcinogenesis and Alzheimer’s disease

miRNA Type of cancer miRNA level change
(TE-source) (change in microRNA expression) s S
in AD (reference) in aging (reference)
miR-151a BLCA, BRCA, CESC, COAD, ESCA, HNSC, KICH, KIRC, Increased Decreased
(LINE/L2) KIRP, LIHC, LUAD, LUSC, PRAD, READ, STAD, UCEC Satoh et al., 2015 Noren Hooten et al., 2013
(increased)
miR-192 BLCA, BRCA, COAD, KIRC, LUAD, LUSC, PRAD, READ, Decreased Decreased
(LINE/L2) STAD, UCEC (increased); Rahman et al., 2019; Sataranatarajan et al., 2012
CHOL, KICH, KIRP, LICH, THCA (decreased) Qin et al., 2022
miR-211 KIRC, KIRP, LIHC (increased); Increased Increased
(LINE/L2) BRCA, HNSC, LUAD (decreased) Fan et al.,, 2016; Smith-Vikos et al., 2016
Sierksma et al., 2018
miR-28 HNSC, KIRC, LUAD, LUSC, PRAD (increased); Increased Decreased
(LINE/L2) BRCA, CHOL, COAD, ESCA, PCPG, READ, STAD, Hong et al.,, 2017; ZhangT.etal., 2017
THCA (decreased) Zhao et al., 2020
miR-31 BLCA, CESC, HNSC, KIRP, LUAD, LUSC, STAD, THCA, Decreased Increased
(LINE/L2) UCEC (increased); Dong H. etal., 2015; Choetal., 2015;
KICH, KIRC, PRAD (decreased) Barros-Viegas et al., 2020 Dellago et al., 2013
miR-320c CHOL, KIRC, LUSC, STAD, UCEC (increased); Increased Decreased
(LINE/L1, L2) COAD, READ (decreased) Boese et al.,, 2016; Ukai et al,, 2012
Raheja et al,, 2018
miR-335 BLCA, COAD, ESCA, HNSC, LUAD, LUSC, PRAD, STAD, Decreased Increased
(SINE/MIR) THCA, UCEC (increased); Rahman et al., 2019; Raihan et al., 2018
BRCA, KICH, KIRC, LIHC (decreased) Wang et al., 2020
miR-340 BRCA, COAD, KICH, KIRC, KIRP, LUAD, LUSC, PRAD, Decreased Decreased
(DNA/TcMar- UCEC (increased); Tan etal,, 2020 Zhang H. etal., 2015
Mariner) CHOL, LIHC, PAAD (decreased)
miR-378a PAAD (increased); Increased Increased
(SINE/MIR) BRCA, CHOL, COAD, HNSC, LIHC, LUAD, PAAD, PRAD, Dong Z. et al., 2021 Guo D.etal, 2017
READ, STAD (decreased)
miR-511 HNSC, PRAD, READ, STAD (increased); Decreased Decreased
(LINE/LT) BRCA, CHOL, KICH, KIRP, LIHC, LUSC, PCPG Zheng et al., 2016; Zheng et al., 2016
(decreased) Jiaetal,, 2022
miR-576 BLCA, BRCA, ESCA, HNSC, KICH, KIRC, KIRP, LUAD, LUSC,  Decreased Increased
(LINE/LT) PRAD, READ, STAD, UCEC (increased); Liuetal, 2014; Ipson et al,, 2018
CHOL, LIHC, THCA (decreased) Xu et al., 2022
miR-708 BLCA, BRCA, CHOL, COAD, HNSC, KIRC, LUAD, LUSC, Decreased Increased
(LINE/L2) PRAD, READ, STAD (increased); Rahman et al., 2020; Leeetal, 2017
KICH, THCA (decreased) Di Palo et al., 2022
miR-885 KICH (increased); Decreased Increased
(SINE/MIR) CHOL (decreased) Tanetal,, 2014; Behbahanipour et al., 2019
Pan et al., 2022

Note. BLCA - bladder urothelial carcinoma; BRCA - breast invasive carcinoma; CESC - cervical squamous cell carcinoma and endocervical adenocarcinoma;
CHOL - cholangiocarcinoma; COAD - colon adenocarcinoma; ESCA - esophageal carcinoma; HNSC - head and neck squamous cell carcinoma; KICH - kidney
chromophobe carcinoma; KIRC - kidney renal clear cell carcinoma; KIRP — kidney renal palillary cell carcinoma; LIHC - liver hepatocellular carcinoma; LUAD - lung
adenocarcinoma; LUSC - lung squamous cell carcinoma; PAAD - pancreatic adenocarcinoma; PRAD - prostate adenocarcinoma; PCPG - pheochromocytoma
and paraganglioma; READ - rectal adenocarcinoma; STAD - stomach adenocarcinoma; THCA - thyroid carcinoma; UCEC - uterine corpus endometrial carcinoma.

in AD (Zheng et al., 2016; Jia et al., 2022), but also in aging.
This microRNA is also associated with cancer (Wong et al.,
2018). L1-derived miR-576 (Wei et al., 2016), the level of
which is reduced in AD (Liu et al., 2014; Xu et al., 2022), is
associated with cancer (Wong et al., 2018).

Increased expression of miR-576 is detected during aging
(Ipson et al., 2018). MiR-708, derived from LINE2 (Wei et

al., 2016), a reduced level of which is observed in AD (Rah-
man et al., 2020; Di Palo et al., 2022), is associated with
specific cancers (Wong et al., 2018) and with aging (Lee et
al.,2017). The SINE/MIR-derived microRNA miR-885, which
is downregulated in AD (Tan et al., 2014), is associated with
chromophobe kidney cancer and cholangiocarcinoma (Wong
et al., 2018) and aging (Behbahanipour et al., 2019).
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Conclusion

The role of microRNAs in the development of AD indicates
the possible potential of targeted therapy for the disease, as
well as the search for the most optimal treatment regimens
for AD. Examples are the decrease in miR-192-5p levels
during exercise, which contributes to suppression of pro-in-
flammatory cytokines TNF-a, IL-6 and IL-1f production (Qin
etal., 2022); the decrease in miR-28-3p levels after donepizil
therapy (which can be used as a diagnostic criterion for the
effectiveness of treatment) (Zhao et al., 2020).

MicroRNAs can become not only therapeutic agents, but
also highly accurate diagnostic markers, since changes in their
levels are accompanied by regression in AD clinical picture, as
was shown for miR-511 when exposed to acupuncture moxi-
bustion in AD (Jia et al., 2022). The experimental effective-
ness of miR-31 (Barros-Viegas et al., 2020) and miR-335-5p
(Wang et al., 2020) in significantly reducing beta-amyloid
accumulation in the hippocampus and its base indicates the
potential of using this microRNA for targeting AD therapy
(Barros-Viegas et al., 2020; Wang et al., 2020).

The association of TE-derived miRNAs with Alzheimer’s
disease indicates both the promise of their use in the treatment
of AD and the need for a more detailed study of the mecha-
nisms of action of these miRNAs, since the complementarity
of their sequences with various TEs may become a likely
basis for global changes in the expression of genes under TEs
regulatory control.
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Abstract. A hallmark of the last decades is an extensive development of genome editing systems and technologies
propelling genetic engineering to the next level. Specific and efficient delivery of genome editing tools to target cells
is one of the key elements of such technologies. Conventional vectors are not always suitable for this purpose due to
a limited cargo volume, risks related to cancer and immune reactions, toxicity, a need for high-purity viral material and
quality control, as well as a possibility of integration of the virus into the host genome leading to overexpression of the
vector components and safety problems. Therefore, the search for novel approaches to delivering proteins and nu-
cleic acids into cells is a relevant priority. This work reviews abiotic vectors and systems for delivering genome editing
tools into target cells, including liposomes and solid lipid particles, other membrane-based vesicles, cell-penetrating
peptides, micelles, dendrimers, carbon nanotubes, inorganic, polymer, metal and other nanoparticles. It considers
advantages, drawbacks and preferred applications of such systems as well as suitability thereof for the delivery of
genome editing systems. A particular emphasis is placed on metal-organic frameworks (MOFs) and their potential in
the targeted intracellular delivery of proteins and polynucleotides. It has been concluded that further development
of MOF-based vectors and technologies, as well as combining MOFs with other carriers can result in safe and efficient
delivery systems, which would be able to circulate in the body for a long time while recognizing target cells and ensur-
ing cell-specific delivery and release of intact cargoes and, thereby, improving the genome editing outcome.
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HeBUpYCHbIE CUCTEMbBI BHYTPUKIETOUHO JOCTaBKU
MHCTPYMEHTOB peJaKTUPOBaHMs reHoMa

N.X. lanxytanzos (%), I1.B. Viabsicos ®, O.B. I'pubxosa (1), A.B. Aumapena
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AHHoTayus. MocnegHre JecATUNETHA OTMEYEHbI IHTEHCUBHbBIM PAa3BUTUEM TEXHOSOTUI 1 CUCTEM PeSaKTUPOBAHNA
reHoB, KOTOPOE BbIBEJIO FEHHYIO MHXEHEPWIO Ha HOBbIN YPOBEHb. Ba>KHbIM 3BEHOM 3TUX TEXHOMOMMI ABNAETCA Creum-
bruHas n s3pdeKTNBHAA [OCTABKA KOMMOHEHTOB TaKNX CUCTEM B KETKU-MULLEHU. TPAAULMOHHbIE BEKTOPbI He BCeraa
NOAXOAAT AN 3TO Lien BBUAY OrpaHNYeHHOro 06bema NonesHoM Harpy3Km, PUCKOB, CBA3aHHbIX C KaHLepOreHe30Mm
1 UIMMYHOTFE€HHOCTbIO, TOKCUYHOCTY, HEOGXOAMMOCTI BbICOKOW CTEMEHN OUMUCTKM M OLEHKMN KavecTBa MoslydeHHbIX
BUPYCHbIX HOCUTESIEN, @ TaKXKe BO3MOXXHOCTMN BCTPANBaHWsi BUPYCA B FeHOM XO3AIMHA, YTO MOXET NPUBOANTL K CBEPX-
3KCMNPEeCcrn KOMMOHEHTOB BUPYCa 1 NMpobnemam ¢ 6e30MacHOCTbI0. ITO 0BYCIOBMBAET aKTyallbHOCTb MOVCKA HOBbIX
CpefcTB BHYTPUKIETOYHOMN JOCTAaBKU GEMKOB Y HYKNEMHOBbIX KUC/OT. B AaHHOM paboTe npriseaeH 0630p abmoTu-
UECKNX BEKTOPOB 1 CUCTEM [OCTABKM MHCTPYMEHTOB A/l PEAAKTUPOBAHWSA FreHOMA, BK/OYas NMMNOCOMbI 11 TBepable
NNMNWAHbIE HAHOYACTULBI, MEMOPaHHBIE BE3UKYIbl MHOW NPUPOLbI, NENTUAbI, MPOHUKAIOLME B KNETKU, MALENSIbI, LeH-
LPVIMEpbI, YriepogHble HAHOTPYGKM, HEOPraHNYEeCKre, NONIMMEPHDBIE 1 fPYTiie HAHOUACTHLbI, MeTaI-opraHuyeckne
KapKacHble Nnosvmepbl. PaccMoTpeHbl UX NPerMyLLecTBa, HEAOCTaTKM 1 NPeAnoYTATENIbHbIE 061aCTV MPUMEHEHMS,
a Tak>Ke BO3MOXXHOCTb UX MCMOMb30BaHNUA ANs LOCTaBKM CUCTEM pefaKTUpoBaHus reHoB. Ocoboe BHUMaHVE yaeseHo
MeTasI-OpraHNYeckM KapKacHbIM MofvMepam v 1x MoTeHLUMany B KauyecTse CPeAcTB n3brpaTeNibHON BHYTPUKIe-
TOUHOW JOCTaBKM GENKOB 1 MONNHYKeoTUAoB. CAenaH BblIBOL O TOM, UTO AalnbHelLLee Pa3BrTMe TakuxX BEKTOPOB 1
TEXHONOIUIA Ha X OCHOBE MOXET NMPUBECTU K MOABNEHUI0 6€30MacHbIX U SPHEKTUBHBIX CUCTEM JOCTABKM, CMOCOBHbBIX
ANUTENBHO LIMPKYIMPOBATb B KPOBU 1 PAcro3HaBaTh KNETKM-MULLIEHN, 06ecrneurBan agpecHoe BbiICBOGOXaeHM e no-
NEe3HON Harpy3Ku B HEV3MEHHOM COCTOAHUY 11 TEM CaMbIM Y/yULIas pPe3ysibTaTbl PeAaKTUPOBAHMUSA FeHOB.

KnioueBble Cf0Ba: MeTan-opraHNYeckre KapkacHble MosivMepbl; BE3VKySbl;, HAaHOUACTULbl; BUPYCHbIE BEKTOPbI;
penakTMpOBaHe reHoB.
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Introduction

The last decades were marked by the development of novel
strategies and genome editing tools for treatment of heredi-
tary and acquired diseases. Such tools include but are not
limited to specific synthetic oligonucleotides, recombinant
zinc finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENSs), genome editing systems
based on clustered regularly interspaced short palindromic
repeats and associated enzymes (CRISPR/Cas), and genomic
DNA base editors. Their efficacy strongly depends on the
methods for delivery thereof into the target cells and tissues.
Currently, various approaches and vector systems, having
their specific advantages and drawbacks, are being used for
these purposes.

The major challenges of such delivery inherent for genome
editing tools include a large size of CRISPR/Cas or TALEN
components, a large negative charge of RNAs, immunogenic
potential, low efficacy, and off-target side effects (Singh D. et
al., 2016). Transfection of such tools is also complicated by
multiple factors impeding the cell and nucleus penetration by
nucleic acids and proteins, with additional issues and limita-
tions often conferred by the delivery methods and systems
which were supposedly designed to facilitate the passing of
the barriers. All these reduce the efficacy of genetic manipula-
tions with the target cells.

The above tools have been delivered into the cells using
a variety of techniques including electroporation, mecha-
noporation, microinjection, hydrodynamic injection, sono-
poration, etc. (Moscoso, Steer, 2020). Among them, the most
common ones are electroporation, due to its ease of use, high
efficiency of in vivo transfection and genome editing, and
microinjection, which allows to inject DNA directly to the
nucleus. Particularly, when using CRISPR/Cas, microinjec-
tion allows to control the amount of Cas/sgRNA complex
to be injected and to overcome the molecular weight limita-
tions (Wang H.X. et al., 2017). The main limitations of the
electroporation are low cell viability after the manipulations
and a need to adjust the technique to the particular cells and
vectors. In the case of microinjection, the limitations include
relatively high complexity, labor intensity and cost of the
procedure. Moreover, these methods are not suitable for all
tissues of the body i vivo, and they have generally been used
for small animal genome editing.

Another approach to the delivery of nucleic acids and
proteins into the cells is based on vectors, which are able to
penetrate the cells without using any ancillary tools. Con-
ventionally, this assumes the use of viral vectors as they have
an evolutionarily optimized machinery for introducing their
genetic material into host cells. They are highly stable, can
readily penetrate biological barriers, drive efficient transfec-
tion and induce long-term gene expression, and are able to
infect both proliferating and nonproliferating cells (Huang
et al., 2011). At the same time, serious disadvantages of the
viral vectors include restricted cargo volume, cancer risk,
immunogenic properties, toxicity, and a need for high purifica-
tion and quality control of the vector used. Moreover, many
viral vectors integrate themselves into the target cell genome,
which may result in the overexpression of the genome edit-
ing system components and potentially cause safety issues
(Hanlon et al., 2019).
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Therefore, search for and development of alternative non-
viral vector systems that would be able to bind nucleic acids
and proteins and release them in a controlled manner is a rele-
vant priority. Such delivery systems should have a number of
advantages, particularly, an ability to load and deliver large
molecules, an ease of preparation, low toxicity, minimal
immune reactivity, and a possibility of customization of the
properties defining their practical implementation. Almost all
abiotic vectors have a positive charge required for electrostatic
DNA complexing (Mintzer, Simanek, 2009). In contrast with
other delivery systems, they are able to transfer the editing
complexes in various forms including DNA, ribonucleopro-
teins and mRNA (Liu C. et al., 2019; Niggemann et al., 2020).
Notably, non-viral vectors perform transient delivery, which
is preferred in some cases of genome editing. Genome editing
components are degraded shortly after cell penetration, thereby
reducing the off-target effects (Mout et al., 2017a). In addition,
many non-viral vectors can be commercially manufactured
with the defined parameters.

Genome editing tool delivery systems such as liposomes
and solid lipid particles, other membrane-based vesicles, cell-
penetrating peptides, micelles, dendrimers, carbon nanotubes,
inorganic, polymer, metal and other nanoparticles, and metal-
organic frameworks (MOFs) are especially noteworthy. The
Table shows advantages and drawbacks for some of them, with
more details provided in the following sections.

Lipid-based nanoparticles

Liposome-mediated gene transfer was one of the first stra-
tegies for introducing foreign genetic material into target cells
(Mintzer et al., 2009). Currently, composition of the liposomes
used for this purpose widely varies and may include, e. g., cat-
ionic lipids, polyethylene glycol, cholesterol, phospholipids,
dioleylphosphatide acid, etc. (Kim et al., 2020; Patel et al.,
2020). They readily penetrate target cells and ensure specific
delivery, which significantly reduces effects in off-target tis-
sues and organs vs. DNA vector-based delivery of CRISPR
(Yeh et al., 2018). This supports the significance of studies
of lipid carriers as the delivery systems for genome editing
tools. For example, in a study (Andey et al., 2019), a lipoplex
was synthesized incorporating small interfering RNA (siRNA)
of the SOX2 transcription factor for target therapy of SOX2-
enriched lung tumors in CB-17 nude mice. 85 % of animals
administered with the lipoplex showed a reduction in their tumor
weight and volume, which was associated with the reduction
in SOX2 protein expression. A review (Lu Z.R. et al., 2021)
provides a summary on the use of DODAP and other ionizable
pH-sensitive lipids, which can also respond to other changes
in the environment to produce the nanoparticles incorporating
siRNA molecules for cancer therapy and targeted oncogene
silencing. The use of lipid nanoparticles for the delivery of
regulatory RNAs into the cells is also described in (Wang C. et
al.,2021; Eygeris et al., 2022), as well as in an integrated review
devoted to the use of lipids and their derivatives for the RNA
delivery (Zhang Y. et al., 2021). These works suggest different
approaches and advantages of lipid nanoparticles, including the
relative ease of the targeted delivery, possibility of controlled
release, protection from aggregation and elimination from the
blood stream by the host immune system due to the use of PEG
and other protective molecules, endosomal escape, etc.
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Summary of advantages and drawbacks of non-viral systems for delivery of genome editing tools

Delivery Advantages
system
Liposomes Ease of preparation

and lipid particles Efficient targeted delivery

Drawbacks

Propensity for aggregation
Issues with size control and stability

Possibility of adaptation for particular purposes

Possibility of controlled release

Biocompatibility
Efficient and specific delivery
Cargo protection

Cell-penetrating Low toxicity

peptides Efficient transfection
Possibility to control vector structure
Dendrimers Possibility to control vector properties
Cargo protection
Efficient transfection
Polymer Ease of preparation

nanoparticles Safety

Possibility to control vector properties

Biocompatibility
Broad spectrum of binding components
Efficient delivery

Metal-organic
frameworks

Ease of preparation

Biocompatibility

Possibility to control pore parameters
Cargo protection

Possibility of controlled release

Commercially available lipid nanovehicles include, e. g.,
Lipofectamine 2000, Lipofectamine 3000, RNAiIMAX, which
are used to deliver CRISPR/Cas9 components as a mix of
Cas9 mRNA, gRNA and ribonucleoproteins into various cells
(Yu X. et al., 2016). Lipid nanoparticles allow simultaneous
encapsulation and delivery of several RNA types (mRNA and
siRNA) into the target cells (Ball et al., 2018). In addition,
they can be adapted to a particular way of administration, cell
type and genome editing tool (Liu J. et al., 2019; Lokugam-
age et al., 2021).

However, the issues with controlling the size, uniformity
and stability of the lipid nanoparticles restrict their use, par-
ticularly for in vivo gene therapies. Sometimes, these issues
may be addressed by modification of the nanoparticle surface
with PEG and other polymers, or by using nanoparticle cores
made of a different material (for example, gold or polystyrene)
and forming lipid layers with the incorporated cargoes over
the core (Yan et al., 2022); however, this generally hampers
preparation and use of such carriers and, in a number of cases,
it would be practical to omit such systems in favor of other
biotic and abiotic vectors.

Extracellular vesicles:

exosomes and microvesicles

A number of scientists propose natural cell membrane-derived
vesicles, including exosomes, microvesicles and apoptotic
bodies, as the carriers to deliver genome editing tools in vitro

Relatively low stability
No standardized production methods

Risk of immunization
Low specificity

Relatively low efficiency
of delivery

Reported cases of toxicity
and immunogenic activity

Relatively low efficacy and specificity of targeted
delivery

Reported cases of toxicity and immunogenic
activity

and in vivo while protecting them in the biological fluids and
extracellular matrix.

Exosomes are extracellular vesicles produced by all cells.
They were initially considered as drug carriers due to their
small size, perfect biocompatibility, ability to transfer bio-
molecules into the cells and specific expression of the cell
surface receptors. Further studies have shown that the exo-
somes carrying siRNAs can protect their cargo from enzymatic
cleavage (half-life > 48 h), while naked siRNAs have half-lives
of less than 6 h (Yang Z. et al., 2016). Moreover, encapsula-
tion of siRNA into the exosomes improved its absorption by
the cells.

Kamerkar S. et al. have constructed exosomes carrying
a siRNA that targeted proto-oncogenic KRAS GTPase. These
exosomes inhibited tumor development in various mouse
pancreatic cancer models and significantly increased overall
survival (Kamerkar et al., 2017).

To reduce immunogenic potential of exosomes carrying
siRNAs and proteins in mice with Alzheimer’s disease, mouse
dendritic cell-derived vesicles were used (Alvarez-Erviti et
al., 2011). In this case, the proteins characteristic for target
cells were fused to Lamp2b, which is abundant in exosome
membranes. Such modification resulted in efficient cell type-
specific gene knockdown while minimizing host immune
response.

Moreover, the studies have shown that modified exo-
somes can transfer guide RNA and Cas9 protein between
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HuH?7 line cells (Chen R. et al., 2019). This work describes
intercellular delivery of CRISPR/Cas9 components ensuring
cleavage of hepatitis B virus and papilloma virus DNA in
the infected cells.

Although the in vivo transfer of genome editing tools using
exosomes showed no apparent side effects, the loading and
targeting efficacy of such delivery systems is understudied.
Another limitation of the clinical use of exosomes is the lack of
standardized methods for their isolation and analysis (Doyle,
Wang, 2019). Therefore, detailed studies of mechanisms and
consequences of the vesicle-mediated delivery are needed as
the result of such delivery may strongly depend on the cargo
and cells used.

Microvesicles, another type of extracellular vesicles, are
also of interest as potential delivery means. In contrast to
exosomes, which are derived from endosomes, microvesicles
are formed directly from the plasma membrane. They are
larger than exosomes, which allows increasing their actual
payload (Kanada et al., 2015). The potential of epithelium-
derived microvesicles as a delivery system for CRISPR/Cas9
and sorafenib was assessed in the hepatocellular carcinoma
model (Samuel et al., 2020), which showed enhanced mi-
crovesicle homing towards the tumor cells and a synergy of
the agents loaded. A number of works also describes the use
of microvesicles for the delivery of siRNAs and miRNAs into
the cells to regulate intracellular and tissue processes, such as
fibrosis, tumor growth inhibition, and the like (Vader et al.,
2017; Stolzenburg, Harris, 2018).

Cell-penetrating peptides

An efficient delivery system must perform in a variety of
tissues, ensuring rapid cargo release, be functional with low
payload doses, non-toxic and easy to use in clinical practice.
These properties, among others, are common for cell-pene-
trating peptides (CPPs). These peptides can bind to different
molecules, interact with membrane structures, penetrate cells
and deliver their cargo into the cytoplasm or nucleus. There
are a lot of such peptides that can bind the molecules of inter-
est in a covalent or non-covalent manner and translocate into
the cells by means of direct membrane crossing, endocytosis,
or formation of a transport channel in the membrane. Due
to a number of their advantages, CPPs are widely used in
studies to transfer small RNAs/DNAs, plasmids, antibodies,
and nanoparticles into the cells. Their beneficial properties
include controllable low toxicity, high transfection efficacy,
and structural flexibility (Lopez-Vidal et al., 2021).

In a study (Ramakrishna et al., 2014), CPP was conju-
gated with a modified Cas9 protein and gRNA to induce
gene disruptions in the target site in embryonic stem cells,
dermal fibroblasts, HEK293T, HeLa, and human embryonic
carcinoma cells. This genome editing tool delivery system
efficiently changed target gene expression with the reduction
in off-target mutation rate vs. the plasmid-based transfection.

Lopez-Vidal E.M. et al. successfully used a conjugate of
a short synthetic peptide with low arginine content and anti-
sense oligonucleotides for the transfection of HeLa654 cells
and cardiac tissue of transgenic mice in vivo (Lopez-Vidal
etal., 2021).

The efficacy of CPPs as vectors for gene delivery was
shown for their complexes with modified viruses, plasmid
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DNA, small interfering RNAs, oligolucleotides, DNA ori-
gami platforms, full-length genes, etc. (Taylor, Zahid, 2020).
Features limiting their use include their high molecular
weight, risk of host immunization, and insufficient delivery
specificity.

Dendrimers

Dendrimers are another example of abiotic vectors. They are
generally characterized by advantageous safety, lack of immu-
nogenic potential, high efficacy, reproducibility, controllable
size, broad range of possible modifications, an ability to form
stable complexes with different molecules and deliver several
molecule types (e. g., drug and gene) at once (Abedi-Gaballu
et al., 2018). They can also promote release from endosomes
after cell penetration due to the proton sponge effect. Den-
drimer molecules can associate with different moieties and
ligands, including antibodies, signaling molecules, imaging
probes, photosensitisers, etc. (Kim et al., 2020). A unique
property of dendrimers is their chemical and physical stability
inherent to their chemical structure (Kalomiraki et al., 2016).

Dendrimers are extensively branched synthetic macro-
molecules having a well-defined structure and composition.
These molecules are produced by the repeated assembly of
polymer layers over the core. There are many dendrimer
types, including peptide, poly(L-lysine), polyamideamine
(PAMAM), silicone, polyethyleneimine, and other den-
drimers. PAMAM dendrimers are the most extensively studied
ones as drug and gene delivery systems. They form stable
complexes with DNAs, siRNAs, and miRNAs referred to as
dendriplexes. These complexes show high transfection ef-
ficacy and ability to protect nucleic acids from damage (Fant
et al., 2008). Their modifications make it possible to create
the derivatives possessing reduced toxicity, increased gene
delivery specificity and efficacy (Abedi-Gaballu et al., 2018;
Liu C. et al., 2019).

In the recent decade, three common strategies for den-
drimer modification are used: (1) surface modification with
different moieties (Yang J. et al., 2015); (2) hybrid vector
formation (Biswas et al., 2013); (3) creation of self-assembl-
ing supramolecular nanoparticles (Yadav et al., 2020).

The first strategy is exemplified by the studies by Naga-
saki T. et al. summarized in a review (Nagasaki, Shinkai,
2007), which used a cationic polyazobenzene dendrimer
modified with L-lysine (Lys-G2). The dendrimer complex
with a plasmid DNA ensured increased transfection efficacy
when administered to cytoplasm and UV-irradiated.

The second strategy implies conjugation of ligands, poly-
mers, inorganic nanoparticles, etc. with the dendrimer complex
surface (Lin et al., 2018), which improves the dendrimer car-
rier properties. Mbatha L.S. et al. (Mbatha et al., 2021) have
developed hybrid carriers by means of derivatization of gold
nanoparticles with folic acid and 5th generation polyamido-
amines. Their cytotoxicity and transgene expression efficacy
were assessed in vitro using a luciferase reporter gene. The
hybrid vectors ensured an increased luciferase expression vs.
PAMAM dendrimers with folic acid or unbound dendrimers.

An example of the third strategy is a study aimed at
building supramolecular nanoparticles of variable size
(30-450 nm) from three different units, PAMAM dendrimer
with adamantane, branched polyethyleneimine conjugated
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with cyclodextrin, and polyethylene glycol with adamantane
(Lu S. etal., 2020). These nanoparticles were used as a vector
for the anti-cancer RNA interference agents, which resulted
in reduced vascularization and inhibition of the lung tumor
xenograft growth in a mouse model.

A study (Zarebkohan et al., 2015) yielded a PAMAM-PEG-
dendrimer coated by serine-arginine-leucine (SRL) tripeptide
for the delivery of genes into C6 glioma line cells. The results
showed that such nanoparticles efficiently transfected the
brain tumor cells.

Thus, dendrimers are a promising means for the delivery
of genetic materials and genome editing tools. However, one
of their critical limitations is related to their toxicity, with
3th to 5th generation dendrimers being less toxic than higher
generations (Shcharbin et al., 2013). Moreover, dendrimer
cytotoxicity depends on their branch elasticity (Tang et al.,
1996), hydrophobic properties, the number and nature of the
surface and core modifications (Somani et al., 2018). A broad
range of modifications changing these parameters allows se-
lection of the most suitable ones in order to minimize adverse
effects of dendrimer-based vectors.

Polymer nanoparticles

Polymer nanoparticles possess chemical variety and have great
potential due to their flexible structural modifications. They
are widely used to deliver nucleic acids and other substances
into cells and tissues.

These carriers are built from various natural and synthetic
polymers. Natural macromolecules have a number of advan-
tages over synthetic ones, which are generally consigned to
the lack of toxicity, relatively low cost and ease of preparation.
They include celluloses, starches, gelatin, collagen, chitosan,
agar, pectin, inulin, dextrin, etc. These biopolymers can be
modified to create delivery systems addressing particular
tasks (Yadav etal., 2020; Basinska et al., 2021). For example,
chitosan is the natural polymer that is most commonly used for
CRISPR/Cas9 delivery. Its main advantages are biocompat-
ibility, biodegradability, and lack of cytotoxicity. Qiao J. et al.
encapsulated red fluorescent protein and Cas9/ribonucleopro-
tein fused to a polyglutamate peptide tag together with donor
DNA into the chitosan nanoparticles. The polymer carrier
ensured simultaneous delivery of both the genome editing
tool and the single-strand DNA matrix while showing highly
efficient transfection of HeLa cells with no cytotoxicity (Qiao
etal., 2019).

The list of synthetic polymers is also large enough. Among
them, the most explored delivery means include polylactic and
polyglycolic acids, their copolymers, polycaprolactam, poly-
hydroxybutyrate, etc. They possess good biocompatibility and
biodegradability, which support their wide use in medicine,
biotechnology, agriculture and other fields (Singh A.V., 2011;
Zhang S. et al., 2021).

There are reports of the ongoing development of complex
carriers comprising several polymers at once, which allows to
overcome the drawbacks of particular components owing to
the advantages of others. Thus, in (Luo et al., 2018), a block
copolymer of polyethylene glycol, B-poly(lactic-glycolic) acid
and cationic lipids was used to obtain specific nanoparticles
for the delivery of Cas9 mRNA and CRISPR/Cas9 plasmids
into the macrophages. The resulting carriers induced specific
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Cas9 expression in the macrophages and monocytes both
in vitro and in vivo.

Rui Y. et al. synthesized polymers from carboxylated
branched poly(B-amino esters) by stepwise copolymeriza-
tion. Their results showed that C5-caped polymer ensured
maximum cargo release efficacy after absorption by the cells.
Furthermore, it was used to produce the nanoparticles for
CRISPR-Cas9 ribonucleoprotein encapsulation. The authors
found that the delivery of genome editing tools led to 77 % and
47 % knockout of the target gene in HEK-293T and GL261
mouse glioma cells, respectively (Rui et al., 2019).

Therefore, polymeric nanoparticles are generally safe,
easy to produce and customizable. Moreover, they undergo
degradation in the host body and are suitable for all strategies
of CRISPR-Cas9 delivery. However, the efficacy of delivery
using the polymeric carriers is thought to be insufficient
(Liu C. etal., 2019).

Gold nanoparticles

A number of studies propose gold nanoparticles as a
vector base to address the issues with in vitro and in vivo
delivery of genome editing tools. It was shown that small
(<3 nm) gold nanoparticles are biocompatible but possess
cytotoxicity and immunogenic potential (Shukla et al.,
2005). Gold nanoparticles can be bound with various ligands,
drug molecules, genome editing tools, which expands their
applications.

Gold nanoparticles used to transfer ribonucleoproteins for
genome editing into the brain cells showed no cytotoxicity
or adverse effects on the neuron function (Lee et al., 2018).
A paper (Glass et al., 2017) describes efficient elimination of
a DNA mutation leading to Duchene muscular dystrophy in
a mouse model using gold nanoparticles carrying CRISPR
components, with minimum off-target effects. In another study
(Jia et al., 2017), gold nanoparticles covalently conjugated
with a siRNA successfully delivered their cargo into the
macrophages, which resulted in the inhibition of inflammation
and restoration of the heart function in a laboratory animal
cardiomyopathy model.

In a study (Mout et al., 2017b), arginine-coated gold
nanoparticles were conjugated with the synthetic constructs of
ribonucleoproteins and Cas9 oligoglutamate-tagged protein.
These complexes were incubated with HeLa, HEK-293T, and
Raw 264.7 cell cultures. The delivery system ensured highly
efficient (about 90 %) transfer of Cas9 and ribonucleoproteins
into the cytoplasm and nucleus, with 23 to 30 % genome edit-
ing efficacy. Tao Y. et al. (Tao et al., 2021) have shown the
suitability of surface-modified gold nanoparticles for real-time
monitoring of the biological effects during genome editing.

The limitations of gold nanoparticles include a lack of
knowledge on the correlation of their immunogenic potential
and toxicity with appropriate physicochemical properties, such
as size, shape, charge, and surface modifications (Dykman,
Khlebtsov, 2017). The approaches to reduce toxicity of such
carriers and improve the delivery efficacy include the use of
the complex nanoparticles comprising polyethyleneimine,
polyethylene glycol, and other components promoting
reduction in the immunogenic properties of the particles and
preventing their binding to off-target receptors (Li Y. et al.,
2017).
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Metal-organic frameworks

Current studies in the field of abiotic vectors include exten-
sive development of the carriers derived from metal-organic
frameworks (MOFs) as the non-viral vehicles to deliver
nucleic acids into target cells. MOFs are a novel class of
porous materials. Their crystal lattice is formed by coordi-
nate bonds between the central alkaline-earth or transition
metal ions (Ca, Mg, Zn, Ti, Zr, Mn, Pd, Cu, Cr, Cd, etc.)
and organic ligands having chelating moieties (Cheetham et
al., 1999; Valtchev et al., 2009; Farha et al., 2012; Paz et al.,
2012; Furukawa et al., 2013; Yu Y. et al., 2013; Li H. et al.,
2018; Corella-Ochoa et al., 2019). MOF synthesis produces
high-ordered porous crystal structures with strictly defined
pore parameters (Wang Z., Cohen, 2009). Moreover, the MOF
technology allows controlling the porosity and pore size in
accordance with the cargo properties.

In addition, particular MOFs (e. g., based on zinc, calcium,
magnesium, titan, zirconium, iron ions and biocompatible or-
ganic ligands, including polycarbonates, imidazolates, amines,
phosphates, etc.) are biodegradable and low-toxic (Horcajada
et al., 2012; Lyu et al., 2021). Therefore, such MOFs are
widely used in experimental medicine as controlled-release
drug carriers (Su et al., 2015; Ranjbar et al., 2018; Chen G.
etal.,2019; Osorio-Toribio et al., 2020). A nanosized zeolite-
like framework based on imidazole and zinc salts (ZIF) is
particularly useful for these purposes. It has low toxicity,
broad controllability of pore parameters, buffer properties and
endosomal escape ability (Alsaiari et al., 2018). In a number
of studies, MOFs are used for encapsulation of biologically
active compounds such as insulin (Chen Y. et al., 2018), hepa-
rin (Vinogradov et al., 2018), hemoglobin (Peng et al., 2019).
Moreover, a research team (Liang et al., 2016) successfully
encapsulated living cells into a MOF, which ensured their
preservation and physical protection.

Encapsulation of genome editing tools in the pores of such
materials prevents their degradation in the physiological con-
ditions until they reach their targets (Peng et al., 2018). There
are two mechanisms of encapsulation of genome editing tools
into the MOFs. The first one is the encapsulation by direct
absorption into the pores. For example, a paper (Teplensky et
al., 2019) describes the encapsulation of an RNA molecule into
the pores of NU-1000, a zirconium-based MOF. The second
mechanism is the biomineralization, i. e. the building of a
metal-organic framework over the material to be encapsulated
(LiY. etal., 2019).

In a study (Alsaiari et al., 2018), the encapsulation of
CRISPR/Cas9 into ZIF-8 was described. The cargo weight
reached 1.2 % of the total polymer weight, with 17 % pore
loading efficacy, which the authors considered a good result
in contrast to previously reported values for the MOF-based
delivery systems. The polymer showed no cytotoxic proper-
ties in concentrations up to 200 mg/mL, was stable in phy-
siological conditions but was rapidly destroyed at pH of 5—6,
which creates the potential for controlled cargo release in vivo.
This complex also had an enhanced endosomal escape ability
over the cationic lipid-based vehicles and reduced target gene
expression twofold when incubated for 2 days and threefold
when incubated for 4 days, which was two times higher than
the efficacy of the target gene knockdown with lipofectamine-
mediated CRISPR/Cas9 delivery.
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Specific delivery to the target cells is critical for improving
the genome editing efficacy and safety. Alyami M.Z. et al.
proposed a coating for ZIF-8 with encapsulated CRISPR/Cas?9,
which was based on MCF-7 human breast adenocarcinoma cell
membrane. Incubation of such modified MOF with MCF-7,
HeLa, HDFn, and aTC cells showed that MCF-7 possessed
the maximum carrier absorption efficacy while the other cell
lines absorbed the agent to a small extent. Moreover, such
a composite, when transfected to the MCF-7 cells, inhibited
EGFP expression threefold vs. the HeLa membrane-coated
ZIF (Alyami et al., 2020).

Currently, there is an ongoing discussion of particular
chemistries useful for the controlled delivery of Cas9/gRNA
into the cells using MOFs in the presence of endogenic or
external signals (Yang X. etal., 2019; Lyu et al., 2021). Thus,
the carrier systems that penetrate the cells by endocytosis come
to the organelles with an acid content, such as endosomes
or lysosomes. Considering intracellular pH levels, the pH-
sensitive hybrid carriers were created from silicon dioxide
and ZIF (SMOFs) for efficient encapsulation and delivery
of hydrophilic compounds (Wang Y. et al., 2020). SMOF
nanopaticles with encapsulated ribonucleoproteins ensured
efficient genome editing in vivo in the mouse retinal pigment
epithelium after subretinal injection.

In addition, abnormal cells and tissues often have a unique
microenvironment with specific levels of pH and other active
substances such as enzymes and ATP which could be used
for MOF-mediated targeted delivery. Yang X. et al., relying
on the activation of ATP production in some disorders,
created an ATP-sensitive zeolite-like framework based on
imidazole and zinc ions (ZIF-90). This material efficiently
encapsulated CRISPR/Cas9 and ensured delivery of a large
amount of protein payload into the cell matrix, regardless
of the particle size and molecular weight. In the presence
of ATP, ZIF-90/protein conjugates were destroyed, releasing
the protein due to competitive coordination between ATP
and Zn** in ZIF-90. After transfection, target gene expression
in HeLa cells was inhibited by up to 35 % (Yang X. et al.,
2019).

The study by Chen T.T. et al. also showed that ZIF-8 nano-
particles were able to release encapsulated proteins rapidly in
acid media but not at pH 7.4 (Chen T.T. et al., 2018), which
may be preferred in some disorders.

Despite certain advances and potential of MOFs as vectors
for genome editing tools, there are also issues yet to be ad-
dressed. Particularly, there is a need for the following studies:
(1) to improve the specificity and efficacy of targeted effects
of MOF nanoparticles; (2) to increase MOF/biomolecule
conjugate stability in the bloodstream with intravenous ad-
ministration; (3) to find ways for reducing the immunogenic
potential and toxicity of MOFs; (4) to estimate the long-term
safety of the carriers; (5) to finalize the large-scale produc-
tion of the carriers with defined parameters (Lyu et al., 2021;
Zheng et al., 2021).

Conclusion

Currently, there is a variety of methods and systems for the
delivery of genome editing tools. They have both unique
advantages and drawbacks. At the same time, it is worth
acknowledging that a single universal carrier for delivery of
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all types of the agents cannot be developed. It seems clear that
the choice and use of certain viral or non-viral vectors must
primarily be defined by the specific aspects of the problem to
be solved. In particular, synthetic carriers are preferred for the
simultaneous loading of several substances and components,
which is especially relevant for genome editing. Therefore,
there is an increasing number of proposals to combine different
non-viral delivery systems. For example, in a number of cases,
it makes sense to deliver the genes and therapies using cell-
penetrating peptides combined with nanoparticles, micelles,
liposomes, or polymers. In this context, MOF-based carriers,
which allow the implementation of a broad spectrum of
capabilities, have great potential. Further development of
such vectors and technologies can result in safe and efficient
delivery systems that would be able to circulate in the body
for a long time while recognizing target cells and ensuring
cell-specific delivery and release of intact cargoes.
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Abstract. Phage display has become an efficient, reliable and popular molecular technique for generating libraries
encompassing millions or even billions of clones of divergent peptides or proteins. The method is based on the cor-
respondence between phage genotype and phenotype, which ensures the presentation of recombinant proteins of
known amino acid composition on the surface of phage particles. The use of affinity selection allows one to choose
variants with affinity for different targets from phage libraries. The implementation of the antibody phage display
technique has revolutionized the field of clinical immunology, both for developing tools to diagnose infectious
diseases and for producing therapeutic agents. It has also become the basis for efficient and relatively inexpensive
methods for studying protein—protein interactions, receptor binding sites, as well as epitope and mimotope iden-
tification. The antibody phage display technique involves a number of steps, and the final result depends on their
successful implementation. The diversity, whether natural or obtained by combinatorial chemistry, is the basis of
any library. The choice of molecular techniques is critical to ensure that this diversity is maintained during the phage
library preparation step and during the transformation of E. coli cells. After a helper phage is added to the suspen-
sion of transformed E. coli cells, a bacteriophage library is formed, which is a working tool for performing the affinity
selection procedure and searching for individual molecules. Despite the apparent simplicity of generating phage
antibody libraries, a number of subtleties need to be taken into account. First, there are the features of phage vector
preparation. Currently, a large number of phagemid vectors have been developed, and their selection is also of great
importance. The key step is preparing competent E. coli cells and the technology of their transformation. The choice
of a helper phage and the method used to generate it is also important. This article discusses the key challenges
faced by researchers in constructing phage antibody libraries.
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ITpo61emMbl co3maHMsI PAaroBbIX OMOAMOTEK aHTUTE
11 IIYTU UX pelieHs

B.C. Apunos ®, H.B. Boakosa (1), A.A. ViAbuues , A.-H. lllep6akos

focyfapCTBEHHDbIN HayUHbIN LIEHTP BUpYconorum n rotexHonorum «Bektop» PocnotpebHagsopa, p. n. Konbuoso, HoBocnbripckas obnactb, Poccua
® aripov_vs@vector.nsc.ru

AHHoTauua. Qarobii gucnnen ctan 3GGeKTUBHONM, HaLEXHOW 1 BOCTPeOOBaHHON MONEKYNAPHON TEXHUKOW AnA
co3aaHusa 6MONNOTEK, cofepPKalLUX MUITMOHBI MW JaXke MUNMAPAb! KIIOHOB, SKCMOHMPYIOLWMX pasfiMyaowmecs
nenTuabl nnv 6enKkun. B ocHoBe 3TOro MeToAa NeXUT COOTBETCTBME MeXKAY reHoTUNoM 1 deHoTunom dara, obecneun-
BaloLLee Mpe3eHTaLMIo Ha MOBEPXHOCTY GparoBbiX YaCTUL, PEKOMOMHAHTHBIX 6EMKOB C N3BECTHBIM AMUHOKNCIOTHBIM
cocTaBoM. Micnonb3oBaHue npouenypbl ahpdUHHOM ceneKkumm No3BonseT NPoBoAUTb 0TOOP 13 darosbix 6MbnoTeK
BapWaHTOB, 06MafaloLmnx CPOACTBOM K PasfiMyHbIM MULLEHAM. BHeapeHre TexHonorum ¢aroBoro gucnnes aHTu-
Tesl IMesio PeBOSIOLMOHHOE 3HaueHne B 0611acTy KIMHNYECKOW MMMYHONOIMK, KaK ANA CO3AaHNA UHCTPYMEHTOB
LNarHOCTUKN UHGEKLMOHHBIX 3a601eBaHNI, TaK 1 LA NOAYYEHNA TepaneBTMUECKUX areHToB. OHa CTana Takxe oc-
HOBOW 3P EKTUBHBIX U OTHOCUTENbHO HEJOPOTX METOA0B NCCNIef0BaHNA 6eoK-6e1KoBbIX B3aUMOAENCTBUI, Cail-
TOB CBA3bIBAHUA PeLLenToOpPOB, MAEHTUOUKALMMN SMMTOMOB U MUMOTOMOB. TexHoNorusa ¢aroBoro AUCNIes aHTUTeN
BKJ/tOYaeT B cebA pAa 3Tanos, OT YCMELWHOM peanm3aumn KOTopbix 3aBUCUT GUHaNbHbIN pe3ynbraT. OcHoBa nobon
61bNMOTEKN — pa3HOO6Pa3ue, NPUPOLHOE UM NOTyYEHHOE MPU MOMOLLM METOAOB KOMOMHATOPHON XuMmn. Kpntu-
YecKmn BaXkHbIM ABNAETCA NoA60P MOMEKYNAPHbIX TEXHWK, 0b6ecneymBaloLmMx cOXpaHeHne 3Toro pasHoobpasma Ha
STane nonyyeHus 6ubnrotek darmmg 1 Ha 3Tane TpaHchopMaumm kneTok E. coli. Mocne fobasneHnsa para-nomoLy-
HMKa K CycrneH3un TpaHchopMmnpoBaHHbIX KNeTok E. coli nponcxoant popmrpoBaHmne bubnmnotekn 6aktepnodaros,
KOTopas CNyXUT pabounm MHCTPYMEHTOM [/1A NPOBefeHNA Npoueaypbl abPUHHON Cenekummn u nomcka UHANBUAY-
anbHbIX MoneKysn. HecMoTpA Ha KaxyLLytoca NpoCcToTy co3faHnA GaroBbix 6MGMOTEK aHTUTEN, CYLLeCTBYET PAA TOH-
KOCTell, KOTopble HEOOXOANMO yumnTbIBaTb. B nepByio ouepenb 3T0 0CO6EHHOCTV NOATOTOBKYM parMUaHOro BeKTopa.
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Problems of creating antibody phage libraries
and their solutions

B HacTosLee Bpems pa3paboTaHo 60oMbLuoe KoNmuecTBO GarmMuHbIX BEKTOPOB, M UX BBIGOP TakKe MeeT 6osblioe
3HaueHwue. KnoyeBbiM 3Tanom CYUTAeTCA NOATOTOBKA KOMMETEHTHbIX KNeToK E. coli n TexHonorus vx TpaHcdopma-
umun. HemanoaxeH Bblbop ¢dara-nomMoLyHrKa U cnocoba ero noarotoBku. CTaTbA NOCBsALLEHa OCHOBHbIM Npobne-
MaM, C KOTOPbIMY CTaKMBAKTCA UCCIe[oBaTeNV NPY co3aaHnn daroBbix 61MGNMOTEK aHTUTES.

KntoueBble cnoBa: ¢arosas 6ubnmoTeKka; pennmkaTiBHaa popmMa 6akTeprodara; MOHOKNOHaNbHbIe aHTUTeNa; dar-

MOMOLWHUK; KOMMETEHTHbIE KNeTKW.

Introduction

In 1985, Smith was the first to describe the phage display
technique and show that filamentous phages are able to
display a peptide of interest on their surface after insertion
of a foreign DNA fragment into the major coat protein gene
(Smith, 1985). Subsequently, Parmley and Smith described
the process for selecting and enriching phage libraries based
on affinity binding called “biopanning” (Parmley, Smith,
1988). And in 1991, McCafferty and Winter were the first to
use phage display technology for antibody production, hav-
ing generated their combinatorial libraries using filamentous
bacteriophages to screen for antigen-specific monoclonal
antibodies (McCafferty et al., 1990).

The filamentous bacteriophages M 13, f1, and fd were key
tools of phage display technology. They are stable in solu-
tions under various conditions, including extreme pH and
high temperatures (Brigati, Petrenko, 2005), and insensitive
to lytic enzymes (including DNases and proteases) (Larocca
et al., 2002).

The filamentous bacteriophage M 13 (Fig. 1) is one of the
most commonly used bacteriophages for antibody phage dis-
play (Sokullu et al., 2019). M 13 phage has a high replication
capacity, and large foreign DNA fragments can be inserted
into its genome by genetic engineering methods. This bac-
teriophage is non-lytic, infects and replicates in Escherichia
coli strains carrying F+ that form F-pili (O’Callaghan et al.,
1973). The greatest portion of the virion consists of single-
stranded DNA covered with approximately 2,700 copies of
the major coat protein pVIII. Each end of the phage consists
of five copies of two different proteins: pVII and pIX at one
end, pIII and pVT at the other end (see Fig. 1). Virion length

depends on the length of the genome packed into a phage
particle. Up to 12,000 nucleotides can be added to the wild-
type genome without disrupting phage packaging (Rasched,
Oberer, 1986).

During the replication cycle of filamentous bacteriophages,
their genome is simultaneously present in the bacterial cell
as a large number of copies of the replicative form (double-
stranded circular DNA) and single-stranded DNA (ssDNA).
The presence of ssDNA in the DNA sample interferes with
cloning as it creates a “background” of clones without inser-
tion of the target gene. Using the purified replicative form, it
is possible to clone DNA fragments within the sites encoding
the bacteriophage protein of interest, mainly the pIll and pVIII
proteins. Such vector systems are referred to as systems 3
and 8, respectively (Kay et al., 1996).

The main differences in using the plll and pVIII proteins
consist in the length of foreign peptides, presentation of
chimeric proteins on the surface of the phage progeny, and
the effect on viability (Ilyichev et al., 1989; Bass et al., 1990;
Barbas et al., 1991). Compared to the pVIII protein, the
pllI protein can ensure representation of longer amino acid
sequences (Nikeld et al., 1978). The pVIII protein system
is commonly used for small peptides. Larger polypeptides
interfere with the function of the pVIII protein, so a system
with the plII protein is used for them. Due to the structural
properties of Ff phages, application of the pIII protein in the
phage display system results in less than five copies of the
fusion protein being present in the phage progeny. It is only
in the absence of the pIIl gene in the helper phage genome
that five copies of this protein will be present in the phage
progeny (Smith, 1993).

pVill Bacteriophage

ssDNA

plll pVI

Fig. 1. Schematic representation of the filamentous bacteriophage M13.

pVii pIX

The filamentous phage M13 is approximately 880 nm long and 6.5 nm wide and is surrounded by single-stranded DNA. The capsid
of bacteriophage M13 is formed by five copies of different minor coat proteins (plll, pVI, pVIl, and plX), but the major coat protein pVIIl,
represented by ~2,700 copies, makes up the most part of the capsid (Chung et al., 2011).
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Fig. 2. Distinguishing between a phagemid and a phage vector.

The use of pVIII allows production of phage particles
containing much more than five copies of chimeric proteins:
hundreds or even thousands of them (Veronese et al., 1994).
However, because of the multiple copies of chimeric proteins,
the avidity effect begins to play a major role, which can im-
pede the selection of protein variants with different affinities.
Therefore, pVIIl is used in phage display to expand the range
of potential ligands, and plII is used to reduce or eliminate
the avidity effect to select high-affinity proteins. In addi-
tion, the N-terminal domain of the major coat protein plII
is involved in host cell infection. To infect E. coli, filamen-
tous phages use filamentous bacterial structures known as
F-pili. The end of the phage with the plII protein interacts
with the TolA protein on the bacterial surface. Although the
plII protein is relatively large, excessive perturbation of its
structure can lead to disruption of its interaction with F-pili.
This can have a significant effect on progeny phage viability;
therefore, applications of the plll protein for protein frag-
ment display are limited. Such problems do not occur when
the VIII protein is used.

As for the application of other bacteriophage proteins, very
few papers have so far reported the feasibility of using the
pVII and pIX proteins (Gao et al., 1999, 2002). The pVII and
pIX proteins form a complex at the end of the phage particle
opposite to the end carrying the widely used pllI protein. In
order to demonstrate the feasibility of using these proteins
for display, a phagemid variant was developed in which the
variable regions of the heavy and light chains of the antibody
were fused to the N-termini of pVII and pIX, respectively.
Remarkably, the fusion proteins interact to form a functional
Fv-binding domain on the phage surface. This approach looks
promising for displaying complex libraries of peptides and
proteins that could form combinatorial heterodimeric struc-
tures of the Fv domain of an antibody. However, this format
has not yet been widely used.

In addition to phage vectors, phagemids are also used for
library construction. Phagemids are vector molecules combin-
ing the properties of a plasmid and a phage vector (Kay et al.,

1996). The main difference between phagemids and phage
vectors is that phagemids are vectors derived from Ff-phages
that contain the plasmid origin of replication (Ori) for double-
stranded replication and the f1 Ori to allow single-stranded
replication and packaging into phage particles (Fig. 2). They
usually either do not encode at all, or encode only one type of
major coat protein, and other structural and functional proteins
required to complete the bacteriophage life cycle are provided
by the helper phage (Ledsgaard et al., 2018).

An alternative approach is proposed by Chasteen and his
team, who have developed “bacterial packaging cell lines”
containing M 13-based helper plasmids (Chasteen et al., 2006).
The use of such cells ensures the synthesis of phage packag-
ing proteins that assemble phage particles as efficiently as a
helper phage infection, thereby eliminating the helper phage
stage of bacterial cell infection.

Other elements, such as molecular tags and selective
markers, are also inserted into the phagemids to facilitate
subsequent operations, such as protein purification. Tagging
can also be used to facilitate library screening.

The relatively small size of phagemids allows one to clone
larger gene fragments encoding fusion proteins. The efficiency
of phagemid transformation is higher than that of phage vec-
tors, allowing the construction of large repertoire libraries
(Qietal., 2012).

There are a large number of phagemid variants. Type 111
and VIII phagemids can be reviewed in more detail in (Qi et
al., 2012). The most common phagemids are pHEN, pComb,
pSEX, and pADL. Each of them has several derivatives. Each
phagemid has an original design, the choice of which depends
on the researcher’s goal. Thus, the pADL-10b phagemid has
fl ori to enable single-stranded replication and packaging
into phage particles, a copy of Lacl to provide lac promoter
repression, and a strong transcription terminator to prevent
unwanted and toxic expression during cloning. This design en-
sures reliable cloning of variant antibody genes and increased
library stability during screening (Krebber et al., 1997). This
vector is recommended for scFv display and is best suited
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when a re-cloning step is envisaged to synthesize the protein
in a soluble form.

Incorporation of the amber stop codon (TAG) between the
target protein and the phage coat protein initiates expression
of the fusion protein in E. coli suppressor strains such as
TGI1. In this case, the TAG codon is translated as a glutamine
residue. However, in non-suppressor strains, such as HB2151,
a soluble form of the recombinant protein will be produced
because such strains do not contain glutamine in the amber
stop codon. In this case, TAG would be the normal stop codon
(Hoogenboom et al., 1991).

The expression level of the pADL series phagemids is
equivalent to that of the pComb3 phagemid and significantly
lower than that of the pHEN phagemid. Overexpression
leads to toxicity, which makes antibody libraries genetically
unstable and contributes to a strong tendency towards loss
of diversity. In this respect, the pADL series phagemids
provide a good balance between toxicity and synthesis of
target antibodies in the periplasmic space of bacterial strains
(Ishina et al., 2020).

The most popular derivative of the pComb vector is
pComb3XSS. It contains two hydrolysis sites of the Sfil
restrictase, which recognizes the GGCCNNNNNGGCC se-
quence. The lack of specificity for the five central nucleotide
pairs allows PCR products encoding antibody fragments to
be inserted in the desired orientation. The orientation is de-
termined by the design of the forward and reverse primers,
which also contain the Sfil site. The Comb3XSS vector also
contains 6xHis and HA tags, which allow protein purifica-
tion and detection. It also contains an amber stop codon to
switch off expression of the pllI fusion protein by switching
to a non-suppressor E. coli strain, allowing production of
soluble protein without subcloning.

The key points in working with phage libraries are vec-
tor preparation, preparation of well-competent cells, elec-
troporation and amplification of the helper phage. Each of
these points is discussed below and some recommendations
are provided.

Phagemid preparation
Preparing a vector for insertion of target DNA sequences is
one of the key aspects in phage library construction. The main
difficulty consists in purifying the phagemid DNA preparation
from single-stranded and linear forms of DNA. These DNA
forms constitute the “background” on the control dish during
electroporation, making it difficult to assess the “representa-
tion” of the phage library. Most importantly, they can have
a negative impact on the level of library diversity. Various
phage DNA purification protocols are used to overcome this
problem. Once DNA has been isolated, it is possible to purify
the preparation from the single-stranded and linear form us-
ing the phenol method. This is the “classic” method, but it
has a number of disadvantages, such as significant losses of
the replicative form of DNA, and handling phenol requires
special working conditions. DNA isolation using the phenol
method often depends on the skill of the person performing
this procedure (Maniatis et al., 1984).

There is also a method of isolating the replicative form
of phage DNA using ammonium acetate. Unlike the phenol
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(2.1 M (NH4),S0O,, 10 mM EDTA,
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(2.0 M (NH,),SO,4, 10 mM EDTA,
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Add 20 ml buffer C
(0.3 M NaCl, 1.7 M (NH,),50,,
10 mM EDTA, 100 mM Tris-HCl, pH 7.5)

\ 4

Purified DNA preparation

V

Fig. 3. Scheme of phage vector purification to remove single-stranded
and linear forms of DNA.

method, it does not require special working conditions but is
rather time-consuming (Maniatis et al., 1984).

An alternative is to purify the DNA preparation using
sorbents (e. g., HiTrap PlasmidSelect Xtra Sorbent). The
main steps of DNA purification using a sorbent are shown
in Figure 3.

This method is not ideal either, but it does not require any
special conditions to carry out the purification procedure.
After purification on the sorbent, one should be prepared
for significant DNA loss. In the best-case scenario, the total
DNA yield will be 10 %. Meanwhile, this amount of DNA
purified from satellite forms is quite sufficient to obtain a
phage library.

Competent cells

Highly competent cells are a critical step in obtaining a phage
library with high representation. TG1 cells are considered to
be among the best cell lines for obtaining large phage libra-
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Fig. 4. Typical scheme for obtaining competent cells.

ries (Tu et al., 2005; Chai et al., 2020). TG1 is an unmodified
derivative of the E. coli strain JIM101. Currently, TG1 is one
of'the fastest growing E. coli clones, which undoubtedly plays
an important role in setting up the experiment.

There are commercial companies offering ready-made
cells with a competence of >4-10!9 CFU/ug DNA. How-
ever, the supply of such cells is not always possible, and
the transport process leads to temperature fluctuations that
reduce cellular competence. Therefore, the development
of a protocol for obtaining highly competent cells for the
generation of phage antibody libraries is an extremely im-
portant task (Fig. 4).

To obtain a large diversity of the phage library (10'%-! CFU),
it is necessary to observe simple but very important conditions
in the preparation of competent cells. It is important to ensure
proper culturing conditions, and temperature in particular.
The recommended temperature for culturing is +37 °C. It is
also important to ensure that the cell culture density does not
exceed 0.4 OD. Cells should be in the early to mid logarithmic
phase of growth. Using cells in the late logarithmic or station-
ary phase will significantly reduce electroporation efficiency.
It is also very important to avoid temperature extremes. Once
your culture has grown to the required density, all manipula-
tions need to be carried out on “wet” ice.

It is also necessary to resuspend the cells very carefully at
each stage, since they are very fragile and easily destroyed. It is
recommended to store the obtained cells at—80 °C (Chai et al.,

—>'—>

Resuspend pellets in ice water, centrifuge at 4,000 g and 4 °C for 5 min.
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2020). At this temperature, the cells retain their competence
for a longer time. However, cellular competence deteriorates
over time, so freshly prepared cells should be used to maintain
the diversity of phage libraries.

Electroporation

Prior to electroporation (Fig. 5), its efficiency was assessed
using pUC19 plasmid DNA at a known concentration when
a phage library was obtained (Chai et al., 2020).

Before starting electroporation, it is necessary to thaw
the competent cells in ice. This manipulation preserves the
viability of the cells. Simultaneously with thawing the cells,
any nutrient medium needs to be warmed to +37 °C.

During electroporation, it is important to carry out the
manipulations clearly and quickly. First, 1 pl (10 pg/ul) of
DNA needs to be added. This is the amount needed to deliver
the control plasmid pUC19 to the thawed electrocompetent
cells. If electroporation is performed with a ligase mixture that
has been pre-cleared from the ligation buffer, it is necessary
to take much larger (15-25-fold) amounts of DNA (Pardon
etal., 2014).

It is also important to control the voltage according to the
cuvette size. Immediately after the electrical pulse, 1 ml of
SOC recovery medium must be added and the cells need to
be incubated for 1 hour at +37 °C in a thermostat without
stirring. After incubation, the transformed cells are centri-
fuged, 950 pul of supernatant is removed, the precipitate is
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Fig. 5. Scheme of electroporation.

resuspended and spread on a Petri dish containing agar, the
required antibiotic and 2 % glucose. Incubation is performed
at +37 °C for 16 hours.

On the following day, the electroporation efficiency is as-
sessed. Electroporation efficiency is defined as the number
of colony-forming units obtained by electroporation of 1 pg
of plasmid per given volume of competent cells. The higher
the competence of the cells obtained, the greater the diversity
of the phage library. Cells above 10'° CFU are considered
highly competent.

Helper phage

Together with the phagemid, the helper phage is an important
component for successful production of diverse libraries. It
is required for the assembly of phage particles by infecting
cells with phagemid. The helper phage carries all the genes
required for infection, replication, assembly and budding,
thus providing the phagemid, which carries the gene encod-
ing the plll-scFv fusion protein, with the proteins required
for amplification.

The helper phage infects the bacterium by first attaching
to its F-pili and then, once attached, transporting its genome
into the cytoplasm of the host cell. Inside the cell, the phage
genome initiates the production of phagemid single-stranded
DNA in the cytoplasm. The phagemid DNA is then pack-
aged into phage particles. Phage particles containing single-
stranded DNA are released from the bacterial cell into the
extracellular environment. Filamentous phages inhibit bac-
terial growth but, unlike phage A and phage T7, do not lyse
host cells. Helper phages are usually designed so that their
DNA packaging is less efficient than that of phagemids, and
the resulting phage particles preferentially contain phagemid

Problems of creating antibody phage libraries
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Resuspend the resulting precipitate
and rub over a Petri dish with agar.
Incubate the Petri dish at 37 °C for 16 hours

Centrifuge at 5,000 g and 4 °C for 2 min.
Remove the supernatant (950 pl)

DNA. This is due to a defective replication start site (Lund
etal., 2010).

M13KO7 is the main helper phage currently used in
laboratories (Russel et al., 1986; Vieira, Messing, 1987; Du,
Zhang, 2009). All other helper phages are derived from it.
The M13KO7 helper phage is a derivative of phage M13 and
carries a heterologous, low copy number pl15A replication
start site. When the M13KO7 phage is present alone in the
host bacterium, replication is sufficient to produce its high
titers. However, if a large number of copies of the phagemid
are present, it will displace the helper phage genome during
packaging, meaning that most of the resulting phage particles
will carry phagemid DNA (Vieira, Messing, 1987). The capsid
of'the resulting phage particles will contain pIIl encoded by the
helper phage genome as well as the chimeric pIII-scFv protein
encoded by the phagemid. In practice, there is preferential
incorporation of wild-type pllIl from the helper phage. This
means that most phage particles will be “bald” (lacking the
chimeric plll-scFv). The preferred display of pIll over fused
pllI-scFv is probably due to a combination of differences in
expression/translation levels and the fact that some of the
fused pllI-scFv appear to be degraded.

Choosing a specific helper phage to work with is quite dif-
ficult. Despite the stated differences in properties, in practice
some derivatives of the M13KO7 helper phage do not differ
from each other. For example, if we compare all the derivatives
of the helper phage CM13, it gives larger plaques and higher
titers (twice as many CFU/ml), so it is easier to prepare. The
CM13 helper phage gives consistently good yields, even at
low multiplicity of infection, but has a lower packing factor.
At the same time, the M13KO7 helper phage gives similar
phage yields, requires precise adherence to bacterial culture
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Fig. 6. Scheme of helper phage amplification.

density (about 0.5 OD,) for better cell contamination, and
ensures a high packing factor. The M13KO7 helper phage is
recommended for producing single-stranded DNA, e. g. for
Kunkel mutagenesis, due to its better packing ratio. The helper
phage R408 is an f1 derivative, does not carry antibiotic re-
sistance and may improve packaging of single-stranded DNA
(Dotto et al., 1981).

Hyperphages are a very attractive replacement for con-
ventional helper phages (Rondot et al., 2001). Hyperphages
contain a genome with a deletion of the pIII gene. To obtain
them, packaging cells from E. coli are used to synthesize
functional plll, which is necessary for the formation of
a complete particle and packaging of the phage genome. The
resulting hyperphages carry functional plIlI on their surface,
but their genome is defective in the plIIl gene. Each of the
resulting phages carries multiple copies of the antibody or
peptide on its surface, which greatly increases panning ef-
ficiency.

Although the helper phage is commercially available, for
convenience it is useful to amplify a helper phage that is as
good as the commercial phage in terms of biological titer.
One of the important criteria for helper phage amplification
is the optical density of the infected E. coli cell culture; the
optimum value is usually 0.4 OD (Fig. 6). Higher densi-
ties result in a large percentage of non-transduced bacteria
not producing virions, while lower densities can increase
mismatches caused by differences in phage growth rate and
lower phage production, as well as the expression of toxic
fusion proteins that limit bacterial growth. The infectious
dose of the helper phage is also critical. The optimal dose is
8-10'0 CFU/ml; the excess usually leads to overconsumption
of the preparation.

Resuspend the pellet in TBS.
The resulting preparation should
be stored at 4 °C

and incubate at 37 °C
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When infecting cells with a helper phage, incubation
should be performed without agitation. Agitation promotes
cell growth; therefore, not all the cells will be infected with
a helper phage. It is also important to respect the time in-
tervals: incubation of the cell culture with a helper phage at
+37 °C should not exceed 30 minutes. Extraordinary growth of
helper phage-infected cells is achieved by adding an antibiotic
(depending on the antibiotic embedded in the helper phage
genome), in most cases kanamycin.

If the helper phage is precipitated with PEG/NaCl solution,
the preparation should be incubated for 16 hours at +4 °C.
This promotes better precipitation of the helper phage. Pre-
cipitation should be performed twice, since some preparation
will remain in the supernatant after the first precipitation.
The resulting preparation should be dissolved in TBS buffer.
The amount of TBS buffer used is chosen individually and
depends on the precipitate size. The resulting preparation must
be stored at +4 °C.

Conclusion
In this article, we have attempted to reflect on the main
problems faced by researchers dealing with phage library
construction and the ways of solving them. In our opinion,
one of the key problems in the construction of phage
antibody libraries is the preparation of the phagemid vector
for the insertion of antibody gene diversity, on which the
library diversity depends critically. Equally important
is amplification and obtaining a purified helper phage
preparation, as well as obtaining highly competent cells for
electroporation.

Despite these methodological challenges, the phage display
technique continues to be successfully developed. This tech-
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nology is attractive for a number of reasons, including its
relative simplicity, the ability to screen large numbers of
samples in a short time, and the ability to select antibodies
specific to a wide range of antigens. Phage display has opened
up new prospects for antibody discovery and development.
Application of phage libraries of human antibody fragments
makes it possible to avoid the use of chimeric or humanized
antibodies for therapy, thus avoiding problems associated with
the immunogenicity of drugs.

We would like to point out that this article is not an ideal
guide but may help one solve some problems in obtaining a
phage library of antibodies with a large repertoire.
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