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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, I.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 ocu lar 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.

For citation: Schwartz M.B., Prudnikova M.M., Andreenkov O.V., Volkova E.I., Zhimulev I.F., Antonenko O.V., Demakov S.A. 
Transcription factor DREF regulates expression of the microRNA gene bantam in Drosophila melanogaster. Vavilovskii 
Zhur nal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(2):131-137. DOI 10.18699/vjgb-24-20

Транскрипционный фактор DREF регулирует  
экспрессию гена микроРНК bantam Drosophila melanogaster
М.Б. Шварц, М.М. Прудникова, О.В. Андреенков, Е.И. Волкова, И.Ф. Жимулев, О.В. Антоненко, С.А. Демаков  

Институт молекулярной и клеточной биологии Сибирского отделения Российской академии наук, Новосибирск, Россия
  demakov@mcb.nsc.ru

Аннотация. Ген bantam кодирует жизненно важную микроРНК и имеет сложный паттерн экспрессии в раз-
личных тканях на разных стадиях развития дрозофилы. Эта микроРНК обеспечивает нормальное развитие 
глазных и крыловых имагинальных дисков, центральной нервной системы, а также участвует в поддержании 
недифференцированного состояния стволовых клеток в яичниках взрослых самок. На клеточном уровне 
bantam стимулирует пролиферацию клеток и препятствует апоптозу. Ген bantam является мишенью несколь-
ких консервативных сигнальных каскадов, в частности Hippo. На сегодняшний день известно не менее 10 бел-
ков, напрямую регулирующих экспрессию этого гена в разных тканях дрозофилы. В настоящей работе мы 
обнаружили, что регуляторная область bantam содержит мотивы, характерные для сайтов связывания DREF – 
транскрипционного фактора, который регулирует экспрессию генов каскада Hippo. Используя трансгенные 
линии, содержащие полноразмерный фрагмент, спасающий летальность делеции bantam, и фрагмент с нару-
шенным сайтом связывания DREF, мы показали, что эти мотивы имеют функциональное значение, поскольку 
их нарушение в локусе bantam снижает уровень экспрессии в личинках и яичниках гомозиготных мух, что 
коррелирует со сниженной жизнеспособностью и фертильностью. Влияние связывания DREF с промоторной 
областью гена bantam на уровень его экспрессии предполагает дополнительный уровень сложности регуля-
ции экспрессии этой микроРНК. Снижение количества откладываемых яиц и сокращение репродуктивного 
периода у самок при нарушении сайта связывания DREF в регуляторной области гена bantam позволяют пред-
полагать, что через bantam DREF также участвует в регуляции оогенеза дрозофилы.
Ключевые слова: микроРНК; генетическая регуляция; мутагенез; транскрипция; факторы транскрипции.
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Transcription factor DREF regulates expression  
of the microRNA gene bantam in Drosophila melanogaster

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 hpo 
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 hpo and wts in the ocular 
imaginal discs (Fujiwara et al., 2012; Vo et al., 2014). Thus, 
DREF positively regulates the Hippo cascade and, accord-
ingly, reduces the expression level of bantam.

In our work, we found that the bantam 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 ClaI (AT|CG|AT) was 
performed, and then the 5ʹ-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 KpnI and NotI restriction sites into the 

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 y1, 
Df(1)w67c23, 10А1-2-“4.7”; banΔ1/ТМ6В. It 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: 
y1, Df(1)w67c23, 10А1-2-“DREs_mut”; banΔ1/ТМ6В, and it 
con tained 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 
DREF protein. In all experiments performed, homozygotes 
for transgene insertion were studied.

The following lines were used as control: “yw” with the 
genotype y1 Df(1)w67c23; “ban+” with the genotype y1, Df(1)
w67c23; +/ТМ6В, where ТМ6В is a balancer chromosome with 
Tb phenotype – short body of larvae and adults; “Δban” with 
the genotype y1, Df(1)w67c23 ; banΔ1/ТМ6В.

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

Immunostaining. 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 “TM6” 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: 
“4.7” – 454 ± 92; “DREF”– 287 ± 112; “ТМ6” – 756 ± 289.

The viability of homozygotes for the ban∆1 deletion in 
transgenic lines was determined as the ratio of the number of 
flies with a body of normal length (Tb+) to the total number of 
hatched offspring. Since the Tb phenotype is identified at the 
stages of larvae, pupae and adults, it is possible to distinguish 
flies lacking the balancer, homozygous for the ban∆1 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 t 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 t test, as well as the χ2 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 (qRT-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 μg 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 ∆∆Сt 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 µl of the following reaction mixtures: for bantam de-
tection – 3 μl of 5 μM ban-F and ban-R primers, 3 μl of 2.5 μM 
TaqMan-ban probe, 3 μl of 10xAS buffer, 3 μl of 4 μM dNTP, 1 
u. a. of Taq polymerase; for U6 detection – 3 μl of 10 μM U6-F 
and U6-R primers, 3 µl of 2.5 µM TaqMan U6 probe, 3 µl of 
10xAS buffer, 3 μl of 4 μM dNTP, 1 u. a. of Taq polymerase, 
3 µl of 10 mМ MgCl2 to the final concentration of Mg2+ equal 
to 2.5 mМ for a reaction. The nucleotide sequences of the 
primers and probes used in the experiments are given in 5ʹ→3ʹ 
orientation: ban-SL – gtcgtatccagtgcagggtccgaggtattcgcactg 
gatacgacaatcag, ban-F – cgccgggcatgagatcattttg, ban-R – cagt 
gcagggtccgaggt, TaqMan-ban – cgcactggatacgacaatcagcttt, 
U6-SL – gtcgtatccagtgcagggtccgaggtattcgcactggatacgacggc 
catgc, U6-F – gccgcatacagagaagatta, U6-R – agtgcagggtc 
cgaggta, TaqMan-U6 – ttcgcactggatacgacggccatgc. 

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 banΔ1 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 
DREF (see Fig. 1, с). 

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, c). 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 

Fig. 1. Molecular and genetic organization of the bantam locus. 
a – DNA fragment 4.7 containing the bantam gene (green rectangle), ban∆1 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); c – 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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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 banΔ1 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 “TM6” flies, contain-
ing neither the transgene nor the banΔ1 deletion. Moreover, 
the death of flies homozygous for banΔ1 in the “DREF” line 
mainly occurred at the late pupal stage, which coincides with 
the characteristic lethality of the banΔ1 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 “Δban” line with the banΔ1 deletion as negative 
control. Larvae homozygous for the insertions were selected. 
Since individuals homozygous for the banΔ1 deletion die at the 
pupal stage, studies were carried out on larvae. As expected, 
in the “Δban” line, the mature microRNA bantam was not 
detected in larvae homozygous for banΔ1 (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 

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 banΔ1 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 banΔ1 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 banΔ1 was sex-dependent. The 
proportion of males homozygous for banΔ1 was only 30 % of 

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 µm.
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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 banΔ1 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. *** р < 0.001. 
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all adult flies, which is significantly lower than in the “4.7” 
line and in the control ( р < 0.01). This may be explained by 
the fact that disruption of the DREF binding site in the ban-
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 banΔ1, 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 banΔ1 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 banΔ1 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 ( р < 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 

of the “4.7” line lasted on average 16.3 days ( p < 0.01), and in 
“DREF” females – 8.3 days ( p < 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 

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 “Δban”, homozygous for the ban∆1 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.

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 banΔ1 dele-
tion. ** р < 0.01; * р < 0.05.
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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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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 in ducible 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.
Key words: SMC proteins; degron; chromosome condensation.
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Аннотация. Одна из самых продуктивных стратегий поиска функций различных белков – исследование по-
следствий потери функции белка. Часто для этого получают клетки или организмы с нокаутом гена, кодирую-
щего белок интереса. Однако многие белки выполняют настолько важные функции, что клетка или организм 
резко теряют жизнеспособность при потере функции такого белка. Для этих белков наиболее продуктивной 
стратегией является применение систем индуцируемой деградации белка. Часто используют систему ауксин-
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зависимой деградации белков. Для применения этой системы достаточно ввести в клетки млекопитающих 
трансген, кодирующий растительную ауксин-зависимую убиквитин лигазу, и влючить в ген интереса после-
довательность, кодирующую дегроновый домен. Важный этап создания клеток, способных к индуцируемой 
деплеции белка, – отбор клеточных клонов с эффективной ауксин-зависимой деградацией белка интереса. 
Для отбора клонов с индуцируемой деплецией архитектурных белков хроматина RAD21 (компонент когези-
нового комплекса) и SMC2 (компонент конденсинового комплекса) мы предлагаем использовать морфологию 
метафазных хромосом как удобный функциональный тест. В данной работе мы получили серию клонов кле-
ток человека HAP1, несущих необходимые генетические конструкции для индуцируемой деплеции RAD21 и 
SMC2. Эффективность деградации белка интереса была оценена с помощью проточной цитофлуориметрии, 
Вестерн-блоттинга и теста на морфологию метафазных хромосом. На основе проведенных тестов мы проде-
монстрировали, что созданные нами клоны с дегроном SMC2 эффективно и полно теряют функцию белка при 
индукции ауксином. При этом ни один из созданных нами клонов HAP1 с дегроном RAD21 не показал полной 
потери функции RAD21 при индукции деградации ауксином. Кроме того, некоторые клоны имели признаки 
потери функции RAD21 даже в отсутствие индукции. Использованный нами тест на морфологию хромосом 
оказался удобным и информативным для отбора клонов. Результаты этого теста хорошо согласуются с данны-
ми проточной цитофлуориметрии анализа и Вестерн-блоттинга.
Ключевые слова: SMC белки; дегрон; конденсация хромосом.

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 

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 % 
CO2 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 miniIAA7, 500 µM Indole 3 acetic Acid (IAA, 
I2886, SigmaAldrich, USA) was added directly to the culture 
medium. HCT116 cell lines were treated with 1 µM 5PhIAA 
at the appropriate time intervals.

Plasmids and constructs. Donor vectors with homology 
arms, degron tag (miniIAA7-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). miniIAA7-eGFP 
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fragment was amplified from the vector pSHEFIRESB
Seipin-miniIAA7-mEGFP (Addgene, 129719). Homology 
arms for RAD21 (NCBI Entrez Gene ID: 5885) and SMC2 
(NCBI Entrez Gene ID: 10592) were PCRamplified from 
human genomic DNA with Q5 polymerase (NEB, USA). For 
auxin receptor F-box protein overexpression AtAFB2 plas-
mids were used (pSHEFIRESPAtAFB2mCherryweak 
NLS vector (Addgene, 129717)). SgRNA targeting the last 
codon of the RAD21 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 μL of DPBS containing 
1 μg 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 μg/ ml). The medium was replaced every there days. After 
10 to 14 days of selection, singlecell 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 TrisHCl pH 8, 50 mM 
KCl, 2.5 mM MgCl2, 0.45 % (v/v) NP40, and 0.45 % (v/v) 
Tween 20) or DNA extraction buffer (0.2 mg/ml proteinase K, 
10 mM TrisHCl pH 8, 100 mM NaCl, 25 mM EDTANa2, 
0.5 % SDS) for 1 h at 55 °C followed by proteinase K inactiva-
tion for 10 min at 95 °C. The target regions were amplified by 
PCR with HSTaq 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 TrisHCl pH 8, 150 mM NaCl, 1 % Triton X100, 
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 μg) of total protein were separated on 10 % 
SDS-PAGE and then transferred onto the Immun-Blot PVDF 
membrane (BioRad, 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-

List of used primers and sgRNAs

Primers Target Sequence (5’–3’)

Homology arms RAD21 RAD21 HAR_F: gcgaattggagctccccgggatccactttggccttttaccctcttga
RAD21 HAR_R: ttggcgcctgcaccggatcctataatatggaaccttggtccagg
RAD21 HAL_F: acgcacggtgttgggtcgttggagctagaagcattatagctagtg
RAD21 HAL_R: aacaaaagctgggtaccggatcccactgaagtctgagtttcaaaagtg

Homology arms SMC2 SMC2 HAR_F: gcgaattggagctccccgggatcctaggagctggggctgccaaa
SMC2 HAR_R: ttggcgcctgcaccggatccaacttcgacgtgtgctccttt
SMC2 HAL_F: tccctcgaagaggttcactaactacaaagttatttcttcatcttg
SMC2 HAL_R: ggaacaaaagctgggtaccggatcctcatggtgttcgctagtgtca

sgRNA RAD21 CCAAGGTTCCATATTATATA

sgRNA SMC2 ACCACCCAAAGGAGCACATG 

sgRNA AAVS1 GGGGCCACTAGGGACAGGAT

Genotyping RAD21 hRAD21_F: CAGCGTGCTCTTGCTAAAACT
hRAD21_R: AAGATTGCCAGTGTTACTGATGGAA
hRAD21_F1: CACAGGGAGTGATTGATAAGGGA
hRAD21_R1: TGGGGGCAATTTGTAAGCAC
hRAD21_F2: GCTGACACAGGAAGAACCGTA
hRAD21_R2: TCAAGAGGGTGACCATTGTTGT

Genotyping SMC2 hSMC2_F:CAAGCAGTCAACCACCAGGA
hSMC2_R:TCACAACCACAATAATTGGACCAT
hSMC2_out_F:CATGTGACACTTGATGGGGA
hSMC2_out_R:GTACGGCCATATATCAGGGGA

Genotyping eGFP GFP_R: CAGCTCGACCAGGATGGG 
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jugated secondary antibodies (#7074, Cell Signaling Techno
logy) for 2 h at room temperature. Detection was performed 
with Clarity™ (BioRAD) 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 % TrypsinEDTA solution (Capricorn Scientific GmbH, 
Germany) and resuspended in hypotonic solution (0.38 M 
KCl) for 15 min at 37 °С. Then, cells were fixed with Carnoy 
fixative (3:1 methanol: glacial acetic acid), dropped onto cold 
wet glass slides, and stained with 1 μg/ml 4′,6diamidino
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 

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 
HAP1 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)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

Fig. 1. Overview of experimental design.
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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 AtAFB2 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 
anti biotic hygromycin. Figure 2, b, c 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_
miniIAA7_eGFP was assessed by the number of GFPpositive 
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, a). We assume that this is due to 

low expression in cells of the auxin receptor AtAFB2, which is 
integrated into the AAVS1 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_miniIAA7_eGFP (data not 
shown). We believe that integration of AtAFB2 transgene into 
a random location in the genome rather than into the AAVS1 
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_miniIAA7_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, b). 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 

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; c – genotyping results with primers hRAD21_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.

WT allele

hRAD21_F1

hRAD21_F1

eGFP_R
eGFP

Degron tag

hRAD21_R1

hRAD21_R1

455 bpa b

c

710 bp

3727 bp

RAD21

RAD21

RAD21

RAD21

RAD21 HAL RAD21 HAR

Degron allele

Degron allele 
3727 bp

Degron allele 
710 bp

Wt allele 
455 bp

NTC

NTC

HCT

HCT

HCT

HCT

HAP

HAP

1 kb

100 bp

1

1

2

2

4

4

11

11

12

12

17

17

18

18

21

21

24

24

36

36

38

38

39

39

17-1

17-1

https://www.zotero.org/google-docs/?vdRTGL


Оценка клеточных линий с деплецией когезина 
на основе морфологии хромосом

А.М. Юнусова, А.В. Смирнов, И.Е. Пристяжнюк … 
С.Д. Афонникова, О.А. Гусев, Н.Р. Баттулин

2024
28 • 2

143МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

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_ miniIAA7_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_miniIAA7_eGFP, we counted the number of 
meta phase plates with noncompacted 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, 

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 
wildtype 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 

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_miniIAA7_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_miniIAA7_eGFP. 16, 18 – numbers of tested clones; HCT – 
positive control, cells with efficient degradation of the protein of interest HCT116 SMC2_mAC. 
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Fig. 4. Assessment of changes in chromosome morphology after induction of RAD21 depletion. 
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.

a

b

c

d

e

HAP1
aux–

aux–

aux–

aux–

aux–

aux+

4 0 0

0

1

4

20

0

4

0

2

7

9

96

95

71

98

100
93

22

60

15

25
16

19

98

69

24

66

Loss  
of cohesion

Loss  
of cohesion

Loss  
of cohesion

Loss  
of cohesion

Loss  
of cohesion

Ambiguous

Ambiguous

Ambiguous

Ambiguous

Ambiguous

Normal 
chromosome 
morphology

Normal 
chromosome 
morphology

Normal 
chromosome 
morphology

Normal 
chromosome 
morphology

Normal 
chromosome 
morphology

aux+

aux+

aux+

aux+

HCT116-RAD21-mAC

HAP1-RAD21-miniIAA7_24

HAP1-RAD21-miniIAA7_36

HAP1-RAD21-miniIAA7_38

aux– (N = 52)

aux+ (N = 64)

aux– (N = 56)

aux+ (N = 74)

aux– (N = 78)

aux+ (N = 58)

aux– (N = 55)

aux+ (N = 67)

aux– (N = 53)

aux+ (N = 59)

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

M
et

ap
ha

se
 p

la
te

s, 
%

M
et

ap
ha

se
 p

la
te

s, 
%

M
et

ap
ha

se
 p

la
te

s, 
%

M
et

ap
ha

se
 p

la
te

s, 
%

M
et

ap
ha

se
 p

la
te

s, 
%



Оценка клеточных линий с деплецией когезина 
на основе морфологии хромосом

А.М. Юнусова, А.В. Смирнов, И.Е. Пристяжнюк … 
С.Д. Афонникова, О.А. Гусев, Н.Р. Баттулин

2024
28 • 2

145МОЛЕКУЛЯРНАЯ И КЛЕТОЧНАЯ БИОЛОГИЯ / MOLECULAR AND CELL BIOLOGY

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 after induction (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, c – cell clones tested.

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 
et al., 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 5PhIAA 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 wildtype 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 wildtype 
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 
RAD21 allele. Alternative explanations suggest that wild-type 
RAD21 appears in cells containing the correct modification 
of RAD21. 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 

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 variabi lity 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.
Key words: Pinus sylvestris L.; plus trees; genetic diversity; differentiation; ISSR markers.
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Изменчивость плюсовых деревьев сосны обыкновенной  
(Pinus sylvestris L.) в Среднем и Верхнем Поволжье  
по ISSR-маркерам
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Аннотация. Снижение уровня изменчивости селекционных популяций лесных древесных видов, представляющих 
собой совокупность отобранных плюсовых деревьев, считается одной из ключевых проблем в лесной селекции. 
Она связана с опасностью потери генетического разнообразия будущих искусственно созданных лесов, а также с 
риском возникновения инбредной депрессии семенного потомства плюсовых деревьев. Эффективным инструмен-
том для изучения изменчивости, определения  особенностей генетической структуры и степени дифференциации 
растений являются ДНК-маркеры. Наше исследование направлено на оценку уровня генетического разнообразия и 
степени дифференциации плюсовых деревьев разного географического происхождения с применением ISSR-мар-
керов. С использованием шести ISSR-праймеров изучено 270 плюсовых деревьев  из Пензенской области, Чуваш-
ской Республики, Республик Татарстан и Марий Эл. Сравниваемые выборки характеризовались разным уровнем 
генетического разнообразия. Всего для шести ISSR-праймеров обнаружено 215 ПЦР-фрагментов, при этом у разных 
выборок число амплифицированных фрагментов варьировало от 186 до 201. Основные показатели генетической 
изменчивости находились в следующих пределах: доля полиморфных локусов 95.7–96.9 %, число аллелей на ло-
кус 1.96–1.97, число эффективных аллелей 1.31–1.48, индекс Шеннона 0.291–0.429, ожидаемая гетерозиготность 
0.205–0.298. По результатам анализа молекулярной дисперсии (AMOVA) установлено, что 82 % вариабельности ISSR-
локусов обнаруживается внутри выборок плюсовых деревьев и только 18 % приходится на изменчивость между 
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сравниваемыми группами деревьев из разных географических районов. Построение UPGMA-дендрограммы пока-
зало близость генетической структуры плюсовых деревьев из Пензенской области, Чувашской Республики и Респуб-
лики Татарстан и обособленность плюсового генофонда сосны обыкновенной из Республики Марий Эл. Результаты 
исследований указывают на то, что уровень генетического разнообразия, структура генетической изменчивости и 
характер дифференциации плюсовых деревьев соответствуют ранее выявленным для природных популяций сосны 
обыкновенной в Среднем и Верхнем Поволжье.
Ключевые слова: Pinus sylvestris L.; плюсовые деревья; генетическое разнообразие; дифференциация; ISSR-маркеры.

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 El (Milyutina 
et al., 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 

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: (СA)6AGCT, (СA)6AG, (CA)6GT, (CA)6АC, 
(AG)8T and (AG)8GCT (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 °С – 45 s, 60 °С – 45 s, 72 °С – 45 s; 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: 10 × PCR buffer – 1 μl; dNTPs – 0.2 µl 
(10 mM); primer – 0.1 µl (100 µM); DNA preparation – 1 µl 
(20 ng); Taq polymerase – 0.1 µl (2 units/µl); water – 7.6 µl. 
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 electrophoresis in a 1.5 % aga-
rose gel in 1 × 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 

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 р = 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 

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

Geographical  
origin

Number  
of trees

N (N05, R) Р, % Na Ne I He

Penza Region    63 201 (1, 1) 96.5 1.96 ± 0.013 1.48 ± 0.021 0.429 ± 0.014 0.298 ± 0.010

Republic of Tatarstan    66 199 (23, 1) 96.9 1.97 ± 0.021 1.36 ± 0.021 0.343 ± 0.015 0.232 ± 0.011

Chuvash Republic    70 194 (6, 2) 95.7 1.96 ± 0.020 1.44 ± 0.022 0.391 ± 0.016 0.273 ± 0.010

Mari El Republic    71 186 (4, 0) 95.7 1.96 ± 0.020 1.31 ± 0.020 0.291 ± 0.015 0.205 ± 0.010

Total 270 215 99.5 1.99 ± 0.020 1.37 ± 0.011 0.363 ± 0.008 0.230 ± 0.006

Fisher’s F test 
(F0.01 = 4.94)

– – – 0.07 0.99 14.87 13.92

Note.  Mean ± standard error. N – number of PCR fragments; N05 – 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; I – Shannon index; He – expected heterozygosity.

а
M MM M1 12 23 34 45 56 67 78 89 910 1011 1112 1213 1314 1415 1516 1617 1718 18

b

Fig. 1. DNA profiles showing polymorphism of Scots pine plus trees obtained with ISSR primers (СA)6AGCT (a) and (AG)8T (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 N (N05) Р, % Na Ne I He

(СA)6AGCT 34 (2) 81.6 1.65 ± 0.064 1.36 ± 0.026 0.359 ± 0.020 0.228 ± 0.014

(СA)6AG 40 (1) 86.3 1.77 ± 0.048 1.31 ± 0.023 0.331 ± 0.017 0.206 ± 0.012

(CA)6GT 35 (0) 92.9 1.90 ± 0.033 1.41 ± 0.029 0.338 ± 0.019 0.248 ± 0.014

(CA)6АC 39 (1) 91.0 1.88 ± 0.033 1.35 ± 0.024 0.363 ± 0.017 0.227 ± 0.012

(AG)8T 27 (0) 93.5 1.89 ± 0.042 1.41 ± 0.033 0.393 ± 0.021 0.252 ± 0.016

(AG)8GCT 40 (3) 80.6 1.62 ± 0.062 1.37 ± 0.025 0.359 ± 0.019 0.231 ± 0.013

Note.  Mean ± standard error. N  – number of PCR fragments; N05  – number of PCR fragments with a  frequency <5  %; P  – percentage of polymorphic loci;  
Na – number of alleles per locus; Ne – number of effective alleles; I – 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 V Total variability, %

For all samplings

Among breeding populations      3 1409.3 469.7    6.5 18.0

Within breeding populations 299 8040.9    30.2 30.2 82.0

Penza Region and Republic of Tatarstan

Among breeding populations      1    428.9 428.9    6.1 16.0

Within breeding populations 127 4148.7    32.7 32.7 84.0

Penza Region and Chuvash Republic

Among breeding populations      1    405.3 405.3    5.6 14.0

Within breeding populations 131 4516.9    34.5 34.5 86.0

Penza Region and Mari El Republic

Among breeding populations      1    642.3 642.3    9.2 24.0

Within breeding populations 132 3924.4    29.7 29.7 76.0

Republic of Tatarstan and Chuvash Republic

Among breeding populations      1    395.4 395.4    5.4 15.0

Within breeding populations 134 4116.5    30.7 30.7 85.0

Republic of Tatarstan and Mari El Republic

Among breeding populations      1    332.8 332.8    4.5 15.0

Within breeding populations 135 3523.9    26.1 26.1 85.0

Chuvash Republic and Mari El Republic

Among breeding populations      1    608.7 608.7    8.2 23.0

Within breeding populations 139 3892.2    28.0 28.0 77.0

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 р < 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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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 

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 
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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.

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 diff erentiation 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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Многомерный анализ многолетних климатических данных  
в связи с урожайностью, скороспелостью  
и проблемой глобального потепления
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Аннотация. Изменение климата – определяющая проблема растениеводства XXI в. Агротехнологии будущего в 
Российской Федерации должны быть связаны с оптимизацией землепользования, которая будет осуществляться 
как с применением алгоритмов «умного» сельского хозяйства, так и на основе прогноза потенциальных климати-
ческих изменений. Это позволит повысить рентабельность и устойчивость производства сельскохозяйственной 
продукции без дополнительных затрат за счет своевременного учета возможных рисков. При этом оптимизация 
системы возделывания культур должна базироваться не на имеющихся эмпирических показателях, полученных 
по ограниченным во времени точкам учета (месяц, год), и субъективной человеческой оценке, а на комплексном 
анализе массивов многолетней информации. В настоящей работе приведены результаты многомерного анализа 
метеорологических экстремумов и связанных с ними неурожаев в Восточной и Западной Европе за последние 
2600 лет по летописным данным и палеореконструкциям, а также реконструкциям гелиофизических данных за 
последние 9000 лет. Отмечается, что идущее глобальное потепление продлится еще некоторое время. Однако по-
следующие изменения климата могут быть направлены в любую сторону, причем, скорее, в сторону похолодания, 
а не потепления, поэтому надо быть готовыми к любым сценариям будущего. Для нивелирования последствий 
этих изменений селекция может сыграть ключевую роль в решении проблем продовольственной безопасности. 
Обсуждаются перспективы разработки мер адаптации растениеводства к происходящим и ожидаемым измене-
ниям климата, и сделан вывод, что селекция будущего должна базироваться на использовании уже отработанных 
в программах предварительной селекции (pre-breeding) высокоадаптированных сельскохозяйственных культур, 
потенциально отвечающих будущим вызовам, обусловленным потенциальным изменением климата.
Ключевые слова: климат; глобальное потепление; модели; селекция будущего; адаптивность; скороспелость.
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Multivariate analysis of long-term  
climate data in connection with yield

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 (Ec kardt 
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 cha racters 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). 

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 socalled 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 et al., 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 
(WDCSILSO, Royal Observatory of  Belgium, Brus
sels).
We added some attributes to chronicle data presented in 

S.I. 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).

Longterm data were processed by the principal compo
nent analysis (PCA) for time series, PCATS (Karhunen, 
1947; Loève, 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 PCATS 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(t) 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 

to the growth of the principal component, and a negative, 
to its drop. 

The calculation of pairwise crosscorrelations 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)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 sr = (1 – r2)/√n  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: DrEE, 
drought and local poor crops; DrCFEE, severe drought, 
extreme widespread crop failure; REE, rainy summer, local 
poor crops; RCFEE, wet summer and extreme widespread 
crop failure; WEE, severe winter; WPCEE, extreme 
winter and local poor crops because of frostkilling of 
winter crops; FEE, famine; LEE, locust plague; EpiEE, 
epidemics; PEE, plague; SpEE, smallpox; SFEE, spot 
fever; MEE, murrain (epizootics); YEE, good yield; CF
EE, widespread crop failure. Western Europe: the same 
with the WE after the hyphen. 

We introduced the CFEE and CFWE attributes. In 
S.I. Barash (1989), lean years are not marked by the  
CFEE and CFWE, but are “coded” in a hidden way in the 
Dr, DrCF, R, RCF, and WPC. We resigned out their effect 
in the two CFEE and CFWE 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 
SFWE 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

https://vavilov.elpub.ru/jour/manager/files/Suppl_Efimov_Engl_28_2.pdf
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 DrCFEE, RCFEE, 
WPCEE, DrCFWE, RCFWE, and WPCWE. Conse
quently, the contributions of associated attributes CFEE, 
FEE, CFWE, and FEE 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 DrEE, REE, RCFEE, 
and WPCEE and their counterparts DrWE, RWE, RCF
WE, WEE, and CFWE. In Western Europe, the signs of 
contributions of DrWE, RWE, and WEE are opposite 
to those of  RCFEE and CFEE. 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 foreststeppe regions 
and contacts of humans with small animals inhabiting 

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 socalled “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). 

Fig. 2. The similarity in the manifestation of year natural phenomena 
in Western (WE) and Eastern (EE) Europe with respect to PC1 and PC2. 
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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. 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. 
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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. 

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

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 %.

Correlation coefficients (×1000) of two major principal components 
 with the annual average temperature in the East Siberian Plain with different lags

Lag 1 2 3 4 5 6 7 8 9 10

PC1 492 621 723 795 825 820 777 701 592 459

PC2 –638 –640 –518 –314 –106 132 348 542 653 646

Note.  Colors indicate: light-red and light-green – p < 0.001; red and green – p < 10–4.
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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 

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 characte ristic 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 centurieslong oscillations for presently 
unknown reasons, abruptly turning from one climate regime 
to another. The most notable transitions occurred in the 
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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 I millennium BC or the subse
quent II millennium AD. 

Discussion
Our analysis of data reported by S.I. 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 centurieslong changes with 
abrupt transitions from one regime to another (see Fig. 3). 
The most likely cause of these changes is millennialong 
variations in heat flow from the Sun to the Earth. The 
most notable transitions were noted in the onsets of the 

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 ХХ 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 11year 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 shorttime 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 et al., 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 droughtresistant 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 newgeneration varie ties 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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Study of a genetic collection of strawberry (Fragaria L.)  
for resistance to powdery mildew 
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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 × 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 IB533828 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 IB533828 and 
phenotypic resistance (powdery mildew effect on strawberry plants is absent) was 0.649. The determination coef-
ficient (R2 ) 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 IB533828 can be used in marker-assisted breeding programs to create powdery mildew-
resistant strawberry genotypes.
Key words: strawberry; powdery mildew; resistance; molecular markers; QTL.
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Изучение генетической коллекции земляники (Fragaria L.)  
по устойчивости к мучнистой росе 
А.С. Лыжин  , И.В. Лукъянчук 

Федеральный научный центр им. И.В. Мичурина, Мичуринск, Россия
  Ranenburzhetc@yandex.ru

Аннотация. Мучнистая роса (Sphaerotheca macularis Mag. (син. Podosphaera aphanis Wallr.)) – опасное заболева-
ние земляники (Fragaria L.). Устойчивость земляники к мучнистой росе контролируется полигенно. У различ-
ных сортов земляники садовой идентифицировано несколько генетических локусов (QTL) с большим вкладом 
в устойчивость к болезни. Для QTL 08 To-f разработаны диагностические ДНК-маркеры, показавшие высокий 
уровень надежности выявления гена в картирующих популяциях. Цель настоящего исследования – изучение 
генетической коллекции земляники по устойчивости к мучнистой росе и идентификация перспективных для 
селекции на устойчивость к S. macularis форм. Объектами исследования были дикорастущие виды рода Fraga-
ria L., сорта и отборные сеянцы земляники садовой (F. × ananassa Duch.) селекции Федерального научного цент-
ра им. И.В. Мичурина, а также формы, интродуцированные из различных эколого-географических регионов. 
Для идентификации QTL 08 To-f использовали маркеры IB535110 и IB533828. Локус 08 To-f обнаружен у 23.2 % 
генотипов земляники, в том числе у дикорастущих видов F. moschata и F. orientalis, сортов земляники садовой 
отечественной (Былинная, Сударушка) и зарубежной (Florence, Korona, Malwina, Ostara, Polka, Red Gauntlet) се-
лекции. Степень корреляции между наличием маркеров IB535110 и IB533828 и фенотипической устойчивостью 
(признаки поражения мучнистой росой отсутствуют) составила 0.649. Коэффициент детерминации (R2 ), пока-
зывающий вклад изучаемого локуса в формирование признака, равен 0.421, т. е. в 42.1 % случаев устойчивость 
определяется наличием QTL 08 To- f, тогда как в 57.9 % случаев влияние оказывают факторы внешней среды. 
Все генотипы земляники с локусом 08 To-f характеризуются высокой полевой устойчивостью к S. macularis в 
условиях г. Мичуринска Тамбовской области. Таким образом, локус 08 To-f является перспективным для при-
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дания устойчивости к местным расам мучнистой росы, а маркеры IB535110 и IB533828 могут быть использо-
ваны в программах маркер-опосредованной селекции по созданию устойчивых к мучнистой росе генотипов 
земляники.
Ключевые слова: земляника; мучнистая роса; устойчивость; молекулярные маркеры; 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 2 = 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 (FB2 F. orientalis, F. moschata, F. × ananassa), 
297-22-124, 297-28-84 (FB1 F. orientalis, F. × ananassa) and 
778-7 (FB2 F. ovalis, F. × 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 × Fenella, and five 
QTLs were identified in the hybrid combination Red Gaunt-
let × Hapil. The most stable QTLs include the FaRPa1C (Emi-
ly × Fenella) and FaRPa6D2 (Red Gauntlet × 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 × Babett, three loci of 
resistance to powdery mildew (FxaPMR5b, FxaPMR7A and 
 FxaPMR7X2) were identified. Of these, one QTL ( FxaPMR7A) 
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 × 08 To-f, Miyazaki Natsu Haruka × Ohkimi 
and 09s E-b45e × 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  FaMLO20 loci (Tapia et al., 2021). In addition, strawberry 
resistance to powdery mildew is influenced by the TGA family 
transcription factors (involved in the metabolism of salicylic 
acid). 11 FaTGA genes were identified in strawberry varieties. 
The genes FaTGA1, FaTGA2, FaTGA5, FaTGA7, FaTGA8 
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 et al., 2012). H.-J. Je with co-authors, based 
on the analysis of the hybrid combination Akihime (suscep-
tible) × 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 (F. × 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 

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 0.6–4.2 °C and 
0.8–4.5 °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 IB533828. 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 μl final volume con-
taining: 20 ng of genomic DNA, 0.2 mM of each dNTP, 
2.5 mM MgCl2, 0.2 μM of each primer, 0.2 U of Taq DNA 
polymerase and 1.5 μl of PCR-buffer (+(NH4)2SO4, –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_
v1R – 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 2), calculated using the following formula: H 2 = VG / VP, 
where VG – genotypic variance, VP – total phenotypic varian-
ce. The identification of a statistical relationship between the 
presence of DNA markers for the 08 To-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 

F. orientalis Los. Wild species Primorye Territory, Russia

F. moschata Duch. European part of Russia

F. ovalis (Lehm.) Rydb. British Columbia, Canada

F. virginiana subsp.  
platy petala (Rydb.) Staudt

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

Lastochka 922-67 × Privlekatelnaya

Rubinovyy kaskad

Privlekatelnaya Rubinovyy kulon × Allbritton 

Urozhaynaya CGL Senga Sengana × Redcoat

Feyyerverk

Flora

298-19-9-43 FB2 F. orientalis Los., 
F. moschata Duch., 
F. × ananassa Duch.

28-11 Lakomaya × Maryshka 

922-67 FB3 F. ovalis (Lehm.) Rydb.

Bereginya Solovushka × Unduka Federal Horticultural Research Center for Breeding,  
Agrotechnology and Nursery, RussiaBorovitskaya Nadezhda × Red Gauntlet 

Vityaz Syurpriz olimpiade × Festivalnaya romashka

Kokinskaya zarya Slavutich × 157-7 

Kubata Kubenskaya × Holiday 

Sudarushka Festivalnaya × Roxana 

Tsaritsa Venta × Red Gauntlet

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

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

Bylinnaya Persikovaya × 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 × Onebor Consorzio Italiano Vivaisti (CIV), Italy

Joly Т2-6 × А20-17

Murano R6R1-26 × A030-12

Limalexia E0011 × E0021 Limgroup, Netherlands

Driscoll Jubilee 50C130 × 19A331 Driscoll’s, United Kingdom

Korona Tamella × Unduka Plant Research International – WUR, Netherlands

Ostara Red Gauntlet × Masherahs Daurernte

Polka Unduka × Sivetta

Sonata Elsanta × Polka

Albion Diamante × Cal 94.16-1 University of California Davis, USA

Monterey Cal. 27-85.06 × Albion

Vima Tarda Vima Zanta ×  Vicoda Vissers International BV, Netherlands

Malwina Sophie × clone Schimmelpfeng, Weihenstefan Peter Stoppel, Germany

Florence [Tioga × (Red Gauntlet × (Wiltguard × Gorella))] × 
(Providence × self )

MEIOSIS Ltd, United Kingdom

Symphony Rhapsody × Holiday Mylnefield Research Services Ltd, United Kingdom

Kimberly Gorella × Chandler Gebr. Vissers, Netherlands

Flamenco Evita × EMR77 East Malling Research Station, United Kingdom

Red Gauntlet (New Jersey 1051 × Climax) × (Climax × New Jersey 1051) Scotland

Barlidaun MDUS 2359 × MDUS 2713 USA
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Fig. 1. Strawberry plants affected by powdery mildew. 
a – the Sudarushka variety, no effect; b – the Festivalnaya variety, degree of effect – 3.0 points.

a b

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 
“pow dery 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 (H 2) 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 FxaPMR5b, 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 
tfact = 0.4 ≤ tst = 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 
resistance*

QTL 08 To-f

2018 2019 2020 2021 2022 Average IB535110 IB533828

F. moschata Duch. 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

F. orientalis Los. 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

F. ovalis (Lehm.) Rydb. 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

F. virginiana subsp. platypetala (Rydb.) Staudt 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Bereginya 0.0 1.0 0.0 0.0 1.0 0.4 S 0 0

Borovitskaya 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Bylinnaya 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Vityaz 1.0 1.0 0.0 0.0 0.0 0.4 S 0 0

Izbrannitsa 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Kokinskaya zarya 1.0 0.0 1.0 0.0 0.0 0.4 S 0 0

Kubata 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Lastochka 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Privlekatelnaya 2.0 2.0 1.0 0.0 1.0 1.2 S 0 0

Rubinovyy kaskad 0.0 1.0 0.0 0.0 0.0 0.2 S 0 0

Sudarushka 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Urozhaynaya CGL 1.0 1.0 0.0 0.0 0.0 0.4 S 0 0

Feyyerverk 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Festivalnaya 3.0 2.0 2.0 1.0 1.0 1.8 S 0 0

Flora 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Tsarskoselskaya 1.0 1.0 1.0 0.0 0.0 0.6 S 0 0

Tsaritsa 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Albion 1.0 1.0 1.0 0.0 0.0 0.6 S 0 0

Barlidaun 3.0 2.0 2.0 1.0 1.0 1.8 S 0 0

Clery 1.0 0.0 1.0 0.0 0.0 0.4 S 0 0

Driscoll Jubilee 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Flamenco 0.0 1.0 0.0 0.0 0.0 0.2 S 0 0

Florence 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Joly 1.0 0.0 1.0 0.0 0.0 0.4 S 0 0

Kimberly 1.0 1.0 1.0 0.0 1.0 0.8 S 0 0

Korona 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Limalexia 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Malwina 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Monterey 1.0 1.0 0.0 0.0 0.0 0.4 S 0 0

Murano 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

Ostara 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Polka 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Red Gauntlet 0.0 0.0 0.0 0.0 0.0 0.0 R 1 1

Sonata 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Symphony 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

Vima Tarda 0.0 0.0 0.0 0.0 0.0 0.0 R 0 0

298-19-9-43 2.0 2.0 2.0 1.0 1.0 1.6 S 0 0

922-67 1.0 0.0 0.0 0.0 0.0 0.2 S 0 0

28-11 4.0 3.0 2.0 1.0 1.0 2.2 S 0 0

НСР0.5 0.1
* 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 F p-value Fcrit.

Genotype 63.42326  42 1.510078 10.07462 2.23E–28 1.457365

Weather conditions 10.8186    4 2.704651 18.04433 2.4E–12 2.425453

Error 25.1814 168 0.149889

Total 99.42326 214

Notе.  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).
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Fig. 2. Electrophoresis profile of markers IB535110 (a) and IB533828 (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. М – 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-f apparently 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 
of 36). 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, 
FxaPMR7A and FxaPMR7X2 loci were identified (Sargent 
et al., 2019), the 08 To-f locus was not identified (markers 
IB535110 and IB533828 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 FxaPMR7A 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 
IB533828 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 × Unduka, the Polka variety 
was obtained in the hybrid combination Unduka × Sivetta, 



Изучение генетической коллекции земляники (Fragaria L.) 
по устойчивости к мучнистой росе 

А.С. Лыжин 
И.В. Лукъянчук

2024
28 • 2

173ИММУНИТЕТ РАСТЕНИЙ К БОЛЕЗНЯМ / PLANT IMMUNITY

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 MS F F-value

Regression    1 4.40451 4.40451 29.79651 2.54E–06

Residual 41 6.060606 0.14782

Total 42 10.46512      
Notе.  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-
da × Red Gauntlet), Tsaritsa (Venta × Red Gauntlet) and Be-
reginya (Solovushka × 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 × 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 IB533828. 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 IB533828 in the conditions of Michurinsk, 
Tambov region, are characterized by field resistance to 
S. ma cularis (no plants affected over the years of research). 
Thus, QTL 08 To-f is 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 
IB535110 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 < rxy < 0.7). The coefficient of determination 
(R2), 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 
(R2) 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 PRJNA394943 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.
Key words: R genes; NBS-LRR; polymorphism; Solanum phureja; S. stenotomum.
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In silico поиск R-генов  
у примитивных культурных видов картофеля
А.А. Гурина 1 , М.С. Ганчева 2, Н.В. Алпатьева 1, Е.В. Рогозина 1  
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Аннотация. Ключевую роль в защите растений от патогенов играют рецепторы, кодируемые R-генами. Они 
являются генетической основой для селекции многих сельскохозяйственных культур, в том числе картофеля. 
Множество генов устойчивости у картофеля стало известно и было вовлечено в селекцию благодаря изучению 
широкого разнообразия диких сородичей картофеля. Использование примитивных культурных видов (ПКВ), 
относящихся к первичному генофонду картофеля, также перспективно. Как наиболее близкие к ранним до-
местицированным формам картофеля, ПКВ представляют особый интерес для исследования эволюции генов 
устойчивости. Целью настоящего исследования стали поиск и анализ R-генов у ПКВ картофеля, геномы кото-
рых с различным качеством сборки представлены в базе данных NCBI. Исследовано 27 образцов, относящихся 
к трем видам: Solanum phureja Juz. & Bukasov, S. stenotomum Juz. & Bukasov и S. goniocalyx Juz. & Bukasov. Про-
веден in  silico поиск последовательностей, гомологичных 26 R-генам, идентифицированных у различных по 
филогенетической отдаленности от ПКВ картофеля видов: паслёна (S. americanum Mill.), североамериканских 
(S. bulbocasta num Dunal., S. demissum Lindl.) и южноамериканских (S. venturii Hawkes & Hjert., S. berthaultii Hawkes) 
диких видов, а также видов культурного картофеля (S. tuberosum L., S. andigenum Juz. & Bukasov). Гомологи коди-
рующих последовательностей всех исследованных генов обнаружены у ПКВ картофеля с относительно высокой 
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степенью сходства (85–100 %). Впервые у примитивных культурных видов картофеля найдены гомологи генов 
R3b, Rpi-amr3 и Rpi- ber1. Для 15 R-генов проведен анализ полиморфизма нуклеотидных и аминокислотных по-
следовательностей. Приведены отличия в частоте замен у ПКВ картофеля при анализе R-генов, референсные 
последовательности которых идентифицированы у разных видов. Для всех изученных NBS-LRR генов доля заме-
щенных аминокислот в LRR-домене превосходит этот показатель для NBS-домена. Показана потенциальная пер-
спективность использования ПКВ картофеля в качестве источников устойчивости к вертициллёзному увяданию.
Ключевые слова: R-гены; NBS-LRR; полиморфизм; 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 
a multi-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 Petota 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 

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 di ploid heterozygous clone RH89-039-16 and the clone 
DM 1-3 516 R44 (CIP 801092) (The Potato Genome Se-
quencing Ini tiative, 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 DM1-3 v4.3 (PGSC, 2011), short-
read data resulting from the whole-genome sequencing in the 
PRJNA394943 Project (Li et al., 2018), as well as genome 
assemblies from the PRJCA006011 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)1, 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.
1 Supplementary Materials 1 and 2 are available at: 
https://vavilov.elpub.ru/jour/manager/files/Suppl_Gurina_Engl_28_2.pdf

https://vavilov.elpub.ru/jour/manager/files/Suppl_Gurina_Engl_28_2.pdf
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 Number of samples (SRA data) Genome assemblies

S. phureja phu 9 DM1-3; PG6169; PG6225

S. stenotomum stn 8 PG6029; PG6055

S. goniocalyx gon 4 PG6148

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 PRJCA006011 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 Rpimch1 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: RpiR2like for the RpiR2, RpiR2like, Rpiabpt, 
and Rpiblb3 group of homologs; Rpisto1 for the Rpisto1, 
Rpiblb1, and Rpibt1 group; and Rpivnt1.3 among different 
allelic variants of the Rpivnt1 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 RpiR1 (Ballvora et al., 2002), 
RpiR2like (Lokossou et al., 2009), RpiR3a (Huang S. et al., 
2005), RpiR3b (Li G. et al., 2011), Rpisto1 (Vleeshou wers et 
al., 2008), Rpiblb2 (van der Vossen et al., 2005), Rpivnt1.3 
(Foster et al., 2009), Rpiber1 (Monino-Lopez et al., 2021), 
RpiR8 (Vossen et al., 2016), and Rpiamr3 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), Ve1, Ve2 – to verticillium wilt (Song et al., 2017), and 
Tm2ToMV – to tomato and tobacco mosaic viruses (Wu X. 
et al., unpublished). All of these genes are representatives 
of two families: the Ve1 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 RpiR3a gene is represented by a single sequence in 
most genomes. The Rpiamr3, RpiR1, RpiR3b, Rpiblb2, 
Rpiber1, Ve1, Ve2, Rx, Gpa2, and Tm2ToMV genes have 
from one to 10 copies. More than a dozen copies were found 
for the Rpisto1, Rpivnt1.3, and RpiR8 genes. The number 
of copies of the RpiR2like 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 (RpiR1, RpiR3b, and Rpiblb2) 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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Fig. 1. Occurrence of SNPs in R gene homologs among samples of PCPS (according to SRA data).
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Table 2. Number of gene copies in assemblies for PCPS,  
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 (3) 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)

Ve1 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)

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.
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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 RpiR8, Rx, Ve1, and Ve2, the 
sources of which are samples of cultivated potato. Meanwhile, 
more than 40 % of the SNPs detected in the genes RpiR3a, 
Rpiblb2, and RpiR2like, 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 RpiR8, Ve1, and Gpa2 genes, the sources of which are 
cultivated potato species.

Of the genes originating from North American wild potato 
species, only the RpiR1 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 Rpiamr3, 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 RpiR3a and Rpiamr3 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 DM1-3 assembly) with the reference sequences 
of R genes. The median level of differences is 0.5 %. The 
copies of the Rpiber1 and Ve1 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 Rpiamr3 gene and amounted to 
2.3 %. A level of polymorphism close to this value was noted 
when analyzing Rx, R1, Rpivnt1.3, and Rpisto1 homologs. It 
was noted for the RpiR8, Rpiblb2, 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 DM1-3 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.
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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, Ve1 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, RpiR8) 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 RpiR2like, Rpisto1, RpiR1 and 
Rpi R3b genes from North American wild species: about 95 
and 80–85 %, respectively. Changes in the nucleotide sequence 
in the RpiR3a, Rpiamr3 and Tm2ToMV 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 Fig. 3. Only sequences forming complete proteins (free from 
premature stop codons) were taken into account. The Ve1 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 Rpivnt1.3, Rpisto1, RpiR1, and 
RpiR3b 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 R8, Rpivnt1.3, and Rx genes, while there 
were 7 % amino acid substitutions in Rpiblb2 and Gpa2, and 
11 % in the Tm2ToMV 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 Gpa2 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 Rpiamr3 gene 
sequence was isolated from the nightshade S. americanum, 
and Rpiblb2, 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 



In silico поиск R-генов у примитивных 
культурных видов картофеля

А.А. Гурина, М.С. Ганчева  
Н.В. Алпатьева, Е.В. Рогозина

2024
28 • 2

181ИММУНИТЕТ РАСТЕНИЙ К БОЛЕЗНЯМ / PLANT IMMUNITY

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 RpiR3b, 
Rpiamr3, and Rpiber1 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, Rpiamr3, Ve1, Ve2, and Rpiber1 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 R8, Ve1, Ve2, Rpiber1, and 
Tm2ToMV 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 Gpa2 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 Ve1 gene is indicated by the wide 
distribution of functional and nonfunctional Ve1 homologs 
in plants of the Solanacea family and other phylogenetically 
distant species (Song et al., 2017). In PCPS, copies of the Ve1 
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.

The evolution of Rpiblb1 and Rpiblb3, 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 Rpiblb2 gene (Lokossou et al., 2010). Therefore, the 
discovery of Rpiblb2 and Rpisto1 homologs (Rpiblb1 ortho-
log) in cultivated potatoes growing on another continent and 
non-crossable with S. bulbocastanum is of particular interest.

As a rule, 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, Rpiber1, and Ve2) are also re-
presented by two or more copies. The R2like 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 (Li Y. et al., 2018; Tang 
et al., 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, Rpiamr3, 
Ve1, Ve2, and Rpiber1 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 Ve1 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 Jheh1 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 α-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 (Jheh1), 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 w153T and Bi90T 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 
w153T lines differ from the Bi90 and Bi90T 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 w153T, it is significantly 
lower than in lines Bi90 and Bi90T. 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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Различия в плодовитости между двумя линиями  
Drosophila melanogaster дикого типа коррелируют  
с различиями в экспрессии гена Jheh1,  
кодирующего фермент деградации ювенильного гормона
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Аннотация. Ювенильный гормон играет у личинок Drosophila melanogaster роль “status quo” гормона, препят-
ствуя преждевременному наступлению метаморфоза, а у имаго выполняет гонадотропную функцию, обеспечи-
вая подготовку яичников к вителлогенезу. При снижении уровня ювенильного гормона у самок D. melanogaster 
наблюдаются нарушения репродукции, выражающиеся в задержке начала откладки яиц и снижении плодовито-
сти. Еще одним фактором, способным повлиять на репродуктивную функцию насекомых, является инфицирова-
ние матерински наследуемой симбиотической α-протеобактерией Wolbachia. Настоящее исследование посвя-
щено анализу экспрессии двух генов метаболизма ювенильного гормона, кодирующих ферменты его синтеза и 
деградации – кислую О-метилтрансферазу ювенильного гормона (jhamt) и эпоксидгидразу ювенильного гормона 
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(Jheh1) соответственно, у четырех линий D. melanogaster дикого типа, две из которых инфицированы Wolbachia. 
Линии w153 и Bi90 происходят от отдельных самок, отловленных в дикой природе, и инфицированы Wolbachia, 
а линии w153T и Bi90T получены на их основе посредством тетрациклиновой обработки и характеризуются от-
сутствием инфекции. Известно, что линия Bi90 инфицирована штаммом Wolbachia генотипа wMel, а линия w153 – 
штаммом Wolbachia wMelPlus, относящимся к генотипу wMelCS. Обнаружено, что инфицирование как одним, так 
и другим штаммом Wolbachia не влияет на экспрессию исследованных генов. В то же время показано, что обе 
линии с ядерным генотипом w153 отличаются от линий с генотипом Bi90 повышенным уровнем экспрессии гена 
Jheh1 и не различаются по уровню экспрессии гена jhamt. Уровень плодовитости не зависел от инфицирования 
Wolbachia, но у линий с ядерным генотипом w153 он оказался существенно ниже, чем у линий с ядерным гено-
типом Bi90. Полученные данные позволяют сделать обоснованное предположение о том, что межлинейный по-
лиморфизм D. melanogaster по метаболизму ювенильного гормона коррелирует с уровнем плодовитости и опре-
деляется деградацией гормона, а не его синтезом.
Ключевые слова: Drosophila melanogaster; Wolbachia; jhamt; Jheh1; экспрессия генов; плодовитость; метаболизм 
ювенильного гормона.

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 et al., 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 (Gce), 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-h1 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 
Jheh1, 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 

final stage of JH biosynthesis in insects (Niwa et al., 2008). 
Jheh1 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 αproteobacterium 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 w153T and Bi90T, the differences in the fertility of 
which were shown earlier, were derived from lines w153 
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 w153 and Bi90, carrying 
the infection, and lines w153T and Bi90T, 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 w153 and Bi90 lines, derived from single females 
and carrying Wolbachia strains of the wMelCS and wMel 
genotypes, respectively (Ilinsky, 2013), and their derivatives, 
w153T and Bi90T, 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 w153 
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/l) 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 Jheh1 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 µl 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 °С and then the homogenate was transferred to clean 0.5 µl 
tubes. 30 µl 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 °С. 75 µl 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 µl of 75° ethanol 
twice with centrifugation in-between, dried and dissolved in 
100 µl of deionized water. RNA concentration was measured 
with the use of Nanodrop OneC (Thermo Scientific, USA) 
and adjusted to 200 ng/µl by the addition of deionized water. 
cDNA synthesis was performed with the use of ABScript III 
RT Master Mix for qPCR with gDNA Remover No. RK20429 
(ABclonal Technology, China) in accordance with the manu-
facturer’s protocol.

jhamt and Jheh1 expression were analyzed with CFX96 
Touch amplificator (BioRad, USA) using realtime RTPCR 
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 t-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−∆∆CT method 
(Livak, Schmittgen, 2001) using three biological replicates, 
each of which was obtained from three technical ones. Since 
RealTime CFX96 Touch amplificator (BioRad) provides 

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 2(x) = (∑ x2

   i  – N x2) / (N × (N – 1)).   
For each biological replicate, N = 3, and

∑ x2
   i  = 6SEM 2(x) + 3x2. 

This is sufficient to calculate both the average mean and 
it error:  

x = (∑ xk)/3; 

SEM 2(x) = (6∑ SEM 2(xk) + 3∑ x2
   k  – 9x 2)/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, 
2 × 9 – 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
Realtime RTPCR 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 w153/w153T (the same genetic back-
ground but infected/uninfected with Wolbachia), and between 
lines Bi90/w153 and Bi90T/w153T (the same infection status 
but different genetic background) (Fig. 1, a). At the same time, 
the expression of the JH epoxide hydrolase gene, Jheh1, was 
significantly decreased ( p < 0.001) in lines Bi90 and Bi90T 
compared to lines w153 and w153T (see Fig. 1, b). This means 
that Wolbachia infection has no influence on the expression 
level of jhamt and Jheh1, 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 Jheh1, which encodes an enzyme 
degrading JH, between D. melanogaster lines Bi90/Bi90T and 
w153/w153T allow us to assume the existence of differences 
in the enzyme activity level and, as a result, in JH content, 

Primer sequences used in RT-PCR

Gene name 5’→3’ Length Tm, °С Reference

jhamt F GTCAGTTGTTGAACGATGTGGGT 23 58 Qu et al., 2017

R CCTCATTATTTTCACCTTGCTGC 24 55 

Jheh1 F AGTTTACCAGGTTATGGCTGGTC 23 57 Guio et al., 2014

R CAGTCTCCACCCTGGATAAAGAA 23 56

Act5C F GCGCCCTTACTCTTTCACCA 20 58 Guio et al., 2014

R ATGTCACGGACGATTTCACG 20 55
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the level of which should be elevated in the Bi90 and Bi90T lines with a decreased 
expression level of the gene coding for an enzyme degrading the hormone. 

Fertility analysis of the Bi90, Bi90T, w153 and w153T lines revealed that the 
line with a supposedly lower JH level (w153 and w153T ) 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 
et al., 2013; Meiselman et al., 2017) or with the Met27 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 w153/w153T ) 
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 
Bi90wMelPlus line, where fertility and JH degradation differed from those of the Bi90 
line (Gruntenko et al., 2019). 

However, it is necessary to note that the Bi90wMelPlus line was received by trans-
ferring cytoplasm carrying a Wolbachia strain from the w153 line to the nuclear 
background of the Bi90 line (via 20 generations of backcrossing females carrying 
the corresponding Wolbachia strain with males of the Bi90T 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 Jheh1 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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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), w153T 
(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 w153T line ( p < 0.001).

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), w153T (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 Bi90T line (p < 0.001). 
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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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Аннотация. Высокие удои молока сопряжены с сокращением продолжительности жизни у высокопродук-
тивных молочных пород скота. Преждевременная выбраковка приводит к значительным экономическим по-
терям в молочном животноводстве и увеличению потребности в ремонтных телках. Отбор по этому признаку 
затруднен из-за низкой наследуемости и сложности измерения данного фенотипа. Теломеры – это структу-
ры, находящиеся на концах хромосом, состоящие из повторяющихся последовательностей ДНК длиной в не-
сколько тысяч пар оснований, связанных с нуклеопротеиновыми комплексами. У людей и большинства дру-
гих животных длина теломер уменьшается с возрастом. Когда теломерная ДНК сокращается до критической 
длины, индуцируются процессы старения клеток, остановки клеточного цикла и апоптоза. В результате длину 
теломер можно рассматривать как предиктор рисков для здоровья и продолжительности жизни индивида. 
Длина теломер лейкоцитов может быть использована в качестве суррогатного фенотипа для признака про-
дуктивного долголетия для улучшения селекции крупного рогатого скота. Целью нашей работы было – оце-
нить влияние породы и направления продуктивности (молочное или мясное) на длину теломер лейкоцитов, а 
также проанализировать влияние холодного климата на этот признак в популяциях крупного рогатого скота 
калмыцкой породы на Юге (Ростовская область) и Крайнем Севере (Республика Саха) России. Измерение дли-
ны теломер лейкоцитов осуществлено с помощью компьютерных методов на основе данных полногеномного 
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ресеквенирования. Мы использовали данные о длине теломер лейкоцитов, половой принадлежности и воз-
расте 239 животных, относящихся к 17 породам крупного рогатого скота. Фактор породы оказывает суще-
ственное влияние на длину теломер лейкоцитов в нашей выборке. Достоверных различий в длине теломер 
лейкоцитов между молочными и мясными группами нами не выявлено. Значительное влияние на длину те-
ломер лейкоцитов у животных калмыцкой породы оказывает фактор популяции. Таким образом, мы обнару-
жили, что именно порода, но не направление продуктивности (молочное или мясное), достоверно влияла на 
длину теломер лейкоцитов у крупного рогатого скота. Разведение в более холодном климате было ассоцииро-
вано с большей длиной теломер лейкоцитов у крупного рогатого скота калмыцкой породы.
Ключевые слова: долголетие; селекция; крупный рогатый скот; молочный; мясной; холодный климат; длина 
теломер лейкоцитов.

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 (Schrumpfová, 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; López-Otín 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 (Iannuzzi 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 
me thodologies. For example, in most studies, parents and 
off spring 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; Iannuzzi 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. 
hy pothesized 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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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.

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)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 (Kyuyore lyakh 
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

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

Mean July 
temperature, °C

Mean annual 
temperature, °C

Precipitation sum, 
mm

Mechetny settlement  
(Rostov Oblast)

48°03’54”N, 
40°38’23”E

–4.4 23.7 9.8 508.7

Kyuyorelyakh settlement 
(Republic of Sakha)

62°34’17”N, 
126°50’26”E

–37.2 18.0 –9.1 312.7

https://vavilovj-icg.ru/download/pict-2024-28/appx10.pdf
https://vavilovj-icg.ru/download/pict-2024-28/appx10.pdf
https://climatecharts.net
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ANOVA (“aov” R function) with log-transformed LTLs 
(log10(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 “glht” 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 (η2) 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 ρ = –0.305, p = 1.58 × 10–6 
for raw and log-transformed LTLs) (Supplementary Mate-
rial 2). Therefore, for boxplot visualization and descriptive 
statistics, we calculated the log10(LTL) values expected given 
the constant age. For this purpose, we fitted a regression model 
(“lm” R function) with logLTL as the response variable, and 

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-ad justed log10(LTLs) 
and their corresponding values in kilobases (here after “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 = 6.12 × 10–15, η2 = 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, 

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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η2 = 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 × 10–6, η2 = 0.10 (testing 
for the effect of breed); p = 0.0248, η2 = 0.07 (dairy vs. beef 
group); and p = 0.0038, η2 = 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; Iannuzzi 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, 

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 
pro duction 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 RNA-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. 
et al., 2016). The transcription of telomeric repeat-containing 
RNAs (TERRAs), 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 
aneu ploidy 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 oligonucleo tide 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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Аберрантное метилирование генов развития плаценты  
в ворсинах хориона спонтанных абортусов с трисомией 16 
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Аннотация. У человека анеуплоидия не совместима с рождением здоровых детей и в основном приводит 
к гибели эмбрионов на ранних стадиях развития в первом триместре беременности. Наиболее частая анеу-
плоидия среди спонтанных абортусов первого триместра беременности – трисомия 16. Однако механиз-
мы, приводящие к гибели эмбрионов с трисомией 16, остаются недостаточно исследованными. Одним из 
таких потенциальных механизмов является нарушение развития плаценты, в том числе ремоделирования 
спиральных артерий. Ремоделирование спиральных артерий заключается в миграции клеток трофобласта 
в спиральные артерии матери и замещении их эндотелия для обеспечения стабильного питания эмбриона 
и снабжения кислородом. Это комплексный процесс, зависящий от множества факторов как со стороны эм-
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бриона, так и со стороны матери. Нами проведен анализ уровня метилирования семи генов (ADORA2B, NPR3, 
PRDM1, PSG2, PHTLH, SV2C и TICAM2), участвующих в развитии плаценты, в ворсинах хориона спонтанных 
абортусов с трисомией 16 (n = 14), по сравнению со спонтанными абортусами с нормальным кариотипом 
(n = 31) и контрольной группой медицинских абортусов (n = 10). Для получения биб лиотек для секвенирова-
ния использована таргетная амплификация отдельных регионов генов с помощью разработанных олигону-
клеотидных праймеров на бисульфит-конвертированной ДНК. Анализ проводили с применением таргетного 
бисульфитного массового параллельного секвенирования. В группе спонтанных абортусов с трисомией 16 
был значимо повышен уровень метилирования генов PRDM1 и PSG2 по сравнению с медицинскими аборту-
сами (p = 0.0004 и p = 0.0015 соответственно). В группе спонтанных абортусов с нормальным кариотипом не 
обнаружено повышения уровня метилирования генов PRDM1 и PSG2, но был значимо повышен уровень ме-
тилирования гена ADORA2B по сравнению с медицинскими абортусами (p = 0.032). Полученные результаты 
указывают на потенциальные механизмы патогенетического действия трисомии 16 на развитие плаценты с 
участием изученных генов.
Ключевые слова: анеуплоидия; трисомия 16; метилирование ДНК; ворсины хориона; невынашивание бере-
менности; бисульфитное секвенирование; спонтанные абортусы.

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 8–9 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 spontaneous abortions with trisomy 16 
(PRDM1, PTHLH) (Tolmacheva et al., 2022) and a normal 
karyotype (ADORA2B, NPR3, PSG2, SV2C, and TICAM2) 
(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 TICAM2 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 TICAM2 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 TICAM2 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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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 TICAM2 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 (2×) (Biolabmix, Russia) ac-
cording to the manufacturer’s protocol with the following PCR 

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.

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 1-intron 1

R 5’-TACCTTACCCTTAATAAAAACCTCC-3’

ADORA2B_m2 F 5’-GTTATGTTGTTGGAGATATAGGA-3’ 331 chr17:15945246-15945576,
exon 1

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’

SV2C F 5’-AGAGTAAGAGAGGGTTGGAGAGTAG-3’ 393 chr5:76084117-76084509,
intron 1

R 5’-ATACTAACTACCCCAAACCAAATTC-3’

TICAM2 F 5’-ATTTGTTTATGGTTTTGAGGTGTTT-3’ 671 chr5:115601810-115602480,
exon 1-intron 1

R 5’-CACATTAACCCCTAACTCACAACTAA-3’
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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 TICAM2 (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 
PRDM1 and PSG2 genes in the group of spontaneous abor-
tions with trisomy 16 was higher, and that of the TICAM2 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 
PRDM1 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_m1 (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 TICAM2 (23.1 %) genes. No spontaneous abortions with 
impaired methylation levels were detected for the SV2C 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 
et al., 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-

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; SA Tri16 – 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).
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Aberrant methylation of placental development genes  
in chorionic villi of spontaneous abortions with trisomy 16

responding increase in gene expression in chorionic villi 
is associated with recurrent miscarriage (Du et al., 2020). 
Potentially, the negative effect of hypomethylation of PRDM1 
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 PRDM1 
and PSG2 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–PSG9, 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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Состав бактериального микробиома мокроты 
пациентов с разными патоморфологическими формами 
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Аннотация. Исследования последних лет показали, что бактериальный микробиом респираторного тракта 
влияет на развитие рака легкого. Изменение состава микробиома у пациентов связывают с хроническими вос-
палительными процессами, так как многие бактерии вызывают окислительный стресс, а также способны прямо 
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или опосредованно повреждать геном в клетках организма хозяина. До настоящего времени состав респира-
торного микробиома у больных с различными гистологическими вариантами рака легкого не изучен. В настоя-
щем исследовании для анализа таксономического состава микробиома мокроты 52 пациентов с плоско- 
клеточным раком легкого, 52 пациентов с аденокарциномой легкого и 52 здоровых доноров контрольной 
группы использовали технологию массового параллельного секвенирования региона V3-V4 16S рРНК. Микро-
биомы мокроты больных с разными гистологическими типами рака легкого и контроля не имели значимых 
различий по индексу видового богатства (Шеннона), однако у пациентов они отличались от контроля по ин-
дексу выравненности (Пиелу). Структуры бактериальных сообществ (бета-разнообразие) между аденокарци-
номой и плоскоклеточным раком также были близкими. Тем не менее матрица, построенная по Брэю–Кёртису, 
позволила выявить различия между пациентами с плоскоклеточным раком и здоровыми субъектами, но не 
между аденокарциномой и контролем. Метод LEFse позволил идентифицировать в мокроте больных плоско-
клеточным раком увеличение содержания Bacillota (Streptococcus и Bacillus) и Actinomycetota (Rothia) при сопо-
ставлении с образцами пациентов с аденокарциномой. Не найдено различий в содержании бактерий между 
образцами больных аденокарциномой и контроля. В микробиоме образцов мокроты пациентов с плоскокле-
точным раком по сравнению с контролем было повышено содержание представителей родов Streptococcus, 
Bacillus, Peptostreptococcus (филум Bacillota), Prevotella, Macellibacteroides (филум Bacteroidota), Rothia (филум 
Actinomycetota) и Actinobacillus (филум Pseudomonadota). Таким образом, бактериальный микробиом мокроты 
пациентов с разными гистологическими типами немелкоклеточного рака легкого имеет существенные раз-
личия. Дальнейшие исследования должны быть посвящены поиску микробиомных биомаркеров рака легкого 
на уровне бактериальных видов с использованием полногеномного секвенирования.
Ключевые слова: немелкоклеточный рак легкого; плоскоклеточный рак легкого; аденокарцинома легкого; 
бактериальный микробиом; мокрота; таксономический состав; 16S рРНК; NGS секвенирование.

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 noninvasive. 

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 nonsmall 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). Diff e-
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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Table 1. Characteristics of the study cohorts

Variables NSCLC, n = 52 AD, n = 52 Control, n = 52

Age, years (mean)  59.9 62.5 62.5 

Gender (n/%):
Men
Women

49/94.0
   3/6.0

37/71.0
15/29.0

39/75.0
13/25.0

Place of residence (n/%):
City
Village

35/67.0
17/33.0

40/77.0
12/23.0

46/88.0
   6/12.0

Occupational hazards (n/%):
Yes
No

19/37.0
33/63.0

23/44.0
29/56.0

12/23.0
40/77.0

Smoking status (n/%):
Yes 
No

38/73.0
14/27.0

25/48.0
27/52.0

20/38.5
32/61.5

Alcohol consumption (n/%):
Yes 
No

34/65.0
18/35.0

35/67.0
17/33.0

39/75.0
13/25.0

Chronic diseases (n/%):
Cardiovascular
Bronchitis
Chronic obstructive pulmonary disease
Gastrointestinal
Diabetes
Asthma
Obesity

29/56.0
16/31.0
24/45.0
   7/15.0
   1/2.0
   3/6.0
   4/8.0

40/77.0
12/23.0
   6/12.0
   7/15.0
   3/6.0
   1/2.0
15.0

20/38.5
   4/8.0
   0
11/21.0
   4/8.0
   1/2.0
   1/2.0

TNM# (n/%):
I, II
III, IV

28/54.0
24/46.0

32/61.5
20/38.5

–

Tumor localization (n/%):
Central
Peripheral
Not established

27/52.0
22/42.0
   3/6.0

   3/6.0
47/90.0
   2/4.0

–

# TNM – tumor-node-metastasis.

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 
mi crobiome, sputum samples (2–3 ml) from patients with 

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 
QIIME2 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 138) 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). 
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Fig. 1. Shannon diversity index of microbiomes of patients with adeno-
carcinoma, squamous cell lung cancer and control donors.

Fig. 2. Pielou index of microbiomes of patients with adenocarcinoma, 
squamous cell lung cancer and control donors.

The total diversity (alphadiversity) of sputum prokaryo
tic communities was estimated by the number of isolated 
OTUs (analogous to species richness) and Shannon indices 
(H = Σpi ln pi, where pi is the proportion of the ith 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 Utest 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 V3V4 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. 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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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, ge nera 
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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Fig. 6. Different representation of bacterial taxa in sputum samples of patients with lung adenocarcinoma and healthy donors. 
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Fig. 7. Content of Prevotella representatives in the sputum of patients with lung adenocarcinoma (a) and squamous cell lung cancer (b)  
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 III–IV 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 3. Average percentage of bacterial taxa  
in the sputum microbiome of patients  
with non-small cell lung cancer  
with different tumor localization

Genus Central  
NSCLC  
(n = 31), M, %

Peripheral  
NSCLC  
(n = 68), M, %

р

Veillonella 8.76 12.79 0.01*

Bacillus 3.52    1.87 0.03

Granulicatella 1.63    0.94 0.04

Bacteroides 1.62    0.52 0.002*

Oribacterium 0.43    0.18 0.03

Table 2. Average percentage of bacterial taxa  
in the sputum microbiome of patients  
with non-small cell lung cancer  
at different stages of the disease

Genus I–II  
(n = 60), M, %

III–IV  
(n = 44), M, %

р*

Porphyromonas 3.09 3.99 0.004*

Alloprevotella 1.75 3.86 0.002*

Selenomonas 1.1 1.4 0.007*

Megasphaera 0.88 1.45 0.03

Oribacterium 0.48 0.72 0.01*

Filifactor 0.05 0.09 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 
noncancerous 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 

Grampositive 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 α-diversity and β-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 diffe rent 
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 
agecorrelated 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 
et al., 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  

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 nonsmoking 
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 Veillo nella 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 spu tum 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 
largescale 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 wholegenome sequencing to obtain an 
accurate assessment of taxonomic composition at the species  
level.
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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 ADPribosyltransferase 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 agedependent 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 causeandeffect 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.
Key words: sirtuins; aging; protein deacetylation; epigenetic regulation.
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Аннотация. Достижения современного здравоохранения в развитых странах позволили увеличить продол
жительность жизни, изза чего все более актуальным становится сохранение активного долголетия. С момента 
открытия белки семейства сиртуинов рассматривались в качестве значимых регуляторов физиологических 
процессов, ассоциированных со старением. Сиртуины проявляют деацетилазную, деацилазную, АДФрибо
зилтрансферазную активность и модифицируют множество белковых субстратов, включая компоненты хро
матина и регуляторные белки. Столь многофакторная система регуляции затрагивает ряд процессов, таких 
как клеточный метаболизм, функции митохондрий, эпигенетическую регуляцию, репарацию ДНК и прочие. 
Неудивительно, что активность белковсиртуинов затрагивает проявление классических признаков старе
ния организма: клеточное старение, нарушения метаболизма, митохондриальную дисфункцию, геномную 
нестабильность и нарушение эпигенетической регуляции. Непосредственное изменение активности сиртуи
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нов в клетках человека также рассматривается в качестве маркера старения и вовлечено в генез различных 
возрастзависимых патологических состояний. Кроме того, экспериментальные данные, полученные на мо
дельных животных, а также результаты популяционных геномных исследований позволяют предположить 
влияние сиртуинов на продолжительность жизни. Вместе с тем многообразие функций сиртуинов и биохи
мических субстратов делает крайне нетривиальным выявление причинноследственных связей и непосред
ственной роли сиртуинов в конт роле функционального состояния организма. Однако влияние сиртуинов на 
эпигенетическую регуляцию экспрессии генов в ходе старения и при патологиях – один из наиболее важных 
аспектов поддержания гомеостаза органов и тканей. Представленный обзор посвящен разнообразию бел
ковсиртуинов у человека и модельных животных. Помимо краткого описания основных ферментативных и 
биологических активностей сиртуинов, рассматривается роль сиртуинов в эпигенетической регуляции струк
туры хроматина, в том числе в контексте развития нестабильности генома, ассоциированной со старением. 
Проведен критический анализ работ по исследованию функциональной связи сиртуинов и долголетия, а так
же влияния сиртуинов на ассоциированные со старением патологические процессы, такие как хроническое 
воспаление, фиброз и нейровоспаление.
Ключевые слова: сиртуины; старение; деацетилирование белков; эпигенетическая регуляция.

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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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 III 
HDAC due to their specific function and structural features 
(Gray, Ekström, 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. 2. Human sirtuins molecular function. 
а – deacylase activity of sirtuins; b – some functional groups that can be removed by different sirtuins; c – ADPribosyltransferase 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.
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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, a) (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 (Du J. et al., 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, c) (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, 
SIRT6 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 et al., 2011). Moreover, SIRT6 is recruited in fibroblasts 
to the 5′ untranslated region of  LINE1 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 mH2A1.1 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 (ACSL5), 
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-α 
protein by removing its meristyl modification (Bresque et  
al., 2022).

SIRT7 is the only sirtuin that is enriched in the nucleoli, 
where it is involved in the transcription of ribosomal genes 
(Ford et al., 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 α-tubulin (North et al., 2003). During the G2/M 

transition, SIRT2 temporarily migrates to the nuclei and 
deacetylates histone H4 by lysine 16, thereby modulating 
chromatin condensation (Vaquero et al., 2006). SIRT2 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  HeLa 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 
pro gnosis 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 SIRT2iso5 isoform 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 SIRT5 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 SIRT5 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 SIRT5 isoforms contain a signal of mitochondrial lo-
calization (see Fig. 1). At the same time, the shortest isoform, 
SIRT5iso4, does not have it, and is found in the cytoplasm of 
cells (Du Y. 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 H1K26Ac 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 Suv39h1 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).

SIRT1 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 
a mouse embryonic stem cell model, it was shown that SIRT1 
deacetylates H1 and H4 histones in the promoter region of the 
Dnmt3l 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 Dnmt3l 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 SIRT2 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 
et al., 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-κB, which on the 
contrary leads to activation of  TNF-α-induced apoptosis in 
non-small cell lung cancer cells (Yeung et al., 2004). 

Deacetylation of FOXO transcription factors (FOXO1, 
FOXO3, FOXO4) under the action of SIRT1 can lead to both 

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-α-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 HP1α, HP1γ, 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, HP1α, 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. 

SIRT6 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-κB and HIF-1α by regulating the 
H3K9 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 
DNMT1 and a decrease in methylation of the NOTCH1 and 
NOTCH2 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-
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ing LINE1 expression and maintaining genome stability (Van 
Meter et al., 2014). 

SIRT7 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 
SMARCA5 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, García-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, HP1α, and HP1γ 
he terochromatin 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 dSirt1 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 dSirt1 overexpression on 
longe vity is dose-dependent. At the same time, exceeding a 
certain expression threshold may shorten the lifespan due to 

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 
dSirt1 increases the median lifespan of flies only when the 
transgene is activated in adipose tissue, but not in muscles 
(Banerjee et al., 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 
Geor gia and Louisiana demonstrated the association of the 
rs7896005 polymorphism of the SIRT1 gene with longevity 
and telomere length in lymphocytes (Kim et al., 2012). In 
addition, SIRT1 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 SIRT1 gene with longe-
vity (Flachsbart et al., 2006; Willcox et al., 2008; Soerensen 
et al., 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, rs11555236 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-κB signaling pathway 
(Vazquez et al., 2021). The key element of this pathway – the 
transcription factor NF-κB, 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-κB signaling pathway. SIRT1 and 
SIRT2 are able to deacetylate the p65 subunit at lysine 310, 
directly inhibiting the activity of NF-κB. 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-κB target genes, 
thereby reducing inflammation (Kawahara et al., 2009). SIRT1 
is also able to deacetylate and inhibit the activity of NF-κB 
transcriptional coactivators, such as PARP-1 and p300 histone 
acetyl transferase (Rajamohan et al., 2009).

Sirtuins also influence the TGF-β 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-β1-induced cellular apoptosis and fibrosis, and reduces 
CTGF expression by stimulating TGF-β1 in the kidneys of 
mice with unilateral ureteral obstruction (Ren et al., 2015). 
SIRT1 is also able to weaken TGF-β-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-β/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-β signaling pathway in mouse cardiac 
fibroblasts (Bugyei-Twum et al., 2018). 

The SIRT3 protein has antifibrotic properties that weaken 
TGF-β-dependent signaling, and the suppression of SIRT3 

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-β/
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-1β, IL-6, and TNF-α 
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 di seases. 
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, TREM2) 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.
Key words: Alzheimer’s disease; carcinogenesis; miRNA; aging; transposons; retroelements.
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Аннотация. Болезнь Альцгеймера поражает в среднем 5 % населения со значительным увеличением рас-
пространенности с возрастом, что свидетельствует о возможном влиянии на данную патологию тех же ме-
ханизмов, которые лежат в основе старения человека. Исследование этих механизмов перспективно для 
разработки эффективных методов лечения и профилактики заболевания. Возможными участниками этих 
механизмов являются транспозоны, которые служат драйверами эпигенетической регуляции, поскольку 
формируют в эволюции видоспецифические распределения генов некодирующих РНК в геноме челове-
ка. Изучение роли микроРНК в развитии болезни Альцгеймера актуально, поскольку по результатам про-
веденных GWAS ассоциаций белок-кодирующих генов (APOE4, ABCA7, BIN1, CLU, CR1, PICALM, TREM2) трудно 
объяснить сложный патогенез заболевания. Кроме того, в различных долях головного мозга при болезни 
Альцгеймера были обнаружены специфические изменения экспрессии множества генов, что может быть 
обу словлено глобальными регуляторными изменениями под влиянием транспозонов. Действительно, экс-
периментальные и клинические исследования показали патологическую активацию ретроэлементов при бо-
лезни Альцгеймера. Проведенный нами анализ научной литературы в соответствии с базой данных MDTE DB 
(microRNAs derived from transposable elements) позволил выявить 28 различных микроРНК, происходящих 
от мобильных элементов (17 – от LINE, 5 – от SINE, 4 – от HERV, 2 – от ДНК-транспозонов), экспрессия которых 
специфически изменяется при данном заболевании (снижается у 17 и повышается у 11 микроРНК). Экспрес-
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сия 13 из 28 микроРНК (miR-151a, -192, -211, -28, -31, -320c, -335, -340, -378a, -511, -576, -708, -885) меняется 
также при старении и развитии злокачественных новообразований, что подтверждает  возможное наличие 
общих патогенетических механизмов. Большинство из этих микроРНК произошли от LINE-ретроэлементов, 
патологическая активация которых ассоциирована со старением, канцерогенезом и болезнью Альцгеймера, 
что свидетельствует в пользу гипотезы о том, что в основе этих трех процессов лежит первичная дисрегуля-
ция транспозонов, которые служат драйверами эпигенетической регуляции экспрессии генов в онтогенезе.
Ключевые слова: болезнь Альцгеймера; канцерогенез; микроРНК; старение; транспозоны; ретроэлементы.

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 
et al., 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/KAT8, TOMM40, VKORC1 
genes with AD (Marioni et al., 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 APH1B, BIN1, 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 LILRB2 (encodes a receptor that recognizes multi-
ple HLA alleles and may be involved in the growth of beta-
amyloid fibrils), ABCA1 (involved in the transfer of phospho-
lipids to apolipoproteins), AGRN (involved in the formation 
of synapses of mature hippocampal neurons) (Schwartzentru-
ber et al., 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), rs7561528 (in the nucleocy-
toplasmic adapter protein gene (BIN1)) and rs1801133 (in the 
methylenetetrahydrofolate reductase gene (MTHFR)) (GNS 
et al., 2021).

In GWASs, 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), BIN1 (Ando et al., 2022) 
genes. Meta-analyses of GWAS results with Alzheimer’s 
disease showed a significant association of allelic variants of 
the TREM2 (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 ε4 
allele, while the most powerful protective genetic factor is 
the APOE ε2 allele. This is due to the effects of APOE on 
β-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 AβPP, PSEN1 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), PSEN1 (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 
LINE1s (Pascarella et al., 2022). This is evidenced by recent 
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results obtained from fluorescent in situ 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 BMI1 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. Bmi1+/–  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 (RdDM, 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 

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 BMI1 gene 
(component of the Polycomb repressive complex 1, which 
promotes chromatin compaction and gene silencing through 
E3-mono-ubiquitin ligation activity mediated by Ring1a/b on 
histone H2A at lysine 19 (H2Aub)) expression was found in 
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the brain of AD patients. BMI1 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 
Bmi1 gene showed the development of neurodegeneration due 
to derepression of TEs (El 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-
Fc1 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 
(Baeken et al., 2020). As a result, DNA hypome thy lation 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 β-barrel 
protein necessary for mitochondrial transport of preproteins 
and associated with AD, were identified (Larsen et al., 2017).

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 pre sence 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 
et al., 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 
(Wei et al., 2016). In 2022, a reduced 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 KREMEN1 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 et al., 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 et al., 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 FKBP5 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-
ja et al., 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 
et al., 2016)) is overexpressed. This microRNA interacts with 
mRNA of BACE1 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 
(Wei et al., 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-α, IL-6 and IL-1β, 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-

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 et al., 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

miR-1202 L1 Increased Henriques et al., 2020

miR-1246 ERVL Increased Guo R. et al., 2017

miR-1271 L2 Decreased Majumder et al., 2021

miR-151a L2 Increased Satoh et al., 2015

miR-192 L2 Decreased Rahman et al., 2019; Qin et al., 2022

miR-211 L2 Increased Fan et al., 2016; Sierksma et al., 2018

miR-28 L2 Increased Hong et al., 2017; Zhao et al., 2020

miR-31 L2 Decreased Dong H. et al., 2015; Barros-Viegas et al., 2020

miR-320 L1 Increased Boese et al., 2016; Raheja et al., 2018

miR-3200 ERVL Decreased Satoh et al., 2015

miR-325 L2 Decreased Barak et al., 2013

miR-326 DNA/hAT-Tip100 Increased Cai et al., 2017

miR-335 SINE/MIR Decreased Rahman et al., 2019; Wang et al., 2020

miR-340 DNA/TcMar-Mariner Decreased Tan et al., 2020

miR-342 SINE Decreased Dakterzada et al., 2021

miR-3646 SINE/MIR Increased Lu et al., 2021

miR-378а SINE/MIR Increased Dong Z. et al., 2021

miR-384 LINE/Dong-R4 Increased Samadian et al., 2021

miR-4286 ERVL Decreased Henriques et al., 2020

miR-4422 LTR-Gypsy Decreased Hajjari et al., 2021

miR-4487 L1 Decreased Hu et al., 2018

miR-4504 L1 Increased Eysert et al., 2021

miR-502 L2 Decreased Satoh et al., 2015

miR-511 L1 Decreased Zheng et al., 2016; Jia et al., 2022

miR-545 L2 Decreased Cosin-Tomas et al., 2017

miR-576 L1 Decreased Liu et al., 2014; Xu et al., 2022

miR-708 L2 Decreased Rahman et al., 2020; Di Palo et al., 2022

miR-885 SINE/MIR Decreased Tan et al., 2014; Pan et al., 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 et al., 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 et al., 2016), the level of which is significantly increased 
in AD (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 et al., 2016)) decreases not only 
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Table 2. TE-derived miRNAs associated with aging, carcinogenesis and Alzheimer’s disease

miRNA  
(TE-source)

Type of cancer  
(change in microRNA expression)

miRNA level change

in AD (reference) in aging (reference)

miR-151a  
(LINE/L2)

BLCA, BRCA, CESC, COAD, ESCA, HNSC, KICH, KIRC,  
KIRP, LIHC, LUAD, LUSC, PRAD, READ, STAD, UCEC  
(increased)

Increased 
Satoh et al., 2015

Decreased 
Noren Hooten et al., 2013

miR-192  
(LINE/L2)

BLCA, BRCA, COAD, KIRC, LUAD, LUSC, PRAD, READ, 
STAD, UCEC (increased);  
CHOL, KICH, KIRP, LICH, THCA (decreased)

Decreased  
Rahman et al., 2019;  
Qin et al., 2022

Decreased 
Sataranatarajan et al., 2012

miR-211  
(LINE/L2)

KIRC, KIRP, LIHC (increased); 
BRCA, HNSC, LUAD (decreased)

Increased 
Fan et al., 2016;  
Sierksma et al., 2018

Increased 
Smith-Vikos et al., 2016

miR-28 
(LINE/L2)

HNSC, KIRC, LUAD, LUSC, PRAD (increased);  
BRCA, CHOL, COAD, ESCA, PCPG, READ, STAD,  
THCA (decreased)

Increased 
Hong et al., 2017;  
Zhao et al., 2020

Decreased
Zhang T. et al., 2017

miR-31 
(LINE/L2)

BLCA, CESC, HNSC, KIRP, LUAD, LUSC, STAD, THCA,  
UCEC (increased); 
KICH, KIRC, PRAD (decreased)

Decreased
Dong H. et al., 2015; 
Barros-Viegas et al., 2020

Increased 
Cho et al., 2015;  
Dellago et al., 2013

miR-320c
(LINE/L1, L2)

CHOL, KIRC, LUSC, STAD, UCEC (increased);  
COAD, READ (decreased)

Increased 
Boese et al., 2016;  
Raheja et al., 2018

Decreased 
Ukai et al., 2012

miR-335
(SINE/MIR)

BLCA, COAD, ESCA, HNSC, LUAD, LUSC, PRAD, STAD, 
THCA, UCEC (increased);  
BRCA, KICH, KIRC, LIHC (decreased)

Decreased  
Rahman et al., 2019;  
Wang et al., 2020

Increased 
Raihan et al., 2018

miR-340 
(DNA/TcMar-
Mariner)

BRCA, COAD, KICH, KIRC, KIRP, LUAD, LUSC, PRAD,  
UCEC (increased);
CHOL, LIHC, PAAD (decreased)

Decreased 
Tan et al., 2020

Decreased 
Zhang H. et al., 2015

miR-378a
(SINE/MIR)

PAAD (increased);  
BRCA, CHOL, COAD, HNSC, LIHC, LUAD, PAAD, PRAD, 
READ, STAD (decreased)

Increased 
Dong Z. et al., 2021

Increased 
Guo D. et al., 2017

miR-511
(LINE/L1)

HNSC, PRAD, READ, STAD (increased);  
BRCA, CHOL, KICH, KIRP, LIHC, LUSC, PCPG  
(decreased)

Decreased 
Zheng et al., 2016;  
Jia et al., 2022

Decreased 
Zheng et al., 2016

miR-576
(LINE/L1)

BLCA, BRCA, ESCA, HNSC, KICH, KIRC, KIRP, LUAD, LUSC, 
PRAD, READ, STAD, UCEC (increased); 
CHOL, LIHC, THCA (decreased)

Decreased 
Liu et al., 2014;  
Xu et al., 2022

Increased 
Ipson et al., 2018

miR-708  
(LINE/L2)

BLCA, BRCA, CHOL, COAD, HNSC, KIRC, LUAD, LUSC, 
PRAD, READ, STAD (increased);  
KICH, THCA (decreased)

Decreased 
Rahman et al., 2020;  
Di Palo et al., 2022

Increased 
Lee et al., 2017

miR-885
(SINE/MIR)

KICH (increased);  
CHOL (decreased)

Decreased 
Tan et al., 2014;  
Pan et al., 2022

Increased 
Behbahanipour et al., 2019

Notе. 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-α, IL-6 and IL-1β production (Qin 
et al., 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.
Key words: metal-organic frameworks; vesicles; nanoparticles; viral vectors; gene editing.

For citation: Shaikhutdinov I.H., Ilyasov P.V., Gribkova O.V., Limareva L.V. Non-viral systems for intracellular delivery 
of genome editing tools. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov Journal of Genetics and Breeding. 2024;28(2): 
239-248. DOI 10.18699/vjgb-24-28

Невирусные системы внутриклеточной доставки 
инструментов редактирования генома
И.Х. Шайхутдинов , П.В. Ильясов  , О.В. Грибкова , Л.В. Лимарева 

Самарский государственный медицинский университет Министерства здравоохранения Российской Федерации, Самара, Россия
  p.v.ilyasov@samsmu.ru

Аннотация. Последние десятилетия отмечены интенсивным развитием технологий и систем редактирования 
генов, которое вывело генную инженерию на новый уровень. Важным звеном этих технологий является специ-
фичная и эффективная доставка компонентов таких систем в клетки-мишени. Традиционные векторы не всегда 
подходят для этой цели ввиду ограниченного объема полезной нагрузки, рисков, связанных с канцерогенезом 
и иммуногенностью, токсичности, необходимости высокой степени очистки и оценки качества полученных 
вирусных носителей, а также возможности встраивания вируса в геном хозяина, что может приводить к сверх-
экспрессии компонентов вируса и проблемам с безопасностью. Это обусловливает актуальность поиска новых 
средств внутриклеточной доставки белков и нуклеиновых кислот. В данной работе приведен обзор абиоти-
ческих векторов и систем доставки инструментов для редактирования генома, включая липосомы и твердые 
липидные наночастицы, мембранные везикулы иной природы, пептиды, проникающие в клетки, мицеллы, ден-
дримеры, углеродные нанотрубки, неорганические, полимерные и другие наночастицы, металл-органические 
каркасные полимеры. Рассмотрены их преимущества, недостатки и предпочтительные области применения, 
а также возможность их использования для доставки систем редактирования генов. Особое внимание уделено 
металл-органическим каркасным полимерам и их потенциалу в качестве средств избирательной внутрикле-
точной доставки белков и полинуклеотидов. Сделан вывод о том, что дальнейшее развитие таких векторов и 
технологий на их основе может привести к появлению безопасных и эффективных систем доставки, способных 
длительно циркулировать в крови и распознавать клетки-мишени, обеспечивая адресное высвобождение по-
лезной нагрузки в неизменном состоянии и тем самым улучшая результаты редактирования генов.
Ключевые слова: металл-органические каркасные полимеры; везикулы; наночастицы; вирусные векторы; 
 редактирование генов.

© Shaikhutdinov I.H., Ilyasov P.V., Gribkova O.V., Limareva L.V., 2024

This work is licensed under a Creative Commons Attribution 4.0 License0

MAINSTREAM TECHNOLOGIES
Review

Vavilovskii Zhurnal Genetiki i Selektsii 
Vavilov Journal of Genetics and Breeding. 2024;28(2):239-248

DOI 10.18699/vjgb-24-28



I.H. Shaikhutdinov, P.V. Ilyasov 
O.V. Gribkova, L.V. Limareva

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

Non-viral systems for intracellular delivery  
of genome editing tools

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 (TALENs), 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 in 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).

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 nonviral 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, pro tection 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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Commercially available lipid nanovehicles include, e. g., 
Lipofectamine 2000, Lipofectamine 3000, RNAiMAX, 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 

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 

Summary of advantages and drawbacks of non-viral systems for delivery of genome editing tools

Delivery  
system

Advantages Drawbacks

Liposomes  
and lipid particles

Ease of preparation
Efficient targeted delivery
Possibility of adaptation for particular purposes
Possibility of controlled release

Propensity for aggregation
Issues with size control and stability

Extracellular vesicles Biocompatibility
Efficient and specific delivery
Cargo protection

Relatively low stability
No standardized production methods

Cell-penetrating 
peptides

Low toxicity
Efficient transfection
Possibility to control vector structure

Risk of immunization
Low specificity

Dendrimers Possibility to control vector properties
Cargo protection
Efficient transfection

Toxicity

Polymer  
nanoparticles

Ease of preparation
Safety
Possibility to control vector properties

Relatively low efficiency  
of delivery

Metal nanoparticles Biocompatibility
Broad spectrum of binding components
Efficient delivery

Reported cases of toxicity  
and immunogenic activity

Metal-organic 
frameworks

Ease of preparation
Biocompatibility
Possibility to control pore parameters
Cargo protection
Possibility of controlled release

Relatively low efficacy and specificity of targeted 
delivery
Reported cases of toxicity and immunogenic 
activity
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HuH7 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 vesiclemediated 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 noncovalent 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 plasmidbased 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 
et al., 2021).

The efficacy of CPPs as vectors for gene delivery was 
shown for their complexes with modified viruses, plasmid 

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. et al., 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 et al., 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 
et al., 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, β-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 

Cas9 expression in the macrophages and monocytes both 
in vitro and in vivo.

Rui Y. et al. synthesized polymers from carboxylated 
branched poly(β-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. et al., 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 metalorganic 
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 alkalineearth 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. 
et al., 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 
metalorganic framework over the material to be encapsulated 
(Li Y. et al., 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 lipidbased 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. 

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/Cas9, 
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. et al., 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 pro tein 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 Zn2+ 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 na no-
particles were able to release encapsulated proteins rapidly in 
acid media but not at рН 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 nonviral 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.
Key words: phage library; bacteriophage replicative form; monoclonal antibodies; helper phage; competent cells.
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Аннотация. Фаговый дисплей стал эффективной, надежной и востребованной молекулярной техникой для 
создания библиотек, содержащих миллионы или даже миллиарды клонов, экспонирующих различающиеся 
пептиды или белки. В основе этого метода лежит соответствие между генотипом и фенотипом фага, обеспечи-
вающее презентацию на поверхности фаговых частиц рекомбинантных белков с известным аминокислотным 
составом. Использование процедуры аффинной селекции позволяет проводить отбор из фаговых библиотек 
вариантов, обладающих сродством к различным мишеням. Внедрение технологии фагового дисплея анти-
тел имело революционное значение в области клинической иммунологии, как для создания инструментов 
диагностики инфек ционных заболеваний, так и для получения терапевтических агентов. Она стала также ос-
новой эффективных и относительно недорогих методов исследования белок-белковых взаимодействий, сай-
тов связывания рецепторов, идентификации эпитопов и мимотопов. Технология фагового дисплея антител 
включает в себя ряд этапов, от успешной реализации которых зависит финальный результат. Основа любой 
библиотеки – разнообразие, природное или полученное при помощи методов комбинаторной химии. Крити-
чески важным является подбор молекулярных техник, обеспечивающих сохранение этого разнообразия на 
этапе получения библиотек фагмид и на этапе трансформации клеток E. coli. После добавления фага-помощ-
ника к суспензии трансформированных клеток E. coli происходит формирование библиотеки бактериофагов, 
которая служит рабочим инструментом для проведения процедуры аффинной селекции и поиска индивиду-
альных молекул. Несмотря на кажущуюся простоту создания фаговых библиотек антител, существует ряд тон-
костей, которые необходимо учитывать. В первую очередь это особенности подготовки фагмидного вектора. 
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Problems of creating antibody phage libraries 
and their solutions

В настоящее время разработано большое количество фагмидных векторов, и их выбор также имеет большое 
значение. Ключевым этапом считается подготовка компетентных клеток E. coli и технология их трансформа-
ции. Немаловажен выбор фага-помощника и способа его подготовки. Статья посвящена основным пробле-
мам, с которыми сталкиваются исследователи при создании фаговых библиотек антител.
Ключевые слова: фаговая библиотека; репликативная форма бактериофага; моноклональные антитела; фаг-
по мощник; компетентные клетки.

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 M13, 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 M13 (Fig. 1) is one of the 
most commonly used bacteriophages for antibody phage dis-
play (Sokullu et al., 2019). M13 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 pVI 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 pIII 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 pIII 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 
pIII protein can ensure representation of longer amino acid 
sequences (Näkelä 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 pIII 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 pIII gene in the helper phage genome 
that five copies of this protein will be present in the phage 
progeny (Smith, 1993).

pIII pVI pVIII pVII pIXBacteriophage 
ssDNA

Fig. 1. Schematic representation of the filamentous bacteriophage M13.
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 (pIII, pVI, pVII, and pIX), but the major coat protein pVIII, 
represented by ~2,700 copies, makes up the most part of the capsid (Chung et al., 2011).
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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, pVIII is used in phage display to expand the range 
of potential ligands, and pIII 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 pIII 
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 pIII protein interacts 
with the TolA protein on the bacterial surface. Although the 
pIII 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 pIII 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 pIII 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 M13-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 
(Qi et al., 2012).

There are a large number of phagemid variants. Type III 
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 
f1 ori to enable single-stranded replication and packaging 
into phage particles, a copy of LacI 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 

Packing signal

pIII + VHH pIII + VHH

Phage ori

Phage 
genes

Antibiotic 
resistance

Phage ori

+ E. coli
+ Helper phage

+ E. coli

Plasmid ori

Packing signal

Phage vector
Phagemid vector

Fig. 2. Distinguishing between a phagemid and a phage vector.
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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 
TG1. 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 SfiI 
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 SfiI site. The Comb3XSS vector also 
contains 6×His and HA tags, which allow protein purifica-
tion and detection. It also contains an amber stop codon to 
switch off expression of the pIII 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 

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-

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

Add 10 ml of buffer В  
(2.0 M (NH4)2SO4, 10 mM EDTA,  
100 mM Tris-HCl, pH 7.5)

Add 20 ml of buffer В  
(2.0 М (NH4)2SO4, 10 mM EDTA,  
100 mM Tris-HCl, pH 7.5)

Add 20 ml buffer С  
(0.3 М NaCl, 1.7 M (NH4)2SO4,  
10 mM EDTA, 100 mM Tris-HCl, pH 7.5)

Purified DNA preparation

Dissolve the crude DNA  
preparation in buffer А 
(2.1 М (NH4)2SO4, 10 mM EDTA,  
100 mM Tris-HCl, pH 7.5)
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ries (Tu et al., 2005; Chai et al., 2020). TG1 is an unmodified 
derivative of the E. coli strain JM101. 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 ≥4·1010 CFU/µg 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 (1010– 11 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., 

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 µl (10 pg/μl) 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 
et al., 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 µl of supernatant is removed, the precipitate is 

Inoculate cell culture. 
Incubate at 37 °С for 16 hours

Incubate the cell culture  
for 15–20 min on ice

Centrifuge at 4,000 g and 4 °С

Centrifuge at 4,000 g and 4 °С  
for 5 min. Resuspend the pellet  

in 960 µl of chilled 10 % glycerol

Resuspend pellets in ice water, сentrifuge at 4,000 g and 4 °С for 5 min. 
Repeat procedure twice

Resuspend pellets in 10 ml 
chilled 10 % glycerol

Pack 50 µl into  
pre-chilled test tubes. 

Store at –80 °С

–80 °С

Inoculate the cell culture from the 
‘‘overnight’’ inoculum. Incubate  
at 37 °С for 4 hours to  0.4 OD

Fig. 4. Typical scheme for obtaining competent cells.
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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 µg 
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 1010 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 pIII-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 λ 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 

DNA. This is due to a defective replication start site (Lund 
et al., 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 p15A 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 pIII 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 pIII from the helper phage. This 
means that most phage particles will be “bald” (lacking the 
chimeric pIII-scFv). The preferred display of pIII over fused 
pIII-scFv is probably due to a combination of differences in 
expression/translation levels and the fact that some of the 
fused pIII-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 

Add DNA (10 pg/μl)  
to competent cells TG1

Add 900 μl of SOC medium 
and transfer contents  

to Eppendorf

Process with impulses

Incubate at 37 °С for 1 hour Centrifuge at 5,000 g and 4 °С for 2 min.
Remove the supernatant (950 μl)

Resuspend the resulting precipitate  
and rub over a Petri dish with agar.  

Incubate the Petri dish at 37 °С for 16 hours

Fig. 5. Scheme of electroporation.



Проблемы создания фаговых библиотек антител  
и пути их решения

В.С. Арипов, Н.В. Волкова 
А.А. Ильичев, Д.Н. Щербаков

2024
28 • 2

255АКТУАЛЬНЫЕ ТЕХНОЛОГИИ / MAINSTREAM TECHNOLOGIES

density (about 0.5 OD600) 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 pIII, which is necessary for the formation of 
a complete particle and packaging of the phage genome. The 
resulting hyperphages carry functional pIII on their surface, 
but their genome is defective in the pIII 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 
8·1010 CFU/ml; the excess usually leads to overconsumption 
of the preparation.

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-

Inoculate TG-1 cell culture and 
incubate at 37 °С for 16 hours

Inoculate TG-1 cells from 
overnight inoculum and incubate  

at 37 °С to 0.4 OD

Add helper phage (8 · 1010 CFU) 
and incubate at 37 °С for 30 min

Add antibiotic  
and incubate at 37 °С 

for 16 hours

Resuspend the pellet in TBS. 
The resulting preparation should 

be stored at 4 °С Cenrifuge at 5,000 g  
and 4 °С for 10 min.

Remove the supernatant

Cenrifuge at 5,000 g  
and 4 °С for 10 min.  
Add 1/5V PEG/NaCl  

to supernatant and incubate  
at 4 °С for 16 hours

Fig. 6. Scheme of helper phage amplification.
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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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