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Abstract. The free-living flatworm Macrostomum mirumnovem is a neopolyploid species whose genome under-
went a recent Whole Genome Duplication (WGD). In the result of chromosome fusions of the ancient haploid
chromosome set, large metacentric chromosomes were formed. In addition to three pairs of small metacentrics,
the current karyotype of M. mirumnovem contains two pairs of large metacentric chromosomes, MMI1 and MMI2.
The generation of microdissected DNA libraries enriched for DNA repeats followed by DNA probe preparation and
fluorescent in situ hybridization (FISH) were performed. The DNA probes obtained marked chromosome regions
enriched for different DNA repeats in the M. mirumnovem chromosomes. The size and localization of these regions
varied in different copies of large chromosomes. They varied even in homologous chromosomes, suggesting their
divergence due to genome re-diploidization after a WGD. Besides the newly formed chromosome regions enriched
for DNA repeats, Bchromosomes were found in the karyotypes of the studied specimens of M. mirumnovem. These
B chromosomes varied in size and morphology. FISH with microdissected DNA probes revealed that some Bs had
a distinct DNA content. FISH could paint differently B chromosomes in different worms and even in the same sample.
B chromosomes could carry a bright specific fluorescent signal or could show no fluorescent signal at all. In latter
cases, the specific FISH signal could be absent even in the pericentromeric region of the B chromosome. Possible
mechanisms of B chromosome formation and their further evolution are discussed. The results obtained indicate
an important role that repetitive DNAs play in genome re-diploidization initiating a rapid differentiation of large
chromosome copies. Taking together, karyotype peculiarities (a high level of intraspecific karyotypic diversity as-
sociated with chromosome number variation, structural chromosomal rearrangements, and the formation of new
regions enriched for DNA repeats) and some phenotypic features of M. mirumnovem (small body size, short life-
cycle, easy maintenance in the laboratory) make this species a perspective model in the studies of genomic and
karyotypic evolution in species passed through a recent WGD event.
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HeJaBHO IIPOIIeaIllero IIOJJHOTeHOMHYVIO OVIUINKAIIIO
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AnHoTayuma. CBO60AHOXKMBYLWMIA NNOCKNIA YepBb Macrostomum mirumnovem — HEONONNMIONAHbIV B, €F0 FreHOM
npeTepnen HefJaBHIoOW NofHoreHoMHyto gynnnkaumio (Whole Genome Duplication, WGD). B pe3ynbtate cnuaHuma
raniouaHoro XpOMOCOMHOro Habopa B ero KapuoTune Npoun3soLsio GopmMupoBaHune AByX HOBbIX KPYMHbIX XPOMO-
com, MMI1 n MMI2. Co3paHrie MUKpOoANCCEKUMOHHbIX [HK-61mbnmnotek, oboraweHHbIX NOBTOPEHHbIMY NOCefo-
BatenbHocTAMK OHK, n nx nocnegytowas rmbpuansaums in situ ¢ metapasHbiMM XpomocoMamu M. mirumnovem
BbIAABMIV B 3TVX XPOMOCOMAX PaioHbl, 0b0rallyeHHble MOBTOpeHHbIMK nocnegoBaTenbHocTaMmu [HK. PasHble IHK-
npoO6bl ycTaHaBAMBaNu B Xpomocomax M. mirumnovem paioHbl, oboraleHHble PasHbIMY MOBTOPEHHbIMU NOCHe-
noBaTtenbHOCTAMN. JTokanusauma n pasmep 3TX PaioHOB BapbMPOBasM B Pa3HbIX KOMMUAX KPYMHbIX XPOMOCOM,
3TO NpeAnosarano NX AUBEPreHUNIO U CHUXKEHME YPOBHA rOMOJIOMMN, YTO MOXKET Moc/e MONHOW AynanKkauun re-
HOMa NPUBOAUTbL K ero peaunnonansaymmn. MoMmmo BO3HUKLLIKX de Novo paioHOB XPOMOCOM OCHOBHOTO Habopa,
ob6oralleHHbIX NMOBTOPEHHbIMM NOC/Ief0BATENIbHOCTAMY, B KapuoTune y 60NbWMHCTBA UCCIeA0BaHHbIX 0cobel
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PaiioHbl, 06oraLyeHHble MOBTOPEHHbIMY NOCeL0BaTENIbHOCTAMY
[HK, B xpomocomax Macrostomum mirumnovem

ob6Hapy»keHbl B-xpoMocombl, KoTopble BapbunpoBany no pasmepy n mopdonorum. Pasnnuna B coctase JHK y 3Tmx
B-xpomocom 6binv nokasaHbl ¢ MOMOLLbio dnyopecueHTHON rnbpuansauuu in situ (FISH) ¢ nonyyeHHbIMU MUKPO-
AnccekunoHHbiMn AHK-npo6amm Ha XPOMOCOMHOM MaTepuase, B3ATOM OT Pa3HbIX XMBOTHbIX. OnyopecLeHTHasA
rmbpuansaums in situ 31nx JHK-npo6 no-pasHomy okpalumsana B-xpomMocombl, copepKaLimecs B KapuoTunax y pas-
HblX ocobeit M. mirumnovem. YacTb B-xpomMocom MHTEHCVBHO OKpaluvBanacb npu nposegeHunn FISH, Torga Kak Ha
Lpyrunx B-xpomocomax rmbpran3aLoHHbIX CMrHanoB He 6bino. Cneunduyecknin FISH-curHan otcyTcTBOBan gaxe
B MPULEHTPOMEPHBIX palioHax Takux B-xpomocom. B HacTosLwen cTaTbe 06CyK4aloTcA BO3MOXKHbIE MEXaHU3Mbl
BO3HUKHOBEHMSA 1 Nocneaytouleii 3sontouum B-xpomocom y M. mirumnovem. MonyyeHHble pe3ynbTaTbl yKa3blBaloT
Ha Ba)KHYIO POJib MOBTOPEHHbIX MOC/IEA0BATENIbHOCTEN, KOTOPYIO OHU MOTYT UrpaTb B MpoLiecce peopraHm3auum
reHoMma, NPuBoAA K bbicTpoit AnddepeHUMaLmMmn SynamuupoBaHHbIX KON XPOMOCOM. BbIcOKUiA ypoBeHb BHYTpU-
BULOBOIO KaproTUMMYECKOro pa3Hoo6pasus no YMCIEHHBIM U CTPYKTYPHbIM XPOMOCOMHBIM NepecTporikam 1 no
$GOPMMPOBaHIIO HOBbIX XPOMOCOMHbBIX PallOHOB, 060raLLEHHbIX MOBTOPEHHbIMY MOCIEA0BaTENbHOCTAMM, @ TaKKe
HebonbLIOW pa3mep Tena (~2 MM) 1 NPOCTOTa NOAZePXKaHUA NabopaTOPHbIX KynbTyp M. mirumnovem fenatot 3ToT
BUJ NepCrneKkTVBHOW MOAENbIO B CCIEA0BAHUAX FEHOMHOW 1 KapUOTUMIMYECKON SBOMIOLMU BUAOB, HeJaBHO Npo-
LeALWNX NOMHOTEHOMHY!I0 Ay nanKauuio.

KnioueBble crnoBa: MuKpoanccekumsa metadasHbix xpomocom; AHK-npobbl; NOBTOpeHHbIE MOCIeA0BaTENbHOCTU
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Introduction

Comparative genomics opened up new possibilities for studies
of mechanisms of whole-genome duplication (WGD), as well
as its consequences after the large-scale changes of genome
involving almost all of the genes. The most of the existing
species of plants and animals were resulted from at least one
round of WGD, more often a few WGD events (Wendel, 2000;
Panopoulou et al., 2003; Dehal, Boore, 2005). In different
phylogenetic lineages, these WGDs took place hundreds
of MYA. Hence, the genomes of modern species are paleo-
ploids, and they contain only traces of WGDs (Dehal, Boore,
2005). Therefore, comparative analysis of their genomes
can provide only limited knowledge about mechanisms of
polyploid formation and further reorganization of the dupli-
cated genome. There are two main mechanisms of WGD:
autopolyploidy resulted in autotetraploid genome formation,
and allopolyploidization, i.e. doubling of hybrid genome
after interspecific hybridization. In the latter case, a new allo-
polyploid genome contains both parental genomes, and it can
retain many traits of its hybrid ancestor. The key role of WGD
in genome evolution in animals was considered in the recent
review (Zadesenets, Rubtsov, 2018).

WGD events occurred in genomes of different phylogenetic
lineages (yeasts, plants, animals). Many studies performed by
different research groups have uncovered that the number of
WGDs can distinguish for different phylogenetic lineages:
for instance, in rotifer — 1 WGD, in the vast majority of
vertebrates — 2, in many plants — 3, in salmonids — 4 (Dehal,
Boore, 2005; Glasauer, Neuhauss, 2014; Kenny et al., 2018).
The genome evolution of Brassica rapa contained alternating
rounds of multiplication events, including both whole-genome
duplication and even triplication (Moghe et al., 2014). Some
researchers suggest that WGD creates conditions for follow-
ing large evolutionary transformations, despite other scientists
take a different view, suggesting post-WGD species are mostly
evolutionary dead-end (Mayrose et al., 2011; Soltis et al.,
2014). For many years the most of studies were devoted to
the analysis of polyploidy and WGD in plants that was linked
with the limitations of the available methodological possibili-
ties. Development of new methods in molecular genetics, im-
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provement of NGS technologies have fundamentally changed
the WGD studies in animals (Zadesenets, Rubtsov, 2017b).
In a result, comparative genomics has arisen, and more and
more animal species continue to be involved in these studies
(Comparative Genomics, 2000). The limited number of spe-
cies underwent a recent WGD is a challenge in researches
devoted to WGD and early-stage genome reorganization after
a WGD in animals (Zadesenets, Rubtsov, 2018).

It should be noted that a large number of polyploid variants
are likely to be evolutionary dead-ends (Mayrose et al., 2011;
Barker et al., 2016). They represent new, but less competitive
variants in comparison with their diploid ancestors. Neverthe-
less, traces of WGDs revealed in genomes of many existing
species indicate to a significant contribution of WGD in the
formation of new mechanisms of environmental adaptation
(Glasauer, Neuhauss, 2014; Fisher et al., 2018). Although
WGD can be considered as a key event in the formation of new
phylogenetic lineages, the possibilities of studying a WGD
and the processes it triggers in the followed stages of genome
evolution are limited. The rapid progress in the development of
new methods of molecular genetics and genomics has opened
up new opportunities and perspectives in the evolutionary
studies. However, the number of perspective model organisms
for studying WGD remains extremely low. The involvement
in studies of new species, whose genomes passed through a
recent WGD, is one of the most urgent tasks. The group of
species of free-living flatworms of the genus Macrostomum
may turn out to be one of such promising model species.

Molecular cytogenetic analysis of the M. lignano chromo-
somes uncovered that the main traits of its genome and karyo-
type organization differ from that of the other Macrostomum
species, and these peculiarities are linked with a recent WGD
event in its genome evolution (Zadesenets et al., 2017a, c).
The karyotypes of many Macrostomum species consist of a
low number of small metacentric chromosomes (Egger, Ishida,
2005; Zadesenets et al., 2016; Schérer et al., 2020). It was
suggested that a basal chromosome number was 2n = 6, but
due to the WGD, the doubled chromosome number led to the
increased karyotype 2n = 12 in some Macrostomum species.
Chromosome fusions of all chromosomes of one haploid

637



K.S. Zadesenets
N.B. Rubtsov

chromosome set of ancestor have resulted in the decreased
chromosome number (from 12 to eight chromosomes) in
the M. lignano karyotype (Egger, Ishida, 2005; Zadesenets
et al., 2016). Moreover, paralogous regions revealed in the
M. lignano chromosomes accumulated some differences
that more likely arose after a WGD event (Zadesenets et al.,
2017a, c¢). The uncovered karyotype instability in M. lignano
is considered to be a consequence of the ongoing rediploidi-
zation processes in its genome. The karyotyping of new
Macrostomum species led us to explore a new species, namely
M. mirumnovem arose through a recent independent round
of WGD. The genome evolution of this species accompanied
by intensive chromosome reshuffling resulted in chromosome
fusions, structural chromosome rearrangements, formation of
new repeat-enriched regions, and B chromosome formation
(Zadesenets et al., 2020). Based on the cytogenetic analysis of
the M. mirumnovem chromosomes, we concluded that expan-
sion and amplification of repetitive DNA play a significant
role in the reorganization of its karyotype. By generation of
microdissected DNA probes enriched with DNA repetitive
sequences, we studied the distribution of these DNA repeats
in the M. mirumnovem chromosomes.

Material and methods

Laboratory outbred culture of the free-living flatworm
M. mirumnovem. The laboratory outbred culture of M. mi-
rumnovem, kindly provided by Professor Lukas Schéarer
(Zoological Institute of the University of Basel, Switzerland),
was used in the current study. The culture of M. mirumnovem
has been cultivated under the laboratory conditions for three
years. The first karyotyping was performed three months after
sampling the M. mirumnovem worms from natural popula-
tions (Zadesenets et al., 2020). Already at this stage, a high
level of karyotypic diversity was revealed. The most common
karyotype consisted of nine chromosomes: the largest unpaired
metacentric (MMI1), a pair of large metacentrics (MMI2) a
bit smaller in size than the MMII, and three pairs of small
metacentric chromosomes MMI3-MMIS (Schérer et al., 2020;
Zadesenets et al., 2020).

In the chromosomes thus formed, the active expansion
of transposable elements (TEs) and amplification of DNA
sequences probably led to the formation of numerous regions
enriched for repetitive sequences (Zadesenets, Rubtsov, 2020).
Single-worm karyotyping, carried out before microdissection
of small metacentrics, showed an increase in the karyotypic
diversity among the worms of the laboratory culture, as well
as the formation of B chromosomes in it. In the current study,
we used the metaphase plates with the 2n = 9 karyotype to
generate the microdissected DNA probes. For fluorescence
in situ hybridization (FISH) metaphase chromosome slides
obtained from individual worms with different karyotype
variants were used.

Preparation of metaphase chromosome plates. Regular
karyotyping of individual worms of the laboratory culture
of M. mirumnovem was done as was previously described
(Zadesenets et al., 2016). We checked at least ten metaphase
spreads per each specimen. For microdissection, we prepared
chromosome slides using a cell suspension technique that
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provides a better preservation of DNA in metaphase chromo-
somes. To make a suspension of fixed mitotic cells, we used
100 mature worms, as was earlier described (Zadesenets et
al., 2016). Metaphase plates were spread on a wet surface of
cold coverslips (60 x 24 x 0.17 mm). Preparation of metaphase
spreads on coverslips allowed us to use a maximum magni-
fication of the inverted microscope AXIOVERT10 (ZEISS,
Germany) during microdissection.

Staining of metaphase chromosomes. For routine karyo-
typing the metaphase chromosomes were stained with a fluo-
rescent dye DAPI (4,6-diamidino-2-phenylindole solution)
dissolved in the VECTASHIELD® mounting medium contain-
ing antifade (Vector Laboratories Inc., Burlingame, CA, USA).
Metaphase chromosome slides prepared for microdissection
were stained in a 2 % Giemsa solution (in 1xPBS, pH = 7.2,
PanEco, Moscow, Russia) (Zadesenets, Rubtsov, 2020).

Microscopic analysis of chromosome preparations was
performed at the Center for the collective use of microscopic
analysis of biological objects of the SB RAS at the Institute of
Cytology and Genetics SB RAS (Novosibirsk, Russia) using
an Axioplan 2 luminescent microscope (ZEISS) equipped with
a CCD camera and a set of filters #49, # 10 and # 15 (ZEISS).
Registration and subsequent processing of microscopic im-
ages of chromosomes was performed using the ISIS4 software
(METASystems GmbH, Germany).

Microdissection of metaphase chromosomes and genera-
tion of microdissected DNA probes. Microdissection of
metaphase chromosomes was used for the generation of
the DNA probes from the M. mirumnovem chromosomes as
was described earlier (Zadesenets et al., 2016). To amplify
the DNA of the dissected chromosomal material, we used a
standard variant of sequence-independent polymerase chain
reaction (PCR) (Zadesenets et al., 2017a, ¢). The procedure of
microdissection from the selection of the metaphase plate to
the transfer of dissected material into a PCR tube with a reac-
tion mixture were described in detail (Zadesenets, Rubtsov,
2020). In the current study, we collected two single copies of
small chromosomes.

The difference in the preparation of DNA probes from the
standard protocol consisted in modifying the composition of
the collection buffer, into which the dissected chromosome
material was directly collected (~40 nl in the drawn-out sili-
cone tip of the Pasteur pipette). The collection drop contained
a proteinase and DNA fragmentation buffer (commercial
Whole Genome Amplification 4 (WGAA4) kit, Sigma-Aldrich,
USA) and 0.1 % non-ionic detergent Triton X-100 (VWR Life
Science AMRESCO, USA). All subsequent stages of DNA
preparation for amplification and directly DNA amplifica-
tion were carried out according to the previously described
protocol (Zadesenets et al., 2016, 2017a, ¢) with an increased
number of PCR cycles (up to 35 cycles) at the last stage of the
preparation of a microdissected DNA library.

Generation of microdissected DNA libraries involves two
steps: (1) the generation of DNA fragments (from the dis-
sected chromosomal material) flanked by the corresponding
sequences (WGA4 kit, Sigma-Aldrich, USA) and (2) the
amplification of such DNA fragments in PCR. Depending on
the efficiency of obtaining the flanked DNA fragments in the
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first stage, there are two different variants for the DNA content
of the obtained DNA libraries. In the first one, the sequences
repeated many times in the genome and a significant part
of the unique and low repetitive sequences are involved in
amplification. In the second one, the part of genomic DNA
sequences involved in amplification was reduced and mostly
highly repeated sequences appeared to be amplified. The repre-
sentation of unique DNA sequences in the obtained microdis-
sected DNA libraries is significantly reduced with a decrease
in the efficiency of generation of DNA fragments capable of
amplification at the first stage. In a result, the generated DNA
libraries are enriched with repetitive sequences.

An increase in the number of PCR cycles at the second
stage of generation of microdissected DNA library allows to
obtain the required amount of DNA product. The modification
of the collection buffer used in the first stage of generation
DNA libraries led to the production of DNA libraries that
were enriched in highly repeated sequences. The presence
mostly of highly repetitive DNA in the obtained DNA libraries
was confirmed by the complete absence of a signal in most
euchromatin regions of chromosomes after FISH with DNA
probes obtained on their basis.

The resulting PCR product was labelled in 20 additional
PCR cycles in the presence of fluorochrome-conjugated
nucleotides: Flu-12-dUTP [fluorescein-5(6)-carboxamido-
caproyl-[5(3-aminoallyl)2’-deoxyuridine-5'-triphosphate]
(Biosan, Novosibirsk, RF) or TAMRA-5-dUTP [tetrame-
thylrhodamine-5(6)-(5-[3-carboxamidoallyl]-2'-deoxyuri-
dine 5'-triphosphate)] (Biosan) (Zadesenets et al., 2017a, c).
GenomePlex® Whole Genome Amplification Reamplification
kit (WGA3) (Sigma-Aldrich, USA) was used for labelling.

Fluorescent in situ hybridization on metaphase chro-
mosomes of DNA probes with metaphase chromosomes of
M. mirumnovem was performed according to the previously
described protocol (Zadesenets et al., 2017a, c), without
suppression of the repetitive DNA hybridization. During
FISH, chromosome slides prepared from individual worms
of M. mirumnovem were analyzed. When FISH was carried
out with separate microdissected DNA probes (S3 or S4), as
well as when two-colour FISH with DNA probes S3 and S4,
was performed ten or more specimens of M. mirumnovem
were studied.

Results and discussion

Generation of DNA probes from chromosomes of M. mi-
rumnovem and FISH of the obtained DNA probes with
metaphase chromosomes. The S3 and S4 DNA probes
were obtained from single copies of two small metacentrics.
FISH with the DNA probes on metaphase chromosomes of
M. mirumnovem revealed chromosome regions enriched for
repetitive sequences homologous to DNA in the DNA probes
S3 and S4 (Fig. 1, 2). The regions painted by the DNA probes
S3 or S4 will be called S3D- or S4D-regions, respectively,
i.e. the regions detected by FISH using the DNA probes S3
and S4. In our study, the definition of precise localization of
these regions in metaphase chromosomes of M. mirumnovem
posed a certain problem of the description based on their
morphology and differential staining.
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Fluorescent in situ hybridization with the S4 DNA probe
on the large metacentric chromosomes, MMI1 and MMI2,
gave bright fluorescence exactly in the region of their primary
constriction, and additional signals in some regions of their
chromosome arms (see Fig. 1, 2). In addition to FISH signals in
large chromosomes, the DNA probe S4 gave an intense signal
in the pericentromeric region of the chromosome MMI4. In
some specimens, the distal region of g-arm of MMI4 was also
intensively painted (see Fig. 1, a, b, 2, ¢). The weak signals
(on the edge of being able to detect them) were also detected
in the pericentromeric regions of the chromosomes MMI3
and MMIS5.

Due to the small block of the pericentromeric structural
heterochromatin in the M. mirumnovem chromosomes, it is
hardly possible to conclude whether the S4D-regions were
located directly in the pericentromeric regions or in adjacent
euchromatin regions even in the large chromosomes MMI1
and MMI2. Localization of FISH signal on the condensed
metaphase chromosomes MMI3—-MMIS5 often turned out
to be even more complicated (see Fig. 1, a, ). However, it
should be noted that on less condensed chromosomes MMI3—
MMIS5 with a pronounced primary constriction, the FISH
signal of the DNA probe S4 was always localized in this
region (see Fig. 2, ¢).

Thus, taking into account the small size of the pericentro-
meric heterochromatic regions, the question whether the S4D-
regions are located in the pericentromeric heterochromatin of
the chromosomes or the proximal euchromatin of p- or g-arms,
remains open. For simplicity, a further description of the ob-
tained results, we will define these regions pericentromeric,
recognizing some incorrectness of the use of this term.

Given the specificity in the description of FISH results,
we can conclude that the DNA probe S4 painted the peri-
centromeric regions of all A-chromosomes. The intensity of
FISH signals in different chromosomes varied significantly,
changing from the intense signal in the region of the primary
constriction of some copies of chromosomes MMI1, MMI2,
and MMI4 to the weak separate signals on both chromatids
of small metacentrics MMI3 and MMIS (see Fig. 1, a, b). The
variation in fluorescence intensity of the signal of the DNA
probe S4 in regions of different chromosomes, including
different copies of homologous chromosomes, was probably
derived from the different copy number of the corresponding
repeats in these regions. However, it cannot be ruled out that in
some cases such differences may be based on the differences in
homology level between repetitive sequences in these regions
and the DNA of the S4 probe. It should be noted that additio-
nally to specific signals in the regions of A-chromosomes, the
DNA probe S4 weakly painted some B-chromosomes (see
Fig. 1, 5,2, a, b).

Intense FISH signals of the DNA probe S3 localized only
in small chromosome MMI4 and in large metacentric chro-
mosomes (MMI1 and MMI2). Furthermore, two-colour FISH
with the DNA probes S3 and S4 showed that the large chro-
mosomes are enriched for different highly repeated sequences.
Moreover, the revealed S3D- and S4D-regions were not co-
localized (see Fig. 2, a—c). Even in the proximal region of
MMI4, where the S3D- and S4D-regions were localized close
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Flu/TAMRA

Fig. 1. Fluorescent in situ hybridization of the microdissected DNA probes
S3 (red signal) and S4 (green signal) with metaphase chromosomes ob-
tained from different specimens of M. mirumnovem. The chromosomes
differ in the size of the regions enriched for repetitive DNA sequences
(a-d). The inverted image of DAPI-staining and separate channels for
fluorochromes Flu/TAMRA are presented.

The chromosomes MMI3-MMI5 are indicated by numbers (3-5, correspon-
dently) and B chromosome(s) is/are marked by the letter “B". The suggested
B chromosomes are shown with asterisks (small chromosomes having the size
and morphology distinct from that of the chromosomes MMI3-MMI5). Scale
bar 10 pm.

DAPI/Flu/TAMRA DAPI Flu TAMRA

Fig. 2. Two-colour fluorescent in situ hybridization of the microdissect-
ed DNA probes S3 (red signal) and S4 (green signal) with metaphase
chromosomes of high (a-b) and low (c) condensation level. Metaphase
spreads were obtained from various samples of M. mirumnovem. The
chromosomes differ in the size of the regions enriched in repetitive DNA
sequences (a—c). The inverted image of DAPI-staining and separate chan-
nels for fluorochromes Flu/TAMRA are presented.

For trait designations see Fig. 1.
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to each other, no co-localized FISH signals of the DNA probes
S3 and S4 were observed.

In one specimen, a transition of the S3D-region to the distal
region of the p-arm of MMI4 was revealed, which is visible on
low condensed chromosomes (see Fig. 2, ¢). It is likely that this
transition could be resulted from an inversion involving one
of the breakpoints located between the S3D and S4D regions.
The obtained FISH results indicated that different repetitive
sequences belonging to MMI4 were involved in DNA am-
plification during generation of the DNA probes S3 and S4.

The low-intense FISH signals of the DNA probe S3 (on the
edge of the possibility of their detection) were revealed in the
regions of small chromosomes MMI3 and MMIS5. Either the
revealed regions probably contained a relatively low copy
number of DNA repeats homologous to that of the DNA
probe S3, or DNA repeats in them had a low homology level
with the DNA of the probe S3. We should note that the DNA
probe S3 intensively painted the regions in the arms of some
copies of large metacentrics (see Fig. 1, a—d, 2, a—c). Some
of these regions were painted even more intensively than the
proximal part of MMI4.

Summarizing data on FISH with the DNA probes S3 and
S4 it is possible to state that two different types of large
chromosomes were revealed in the karyotypes of studied
specimens of M. mirumnovem. One of them was characterized
by the presence of strong hybridization signals in their arms,
while another showed the level of specific FISH signal in-
tensity comparable to registered ones in the regions of small
chromosomes MMI3 and MMIS5 (see Fig. 1, 2).

Possible mechanisms for the formation of regions en-
riched for repetitive sequences and their following evolu-
tion. The question of the molecular mechanisms providing
the variability of the regions enriched for DNA repeats in size
and location remains open. However, it is necessary to take
into account that chromosomes MMI1 and MMI2 contain
extended regions homologous to the euchromatic regions of
MMI4 (Zadesenets et al., 2020). Besides variable S3D- and
S4D-regions (in terms of localization and size) observed in
the MMI1 and MMI2, the S3D- and S4D-regions were also
detected in the chromosome MMI4, but only their traces
were found in the MMI3 and MMIS5. Probably, the fusions
of ancestral chromosomes that formed the large metacentrics
were accompanied by amplification of DNA repeats derived
from MMI4. Further expansion and amplification of repetitive
DNA sequences could lead to the divergence of the formed
large metacentrics. The distribution of such regions within
the chromosome could also occur as a result of inversions,
as it was shown in case of transition of the S3D-region in
the chromosome MMI4 in one of the analyzed specimens of
M. mirumnovem (see Fig. 2, ¢).

Based on the results obtained in our study;, it is not possible
to estimate what kind of repetitive sequences are present in
the microdissected DNA probes. In future, the answer to this
question can be obtained by cloning DNA fragments from
the generated DNA libraries and subsequent FISH with DNA
probes prepared from these DNA fragments. Previously,
this approach was successfully applied to analyze the DNA
composition of the B chromosome of the locust species, Po-
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disma kanoi (Bugrov et al., 2007). An alternative way for
studying the DNA composition of the microdissected DNA
libraries is their NGS sequencing. Earlier, this approach
was applied to determine the DNA composition of Bs of the
Korean field mouse Apodemus peninsulae from East Asia,
the yellow-necked mouse Apodemus flavicolis, and a small
supernumerary marker chromosome in humans (Makunin et
al., 2018). However, the latter experimental design implies
following verification of the results of NGS sequencing using
DNA probes generated based on the obtained sequences, since
a certain amount of DNA always contaminate microdissected
DNA libraries. Additionally, for a successful and efficient
interpretation of the data derived from the microdissected
library sequencing, it is desirable to have a reference genome
assembly or at least genome draft of the studied species
(Zadesenets et al., 2017b). In the case of M. mirumnovem, it
is problematic due to the prominent karyotype and genome
instability, and therefore it requires consideration of alternative
approaches.

B chromosomes of M. mirumnovem. In addition to the re-
gions of A chromosomes, the DNA probe S4 gave specific sig-
nal in some Bs (see Fig. 1, b, 2, a—c). These results allow us
to propose one of the scenarios for the formation of such Bs.
They could be originated from the pericentromeric region of
one of the A chromosomes as a result of chromosome breaks,
leading to the arising of a small additional chromosome.
At the beginning, this chromosome (or proto-B chromosome)
consisted of the pericentromeric region of the ancestral A chro-
mosome, and the subsequent amplification of repetitive DNA
sequences homologous to DNA of the microdissected DNA
probes and other different DNA repeats. The uneven and not
intense specific fluorescence from the DNA probe S4 on the
B indicates the presence of such different DNA repeats in
the B chromosome. It is worth noting that these DNA repeats
can derived both from the pericentromeric region of the ances-
tral A chromosome and from different chromosome regions.
For instance, some Bs gave no specific signal after FISH with
the DNA probe S4. Moreover, specific FISH signal was absent
even in the pericentromeric regions of such B chromosomes
(see Fig. 1, a), which indicates the amplification of different
types of DNA repeats during the formation of the Bs, and,
probably, their different origin.

Conclusion

Using microdissected DNA probes generated by the modified
protocol and containing predominantly highly repeated DNA
sequences, we identified the regions enriched in repetitive
DNA sequences in the M. mirumnovem chromosomes. We
have shown that enrichment of such chromosomal regions
for DNA repeats could vary substantially. The formation
and following changes of these regions in large metacentrics
MMII1 and MMI2 could lead to differentiation of the copies of
homologous chromosomes. Additionally, the obtained results
indicate that the DNA content in different copies of B chro-
mosomes could differ among individuals of M. mirumnovem.
The repetitive DNA sequences homologous to DNA repeats
from the proximal regions of A chromosomes took part in the
formation of at least some B chromosomes.
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