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Chromosomal rearrangements can lead to the formation of new stable karyotypes, nevertheless changing the
architectonics of the nucleus. The differences in locations might promote Robertsonian (Rb) translocations and
encourage meiotic drive in favour of changed chromosomes or against them. We hypothesized that hybridiza-
tion and meiotic drive may produce new chromosomal forms in Ellobius tancrei. We crossed two forms with
2n = 50, and two pairs of different Rb metacentrics with partial (monobrachial) homology. In 10 years of in-
bred crossings (sister—brother), we got 9 generations of hybrids (262 litters, 578 animals). In the first hybrid
generation, two trivalents, a tetravalent and 20 bivalents were revealed at meiotic prophase I. Hybrids of the
first generation had lower fertility, fertility increased starting from the third generation. Instead of returning to
parental karyotypes, starting from the second generation, hybrids obtained new chromosome sets, with dif-
ferent 2n (48, 49, 51, 52) and combinations of Rb metacentrics. Analysis of F4, F7 and F9 hybrids revealed that
synapsis of homologous parts take place despite the presence of heterozygotes and monobrachial homology
of Rb metacentrics. The most common meiotic disturbance was delayed synapsis, which resumed later com-
pared to the homologous crossings. The late synaptic adjustments nevertheless provide a proper segregation
of chromosomes and normal sets in the gametes. Therefore, some cells pass through meiosis successfully and
promote viable gametes. We proved the hypothesis that origin of monobrachially homologous Rb transloca-
tions may lead to divergence in several generations, due to meiotic drive.
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XPOMOCOMHble NepecTPOMKM MOTYT NPUBOANUTL K GOPMMPOBAHUNIO HOBbLIX YCTOMUYMBLIX KAPUOTUMOB, N3MEHSAA
npvi STOM apXUTEKTOHUKY Agpa. Pa3nmums B nokanmnsaumm XpomMocom, BEPOSTHO, OOYCNOBNUBAIOT HECTYyYaii-
HOCTb po6epTCOHOBCKMX (Rb) TpaHcnoKauuii 1 BAVAIOT Ha MENOTUYECKUIA ApaiiB Kak B MOJb3y M3MEHEHHbIX
XPOMOCOM, TaK 1 MPOTUB HKX. Mbl Npeanonoxunnu, 4to 6narogapa rmbpugmsaumnmn n MenoTnyeckomy aparsy
MOTYT BO3HUKaTb HOBble XPOMOCOMHble GopMbl y cnenyLoHokK Ellobius tancrei. bbin nocTaBneH sKCneprMeHT
no rmbpuamnsauymm asyx ¢Gopm C oanNHaAKOBbIM 2n = 50, HO C Pa3HbIMU POBEPTCOHOBCKUMY MeTaLeHTPUKaMU.
3a [lecAaTb neT MHOPeLHbIX CKpeLMBaHWi (cecTpa—-6paT) NonyyeHo AeBATb NOKONeHNI rmbpuaos (262 nomerta,
578 XMBOTHbIX). Y rnbpungos NepBoro NoKONEHNA COXPaHANOCh AUMIOUAHOE Yncaio 2n = 50, HO B cuny He-
NnosiHoM (MoHoGpaxuanbHol) romosiorun B npodase menosa | nomumo 20 6rBaneHToB GbINN BbiABMEHbI ABA
TpMBaneHTa u oguH TeTpasaneHT. IMépuabl NepBoro NOKONEHWA UMeNn 6osee H13KYI0 NIOLOBUTOCTb MO CPpaB-
HEHUIO C poauTenbCckuMn dopmamn. HaumHas ¢ TpeTbero NoKoseHna MAoJOBMTOCTb MOBbIWanacb. Bmecto
BO3BpPALLEHUS K pOAUTENbCKM KapuoTinam rubpugbl BTOPOro v Mocieayowyix NoKONeHrin Noayunnm Hoeble
Habopbl XPOMOCOM, OTNINYAIOLLMECA AUMNTOUAHBIM YACTIOM (48, 49, 51, 52) 1 KOMOUHALMAMY POOEPTCOHOBCKNX
MeTaLEeHTPUKOB. AHann3 menosay rubpuaos F4, F7 n F9 nokasan, 4To roMonormyHbIii CUHanNcuc XpoMocom Mo-
XKeT ObITb 3aTPYyAHEH U3-32 HANIMYNA FEeTEPO3UTOT Y MOHOOPAXMaNIbHOWM FOMOMOIrMK, OfHAKO HEKOTOPbIE KNETKM
yCneLwHO NPOXOAAT Mei03, YTO MPUBOAUT K GOPMIUPOBAHNIO XKU3HECMOCOOHbIX raMeT 1 POXAEHUI0 rTMépugos.
lMpoBeaeHHbI HaMK SKCMEPUMEHT BOCMPOU3BOAUT MPOLECChbl, NPONCXOAALLMe B eCTECTBEHHbIX YCNOBUAX,
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Introduction

The role of chromosomal rearrangements in speciation is still a
matter of considerable debate (Faria, Navarro, 2010; Dobigny
etal., 2017). It is well illustrated in a large number of studies
that chromosomal rearrangements can lead to the formation
of new balanced karyotypes, nevertheless changing the ar-
chitectonics of the nucleus and its functioning (Qumsiyeh,
1999; Shapiro, 2002; Graphodatsky et al., 2011; Romanenko
et al., 2018). However, direct mechanisms of new karyotype
fixation are still in the scale. In general terms, a transformation
of chromatin structures may alter the genetic system of the
species, due to the modulation accessibility of transcription
factors to DNA binding sites, thus regulating gene expression.
A concept of chromosome territories proposes a non-random
distribution of chromosomes in nuclei; the nuclear architecture
constitutes the basis for gene expression regulation (Cremer T.,
Cremer C., 2001).

Robertsonian (Rb) translocations join two acrocentrics into
one metacentric chromosome. This is the most common type
of chromosomal rearrangements in mammals (King, 1993).
Translocations restructure the organization of the nuclei, es-
pecially when chromosomal territories of fused acrocentrics
are located far from each other (Berrios et al., 2017). These
changes unavoidably influence the hybrids’ fertility because
of different Rb fusions inherited from parents. In the case of
partial, or monobrachial, homology, which originated by the
combination of different acrocentrics in Rb biarmed chromo-
somes, meiosis in hybrids should become more complicated
(Baker, Bickham, 1986). These hybrids’ gametes reveal the
formation of complex chains in meiotic prophase 1. As a
result, we observe the reduction of fertility in hybrids, and
this may be treated as a starting point of full or partial repro-
ductive isolation. That is why chromosomal rearrangements,
including Rb translocations, are considered to be some of the
mechanisms of speciation (King, 1993).

Fixation of new karyotype variations might occur by non-
random chromosomal segregation, for example, when a new
Rb metacentric fixes in generations instead of homologous
acrocentric chromosomes. This may be a perfect illustration
for a conception of meiotic drive (Sandler, Novitski, 1957;
de Villena, Sapienza, 2001; Lindholm et al., 2016). Previ-
ously it was believed that monobrachial homology causes
full reproductive isolation and leads to complete sterility of
hybrids. The reason was that chromosome disjunction after
multivalent formation cannot be balanced and resulted in
aneuploid gametes and inviable zygotes production (Baker,
Bickham, 1986). However, recently it was shown for different
groups of animals that species and forms with monobrachially
homologous chromosomes are naturally occurring (Nunes et
al., 2011; Potter et al., 2017).

Our research was focused on the eastern mole vole (Ellobius
tancrei Blasius, 1884, Rodentia, Mammalia) noted for wide
karyotypic variability caused by Rb translocations (Vorontsov
et al., 1980; Lyapunova et al., 1984, 2010), unique sex chro-
mosomes (XX3/XXQ) and an enigmatic sex determination
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system (Bakloushinskaya, Matveevsky, 2018). The ancestral
karyotype of this species contains 52 acrocentric chromo-
somes and a pair of submetacentrics, but the diploid number
can be reduced to 27 = 30 by Rb translocations and fixation
of new Rb metacentrics (Bakloushinskaya et al., 2013). Our
study of natural variability in E. tancrei enables us to hypo-
thesize that hybridization and meiotic drive may produce new
chromosomal forms, and the aim of the present study was an
evaluation of this hypothesis experimentally.

Material and methods

For the experimental crossing, we chose two individuals of
E. tancrei from a natural habitat, and their progeny, a line of
strictly inbred hybrids F1-F9. We crossed two forms with
2n = 50, and two pairs of Rb metacentrics: 2Rb(4.12) and
2Rb(9.13), nicknamed ‘Khodza Obi-Garm’, according to the
closest settlement in the Varzob River Valley, and 2Rb(2.18)
and 2RDb(5.9), in the form which was named ‘Voidara’, ac-
cording to the closest settlement in the Surkhob River Valley
(Tajikistan). The homology of Rb chromosomes had been pre-
viously verified by chromosome painting (Bakloushinskaya et
al., 2010; Matveevsky etal., 2015). During 10 years of inbred
crossings (sister—brother), despite reduced fertility, we got,
in total, 9 generations of hybrids (262 litters, 578 animals).
For the presented research, we used data on F1-F9 hybrids,
50 animals in total.

Analysis of fertility and the experimental design were car-
ried out using a database accumulating data from breeding and
field logs. Animals were treated according to established inter-
national protocols, such as the Guidelines for Humane End-
points for Animals Used in Biomedical Research, and Regula-
tions for Laboratory Practice in Russian Federation, and under
the supervision of the Ethics Committee for Animal Research
of the Koltzov Institute of Developmental Biology, RAS.

For all the specimens under analysis, we prepared slides,
using fixed cells from bone marrow for mitotic metaphases and
suspensions of spermatocytes to study meiosis (Ford, Hamer-
ton, 1956; Graphodatsky, Radjabli, 1988). G-banding was
carried out for all preparations of metaphase chromosomes,
using trypsin treatments, in order to identify Rb metacentrics,
according to Seabright (1971). The suspensions and spreads
of spermatocytes were made as described by Kolomiets et al.
(2010) or Peters et al. (1997). Immunostaining was designed
as in our previous studies (Kolomiets et al., 2010; Matveevsky
etal.,2016). Synaptonemal complexes (SC) and centromeres
in pachytene spermatocytes were detected using antibodies
to axial SC elements — SYCP3 (Abcam, UK) — and the ki-
netochores (ACA, Antibody Incorporated, USA). The slides
were analyzed with an Axioimager D1 microscope (Carl
Zeiss, Jena, Germany). Images were processed using Adobe
Photoshop CS3 Extended.

Results
We had previously demonstrated (Matveevsky et al., 2015)
that parental forms possessed two types of 2n = 50 karyo-
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types with two different pairs of Rbs: 2Rb(4.12) and 2Rb(9.13)
in ‘Khodza Obi-Garm’, and 2Rb(2.18) and 2Rb(5.9), in
‘Voidara’. F1 hybrids had 2n = 50, NF = 56, but all the Rb
metacentrics were different: Rb(9.13), Rb(2.18), Rb(5.9)
and Rb(4.12). In the first hybrid generation, monobrachial
homology leads to formation of two trivalents [(2/2.18/18) and
(4/4.12/12)], and a tetravalent (5/5.9/9.13/13) in meiotic pro-
phase I (Matveevsky et al., 2015, 2017) (Fig. 1, a, Fig. 2, a).
Hybrids of the first generation had lower fertility, but did not
exhibit any health problems, and their longevity was the same
as the parental ones’ (up to seven years).

Hybrid fertility began to increase in the third generation.
We have specially focused on the most intrigued result, which
was the emergence in hybrids of new chromosome sets, with
different 2n (48, 49, 51, 52) and combinations of Rb meta-
centrics (see Fig. 1, b—d). For example, all the progeny of
F2, No. 26432, &, 2n = 48, 2Rb(4.12), 2Rb(2.18), 1Rb(5.9),
1Rb(9.13) (see Fig. 1, ¢, d) and No. 26433, Q, 2n = 52,
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2Rb(5.9) got karyotypes identical to F1 hybrids, 2n = 50,
IRb(9.13), 1Rb(5.9), IRb(2.18), 1Rb(4.12). In meiosis, they
demonstrated the same meiotic disturbances, such as the
presence of a tetravalent and two trivalents in the pachytene
and diakinesis, anaphase bridges, etc. (see Fig. 1, a, & and
Fig. 2, a). When we crossed these F3 mole voles, whose karyo-
type was identical to F1, we appeared to return to the initial
crossings. That was the reason for a long-term experiment,
because we had to override a high level of heterozygosity,
which appeared continuously. Anyway, the substitution of F2
chromosomal sets determined descent generations’ variety and
appeared to be the first step in the emergency of new balanced
chromosomal forms.

G-banding analysis revealed that 4 Rb metacentrics de-
scribed for these crossings seem to have different evolutionary
destinies. Three of them — Rb(9.13), Rb(2.18) and Rb(4.12) —
have a tendency to fix in generations, while Rb(5.9) reveals
negative dynamics. The smallest Rb(9.13) has an advantage

a b Rb bivalent’ - & % 2 24 d
Tetravalen Trlvalent s le o ¢ g ; g3 # No.26432 o
‘ ’ , \ - Rb(5.9) 2Rb(2.18) 2Rb(4.12) Rb(9.13 2n =48 . ’N Tetravalent
& e 2 e >
A - 0, ) 4 be 8 s
.. & ‘ Tr|va|ent 1T 2 3 4 5 6 7 8 s’ ®
- . * .- 1% > S .
- ' Unlvalents ® ¥ . X 2 1) ot™ &% 5
e = ) ’ l § s g8 9 10 11 12 13 14 MO TE
-4 ' ‘e aa - n & * Rb
§ - » * Do s G15' ?? L "1; go‘ Q? ® TS bivalent
Q Trivalent N S n
» o &5 b
22
e *a |f g
v e~
'éji;
5 p

Fig. 1. Meiotic and mitotic chromosomes of E. tancrei hybrids (F1-F9).

a, F1, No. 26182, 2n = 50: 1Rb(5.9), 1Rb(2.18), 1Rb(4.12), 1Rb(9.13), diakinesis; b, F2, No. 26453, 2n = 49: 2Rb(4.12), 1Rb(5.9), 1Rb(2.18), 1Rb(9.13), diakinesis;
¢, F2, No. 26432, 2n = 48: 2Rb(2.18), 2Rb(4.12), 1Rb(5.9), 1Rb(9.13), karyotype and diakinesis; d, abnormalities in meiosis; e, F2, No. 26335, 2n = 49: 2Rb(2.18),
2Rb(9.13), 1Rb(4.12), anaphase | bridge; f, F3, No. 26140, 2n = 51: 2Rb(9.13), 1Rb(2.18), anaphase | bridge; g, F2, No. 26139, 2n = 50: 2Rb(9.13), 1Rb(4.12), 1Rb(2.18);
h, F3, No. 26436, 2n = 50: 1Rb(4.12), 1Rb(5.9), 1Rb(9.13), 1Rb(2.18); i, F9, No. 26995, 2n = 50: 2Rb(9.13); j, F9, No. 26995, 2n = 50: 2Rb(9.13), a polyploid cell.
Magnification (a, b, d—j): 1000x.

F1 Fo
2n=50,NF =56 2n=52,NF=56

Fig. 2. Chromosome synapsis in pachytene spermatocytes of E. tancrei hybrids of different generations.

Axial SC elements were identified using anti-SYCP3 antibodies (green), anti-ACA for kinetochores (red). Tetra: tetravalent; Tr: trivalent; XX: male sex chromosomes.
Bivalent No. 7 is an exclusive non-Rb submetacentric in all forms and hybrids of E. tancrei. NF: number of chromosome arms.

a, F1, No. 26990, 2n = 50, NF = 56: 19 bivalents, 1 tetravalent, 2 trivalent, sex (XX) bivalent; b, F4, No. 26572. 2n = 50: 21 bivalents, 2 trivalents, sex (XX) bivalent;
¢, F7,No. 26986, 2n = 51: 23 bivalents, 1 trivalent, sex (XX) bivalent; d, F9, No. 26995. 2n = 52: 25 bivalents, sex (XX) bivalent. Bar (a-d) = 5 pm.
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compared to others. In F7-F9, it seems to be in a stable
homozygotic state. As the Rb metacentrics started to fix and
produce new karyotypes, we observed reduction of the number
of complicated figures (trivalents, tetravalents) in meiosis (see
Fig. 1, e—g and Fig. 2, b—d), despite the presence of other
deviation (see Fig. 1, f; i, ). In F2 we first noted specimens,
homozygotic by one or two pairs of Rb metacentrics. These
hybrids also showed minimum abnormalities in the pachytene
(see Fig. 2, d) and diakinesis, but there were other abnor-
malities, such as polyploid cells. The ploidy of such cells was
rather difficult to count, most cells were probably tetraploid
ones (see Fig. 1, ). Some animals were somatic mosaic, for
example, F7 No. 26986 had 2n=50-51 2Rb(9.13), 1Rb(2.18),
0—1 Rb(4.12) in bone marrow cells. In all spermatocytes stud-
ied we distinguished 2n = 51 only (see Fig. 2, ¢).

Analysis of SCs in F1, F4, F7 and F9 hybrids proved that
synapsis and recombination of homologous parts take place,
despite the presence of heterozygotes and monobrachial
homology of Rb metacentrics (see Fig. 2). Such synapsis is
a prerequisite for the proper chromosome disjunction. Most
probably, the base for a balanced chromosome segregation
is a cis configuration for Rb trivalents, which we observed
regularly. Therefore, some cells passed through meiosis suc-
cessfully and promoted the efficient number of viable gametes.

Discussion

The hypothesis of meiotic drive as a prominent mechanism
of quick fixation of chromosomal rearrangements expects
preferential inheritance of Rb metacentrics. What is more,
some previous Rb inheritance research conducted on shrews
(Searle, Wojcik, 1998) suggests that large Rb metacentrics
have an advantage compared to smaller ones, but other stud-
ies on domestic mice did not prove that (Castiglia, Capanna,
2000). However, those studies did not observe the cases of
hybrids with Rb chromosomes having monobrachial (partial
or single arm) homology. Our data are mainly consistent with
the hypothesis of meiotic drive, but the thesis concerning the
dynamics of fixation of large and small Rb metacentrics was
not proved. Rb metacentrics of the line under investigation
can be split into two groups: small (Rb(9.13) and Rb(4.12))
and large (Rb(5.9) and Rb(2.18)). We observed clear positive
dynamics of inheritance and fixation only for Rb(9.13), the
smallest of represented Rb metacentrics. Moreover, large
Rb(5.9), also containing acrocentric 9, is the only one which
revealed negative dynamics. Such a “competition” for the
acrocentrics and an advantage of the smaller Rb metacentric
made it clear that our results are at variance with some of the
previous studies. So, this matter needs follow-up investiga-
tions. Preferential inheritance of the smaller chromosomes
may be explained by a specific architectonics of the interphase
nucleus, which is still unknown for mole voles. Another pos-
sible reason is a less complicated picture of meiosis, due to
the compactness of chromosomes. For two other Rb meta-
centrics — Rb(4.12) and Rb(2.18) — the observed segregation
was almost Mendelian. But it still confirms the hypothesis of
meiotic drive: despite the fact that the acrocentric karyotype
is prone to Rb translocations, chromosomal rearrangements
are still serious mutations. They change the architectonics
and functioning of the nucleus in unexpected ways, so the
probability of their fixation in generations is not high. That is
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why the absence of negative selection may be interpreted as
the effect of meiotic drive.

We have observed all possible prophase I SC combina-
tions in E. tancrei heterozygous spermatocytes previously
(Bogdanov, Kolomiets, 2007; Matveevsky, Kolomiets, 2016).
Some complicated figures — trivalents and a tetravalent — were
observed in meiosis of mole voles of all studied generations,
F1-F9. But we revealed a clear tendency of reduction of their
number. All F1 individuals have the same chromosomal chains
in prophase I. In F2 homozygotization started, so only a few
animals showed the same level of meiotic abnormalities. In F3,
some specimens demonstrated normal process of meiosis, not
disturbed by monobrachial homology and multivalent forma-
tion. In all generations under analysis, abnormalities of late
stages of meiosis seem to be the same. They can be summed
up as disturbance of synchronism and spatial distribution of
chromosomes.

A particularly interesting output of this experiment was a
meiotic solution for heterozygotes, carrying Rb metacentric
and homologous acrocentrics. The most common meiotic
disturbance was delayed synapsis, which resumed later com-
paring to the homologous crossings. The late synaptic adjust-
ments nevertheless provide a proper segregation of chro-
mosomes and normal sets in the gametes. The question of a
lower rate of recombination due to delayed synapses is still
open; apparently, it may lead to negative consequences in an
evolutionary perspective. It should be noted that the impact
of different SC combination on the meiotic progression is
significantly variable (Ratomponirina et al., 1988; de la Fuente
et al., 2007; Berrios et al., 2017). Some aspects about it were
discussed early (Bakloushinskaya et al., 2010; Matveevsky
et al., 2015). Another interesting phenomenon was an occur-
rence of numerous polyploid pachytenes in hybrid meiosis.
Possibly, the consequences of chromosome abnormalities,
which we observed in the prophase I, might be opposite ones.
Longevities and fissions at the zygotene are most probably
precursors for new chromosome changes, otherwise abnor-
malities at the anaphase lead to cell elimination and disappear
under natural selection.

It was possible to get a pure line in three generations, if cross
animals with identical karyotypes, but we decided to make a
‘black box’ with a sister—brother breeding system to avoid ar-
tificial selection. As a result, we got heterozygous progeny for
many generations, but the endpoint appeared to be more similar
to natural selection. The main result was an emergence of new
balanced chromosomal set and lack of meiotic disturbances.

Conclusion

To conclude, we want to highlight the fact of formation and
fixation of new karyotypes in inbred line of Ellobius tancrei
with monobrachially homologous Rb metacentrics. This mo-
del shows the way for origin of new stable chromosomal forms
which may occur in wild as well. In several generations, it may
lead to divergence and can be treated as early stages of speciation.
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