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Abstract. Germline-restricted chromosomes (GRCs) are present in the genomes of germline cells and absent from so-
matic cells. A GRC is found in all species of the songbirds (Passeri) and in none of the other bird orders studied to date.
This indicates that GRC originated in the common ancestor of the songbirds. The germline-restricted chromosome is
permanently absent from somatic cells of the songbird, while female germline cells usually contain two copies of GRC
and male ones have one copy. In females, GRCs undergo synapsis and restricted recombination in their terminal regions
during meiotic prophase. In males, it is almost always eliminated from spermatocytes. Thus, GRC is inherited almost
exclusively through the maternal lineage. The germline-restricted chromosome is a necessary genomic element in the
germline cells of songbirds. To date, the GRC genetic composition has been studied in four species only. Some GRC
genes are actively expressed in female and male gonads, controlling the development of germline cells and synthesis
of the proteins involved in the organization of meiotic chromosomes. Songbird species vary in GRC size and genetic
composition. The GRC of each bird species consists of amplified and modified copies of genes from the basic genome
of that species. The level of homology between GRCs of different species is relatively low, indicating a high rate of ge-
netic evolution of this chromosome. Transmission through the maternal lineage and suppression of the recombination
contribute significantly to the accelerated evolution of GRCs. One may suggest that the rapid coordinated evolution
between the GRC genes and the genes of the basic genome in the songbirds might be responsible for the explosive
speciation and adaptive radiation of this most species-rich and diverse infraorder of birds.
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XpOoMOCOMBI IIEBUUX IITUILL, OTpaHNMUYEHHbIE 3apO/IbIILIE€BOI JIMHIIEN
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® borodin@bionet.nsc.ru

AHHOTaLuA. XpOMOCOMbI, OrpaHNYeHHble 3apogbieBoit nuHuen (germline-restricted chromosomes — GRC), npucyT-
CTBYIOT B reHOMax repMUHATVBHbIX KNETOK 1 3anporpaMmmrMpoBaHHO SMIVMUHMPYIOTCA 13 COMATMYECKUX KNEeTOK B XOAe
pa3BuTuA. OHM KpaliHe pefKo BO3HMKAIOT B Xo4e 3Bosouunn. Ewe pexxe oHM CTaHOBATCS HEOBXOAMMbIMU 3f1eEMEHTaMMN
reHOMOB repPMUHATUBHbIX KJIETOK KPYMHbIX TAKCOHOB. Takad XpOMOCOMa, OrpaHNYeHHasa 3apOoAbILLEBON IMHKeEN, Obina
ob6Hapy»KeHa y BCex UccnefoBaHHbIX NpeAcTaBuUTeNnein Nogotpaaa BOpobbUHOobpasHbIX NeBUYMX NTvL. Hu y ofHoro 13
npencTasmTenein apyrux otpagos ntuy, GRC He BbiABNeHO. 3TO cBMAETENbCTBYET O ToM, 4To GRC BO3HMKNA Y oblero
npenKka BOPoObMHOO6PA3HbIX NeBUMX NTUL. Y BCeX NpeacTaBuTtenell 3toro nogotpsaaa GRC npucyTcTyeT, Kak npasu-
N0, B ABYX KOMMAX B rePMUHATUBHBIX KNeTKaxX CaMOK 1 B OHOI KONUW Y CaMLOB 1 OTCYTCTBYET B COMATMYeCKMX KneT-
Kax. Y camok GRC cMHanTMpytoT 1 peKoMOVHUPYIOT B Npodasze Melno3a. Y camLoB OHY NMOYTY BCErAa SNVMUHMPYOTCA
13 cnepmatoymToB. Takum obpasom, GRC HacnegyeTca NoyTy NCKNIOUYUTENIBHO MO MAaTEPUHCKON IMHUN. XpOMOCOMBI,
OorpaHnyYeHHble 3apOofblLlLEBOW IHNEN, — HEOOXOAVMBIN 3IEMEHT reHOMa repMUHATUBHDBIX KNEeToK neBumx nuy,. Ha ce-
roAHALWHMI fieHb nccnegoBaHbl reHombl GRC veTbipex B1aoB. HekoTopble reHbl GRC akTMBHO 3KCMpeccnpyoTca B FOHa-
[lax CamMLiOB 11 CAMOK, KOHTPONMPYIOT pa3BUTUE FEPMUHATUBHbIX KIIETOK, CUHTE3 6eNKOB, BOBIEUEHHbIX B OpPraHM3aLuio
meroTnyecknx xpomocom. GRC pasHbIx BUAOB PasnnyatoTca no pasmepam n reHetuyeckomy coctapy. leHom GRC Kax-
[0ro BUAa NTUL COCTOUT U3 aMNANGUUMPOBAHHbIX NEePEeCTPOEHHbIX KOMUI reHOB OCHOBHOMO reHOMa AilaHHOro Buaa.
YpoBeHb romonorun mexgy GRC pasHbix BYAOB AOBOSIbHO HU30K. DTO YKa3blBAaeT Ha BbICOKYI CKOPOCTb 3BOOLMMN
reHeTNYeCckoro coCcTaBa XPOMOCOMbI. 3HaUUTENbHBbIN BKNaA B ycKopeHue aBontoumm GRC BHOCAT nepefaya 3ToM XpoMo-
COMbI MO MaTEPUHCKOWM NMNHWY 1 NOAABIIEHNE PEKOMOUHALMM B HEN. MOXHO cunTaTb, YTO GbICTPan cornacoBaHHas 3BO-
niouusa reHoB GRC 1 reHOB OCHOBHOTO Habopa BOPOObMHOO6PA3HbIX MEBUMX NTULL UTPAET BaXKHYIO POJib B BULOO6pa30-
BaHWM 1 afanTVMBHOWN paanauunm npeactaBuTeneit 3Toro camoro 6oratoro Buaamu 1 pasHoobpasHoro noaoTpsga NTmu.
KntoueBble cnoBa: XpOMOCOMbI, OrPaHUYEHHbIE 3aPOAbILLEBON NIMHMEN; SBOMIOLUA reHOMa MNTUL,; 3anporpammmnpoBaH-
Has annmunHauma OHK.
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Programmed DNA elimination

In the late 19th century, A. Weismann proposed one of the
most influential ideas in modern biology. He suggested a
fundamental distinction between somatic cells and germ line
cells (Weismann, 1890, 1893). According to A. Weismann,
germline cells possess a complete set of hereditary material
(germ plasm), while somatic cells undergo unequal divisions
during their differentiation and specialization, which leads to
a fragmentation of the germ plasm, with different daughter
somatic cells acquiring its different fragments.

The former part of Weismann’s hypothesis became
the basis of modern evolutionary biology, genetics,
and developmental biology. The latter part underwent
significant modifications. Unequal division of somatic
cells during early development in the vast majority of
modern multicellular organisms does not lead to genome
fragmentation (as suggested by Weismann), but rather to
the uneven distribution of its products (proteins and RNAs)
among the daughter cells. This, in turn, leads to progressive
differentiation of their gene activity and, ultimately, to their
specialization (Droscher, 2014).

However, somatic cells in some species behave according
to Weismann’s hypothesis: they lose a portion of their
genomes during the differentiation. This phenomenon was
previously referred to as “chromatin diminution”. The
prevailing term now is “programmed DNA elimination”
(Wang, Davis, 2014). The first example of chromatin
diminution was discovered by T. Boveri in the nematode
Ascaris megalocephala (Boveri, 1887). During the early
stages of its development, the nuclei of certain cells
progressively lose a portion of their chromosomal material.
T. Boveri suggested that chromatin diminution is part of a
normal developmental program necessary for the formation
of specific tissues and organs in the worm (Maderspacher,
2008).

Programmed DNA elimination is observed in various taxa
of multicellular organisms. It plays a key role in regulating
gene expression and maintaining genomic stability. Various
molecular pathways involved in selective DNA removal
during chromatin diminution have been identified (Wang,
Davis, 2014; Smith, 2018; Smith et al., 2021; Dedukh,
Krasikova, 2022). It has been shown that the regions of the
genome that are eliminated are the homologous counterparts
of those undergoing silencing in other multicellular
organisms, such as oncogenes and other early developmental
genes (Wang et al., 2012; Streit et al., 2016; Smith, 2018;
Smith et al., 2018).

Thus, programmed DNA elimination can be considered
a radical form of silencing, a specific way to resolve the
problem of antagonistic pleiotropy between early and
late genetic programs. Apparently, this mechanism of
developmental regulation through programmed DNA
elimination has emerged repeatedly in evolution and has
proven to be an evolutionary dead end. Its erratic distribution
across the phylogenetic tree of multicellular animals
supports this hypothesis (Smith et al., 2021).
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Whole chromosome elimination

Elimination in somatic cells usually affects chromosome
fragments rather than entire chromosomes. Cases of
whole chromosome elimination are less frequent (Dedukh,
Krasikova, 2022). In several species of mammals and
invertebrates from different taxa, chromosome elimination
serves as a mechanism of sex determination and/or dosage
compensation of genes on heterogametic sex chromosomes
(Watson et al., 1998; Wang, Davis, 2014; Smith et al., 2021).

Conflict between host genomes and their genomic
parasites sometimes leads to the emergence of additional
(i.e., nonessential for survival) chromosomes. They are
called B-chromosomes, in contrast to A-chromosomes
of the basic karyotype. B-chromosomes vary in size,
morphology, and genetic content between species, among
individuals within a species, and even among individual
cells of an organism (Houben et al., 2014; Camacho, 2022).
Several studies detected a tendency for B-chromosomes
to accumulate in germ cells and be lost in somatic cells
(Camacho et al., 2000; Camacho, 2022).

B-chromosomes may not be present in all populations
of a particular species. Species with B-chromosomes also
exhibit erratic phylogenetic distribution (D’Ambrosio et
al., 2017). For example, B-chromosomes are present in
only 16 species from 11 rather species-rich genera out
of 1130 species described in the “Atlas of Mammalian
Chromosomes” (Graphodatsky et al., 2020). This suggests
that B-chromosomes are typical genomic parasites that
occasionally arise in some species, sometimes gain pyrrhic
victories and spread in populations, but ultimately either
become completely eliminated from the genomes of these
species or go extinct along with their hosts (Camacho et al.,
2000; Houben et al., 2014; Houben, 2017; Camacho, 2022;
Chen et al., 2022).

In some cases, however, such parasitic chromosomes may
achieve evolutionary success and become an indispensable part
of'the genome in germ cells of all or most species within larger
taxa. Such germline-restricted chromosomes (GRCs) have been
discovered in almost all studied species from three dipteran
families: fungus gnats (Sciaridae), gall midges (Cecidomyiidae),
and non-biting midges (Chironomidae) (Hodson, Ross,
2021), as well as in all studied species of passerine birds
(Passeriformes) — the most species-rich and diverse order
of birds (Torgasheva et al., 2019; Borodin et al., 2022).

A comprehensive review of current knowledge on GRCs
in Diptera was provided by C.N. Hodson and L. Ross (2021).
A recent review of GRCs in passerines was published by a
group of authors, including nearly all European researchers
of this chromosome and the author of this article (Borodin
etal., 2022), in a special issue dedicated to non-Mendelian
inheritance and meiotic drive (Hanlon, Larracuente,
2022). It paid special attention to hypotheses regarding the
mechanisms of GRC transmission in the germline and its
elimination from somatic cells. Another review analyzing
GRC in the context of genomic conflicts appeared online in
September 2023 (Vontzou et al., 2023).
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This review will address issues related to the structure,
function, and evolution of this enigmatic chromosome.

Discovery of GRC in birds

GRC in birds was first identified by Argentine cytogeneticists
M.1. Pigozzi and A.J. Solari in the zebra finch (7aeniopygia
guttata) (Pigozzi, Solari, 1998). They stumbled upon
it entirely by chance during a comparative study of
chromosome synapsis and recombination in bird meiosis.
Among the numerous bird species they examined (Solari,
Moses, 1973; Rahn, Solari, 1986; Solari, 1992; Solari,
Pigozzi, 1993; Pigozzi, Solari, 1997), the zebra finch was
the first representative of Passeriformes. In the meiotic cells
of this species, they observed something that had not been
seen in any previously studied species.

The germline cells of both male and female zebra finches
contained an additional chromosome that was not present
in bone marrow and other somatic cells. This additional
chromosome was larger than all other chromosomes.
It was euchromatic in oocytes and heterochromatic in
spermatocytes (Pigozzi, Solari, 1998). Furthermore, in
female germline cells, it was usually present in two copies,
whereas in males, it was present in a single copy (Pigozzi,
Solari, 2005).

Another unexpected feature of this chromosome was its
absence not only in somatic cells but also in spermatozoa.
During pachytene, diplotene, and metaphase I of meiosis,
the GRC was localized at the periphery of chromosomal
plates. However, it was absent in metaphase Il of male
meiosis. Additionally, round dense DAPI-positive bodies
were observed adjacent to some spermatocytes. Electron
microscopy revealed that these round bodies were
surrounded by a double membrane. M.I. Pigozzi and her
colleagues hypothesized that these micronuclei contained
GRCs eliminated after the first meiotic division (Pigozzi,
Solari, 1998, 2005; Itoh et al., 2009; Goday, Pigozzi, 2010;
Schoenmakers et al., 2010).

Subsequently, A.A. Torgasheva et al. (2019) confirmed
this hypothesis in a direct experiment. They microdissected
these micronuclei, prepared DNA probes from them, and
hybridized these probes to preparations of pachytene
spermatocytes and oocytes. In all cases, they observed
a strong, specific hybridization signal on the GRCs
(Torgasheva et al., 2019). Since the GRC was absent from
spermatozoa, M.1. Pigozzi and A.J. Solari (2005) and Y. Itoh
et al. (2009) suggested that it must be inherited exclusively
through the maternal lineage.

Initially, M.I. Pigozzi and A.J. Solari (1998) classified
the zebra finch GRC as a B-chromosome. However, they
noted its unique characteristics. B-chromosomes usually
vary in number in somatic cells and tend to accumulate in
germline cells. The zebra finch GRC was absent in somatic
cells and always present in every germline cell. From the
outset of the GRC investigation, it became clear that this
chromosome was not a facultative but an obligate element
of the germline cell genome, essential for gametogenesis.
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GRC at the phylogenetic tree of birds

The zebra finch GRC has long been considered an intriguing
genetic curiosity, the sole instance of the B-chromosome
in birds. The discovery of GRC in germline cells of the
Bengalese finch (Lonchura striata domestica) (del Priore,
Pigozzi, 2014) did not alter this opinion. However, the
situation changed dramatically in 2018-2019, when three
independent research groups published data indicating the
presence of GRC in the germline of many species of birds
(Biederman et al., 2018; Kinsella et al., 2019; Torgasheva
et al., 2019).

A.A. Torgasheva et al. (2019) obtained direct evidence
of the antiquity of GRC in birds and its wide distribution
among songbirds. They conducted cytogenetic screening of
15 songbird species and 8 bird species outside this suborder.
They used immunolocalization of SY CP3, the major protein
of the synaptonemal complex (axial scaffold of meiotic pro-
phase chromosomes), centromeric proteins, and MLH1, the
mismatch repair protein, which marks sites of homologous
recombination (Fig. 1).

A.A. Torgasheva et al. (2019) demonstrated that GRC is
present in all pachytene cells of all investigated individuals
of songbird species, including the rook (Corvus frugile-
gus), a representative of the Corvida infraorder, the sister
group to the Passerida infraorder, which includes all other
songbird families (Fig. 2). The size of GRC varies widely,
with some species having macrochromosomal GRC of size
rank 1 to 3, and others having micro-GRC. No phylogenetic
clustering has been observed for this trait: closely related
species differ greatly in the size of their GRC (see Fig. 2).
However, GRC exhibits considerable conservatism in terms
of its morphology; in nearly all investigated species, GRC
is an acrocentric chromosome. The exception is the pied
flycatcher, whose GRC is metacentric (Torgasheva et al.,
2019; Malinovskaya et al., 2022).

GRC has not been detected in any bird species outside
the order Passeriformes, including the budgerigar (Melop-
sittacus undulatus), a representative of the order Psittaci-
formes, which is the sister group to the order Passeriformes
(Torgasheva et al., 2019). The list of species examined for
the presence of GRC now includes 27 songbird species with
GRC and 9 bird species without GRC outside this suborder
(see Fig. 2) (Borodin et al., 2022).

Based on cytogenetic screening, A.A. Torgasheva et al.
(2019) concluded that GRC is likely present in the germline
cell genomes of all songbirds and absent in all other birds.
They suggested that GRC originated in the common ances-
tor of the Passeri suborder, which includes approximately
5000 species. The germline cells of representatives of the
Tyranni suborder, consisting of approximately 1200 species,
and the Acanthisitti suborder, which includes two species of
New Zealand wrens, have not been analyzed yet. Therefore,
it is still unknown whether they have GRC. If they have it,
this would indicate that GRC emerged much earlier, in the
common ancestor of all passerine birds.
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Fig. 1. Germline cells of the great tit at the pachytene stage afterimmunostaining with antibodies against SYCP3 (red), centromeric
proteins (blue), and MLH1 (green).

a - oocyte containing a GRC bivalent; b — spermatocyte with a GRC univalent.
The arrowheads indicate the centromeres of the GRC, the three largest macrobivalents, and the heteromorphic ZW bivalent with
misaligned centromeres. The arrow points to the MLH1 signal in the pericentromeric region of the GRC bivalent. Scale 5 um. Photographs
from the article (Torgasheva et al., 2019), published in “Proceedings of the National Academy of Sciences’, USA, under the CC-BY-SA 4.0
license (modified).

Independent evidence of the evolutionary antiquity of the
GRC has been obtained by comparing the results of sequen-
cing the generative and somatic tissues of the zebra finch
(Kinsella et al., 2019) and subtractive transcriptomic analysis
(Biederman et al., 2018). Over a hundred GRC-specific
genes (gametologs) and their somatic paralogs (somatologs)
have been identified on at least 19 A-chromosomes.

The results of phylogenetic analysis enabled the cate-
gorization of GRC-specific genes into five evolutionary
strata based on the degree of divergence from their somatic
paralogs (Kinsella et al., 2019).

The level of divergence between gametologs of the
youngest stratum 5 and their somatic counterparts is com-
parable to the level of divergence among the subspecies of
the zebra finch. Gametologs of stratum 4 emerged during
the divergence of the zebra finch from the long-tailed finch
(Poephila acuticauda) and the diamond firetail (Stizoptera
bichenovii). Stratum 3 comprises gametologs that originated
from a common ancestor of estrildid species (Estrildidae),
stratum 2 corresponds to the ancestor of the Passerida in-
fraorder. The most ancient stratum 1 arose in the common
ancestor of the suborder Passeri.

Thus, both cytological and molecular genetic data
unambiguously indicate the monophyletic origin of the GRC.

Genetic content of GRC

What does GRC contain that makes it an obligate element of
the germline genome of all songbirds? At the time of writing
this article, the results of genomic analysis of GRC have been
published for only four species of songbirds: the zebra finch
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(Kinsella et al., 2019), two species of nightingales: western,
Luscinia megarhynchos and eastern, L. [uscinia (Schlebusch
et al., 2023), and the Eurasian blue tit, Cyanistes caeruleus
(Mueller et al., 2023).

The most extensively studied zebra finch GRC contains
a set of genes crucial for the development of the reproduc-
tive system. Contrary to expectations, mobile elements and
satellite DNA are not more abundant in GRC compared to
A-chromosomes; in fact, they are less abundant (Kinsella et
al., 2019; Torgasheva et al., 2019). Transcriptomic analysis
revealed the transcription of at least six GRC-specific genes
in the testes and 32 genes in the ovaries. Mass spectrometry
analysis confirmed the translation of mRNA from some of
these genes in the gonads of both sexes. Gene categories
related to gonad formation in females and reproduction are
overrepresented in the list of GRC-specific genes. Orthologs
of many zebra finch GRC-specific genes are predominantly
expressed in the chicken gonads of both sexes (Kinsella et
al., 2019). Both the macro-GRC of the zebra finch and the
micro-GRC of the blue tit contain a functional paralog of
the BMP15 transcription factor, which plays an important
role in follicle maturation in the ovaries of birds and other
vertebrates (Mueller et al., 2023). In the GRC of the blue
tit, J.C. Mueller et al. (2023) revealed the genes controlling
the formation of the synaptonemal complex and other genes
controlling chromosome synapsis and recombination.

Some of the gametologs found in the zebra finch GRC,
including the most ancient ones (biccl and trim71), are
subjected to purifying selection (Kinsella et al., 2019).
The products of their orthologs play an important role in
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Zebra finch

Spotted munia
Bengalese finch
Chestnut-breasted munia
Tricolored munia
Black-headed munia
Gouldian finch

Pine bunting
Common chaffinch
Brambling

Eurasian bullfinch
Domestic canary
Common redpool
Eurasian siskin
European greenfinch
European goldfinch
Common linnet
European pied flycatcher
Common nightingale
Trush nightingale
Great tit

Eurasian skylark
Blyth's reed warbler
Barn swallow

Pale martin

Sand martin

Rook

Suboscines

New Zealand wrens
Budgerigar

Eurasian hobby
Black tern

Common swift
Common cuckoo
Domestic pigeon
Grey goose
Japanese quail
Domestic chicken

Taeniopygia guttata*
Lonchura punctulata®
Lonchura striata domestica*
Lonchura castaneothorax”
Lonchura malacca”
Lonchura atricapilla”™
Erythrura gouldiae*
Emberiza leucocephalos*
Fringilla coelebs*

Fringilla montifringilla*
Pyrrhula pyrrhula®
Serinus canaria®

Acanthis flammea*
Spinus spinus*

Chloris chloris*

Carduelis carduelis*
Carduelis cannabinat*
Ficedula hypoleuca*®
Luscinia megarhynchos&
Luscinia luscinia&

Parus major*

Alauda arvensis*
Acrocephalus dumetorum®
Hirundo rustica*®

Riparia diluta*

Riparia riparia*

Corvus frugilegus

Tyranni

Acanthisitti
Melopsittacus undulatus®
Falco subbuteo*
Chlidonias niger*

Apus apus*

Cuculus canorust
Columba livia*

Anser anser*

Coturnix japonica*®

Gallus gallus*

0 Million years ago

Fig. 2. Phylogenetic tree of birds with investigated pachytene karyotypes.

Black circles indicate species with macro-GRC, white circles indicate species with micro-GRC, and the absence of circles denotes the
absence of GRC. Symbols represent data sources: * Torgasheva et al.,, (2019); # Malinovskaya et al., (2022); A Sotelo-Mufoz et al. (2022); &
Poignet et al. (2021). The diagram is adapted from the article by PM. Borodin et al. (2022) published in “Chromosome Research” under the

CC-BY-SA 4.0 license. (modified).

the differentiation of mammalian embryonic cells (Uhlén
et al., 2015). The biccl gene encodes an RNA-binding
protein that modulates protein translation during embryo-
nic development. The product of the ##im71 gene binds to
microRNAs and supports the growth and proliferation of
embryonic stem cells. It is also involved in cell cycle control.
The gametolog of the puf60 gene shows signs of recent posi-
tive selection. It encodes a protein playing an important role
in multiple nuclear processes, including pre-mRNA splicing
and transcriptional regulation (Kinsella et al., 2019). These

data clearly indicate the functional significance of at least
some of the gametologs. However, some genes in the GRC
of the blue tit and many genes in both species of nightingales
have undergone pseudogenization and presumably lost their
functional significance (Schlebusch et al., 2022; Mueller et
al., 2023).

Interestingly, the duplication of genes from the somatic
genome into GRC did not lead to the loss of their “original”
copies. Moreover, in the blue tit, a positive correlation in the
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number of copies was found between gametologs and their
somatologs (= 0.35, P=0.001) (Mueller et al., 2023).

Thus, GRCs of all four investigated species contain co-
pies of A-chromosome genes, many of which control the
development and functioning of germ cells.

Sexual dimorphism in the number

of GRCs in the germ cells and its behavior

in the meiotic prophase

In almost all male pachytene cells (with rare exceptions,
which I will discuss below), at least one GRC is present. It
appears as a univalent with a twisted, sometimes fragmented,
single axial element of the synaptonemal complex sur-
rounded by chromatin, intensely labeled with anticentromere
antibodies. The univalent does not undergo synapsis and
recombination neither with itself nor with A-chromosomes.
In almost all female pachytene cells (with rare exceptions,
which I will discuss below), two GRCs are present. They
synapse along their entire length, forming bivalents, and
undergo recombination. The only difference between GRC
bivalents and A-chromosome bivalents is the distribution of
the recombination sites. There are fewer recombination cites
on GRC bivalents compared to A-chromosome bivalents of
similar size, and they occupy more distal positions on the
GRC bivalents (Pigozzi, Solari, 1998, 2005; Torgasheva et
al., 2019, 2021; Malinovskaya et al., 2020).

With an increase in the number of species and individuals
studied, and the use of molecular probes, many exceptions
were identified. Five females (one zebra finch and four sand
martins) out of 50 individuals of seven species examined
had one GRC (instead of two) in all their pachytene cells
(Borodin et al., 2022). Four females of the great tit out of
seven examined were mosaic for the number of GRCs: one
GRC was observed in a small fraction of their cells (from 2
to 26 %), while the rest contained two GRCs (Torgasheva
et al., 2021).

Among 76 males of 26 investigated species, no individu-
als with more than one GRC in all germ cells have been
found so far. However, nine males (seven pale martins, one
great tit, one pied flycatcher, and one black-headed munia)
exhibited mosaicism in the number of GRCs (Borodin et
al., 2022). Some germ cells of mosaic males contained two
or even three GRCs (Malinovskaya et al., 2020). The male
black-headed munia was mosaic not only in the number but
also in the size of GRCs. Some of its cells contained one
macro-GRC and one micro-GRC (Sotelo-Mufioz et al., 2022).

Sexual dimorphism in the meiotic behavior of GRC is
maintained even in the germ cells, which contain atypical
numbers of GRC for their respective sexes. The two axial
elements of GRC in male pachytene cells show incomplete
synapsis and extremely rare recombination (Malinovskaya
et al., 2020). However, even in the case of such recombina-
tion occurring in male meiosis, it would not play a role in
the evolution of the genetic composition of the GRC due
to the extremely low chance of GRC transmission through
males (Pei et al., 2022).
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The almost exclusive transmission of the GRC through
the maternal lineage, coupled with the fact that recombina-
tion in most regions of the GRC is suppressed, suggests
that the GRC in songbirds represents a new genomic ele-
ment subject to the action of the Meller’s ratchet, in addi-
tion to the sufficiently gene-rich W chromosome and the
mitochondrial genome. Non-recombining genomic elements
are characterized by an exceptionally high rate of fixation
of point and structural mutations (Gabriel et al., 1993). It
can be hypothesized that the GRC should evolve at a high
rate and accelerate the evolution of the entire suborder of
songbirds.

Evolution of the GRC

The rate of GRC evolution can be assessed by the degree of
divergence in the genetic composition of the GRC among
different bird species. A rough estimation of the degree
of homology between GRCs of several bird species was
obtained using reciprocal fluorescent in situ hybridization
(FISH). This method revealed an astonishingly low degree of
homology between GRCs of different species, which could
indicate a rapid evolution of the genetic composition of the
GRC (Torgasheva et al., 2019).

The initial results of the genomic analysis of GRCs from
different species confirm the assumption of an exception-
ally high rate of GRC evolution. The GRCs of the western
nightingale (L. megarhynchos) and the common nightingale
(L. luscinia), which have undergone independent evolution
for only 1.8 million years, show considerable divergence.
Among the 585 gametologs of the western nightingale and
the 406 gametologs of the common nightingale, only 192
of them are shared. Among them, only 25 are shared with
the GRC of the zebra finch. In other words, only one-third
of the identified gametologs is inherited from a common
ancestor of the closely related nightingale species. For ex-
ample, nearly half of the GRC of the common nightingale
consists of a large, albeit fragmented, segment homologous
to the undivided segment of A-chromosome 2. This genetic
material has not been identified in the western nightingale
at all (Schlebusch et al., 2023).

Segmental copying of A-chromosome regions into the
GRC, followed by the dispersal of these regions within the
GRC, is observed in all species that have been sufficiently
studied. For example, a major portion of the GRC of the
zebra finch consists of dispersed sequences homologous
to a segment from the short arm of chromosome 3 (Itoh
et al., 2009; Torgasheva et al., 2019). The fragments from
the long arm of the same chromosome and from one of the
microchromosomes were found to be homologous to the
GRC sequences of the siskin. The GRC of the sand martin
contains material from chromosomes 4 and W, while the
GRC of the great tit is partly homologous to one of the
microchromosomes (Torgasheva et al., 2019).

The mechanisms of copying and dispersing fragments
of A-chromosomes in the GRC remain unknown. Recom-
bination between the GRC and A-chromosomes is unlikely.
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A.A. Torgashevaetal. (2019, 2021) and L.P. Malinovskaya
et al. (2020) did not observe in females of four studied
songbird species any ectopic contacts between GRC and
A-chromosomes, which could lead to recombination
and/or conversion. They did not detect a self-synapsis of
the GRC synaptonemal complexes, which could lead to
deletions, duplications, and dispersal of sequences within
the GRC, either.

The remarkable range of inter-species variability in size
and heterogeneity in the genetic composition of GRC indi-
cate an extraordinary evolutionary fluidity of this remark-
able chromosome. Gametologs constantly accumulate point
mutations, gradually diverging from their somatologs and
gametologs of other species. At the same time, different
gametologs constantly emerge within the GRCs of differ-
ent species by copying from different regions of different
A-chromosomes. Some gametologs amplify in the GRC,
increasing its size, while the deletion of others (or the same
ones?) results in its reduction. These processes of growth and
contraction of the GRC affect different regions in different
species, enhancing the divergence of their GRCs.

The distribution of GRC among birds (Torgasheva et al.,
2019) and the estimates of the divergence time between
gametologs and somatologs of the zebra finch (Biederman
et al., 2018; Kinsella et al., 2019) unequivocally indicate a
monophyletic origin of GRC in the songbirds.

A.A. Torgasheva et al. (2019) hypothesized that the first
GRC could have arisen in the genome of ancestral songbirds
through a trisomy of one of the microchromosomes. The
ancient nature of GRC in songbirds and its extraordinary
genetic fluidity leave no hope of finding A-chromosome
paralogs, which would be the last common ancestor of GRC
in all songbirds.

An analysis of B-chromosomes in different species
suggests that they are derived from fragments of A-chro-
mosomes containing the centromere, which arise during
chromosomal rearrangements in the germ line (Camacho
et al., 2000; Rubtsov, Borisov, 2018; Poignet et al., 2021).
Interchromosomal rearrangements are fixed in bird evolu-
tion much less frequently than in other vertebrate taxa.
The diploid number (2n) of the absolute majority of bird
species varies within a very narrow limit: 80 = 2, and most
of the chromosomes in modern birds are syntenic to the
reptilian chromosomes (Warren et al., 2010; Griffin, Burt,
2014; Damas et al., 2018). Intrachromosomal rearrange-
ments, particularly inversions, play a significant role in the
evolution of bird karyotypes, sometimes acting as one of
the mechanisms of speciation (Hooper, Price, 2017; Bravo
et al., 2021). Recombination within the inversion loops in
heterozygotes for inversion may lead to the formation of
chromosome fragments containing functional centromeres.
One of such fragments could have become the ancestor of
GRC in songbirds.

It can be hypothesized that the proto-GRC became a
chromosome restricted to germ cells at the earliest stages
of its evolution. Many B-chromosomes exhibit genotaxis,
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accumulating in generative tissue and being deficient in so-
matic cells (Camacho, 2022). The evolutionary significance
of this phenomenon is evident: it reduces the pressure of
natural selection on genes localized on these chromosomes.
However, the mechanisms underlying this phenomenon
remain unknown.

A.A. Torgasheva et al. (2019) suggested that the proto-
GRC might already contain multiple copies of somatic genes
controlling the development and functioning of reproductive
organs. Therefore, it could be selected for because it provid-
ed a higher dosage of these genes. This suggestion appears
plausible given the extreme economy of the avian genome
(Griffin, Burt, 2014). However, it is more likely that at the
time of its origin, the GRC was a typical B chromosome,
i. €., an efficient parasite that ensured its transmission without
considering the host’s interests. Useful genes were probably
copied into the GRC at later stages of'its evolution. The few
B-chromosome variants that persist in host genomes for
extended periods and are widespread in populations become
gradually “domesticated” acquiring properties beneficial to
the hosts (Johnson Pokorna, Reifova, 2021).

The question is what these properties are. By analogy
with other examples of programmed DNA elimination
discussed above, it can be hypothesized that the GRC may
contain unique or amplified copies of the genes controlling
early development that exhibit antagonistic pleiotropy. Such
genes may be necessary for early development, but their
expression in later stages of life can be dangerous. In that
case, the GRC can be considered the genetic equivalent of
a startup disk or a boot drive. Supporting this hypothesis
is the discovery of the evolutionarily ancient gametologs
biccl, trim71, and puf60, the products of which may play
important roles in embryonic cell differentiation and cell
cycle control (Kinsella et al., 2019).

Another class of genes that could have been evolutionarily
advantageous when additional copies were created within
the GRC are genes involved in the control of development
and proliferation of germ cells (e. g., prdm1 and BMP15 in
the zebra finch and the blue tit), as well as in the regulation
of synapsis and chromosome recombination (SIX60S1,
SYCE2, SYCPI, TEX12, RNF212B in the blue tit and the
nightingale) (Mueller et al., 2023).

It has been suggested that the GRC may participate in sex
determination and serve as the basis for a new system (where
GRC/0 = X/0 —males, GRC/GRC = X/X — females), which
has already emerged or is emerging in the songbirds on top
of'the typical ZZ-ZW system found in all birds (Stock et al.,
2021). However, I find this proposal highly questionable. As
I showed above, females with a single GRC exist and appear
to develop normally, while certain males possess two GRCs
in a significant portion of their germ cells.

The suppression of recombination between the GRCs,
along with the extensive trafficking between the GRCs and
A-chromosomes, should lead to rapid incompatibilities
between the genomes of closely related species. Following
the Dobzhansky—Muller model (Orr, Turelli, 2001), it can
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be hypothesized that within each species, the emerging
GRC variants are tested for compatibility with A-chromo-
somes, which already exhibit considerable homology due
to constant trafficking. We have already discussed that the
mechanisms underlying the massive trafficking of genes
from A-chromosomes to the GRC remain unknown.

Furthermore, we do not know the extent to which this
trafficking is unidirectional or if there is a reverse movement
from the GRC to A-chromosomes. If the trafficking occurs
in both directions, the GRC may serve as a generator and
incubator of new A-genes. If the trafficking is unidirectional,
bird species should rapidly diverge into matrilines based
on GRC composition. This could lead to genetic incom-
patibilities not only between individuals from geographically
isolated populations but also within populations, offering
broad opportunities for allopatric and sympatric speciation.

Passerines represent the most species-rich suborder of
birds, encompassing 6,500 species out of the known 10,500
bird species. All passerines, and only they, possess the GRC.
Could this be a contributing factor to their high species
number and diversity?
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