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Abstract. Application of microdissected DNA libraries and DNA probes in numerous and various modern molecular
cytogenetic studies showed them as an efficient and reliable tool in the analysis of chromosome reorganization
during karyotypic evolution and in the diagnosis of human chromosome pathology. An important advantage of
DNA probe generation by metaphase chromosome microdissection followed by sequence-independent poly-
merase chain reaction in comparison with the method of DNA probe generation using chromosome sorting is the
possibility of DNA probe preparation from chromosomes of an individual sample without cell line establishment
for the production of a large number of metaphase chromosomes. One of the main requirements for successful
application of this technique is a possibility for identification of the chromosome of interest during its dissection
and collection of its material from metaphase plates spread on the coverslip. In the present study, we developed
and applied a technique for generation of microdissected DNA probes in the case when chromosome identification
during microdissection appeared to be impossible. The technique was used for generation of two sets of Whole
Chromosome Paints (WCPs) from all chromosomes of two species of free-living flatworms in the genus Macrosto-
mum, M. mirumnovem and M. cliftonensis. The single-copy chromosome technique including separate collection
of all chromosomes from one metaphase plate allowed us to generate WCPs that painted specifically the original
chromosome by Chromosome In Situ Suppression Hybridization (CISS-Hybridization). CISS-Hybridization allowed
identifying the original chromosome(s) used for DNA probe generation. Pooled WCPs derived from homologous
chromosomes increased the intensity and specificity of chromosome painting provided by CISS-Hybridization.
In the result, the obtained DNA probes appeared to be good enough for application in our studies devoted to ana-
lysis of karyotypic evolution in the genus Macrostomum and for analysis of chromosome rearrangements among
the worms of laboratory cultures of M. mirumnovem.
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AHHoTayus. MNpy npoBeAeHNN MHOTOUYNCIIEHHDBIX U Pa3HOO6PA3HbIX MONEKYIAPHO-LUTOrEHETUYECKMX UCCneno-
BaHWI MUKpoanccekumnoHHble HK-6nbnmnotekn n JHK-npobbl 3apekomeHaoBany cebs Kak HagexHbl 1 b dek-
TUBHDBIV MHCTPYMEHT KaK B AMArHOCTVKE U aHaM3e XPOMOCOMHBIX MaTOJIOrMiA YeN0BEKa, TaK 1 B paboTax, NocBaA-
LEHHbIX M3YyYeHNI0 peopraHM3aLm XPOMOCOM B XOf€e KapvOTUMNYECKON 3BOSTIOLMN. BaxKHbIM NpenmyLLecTBOM
MUKpoancceKumoHHblix JHK-npob nepen xpomocomocneunduuHbimm JHK-npob6amu, nonyyeHHbIMM C MOMOLLbIO
XPOMOCOMHOFO COPTUHIa, ABNAETCA BO3MOXHOCTb MX MPUrOTOBMIEHUA M3 XPOMOCOMHOIO MaTtepuana UHAUBU-
LyaNbHbIX XMBOTHbIX 6€3 JONONHUTENbHOIO 3Tana Co3AaHMA KNEeTOUYHbIX KynbTyp, MpeAHa3sHaueHHbIX 4iA Npouns-
BOACTBA 60/bLWOro yncsa metadasHbiX XpOMOCcoM. OfHO 13 OCHOBHbIX YCIOBUWIA YCMELLIHOO UCMOMb30BaHNA MUK-
POANCCEKLNOHHON TEXHUKN — naeHTUdMKaLmA LeneBor XpOMOCOMbI Ha NpenapaTtax MeTadasHbiX XPOMOCOM, YTO
NO3BOJIAET, UCNOMb3YA MUKPOMAHUMNYMALMOHHYIO TEXHUKY, OCYLLeCTBNATL COOP HeMocpeACTBEHHO ee MaTepurana
C LMTONOrMYeCcKMx npenapaToB. B HacToAwe paboTe npeanoxeHa TexHonorua cosgaHuna IHK-npo6 pna nHaneu-
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LlyaJibHbIX XPOMOCOM fiaxke B TOM Cilyyae, KOraa pyTVHHOE OKpallvBaHue He JaeT MPOBeCTU NX HafeXHYIo naeH-
Tndukaumo. NMpeactaBneHHbIN NOAXOA anpobrpoBaH Npu NosyvyeHun Habopos xpomocomocneundryHbix AHK-
npo6 Ans XpoOMOCOM ABYX BMAOB CBOGOAHOXMBYLUMX MIOCKMX YepBel poda Macrostomum — M. mirumnovem n
M. cliftonensis. KapnoTunbl 3TUX BUAOB COAep»KaT TPU Napbl MENKKX, GIM3KMX MO pa3sMepy MeTaLeHTPUYECKMX XPo-
MOCOM, HafieXXHas naeHTNOUKaLMA KOTOPbIX MOCNe OKpallvBaHUA KpacuTtenem MM3a okasanacb HEBO3MOXHOM.
PaspenbHbill c6op Bcex MeTadasHbIX XPOMOCOM M3 OHON MeTapasHOWM NAACTUHKK C nocnegytoLelt amnanduka-
umen nx AHK nossonun co3patb JHK-npobbl, cneundmryeckn okpalumnsatoLiie NCXOAHble XPOMOCOMbI NP NpoBe-
LEeHUN Aaxke YacTUYHOW CynpecCOoHHON rnbpuamnsaunu in situ. Mpw aHanyu3e pe3ynbTaToB TakoN CYyNpPeCcCUOHHOM
rmépuansaumni in situ npeHTUGULMPOBaHbBI XPOMOCOMBI, U3 KOTOPbIX 6b1n1 nonyyeHbl AHK-npo6sbl. NMocneaytouiee
nynupoBaHue JHK-npo6, co3gaHHbIX M3 FOMOMOMMYHbBIX XPOMOCOM, CNOCOOGCTBOBANO YBENNYEHNIO MHTEHCMBHO-
CTW 1X cneyndryeckoro oKpallBaHUA NPy NPOBEAEHNN UX CYNPECCUOHHONW rmbpuansaumm in situ. 3To, B CBOO
ouyepefb, 06ecneymsio BOIMOXHOCTb YCMELWHOro NPYMEHEHNA MPeAsiaraeMoro noaxofa B 3KCMepUMeEHTax, no-
CBALLEHHbIX U3YYeHMI0 KapuoTUnmnyecKkon agonounmn B poae Macrostomum, a TakxKe Npu aHann3e XpOMOCOMHbIX
nepecTpoek, MMelLLX MecTo B 1abopaTopHbIX KynbTypax M. mirumnovem.

KnioueBble cnoBa: MUKpoancceKuma metadasHbiX XPOMOCOM; MUKpoamcceKkunoHHble HK-npobbl; dnyopecueHT-

Has in situ FI/I6pI/I,I1I/ISaLlI/Iﬂ; CUKBEHC-HE3aBNCMMaA noinmepasHaa uenHaa peakyuma.

Introduction

Comparative cytogenetics as a special area in the modern bio-
logy arose after the development of methods for high-quality
metaphase chromosome preparation. Its progress is associated
mostly with the development of techniques for chromosomes
and chromosome regions identification. Since the 1970s,
researchers successfully used the GTG-banding method for
comparative cytogenetic analysis of chromosomes of different
species of mammals and birds (Graphodatsky et al., 2000).
The next step in development of comparative cytogenetics
was the homeologous gene assignment to chromosomes or
chromosome regions in different species of mammals that
served as markers of their homeology. In the first studies
devoted to gene assignments to the chromosomes, the panels
of interspecific hybrids of somatic cells were used (Rubtsov
et al., 1981). The obtained data were combined with a com-
parison of GTG-banding patterns of chromosomes containing
homeologous genes (Rubtsov et al., 1988).

Significant progress in comparative cytogenetics has
been associated with the development of fluorescent in situ
hybridization (FISH) technique for nucleic acids in the early
1980s (Bauman et al., 1980). This technique made it pos-
sible to localize cloned DNA fragments precisely to small
chromosomal regions, and then specifically paint the whole
chromosomes or extended chromosome regions (Nesterova
etal., 1991). One of the pivotal moments in the development
of comparative cytogenetics appeared to be the development
of physical isolation of chromosomal material. Two different
techniques, namely metaphase chromosome microdissection
and chromosome flow sorting, are used for generation of the
whole chromosome or partial chromosome paints (WCPs and
PCPs, respectively). These paints are generated from isolated
chromosomal material through sequence-independent DNA
amplification in a polymerase chain reaction with partially
degenerated MW6 primer, or by using the special WGA-kits
(whole genome amplification). Chromosome in sifu suppres-
sion hybridization (CISS-hybridization) painted specifically
the original chromosome or chromosome region and also
homeologous chromosomes and correspondent region in re-
lated species (Ferguson-Smith, Trifonov, 2007). The quality
of such WCPs depends on the efficiency of DNA amplification
of the collected chromosomal material, the number of isolated
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chromosome copies used on the start of DNA amplification,
and the quality of DNA of the collected chromosomal mate-
rial. The high quality of whole chromosome paints can be
achieved by collecting many hundreds of chromosome copies
using flow sorting. In the case of microdissection, the number
of obtained chromosome copies is limited due to the high
complexity of the microdissection procedure. The problems
of identification chromosome of interest could make the ap-
plication of chromosome microdissection technology even
more complicated task.

In the molecular cytogenetic analysis of chromosomes of
free-living worms of the genus Macrostomum, we encountered
had to solve the problem of whole chromosome paints genera-
tion from chromosomes that avoid reliable identification after
chromosome staining. The karyotypes of species belonging
to the genus Macrostomum can be divided into three groups
based on their chromosome number and morphology. The
karyotypes of species from two groups (2n = 6 and 2n = 12)
consist of small metacentric chromosomes suggesting that a
recent whole genome duplication (WGD) could take place in
the evolution providing species with chromosome number
2n=12. This hypothesis is in a good agreement with the results
of molecular cytogenetic analysis of asymmetric karyotypes
of M. lignano and M. janickei species. In the karyotypes of
these species, there are clear traces of a recent WGD event
(Zadesenets et al., 2017a, b). In addition to a WGD in their
evolution, there was a fusion of one haploid set of ancestral
chromosomes into one large metacentric chromosome (Zade-
senets et al., 2017a, b).

The hypothesis of chromosome number doubling in a result
of WGD can be verified by generation of WCPs from indivi-
dual chromosomes of the Macrostomum species having the
2n = 12 karyotype and further CISS-hybridization on meta-
phase chromosomes of the species. The specific painting of
two pairs of paralogous chromosomes with the WCP derived
from individual chromosome would indicate to a recent
duplication of this one in karyotype evolution of studied
species. The same results obtained for all chromosomes will
confirm the hypothesis of the WGD that recently took place in
the genome evolution of analyzed species. The high level of
similarity of all chromosomes have complicated the generation
of specific WCPs that could be applied for such a study. Such
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similarity of the morphology and size of all chromosomes
was revealed in all currently karyotyped species of the genus
Macrostomum with the chromosome set 2n = 12 (Zadesenets
et al., 2020).

We investigated the karyotypes of new Macrostomum
species that potentially could be involved in these studies.
Additionally, we developed the method for the generation
of WCPs that painted original chromosomes in species with
morphologically indistinguishable chromosomes.

Material and methods

Laboratory cultures of the free-living Macrostomum
worms. Laboratory cultures of M. cliftonensis and M. mi-
rumnovem were kindly provided by Dr. Lukas Schérer
(Zoological Institute, University of Basel, Switzerland).
The outbred cultures of M. cliftonensis and M. mirumnovem
were maintained in the laboratory of Institute of Cytology
and Genetics of Siberian Branch of the Russian Academy of
Sciences. The karyotype of M. cliftonensis (2n = 6) consists
of three pairs of small metacentric chromosomes of similar
size and morphology (Zadesenets et al., 2020). Karyotyping
of M. mirumnovem revealed a high karyotypic diversity, with
the most common chromosome number 2n = 9 (Zadesenets
et al., 2020). In this study, we used only the worms with the
2n =9 karyotype.

Metaphase chromosome slide preparation. Chromosome
slide preparation was carried out according to the previously
published protocol for single-worm karyotyping (Zadesenets
et al., 2016). To describe the karyotype, we analyzed at least
ten metaphase plates per each specimen. For microdissection,
chromosome slides were prepared from chromosome suspen-
sion, as described earlier (Zadesenets et al., 2016).

Metaphase chromosome staining. For routine karyotyp-
ing, chromosomes were stained with DAPI (4°, 6-diamidino-2-
phenylindole) (Vector Laboratories, USA) under the standard
protocol. For microdissection, chromosomes were stained
with 0.1 % Giemsa solution for 3 min at room temperature
(RT). After staining, they were rinsed in distilled water and
air-dried. After drying, the chromosomes should remain soft
enough for effectively cutting with an extended glass needle.

Microscopy. Microimages of metaphase chromosomes after
DAPI-staining and FISH were captured using a CCD-camera
installed on an Axioplan 2 Plus microscope (ZEISS, Germany)
equipped with a fluorescence filter cube set, #49, #10 and #15
(ZEISS, Germany). AxioVision (ZEISS, Germany) or ISIS4
(METASystems GmbH, Germany) software was applied for
caption and analysis of chromosome microimages. Micro-
scopy was performed at the Center for Microscopic Analysis
of Biological Objects of SB RAS (Novosibirsk, Russia).

Metaphase chromosome microdissection and whole
chromosome paint generation. In general, metaphase chro-
mosome microdissection in species of the genus Macrostomum
and DNA sequence-independent amplification of DNA of
dissected material for WCP generation were mainly described
previously (Zadesenets et al., 2016, 2017a, b). Briefly, only
complete metaphase plates were used in microdissection ex-
periments. The material in the metaphase plate had to be well
spread without chromosome contacts and overlapping. Such
quality of chromosome spreading allowed us to carefully iso-
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late all chromosomes from the metaphase plate and transfer the
material of each chromosome into a separate tube. For micro-
dissection of the M. mirumnovem chromosomes, we used only
individuals with the 2n =9 karyotype. Their chromosome set
included the unpaired largest metaphase chromosome MMI1,
the pair of large metacentrics MMI2, and three pairs of small
metacentric chromosomes MMI3—MMIS5. Under microscopic
control, the material of the isolated chromosome was trans-
ferred to 40 nl of the reaction mixture (Zadesenets et al., 2016),
placed in the extended siliconized tip of the Pasteur pipette.
Microscopic control guaranteed reliable and complete transfer
of isolated chromosome. Then, its material was treated with
proteinase K and transferred to 10 pl of the reaction mixture
within a 0.5 ml Eppendorf Safe-Lock microcentrifuge tube.
Further, DNA preparation for amplification and the amplifica-
tion itself was performed according to the previously described
protocol (Zadesenets et al., 2016, 2017a, b). After polymerase
chain reaction (PCR), the resulting DNA product was labeled
in 20 additional PCR cycles in the presence of Flu-12-dUTP
[fluorescein-5(6)-carboxamidocaproyl-[5(3-aminoallyl)2'-
deoxyuridine-5'-Triphosphate] (Biosan, Novosibirsk, Russia)
or TAMRA-5-dUTP (5-tetramethylrhodamine-dUTP) (Bio-
san) using the Whole Genome Amplification 3 Kit (WGA3,
Sigma-Aldrich, USA) (Zadesenets et al., 2016, 2017a, b). The
WCPs were tested by CISS-hybridization with metaphase
chromosomes of the original species.

CISS-hybridization with metaphase chromosomes of
M. cliftonensis and M. mirumnovem. Due to the small body
size of M. cliftonensis and M. mirumnovem (the mean body
length of adult worms does not exceed 1.22 and 1.17 mm,
respectively) (Schérer et al., 2020), it was impossible to obtain
a sufficient amount of Cotl/Cot2 DNA (fraction of highly
repetitive DNA) for routine CISS-hybridization. Previously
we developed a modification of the CISS-hybridization with
WCPs generated from microdissected chromosomes of some
Macrostomum species (Zadesenets et al., 2017a, b, 2020). This
CISS-hybridization gave different painting patterns in dif-
ferent chromosomes regions, depending on their enrichments
with DNA repeats. The euchromatic regions at the original
chromosome showed specific painting patterns. Less intense
fluorescence was observed at other chromosome euchro-
matic regions containing dispersed DNA repeats. In contrast,
more intense signals were found in the heterochromatic
regions enriched for DNA repeats homologous to those in
the WCPs.

Results and discussion

Chromosomes of M. cliftonensis. Before microdissection,
we repeatedly checked the karyotypes of randomly chosen
100 specimens of M. cliftonensis. All metaphase plates in
analyzed samples contained the standard for M. cliftonensis
chromosome set, 2n = 6, consisting of three pairs of small
metacentric chromosomes (Fig. 1).

Generation and testing of WCPs derived from meta-
phase chromosomes of M. cliftonensis. For obtaining of
metaphase plates of M. cliftonensis, suspension of mitotic
cells was dropped on a cold, wet glass coverslip (60 mm x
24 mm x 0.17 mm), and chromosome slide was immediately
put horizontally into warm water vapors (65—70 °C). After air-
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Fig. 1. The karyotype of M. cliftonensis (2n = 6) consists of three pairs of
small metacentric chromosomes showing similar size and morphology.

Fig. 2. CISS-hybridization with the WCPs derived from chromosome 1
(red signal) and chromosome 3 (green signal) of M. cliftonensis on the
metaphase chromosomes of M. cliftonensis.

Chromosome numbers are indicated.

10 pm

¥ | e

MMI1 MMI2 MMI3 MMI4 MMI5

Fig. 3. The karyotype M. mirumnovem (2n = 9) consists of three large chro-
mosomes and three pairs of small metacentric chromosomes showing
similar size and morphology.

drying slide was rinsed in phosphate buffer (1xPBS, pH="7.2)
for 1 min at RT and immediately transferred in 0.1 % Giemsa
solution for 3—4 min at RT. After staining, the slide was rinsed
in distilled water and slightly dried. The chromosomal material
should remain wet and soft for easy and careful its collection
without breaking into fragments with extended siliconized
glass needle. This procedure of chromosome preparation for
microdissection reduced DNA degradation and allowed the
quantitative collection of chromosome material.
Microdissection was carried out on an AxioVert10 inverted
microscope (ZEISS, Germany) equipped with two microma-
nipulators, one of which controlled an extended glass needle.
At the same time, the other served to fix the Pasteur pipette
with an extended tip during the transfer of dissected material.
For more efficient microdissection, a special rotating sliding
stage was installed on AxioVert10 inverted microscope.
Material of all chromosomes from the selected metaphase
plate was collected and transferred under microscopic control
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into reaction mixture solution in the extended siliconized
tips of the Pasteur pipettes (the diameter of the tip was about
40 pm). Then it was transferred into the separate PCR tubes
contained 10 pl of the reaction mixture (Zadesenets et al.,
2016). To ensure that the material was transferred completely,
we broke off, the extended tip of the Pasteur pipette in the
PCR tube. Further, the preparation of DNA for amplification
(proteinase K treatment, DNA fragmentation, DNA library
preparation) and DNA amplification itself were carried out
according to the standard protocol (Zadesenets et al., 2016,
2017a, b, 2020). The resulting PCR products were labeled,
and two-color CISS-hybridization was performed for testing
the quality of the obtained WCPs and to determine WCPs
generated from homologous chromosomes.

The CISS-hybridization with obtained WCPs painted
entirely one pair of chromosomes and gave a signal in the
pericentromeric regions of other chromosomes (Fig. 2). The
last could be provided by insufficient suppression of repeti-
tive DNA hybridization. The DNA libraries generated from
homologous chromosomes were pooled together. After CISS-
hybridization, the WCPs based on the combined DNA libraries
gave more intense and more specific signal on the original
chromosome. They also provided more intense FISH signal at
the pericentromeric regions of all chromosomes. At the same
time, the painting intensity at the euchromatic regions of other
chromosomes did not increase. Two-color CISS-hybridization
with obtained WCPs did not reveal chromosome transloca-
tion in the M. cliftonensis karyotype. These results confirmed
our previous suggestion that the M. cliftonensis karyotype is
highly stable.

Generation and testing of WCPs derived from meta-
phase chromosomes of M. mirumnovem. Since we unco-
vered high karyotype instability in the laboratory culture of
M. mirumnovem (Zadesenets et al., 2020), the worms with
the 2n = 9 karyotype were chosen for the WCP generation.
At the beginning of the cultivation of M. mirumnovem worms
under the laboratory conditions, the most common karyotype
revealed among the specimens was 2n = 9 (Fig. 3). The
same protocol of metaphase chromosome microdissection
and sequence-independent DNA amplification described for
M. cliftonensis was applied for generation of the WCPs from
the M. mirumnovem chromosomes. The material of all nine
chromosomes was isolated separately from one metaphase
plate, and the WCPs were obtained by DNA amplification of
the collected material. The following CISS-hybridization was
performed on metaphase chromosomes of M. mirumnovem,
and pairs of WCPs derived from homologous chromosomes
were determined. Microdissected DNA libraries obtained from
homologous chromosomes were pooled together and were
further used for the production of the WCPs. As a result, we
received the set of WCPs that includes four WCPs derived
from the MMI2-MMI5 chromosome pairs and one WCP de-
rived from one copy of unpaired chromosome MMII.

CISS-hybridization of WCPs obtained from small chromo-
somes MMI3-MMIS5 gave intensive and specific fluorescent
signals on the original chromosome, less intensive signal at
the pericentromeric regions of the remaining chromosomes,
and weak non-specific signals at the euchromatic regions of
other small metacentrics. However, the painting pattern of
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Flu TAMRA

Fig. 4. CISS-hybridization with the WCPs on metaphase chromosomes of M. mirumnovem.

a - the whole chromosome paints derived from small chromosomes MMI3 (green signal) and MMI4 (red signal); b — the whole chromosome
paints derived from small chromosomes MMI4 (red signal) and MMI5 (green signal). Chromosome numbers are indicated.

large chromosomes appeared to be more complicated for in-
terpretation. The WCPs obtained from chromosomes MMI3—
MMIS painted specifically but less intensively and unevenly
different regions of the MMI2 chromosome, and they painted
even less intensively and less evenly the MMI1 chromosome
(Fig. 4).

CISS-hybridization with the WCPs derived from the large
chromosome MMII and two copies of the MMI2 painted
intensively the original chromosomes. However, the pattern
of chromosome painting was uneven. On low condensed
chromosomes, areas of intense fluorescence alternated with
less intensely painted regions. We should note that CISS-hy-
bridization with the WCPs derived from large metacentrics
MMI1 and MMI2 gave weak specific fluorescent signals on
small metacentric chromosomes MMI3-MMIS. We believe
that the obtained painting patterns of the M. mirumnovem
chromosomes indicate to the WGD event in the evolutionary
scenario of this species. However, it has been accompanied
by intensive genome and karyotype reorganization, possibly
leading to the rediploidization of the modern M. mirumnovem
genome. A similar scenario of genome and karyotype evolu-
tion was previously described for the other Macrostomum
species, M. lignano and M. janickei, belonging to another
phylogenetic lineage (Schérer et al., 2020; Zadesenets et al.,
2020).

Conclusion

The proposed and tested approach for the preparation of DNA
probes from individual whole chromosomes allowed us to
obtain the WCPs for chromosomes of M. clifionensis and
M. mirumnovem. The generated WCPs efficiently identified
the material of their original chromosomes in both species.
Moreover, in the M. mirumnovem chromosomes, the WCPs
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revealed the paralogous regions, resulting from the recent
WGD followed by subsequent reorganization of ancestral
chromosomes.

References

Ferguson-Smith M.A., Trifonov V. Mammalian karyotype evo-
lution. Nat. Rev. Genet. 2007;8(12):950-962. DOI 10.1038/
nrg2199.

Graphodatsky A.S., Yang F., O’Brien P.C.M., Serdukova N.,
Milne B.S., Trifonov V., Ferguson-Smith M.A. A comparative
chromosome map of the Arctic fox, Red fox and dog defined by
chromosome painting and high resolution G-banding. Chromo-
some Res. 2000;8(3):253-263. DOI 10.1023/A:1009217400140.

Nesterova T., Rubtsov N., Zakian S., Matveeva V., Graphodatsky A.
Mapping of the silver fox genes: assignments of the genes for
MEI1, ADK, PP, PEPA, GSR, MPI, and GOT1. Cytogenet. Cell
Genet. 1991;56(2):125-127. DOI 10.1159/000133065.

Rubtsov N., Graphodatsky A., Matveeva V., Radjabli S., Neste-
rova T., Kulbakina N., Zakian S. Silver fox gene mapping: con-
served chromosome regions in the order Carnivora. Cytogenet.
Cell Genet. 1988;48(2):95-98. DOI 10.1159/000132598.

Rubtsov N., Radjabli S., Gradov A., Serov O. Chinese hamster x
American mink somatic cell hybrids: characterization of clone
panel and assignment of the genes for malate dehydrogenase-
NADP-1 and malate dehydrogenase-NAD-1. Theor: Appl. Ge-
net. 1981;60:99. DOI 10.1007/BF00282425.

Schérer L., Brand J.N., Singh P., Zadesenets K.S., Stelzer C.-P.,
Viktorin G.A phylogenetically informed search for an alternative
Macrostomum model species, with notes on taxonomy, mating
behavior, karyology, and genome size. J. Zool. Syst. Evol. Res.
2020;58:41-65. DOT 10.1111/jzs.12344.

Zadesenets K.S., Ershov N.I., Berezikov E., Rubtsov N.B. Chromo-
some evolution in the free-living flatworms: first evidence of in-
trachromosomal rearrangements in karyotype evolution of Mac-

523



K.S. Zadesenets
N.B. Rubtsov

rostomum lignano (Platyhelminthes, Macrostomida). Genes.
2017a;8:298. DOI 10.3390/genes8110298.

Zadesenets K., Jetybayev 1., Schérer L., Rubtsov N. Genome and
karyotype reorganization after whole genome duplication in
free-living flatworms of the genus Macrostomum. Int. J. Mol.
Sci. 2020; 21:680. DOI 10.3390/ijms21020680.

Zadesenets K.S., Schdrer L., Rubtsov N.B. New insights into the
karyotype evolution of the free-living flatworm Macrostomum

Generation of microdissected DNA probes
without chromosome identification

lignano (Platyhelminthes, Turbellaria). Sci. Rep. 2017b;7:6066.
DOI 10.1038/s41598-017-06498-0.

Zadesenets K.S., Vizoso D.B., Schlatter A., Konopatskaia 1.D.,
Berezikov E., Schirer L., Rubtsov N.B. Evidence for karyo-
type polymorphism in the free-living flatworm, Macrostomum
lignano, a model organism for evolutionary and developmental
biology. PLoS One. 2016;11:¢0164915. DOI 10.1371/journal.
pone.0164915.

Acknowledgements. This study was supported by the Russian Science Foundation under grant 19-14-00211.

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

Received December 11, 2019. Revised March 17, 2020. Accepted March 21, 2020. Published online May 20, 2020.

524

BaBunosckuii xKypHan reHeTuku u cenekuyunm / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 5



