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Abstract. An additional germline-restricted chromosome (GRC) has been found in the germline cells of all studied
passerine bird species. It is eliminated from somatic cells during early embryogenesis and from spermatocytes after the
first or second division of male meiosis. The GRC is transmitted across generations predominantly via the maternal line.
It contains amplified and rearranged copies of genomic regions from the standard chromosome set. Some of these genes
are expressed in the gonads of both males and females. However, the function and evolutionary dynamics of the GRC
remain unknown. We conducted a comparative cytogenetic analysis of the GRC in five closely related finch species - the
Eurasian bullfinch Pyrrhula pyrrhula, the common greenfinch Chloris chloris, the European goldfinch Carduelis carduelis,
the common redpoll Acanthis flammea, and the pine grosbeak Pinicola enucleator - using fluorescent in situ hybridization
(FISH) with a whole-chromosome DNA probe derived from the bullfinch GRC on spread spermatocytes of these species
and immunolocalization of synaptonemal complex (SC) and centromere proteins. We described for the first time the
SC karyotype of the pine grosbeak (2n = 82 + GRC). The standard chromosome set consists of nine submetacentric
bivalents (seven macro- and two microbivalents) and 32 acrocentric microbivalents. All acrocentric microbivalents
contain centromeres composed of multiple centromeric domains (metapolycentromeres). The grosbeak GRC is a large
acrocentric macrounivalent. Cross-species in situ hybridization of the bullfinch GRC DNA probe showed only weak signals
on the GRC of the grosbeak and redpoll, whereas no signal was detected on the greenfinch and goldfinch GRCs. These
data are consistent with published results for two other representatives of this family and indicate rapid divergence and
high species specificity of GRC sequences within the family Fringillidae. We also detected interspecies differences in the
localization of sequences homologous to the bullfinch GRC on the bivalents of the standard set of these species. Thus,
our data indicate rapid evolution of the GRC's genetic composition and reveal species-specific dynamics of increase and
decrease in the copy number of detected sequences in the standard chromosome set during the evolution of songbird
species.
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CpaBHUTESbHBIV LUTOreHETUYECKIIA aHaNIN3 XPOMOCOMbI,
OrpaHMYEHHO KNeTKaMu 3apOofbILLEBON NMHNW, Y BbIOPKOBbBIX NTUL]

AHHoTauuA. [lobaBOUHas XpPOMOCOMa, OFpaHUYEHHasA KneTkamu 3apoabieBoi nuHum (germline-restricted chromosome,
GRC), obHapy»xeHa y BCex MmccnefoBaHHbIX BOPOOGbMHOOOPa3HbIX NTuL. OHa SAUMUHMPYETCA U3 KNETOK COMaTUYecKom
NNHWN B paHHeM 3MbpuroreHese 1 U3 CNepmMaToLUTOB NOC/ie NepBOro 1M BToporo aeneHna meno3a. GRC nepepaetca
B pALy MOKONEHWI MPerMyLeCTBEHHO MO MaTEPUHCKON NIVMHUW, COREPXKUT aMnandUUNPOBaHHbIE U MepecTpOeHHbIe
KOMUM NocnefoBaTeNbHOCTEN XPOMOCOM OCHOBHOTrO Habopa. HekoTopble M3 HUX 3KCMPeCcMpyoTcs B FOHajax caMLoB
n camok. OgHako GyHKUMA 1 3BONMOLUMOHHaA AnHammnka GRC ocTaloTcA HensBecTHbIMWU. Mbl MpOBeNV CpaBHUTESNbHbIV
unToreHeTuuyeckuii aHanns GRC naty Bupgos nNTuL cemeinctea BolopkoBble — 06bIKHOBEHHOrO cHerupa Pyrrhula pyrrhula,
06bIkHOBEHHOW 3eneHywku Chloris chloris, o6bikHoBeHHOTO Werna Carduelis carduelis, 06bIKHOBEHHOW YeuéTkn Acanthis
flammea n obbikHOBeHHOrO LWypa Pinicola enucleator - ¢ wcnonb3oBaHMeM ¢nyopecueHTHON rmMbpugmsauun in situ
[HK-30Hpa k uenot GRC OO6bIKHOBEHHOTO CHErvMpsA C MaTepuanom sfep pPacniacTaHHbIX CNepMaToOLMTOB AaHHbIX
BMLOB U MMMYHOJIOKaNIM3aLmMmn 6efKoB CMHANTOHEMHOIO KOMMJeKca 1 LeHTpoMepbl. Mbl BrepBble onvcanu Kapuotun
CMHAMTOHEMHbIX KOMM/IEKCOB OObIKHOBEHHOrO wypa (2n = 82+ GRC). buBaneHTbl OCHOBHOro Habopa COCTOAT ©3
LEeBATU CyOMeTaLeHTPUYeCKMX (CeMb Makpo- U ABa MUKPOOMBaneHTa) U 32 aKpOLEHTPUUYECKUX MUKPOOMBaNEHTOB.
Bce aKkpoueHTpuuyeckme MUKpoOMBaneHTbl OCHOBHOrO Habopa cofep)KaT LeHTPOMEPbl, COCTOAWME W3 HECKONbKUX
LieHTPOMEpPHbIX [OMeHOB (MeTanonuueHTpomepbl). GRC wypa npencTtaBnaeT coboi KPYMHbIA aKpOLEHTPUYECKUiA
MaKpoyHuBaneHT. MepekpecTHaa rmbpuamnsaumsa in situ JHK-3oHaa kK GRC cHernpa nokasana TonbkKo cfiabble cuMrHanbl
Ha GRC wypa n yeuétkn, Torga Kak Ha GRC 3eneHywKuM 1 werna curHanabl OTCYTCTBOBANW. DTV fAaHHble COrnacyTca C
ony6MKOBaHHbIMI pe3ynbTaTaMu, MONYUYEHHbIMU ANs OBYX APYrux npeacTaBuUTENei STOro CemelcTBa, U CBUAETENb-
CTBYIOT O BbICOKOI BMAOBON crieyuduryHocTy nocnegosatenbHocTelt GRC B npeaenax cemeinctea BotopkoBble. Mbl TakKe
06HapPYXUNN MEXBMAOBbIE Pa3NMuMA B NOKanM3auum nociefoBaTesibHOCTeN, CXO4HbIX ¢ nocnegoBatenbHocTaMU GRC
CHerups, Ha 6rBaneHTax OCHOBHOIo Habopa nccnepyembix BUAOB. TakM 06pa3om, Hallm AaHHble YKa3biBatoT Ha GbiCcTpyto
3BONIOLMIO TeHeTuyeckoro coctaBa GRC v BuaocneumduyuHyio AVHAMUKY YBENMYEHUA W COKPALLeHUA KOMUAHOCTU
BbIABMIEHHbIX MOC/eOBaTeNIbHOCTEN Ha XPOMOCOMaxX OCHOBHOIO Habopa B xofie 3BONoLMUM NeBYKX NTUL,.

KnioueBble cnoBa: germline-restricted chromosome; GRC; xpomocomHasa 3Boniouus; dbnyopecLeHTHas rmbpransaumsa

in situ; UEHTPOMepPa; BbIOPKU

Introduction

The Germline-Restricted Chromosome (GRC) has been identi-
fied in all studied passerine birds, indicating a monophyletic
origin (Torgasheva et al., 2019). The GRC in all examined
species contains amplified and rearranged copies of sequences
from the standard (A) chromosomes. Some of these sequences
are expressed in the gonads of both males and females (Bieder-
man etal., 2018; Kinsella et al., 2019). The GRC is eliminated
from somatic cell lineages during early embryogenesis and
from spermatocytes after the first or second meiotic division
(Pigozzi, Solari, 2005). The GRC is transmitted predominantly
through the maternal line (Pei et al., 2022).

The elimination of the GRC from somatic cells allows genes
located on it to escape the selective pressure characteristic of
genes on the standard chromosomes. This is expected to lead
to rapid changes in the GRC’s genetic composition. Indeed,
the size and genetic content of the GRC vary widely among
species. In some species, the GRC is one of the largest mac-
rochromosomes (macro-GRC), while in others, it is one of
the smallest microchromosomes (micro-GRC) (Borodin et
al., 2022).

Results of cross-species fluorescent in situ hybridization
(FISH) using whole-chromosome DNA probes derived from
the GRC of the zebra finch (Taeniopygia guttata), the sand
martin (Riparia riparia), the Eurasian siskin (Spinus spinus),
and the great tit (Parus major) demonstrated an astonishingly
low level of similarity between the GRCs of different species
(the divergence time between the most distant species being
~25-30 million years) (Torgasheva et al., 2019, 2021). This
indicates extremely rapid evolution of this chromosome’s
genetic content. This conclusion is supported by comparative
sequencing data of the micro-GRC in closely related spe-

cies, such as the thrush nightingale (Luscinia luscinia) and
the common nightingale (L. megarhynchos), which revealed
substantial differences in GRC composition despite their
relatively recent divergence (approximately 1.8 million years
ago) (Schlebusch et al., 2023).

Many genes on the GRC are present in a fragmented, likely
non-functional state, with the exception of a small number of
highly conserved and presumably essential genes. This rapid
change in genetic composition and the abundance of duplica-
tions, deletions, and pseudogenes stand in sharp contrast to
the generally conserved avian karyotype, making the GRC
the most rapidly evolving chromosome in the passerine bird
genome (Borodin et al., 2022).

The rapid changes in the size and genetic composition of
the GRC and the consequent diversity of its gene content —
including genes involved in reproductive system develop-
ment — have prompted the formulation of several hypotheses.
One posits that the GRC resolves germline-soma conflict by
isolating genes with mutually antagonistic effects. Another
hypothesis views the GRC as a highly efficient genomic para-
site. A third considers this chromosome a potential driver of
speciation, as rapid divergence of its genetic content in isolated
populations is expected to lead to genetic incompatibilities.
In our view, these hypotheses are not mutually exclusive. It
is highly probable that the GRC fulfills all of these roles si-
multaneously (Borodin et al., 2022; Borodin, 2023; Vontzou
etal., 2023).

The scale and patterns of GRC variability at the cytogenetic
level within narrow taxonomic groups, such as a family, re-
main insufficiently studied. Cross-species FISH experiments
comparing GRC genetic content within a single family have
so far encompassed only two or three species (Torgasheva
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Fig. 1. A cladogram of bird species from the family Fringillidae used for the comparative analysis of the GRC.

A black circle denotes a macro-GRC, a white circle denotes a micro-GRC. The cladogram was constructed using the Timetree.org
resource (Kumar et al., 2017) (last accessed December 3, 2025).

et al., 2019). A more systematic comparative analysis of the
GRC across multiple members of a single clade has not been
previously conducted.

The aim of the present work was a comparative cytogenetic
analysis of the GRC in five species of the family Fringillidae
and an assessment of the pattern of in sifu hybridization of
a DNA probe derived from the whole macro-GRC of the
Eurasian bullfinch (Pyrrhula pyrrhula) with nuclear spreads
of spermatocytes of several species with varying degrees of
phylogenetic relatedness and different GRC morphology. For
this purpose, we selected four species representing different
genera within this family (Fig. 1): the European greenfinch
(Chloris chloris) (micro-GRC), the European goldfinch (Car-
duelis carduelis) (micro-GRC), the common redpoll (Acanthis
flammea) (macro-GRC), and the pine grosbeak (Pinicola
enucleator), the karyotype and GRC morphology of which
had not been described until now.

The selected species represent different evolutionary
lineages within the family: the divergence time between the
bullfinch and the pine grosbeak is approximately 11 million
years, and between the bullfinch and the greenfinch, goldfinch,
and redpoll, it is approximately 13 million years (Price et al.,
2014; Hooper, Price, 2017). Integrating the results of this ex-
periment with data previously obtained from the analysis of
two other species in this family — the Eurasian siskin (Spinus
spinus) (macro-GRC) and the European goldfinch (Carduelis
carduelis) (micro-GRC) (Torgasheva et al., 2019), which
diverged approximately 8.5 million years ago (Price et al.,
2014; Hooper, Price, 2017), — will allow for a more detailed
assessment of GRC variability within a single family.

Materials and methods
Biological material was obtained from birds delivered with fa-
tal injuries to the Wildlife Rehabilitation Center (Novosibirsk)
between April and May 2022—-2023. This study examined one
male of each species: the Eurasian bullfinch (Pyrrhula pyrrhula),
pine grosbeak (Pinicola enucleator), European greenfinch
(Chloris chloris), European goldfinch (Carduelis carduelis),
and common redpoll (Acanthis flammea). Euthanasia was
performed by isoflurane overdose (Laboratories Karizoo,
S.A., Barcelona, Spain). Handling of birds and euthanasia
were conducted in accordance with national regulations for the
care and use of laboratory animals. The experimental protocol
was reviewed and approved by the Bioethics Commission of
the Institute of Cytology and Genetics, Siberian Branch of
the Russian Academy of Sciences (Protocols No. 114 dated
December 17,2021, and No. 199 dated November 21, 2024).
Synaptonemal complex (SC) spreads were prepared ac-
cording to the method of A.H. Peters et al. (1997). Immu-
nocytochemical detection of SC proteins and centromeres
was performed following the protocol of L.K. Anderson et
al. (1999) using the following primary antibodies: rabbit
polyclonal antibodies to SYCP3 (dilution 1:500; Abcam, UK;
cat. No. ab15093), anti-centromere antibodies from the serum
of patients with CREST syndrome (dilution 1:100; Antibo-
dies Inc., USA; cat. No. 15-234). The following secondary
antibodies were used: goat anti-rabbit IgG conjugated with
Cy3 (dilution 1:500; Jackson ImmunoResearch, USA; cat.
No. 111-165-144), donkey anti-human IgG conjugated with
AMCA (dilution 1:100; Jackson ImmunoResearch, USA; cat.
No. 709-155-149).
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Slides were incubated overnight at +4 °C with primary
antibodies and for one hour at +37 °C with secondary an-
tibodies in a humid chamber. To prevent photobleaching,
Vectashield mounting medium (Vector Laboratories, USA;
cat. No. H-1000-10) was applied to the slides.

The DNA probe for the whole bullfinch GRC was obtained
by microdissection of five micronuclei copies from meiotic
chromosome spreads, as described by A.A. Torgasheva et al.
(2019). Slides were preliminarily stained with a 0.1 % Giemsa
solution (Sigma, USA) for 3—5 minutes at room temperature.
DNA from the microdissected micronuclei was amplified and
labeled with biotin-11-dUTP (Sigma, USA) using the Genome-
Plex Whole Genome Amplification Kit (Sigma-Aldrich, USA;
cat. No. WGAL).

FISH using the bullfinch GRC DNA probe was performed
according to a standard protocol (Liehr et al., 2017) with some
modifications. The hybridization mixture (32 pl) contained hy-
bridization buffer (50 % formamide, 2x SSC), 0.2 % Tween 20,
and 40 ng of labeled probe. DNA on slides pretreated with
RNase A was denatured in 70 % formamide with 2% SSC at
+72 °C for 3 minutes. The probe was denatured at +95 °C for
S minutes. Hybridization was carried out overnight at +39 °C in
a humid chamber. The biotin-labeled probe was detected using
avidin-FITC (dilution 1:400) and anti-avidin-FITC (dilution
1:200) (Vector Laboratories, USA). Slides were mounted in
Vectashield medium with DAPI (Vector Laboratories, USA,
cat. No. H-1200-10).

Images of SCs after immunolocalization and FISH were
captured using a CCD camera mounted on an Axioplan 2
microscope (Carl Zeiss, Germany) with filters No. 49 (DAPI),
10 (FITC), and 15 (TRITC) (ZEISS, Germany) and ISIS4
software (METASystems GmbH, Germany). Brightness and
contrast of the images were adjusted using Corel PaintShop
Photo Pro X6 (Alludo, Canada).

For the construction of the SC karyotype idiogram for the
pine grosbeak, 28 cells were measured. The length of SCs and
the position of centromeres were determined in micrometers
using the MicroMeasure 3.3 program (Reeves, 2001). All raw
data are provided in the Supplementary Material'. In each cell,
SCs were ranked by relative length and centromeric index, and
average values across all cells were calculated.

Descriptive statistics were obtained using Statistica 6.0
(StatSoft Inc., Tulsa, OK, USA, 2001). The text presents values
as mean =+ standard deviation.

Results

Neither the somatic nor the synaptonemal complex (SC) karyo-
type of the pine grosbeak (Pinicola enucleator L.) had been
previously described. We found that the SC karyotype of this
species comprises 41 pairs of bivalents from the standard set
and a GRC (2n = 82 + GRC; fundamental number (FN) = 50)
(Fig. 2). The total SC length was 334 + 47 um. Macrobivalents
1-7, as well as microbivalents 9 and 16, are submetacentric;
microbivalents 8 and all other microbivalents are acrocen-
tric (Fig. 3). All acrocentric microbivalents of the standard

' Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mal_Engl_30_3.xIsx
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Fig. 2. Photograph of an SC spread from a pine grosbeak
pachytene spermatocyte after immunolocalization of the SYCP3
protein (red) and centromeric proteins (green).

Arrowheads indicate submetacentric bivalents 1-7, 9, 16, and the GRC.
Scale bar =5 pm.

set contain centromeres composed of multiple centromeric
domains. Such centromeres are conventionally referred to as
metapolycentromeres (Grishko, Borodin, 2024). The GRC of
the pine grosbeak is a large acrocentric macrochromosome.
At the pachytene stage, it forms an acrocentric univalent that
is recognized by antibodies against the SYCP3 protein, which
forms the lateral element of the SC (Fig. 2).

To assess the similarity between the GRC sequences of the
bullfinch and the GRCs of other finch species, cross-species
FISH was performed using a DNA probe for the bullfinch
GRC obtained previously (Grishko et al., 2025). The probe
hybridized weakly to the macro-GRC of the pine grosbeak
and common redpoll, and did not hybridize to the micro-GRC
of the European greenfinch and European goldfinch (see
the Table).

In all four species, the probe labeled several regions on the
standard bivalents. In SC spreads from the pine grosbeak,
hybridization signals were observed on the short arm of mac-
robivalent 4 and in the long arm region of macrobivalent 5
(Fig. 4a). The probe also produced weak signals on many other
bivalents. In SC spreads from the European greenfinch and
common redpoll, the probe hybridized to the pericentromeric
regions of several microbivalents and all macrobivalents, with
the exception of a single metacentric macrobivalent (likely
77) (Fig. 4b, d). In SC spreads from the European goldfinch,
the hybridization signal was detected in the pericentromeric
region of macrobivalent 1 and on the short arm of macrobiva-
lent 6 (Fig. 4c).

FTEHETUKA XXUBOTHbIX / ANIMAL GENETICS 447


https://vavilov.elpub.ru/jour/manager/files/Suppl_Mal_Engl_30_3.xlsx
https://vavilov.elpub.ru/jour/manager/files/Suppl_Mal_Engl_30_3.xlsx

L.P. Malinovskaya Comparative cytogenetic analysis of the germline-
K.V.Tishakova, PM. Borodin restricted chromosome in Fringillidae species

30
25 -

20 -

123 456 7 8 91011121314151617 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Fig. 3. SCidiogram of the pine grosbeak karyotype, excluding the GRC.

TheY axis shows the average SC length in pm. The X axis shows bivalents ordered by decreasing size. Black circles indicate the location
of monocentromeres, white circles indicate metapolycentromeres.

Pinicola enucleator Chloris chloris

Carduelis carduelis Acanthis flammea

Fig. 4. Photographs of SC spreads from pachytene spermatocytes of the pine grosbeak (a), European greenfinch (b),
European goldfinch (c), and common redpoll (d) after FISH with the bullfinch GRC DNA probe (green),immunolocalization
of the SYCP3 protein (red), and centromeric proteins (blue).

Arrowheads indicate the GRC and standard bivalents labeled by the bullfinch GRC DNA probe. Scale bar =5 pm.
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Detection of hybridization signal after FISH
with the bullfinch GRC DNA probe on SC spreads of finch species

Species Signal
on GRC on macrobivalent®
Bullfinch Pyrrhula pyrrhula®  Strong cl,6
Pine grosbeak Weak p4, g5
Pinicola enucleator
European greenfinch Absent c1-3,5-7
Chloris chloris
European goldfinch Absent cl,p6
Carduelis carduelis
Common redpoll Weak c1-3,5-7

Acanthis flammea

%c - centromere, p - short arm of the bivalent, g - long arm of the bivalent.
B (Grishko et al., 2025).

Discussion

In the present study, we have described, for the first time, the
synaptonemal complex (SC) karyotype of the pine grosbeak,
demonstrating that it, like the karyotypes of half of the studied
finch species (Borodin et al., 2022; Malinovskaya et al., 2022),
contains a macro-GRC. We established that many bivalents
in this species possess metapolycentromeres. The presence
of metapolycentromeres was previously demonstrated in the
Eurasian bullfinch and the common linnet (Linaria cannabina)
from the same family, Fringillidae (Grishko et al., 2023).

The primary result of this investigation is the detection of
high interspecific variability in the genetic composition of
the GRC among representatives of the family Fringillidae.
Despite the relatively close phylogenetic relatedness among
these finches (with divergence time between the bullfinch
and the other studied species ranging from approximately 11
to 13 million years (Price et al., 2014; Hooper, Price, 2017)),
the DNA probe for the bullfinch macro-GRC yielded a weak
hybridization signal on the macro-GRC of the pine grosbeak
and common redpoll and produced no detectable signal on
the micro-GRC of the European greenfinch and European
goldfinch.

The absence of a detectable signal on the micro-GRC of the
greenfinch and goldfinch, in contrast to the weak signal on the
macro-GRC of the pine grosbeak and redpoll, suggests that
GRC size may be one of the factors influencing the degree of
detectable sequence similarity, at least within a single family.
This pattern aligns with data from the literature: for instance,
with a shorter divergence time (~9 million years), a DNA
probe for the micro-GRC of the Eurasian siskin produced a
weak hybridization signal on the macro-GRC of the Euro-
pean goldfinch (Torgasheva et al., 2019). It is likely that over
~9—13 million years of divergence, micro-GRCs lost most of
their shared sequences, resulting in the absence of a hybridiza-
tion signal, whereas macro-GRCs retained a sufficient number
of homologous sequences to produce a weak signal.

In our cross-species FISH experiments, we identified dif-
ferences in the hybridization patterns of the bullfinch GRC
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DNA probe with the standard bivalents among different finch
species. It was previously shown that this probe hybridized
to the pericentromeric regions of specific macrobivalents
and a number of microbivalents in the bullfinch (Grishko et
al., 2025). In our cross-species FISH experiments, this probe
demonstrated a different hybridization pattern. The observed
interspecific differences in hybridization patterns indicate rapid
evolution of the repetitive sequences located on the standard
chromosomes, occurring against the backdrop of the overall
conservation of avian genomes.

The hybridization of the bullfinch GRC DNA probe to the
pericentromeric regions of all macrobivalents, except mac-
robivalent 4, in the greenfinch and redpoll may indicate the
conservation of these sequences in these two species. This
pattern contrasts with that observed in the pine grosbeak and
goldfinch, where the probe hybridized specifically only to
distinct regions of certain macrobivalents. This points to a
more limited and species-specific distribution of the detectable
sequences across the standard bivalents in these species. The
weak diffuse signals detected on most bivalents in the pine
grosbeak may represent “ghost” sequences that were once
more widely distributed but have subsequently degraded or
been replaced in most genomic regions.

Thus, the GRC is a rapidly evolving genomic element in
passerine birds, showing a low degree of similarity even among
species within the single family Fringillidae. The differences
in the hybridization pattern of the bullfinch GRC DNA probe
on spermatocyte nuclear spreads from different finch species
indicate a species-specific dynamic of amplification and reduc-
tion in the copy number of the detectable sequences on the
standard bivalents over the course of evolution.

Conclusion

Our study has demonstrated that the genetic composition of
the germline-restricted chromosome (GRC) in individual
representatives of the family Fringillidae is highly species-
specific, indicating rapid evolution of the GRC. The presence
of shared sequences between the bullfinch GRC and the
standard bivalents of different finch species, coupled with
the species-specific patterns of their localization, aligns with
similar results from cross-species FISH experiments utilizing
DNA probes derived from the GRC of other bird species.
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