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Abstract

Passerine birds have a supernumerary chromosome in their germ cells called the germline-restricted chromosome (GRC).
The GRC was first discovered more than two decades ago in zebra finch but recent studies have suggested that it is likely
present in all passerines, the most species rich avian order, encompassing more than half of all modern bird species. Despite
its wide taxonomic distribution, studies on this chromosome are still scarce and limited to a few species. Here, we cytogeneti-
cally analyzed the GRC in five closely related estrildid finch species of the genus Lonchura. We show that the GRC varies
enormously in size, ranging from a tiny micro-chromosome to one of the largest macro-chromosomes in the cell, not only
among recently diverged species but also within species and sometimes even between germ cells of a single individual. In
Lonchura atricapilla, we also observed variation in GRC copy number among male germ cells of a single individual. Finally,
our analysis of hybrids between two Lonchura species with noticeably different GRC size directly supported maternal inherit-
ance of the GRC. Our results reveal the extraordinarily dynamic nature of the GRC, which might be caused by frequent gains
and losses of sequences on this chromosome leading to substantial differences in genetic composition of the GRC between
and even within species. Such differences might theoretically contribute to reproductive isolation between species and thus
accelerate the speciation rate of passerine birds compared to other bird lineages.

Keywords Germline-restricted chromosome - Programmed DNA elimination - Spermatogenesis - Speciation - Songbirds -
Mosaicism

Introduction

It is typically assumed that, apart from some malforma-
tions like cancer tissues, multicellular organisms normally
contain the same karyotype and genetic information in all
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their cells. However, a growing number of exceptions to
this paradigm have been noted, such as cases when parts of
the genome are eliminated from some or all somatic cells
(Wang and Davis 2014; Dedukh and Krasikova 2022; Smith
et al. 2021; Suh and Dion-Co6té 2021). A striking example
of such programmed DNA elimination occurs in passerine
birds (Passeriformes) (Pigozzi and Solari 1998; Torgasheva
et al. 2019). Here, programmed DNA elimination concerns
the germline-restricted chromosome (GRC), which is elimi-
nated from somatic cells very early during embryogenesis
and maintained only in the germline (Pigozzi and Solari
1998; Goday and Pigozzi 2010). The GRC was first discov-
ered two decades ago in zebra finch (Taeniopygia guttata)
(Pigozzi and Solari 1998) and later observed in bengalese
finch (Lonchura domestica) (del Priore and Pigozzi 2014).
Interestingly, recent studies have suggested that the GRC
is very likely present in all passerine birds (Kinsella et al.
2019; Torgasheva et al. 2019), the largest and most diverse
order of modern birds with more than 6000 species (Fjeldsa
et al. 2020). This makes the Passeriformes the largest taxon
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with obligatory programmed DNA elimination. Analysis of
GRC sequences in zebra finch revealed that this chromosome
is surprisingly gene rich, containing more than one hundred
protein coding genes (Biederman et al. 2018; Kinsella et al.
2019). Many of these genes showed ovary or testis expres-
sion, suggesting that this chromosome plays an important
role in the germ cell development (Biederman et al. 2018;
Kinsella et al. 2019).

Despite its wide taxonomic distribution, the cytogenetic
characterization of the GRC has only been performed in
a handful of species so far (Pigozzi and Solari 1998; del
Priore and Pigozzi 2014; Torgasheva et al. 2019; Poignet
et al. 2021). Interestingly, these studies show that the GRC
varies noticeably in size among species, suggesting that we
are still far from understanding its evolutionary significance
and function for passerine birds. Specifically, of the 18 spe-
cies analyzed so far (Torgasheva et al. 2019; Poignet et al.
2021), 10 species, including zebra finch and bengalese finch,
showed a large GRC comparable in size with macro-chro-
mosomes, while 8 species exhibited a small GRC of similar
size to micro-chromosomes. However, there is no evident
phylogenetic clustering of species according to GRC size,
and species within the same family sometimes differ in GRC
length (Torgasheva et al. 2019). This suggests rapid and
independent changes to the GRC genetic content across the
passerine phylogeny. Indeed, cross-species hybridizations of
the whole-GRC microdissected DNA probes revealed sig-
nificant changes in the GRC genetic content between species
(Torgasheva et al. 2019, 2021). Such changes might theoreti-
cally contribute to reproductive isolation between species
and thus accelerate the speciation rate of passerine birds
(Kinsella et al. 2019). Nonetheless, except for two night-
ingale species (Poignet et al. 2021) and two martin species
(Torgasheva et al. 2019; Malinovskaya et al. 2020), where
the GRC showed similar size within each genus, GRC size
has not yet been compared among closely related species
in the early stages of divergence and thus, it is not clear
whether changes in the GRC size and associated changes in
genetic content are fast and frequent enough to potentially
contribute to speciation in passerines.

Remarkable variation in size is not the only peculiarity
of the GRC. This chromosome also shows atypical copy-
number variation between individuals (i.e., polymorphism)
and sometimes even within individuals (i.e., mosaicism).
In females, the GRC is normally present in two copies that
form a bivalent and recombine during meiosis like standard
autosomes (Pigozzi and Solari 1998, 2005; del Priore and
Pigozzi 2014; Torgasheva et al. 2019; Malinovskaya et al.
2020). However, female individuals with a single GRC copy
have been occasionally found in zebra finch (Pigozzi and
Solari 2005) and sand martin (Riparia riparia) (Malinovs-
kaya et al. 2020). In addition, some females in great tit
(Parus major) showed mosaicism in GRC copy number,
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with some oocytes carrying one GRC copy and others two
GRC copies (Torgasheva et al. 2021). By contrast, the GRC
in males is typically present as a single copy that behaves
as univalent during the pachytene of the first meiosis, and
later is eliminated from the nucleus (Pigozzi and Solari
1998, 2005; del Priore and Pigozzi 2014; Torgasheva et al.
2019). But mosaicism in GRC copy number was recently
described in some males of pale martin (Riparia diluta),
in which a single individual can sometimes carry one, two,
and even three GRC copies in its germ cells (Malinovskaya
et al. 2020).

The observation that the GRC is eliminated from the sper-
matocyte nucleus during the first meiotic division (Pigozzi
and Solari 1998; Goday and Pigozzi 2010), later forming a
micronucleus with fragmented DNA that is finally expelled
from the cell (Schoenmakers et al. 2010), has led to the
assumption that the GRC is inherited only through females.
However, a recent study that analyzed zebra finch mitochon-
drial and GRC haplotypes in captive-bred populations sug-
gested that the GRC might occasionally be inherited from
males (Pei et al. 2022).

In the present study, we used classical and antibody-
based cytogenetic methods to explore polymorphism in
GRC size and copy-number at interspecific, intraspecific,
and intra-individual levels. Specifically, we (1) examined
variation in GRC size and copy number among five closely
related species of estrildid finches (genus Lonchura), (2)
performed extensive individual sampling to test for intra-
individual mosaicism in GRC copy number and size, and
finally, (3) crossed two Lonchura species with distinct GRC
sizes to directly test for maternal inheritance of the GRC.
Our results brought clear support for maternal inheritance
of the GRC and suggested that the GRC varies enormously
in size not only among recently diverged species but can
also exhibit polymorphism in size within species and even
between germ cells of a single individual. We also found
evidence for mosaicism in GRC copy number in male germ
cells of one analyzed individual. Our results suggest that
the GRC is an extraordinarily rapidly evolving chromosome,
which strongly contrasts with the otherwise conserved avian
karyotype (Ellegren 2010), and highlight its potential role in
the speciation of passerine birds.

Methods
Examined species

The GRC was examined in five species of the genus Lon-
chura: bengalese finch (L. striata var. domestica; hereafter L.
domestica), scaly-breasted munia (L. punctulata), chestnut-
breasted mannikin (L. castaneothorax), tricolored munia (L.
malacca), and chestnut munia (L. atricapilla). From each
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species, two unrelated reproductively active males were
analyzed, except for L. malacca from which only one indi-
vidual was used. Additionally, two F, hybrid males from a
cross between a female L. domestica and a male L. punctu-
lata were used to study GRC inheritance. All birds were
sacrificed by cervical dislocation and their left testis was
immediately dissected for the preparation of meiotic spreads.
The birds were obtained from different Lonchura breeders
in the Czech Republic and Netherlands and kept at the Insti-
tute of Vertebrate Biology (Studenec, Czech Republic). The
work with birds followed the Czech law on protection of
animals (law no. 246/1992 Sb.) and was approved by the
ethical committee of the Charles University (permission no:
UKPRF/28830/2021).

Meiotic spreads and immunostaining

Meiotic spreads were prepared following Peters et al. (1997)
with some modifications. Briefly, the left testis was placed
in hypotonic solution (30 mM Tris, 50 mM sucrose, 17 mM
trisodium citrate dehydrate, 5 mM EDTA, pH =8.2) imme-
diately after dissection. Once there, it was cut into small
pieces to release the germ cells and left in the solution
for 40 min. Subsequently, the cells were re-suspended in
100 mM sucrose and dropped on slides previously covered
by a thin layer of 1% paraformaldehyde fixative (PFA) and
0.15% Triton (Sigma Aldrich). The slides were put in a
humid chamber for 1.5 h and washed with 1 X PBS for 2 min.
The slides were then incubated for 1.5 h with one or more
of the following primary antibodies: (i) rabbit polyclonal
anti-SYCP3 (ab15093, Abcam), which stains the lateral ele-
ment of the synaptonemal complex; (ii) human monoclonal
serum (CREST, 15-234, Antibodies Incorporated) staining
centromeres; (iii) mouse monoclonal anti-MLH1 (ab14206,
Abcam), which stains recombination sites; and (iv) anti-
H3S10p (GTX128116, GeneTex) detecting histone H3 phos-
phorylated at serine 10, which labels the eliminated GRC
when it forms a micronucleus localized in the cytoplasm of
secondary spermatocytes or young spermatids (Goday and
Pigozzi 2010; Del Priore and Pigozzi 2014). Anti-SYCP3
and anti-H3S10p antibodies were diluted 1:200 in 1 Xx PBS
with 1% blocking reagent (Roche); the rest of the antibod-
ies were diluted 1:50. The secondary antibodies applied to
detect the corresponding primary antibodies were anti-rab-
bit Alexa 594 (A32740, Invitrogen), anti-human Alexa-488
(A-11013, Invitrogen), and anti-mouse Alexa 488 (A-11029,
Invitrogen). Each secondary antibody was diluted 1:200 in
1% blocking reagent (Roche) in 1 X PBS. The slides were
air-dried and counterstained with Vectashield/DAPI (1.5 mg/
ml) (Vector, Burlingame, Calif., USA) to label the chroma-
tin. Observation of cells was done with an Olympus BX53
microscope. Pictures were taken with an Olympus DP30BW
digital microscope camera using the Olympus Acquisition

Software and processed using the Adobe Photoshop CS6
software.

GRC identification and size measurement

The univalent GRC was identified in pachytene spermato-
cytes according to diagnostic features previously reported
by Pigozzi and Solari (2005) and Torgasheva et al. (2019).
Specifically, (i) the GRC is stained weaker with anti-
SYCP3 antibody when compared to the normal set of biva-
lent chromosomes, (ii) the GRC shows signal of the CREST
antibody not only at the centromere, but also diffusely along
the entire chromosome, and (iii) the GRC shows no signal
of anti-MLH1 antibody staining recombination sites. The
presence and size of the GRC was visually evaluated in 100
pachytene cells per individual in all species and hybrids,
except for one individual of L. atricapilla for which a larger
number of cells (288) were inspected due to mosaicism in
GRC size and copy number. In a subset of cells (Table 1,
Supplementary Table S1), we estimated the size of the GRC
by measuring the length of its chromosomal axis coated by
anti-SYCP3 antibody using Imagel (Schneider et al. 2012).

Furthermore, we visualized the GRC in the form of an
eliminated micronucleus, which is typically localized next
to nuclei of secondary spermatocytes or young spermatids
and is positively stained with anti-H3S10p antibody (del Pri-
ore and Pigozzi 2014). The diameter of GRC micronuclei
in each individual was measured (Table 1, Supplementary
Table S2) with Image J (Schneider et al. 2012).

Mapping GRC size on the Lonchura phylogeny

Since there is, to our knowledge, no published phylog-
eny including all the Lonchura species examined here,
we built a calibrated tree with BEAST.v2.4.6 (Bouckaert
et al. 2014), using zebra finch (Taeniopygia guttata) as
an outgroup. We used sequence data of the mitochondrial
NADH dehydrogenase 2 (ND2) locus (1042 bp) available
in GenBank (AY323596.2, CM016794.1, MN991460.1,
MF765864.1, MN991459.1, KP965879.1), a strict clock
and the GTR +1+ G nucleotide substitution model selected
in jModeltTest v.2.1.10 (Darriba et al. 2012), using the
Akaike Information Criteria. The tree was calibrated using
the divergence times of T. guttata/L. punctulata (9.2 mil-
lion years ago (Mya), 95% highest posterior density (HPD)
interval: 8.6-9.7 Mya), and L. domestica/L. castaneothorax
(3.5 Mya, HPD interval: 3.7-3.3 Mya), following results
from Stryjewski and Sorenson (2017). We ran a total of 50
million generations sampling each 5000 generations and dis-
carding the first 10% as burn in. The convergence of param-
eters was verified by checking the effective sample size (ESS
values >200) in TRACER v1.6 (Drummond and Rambaut
2007); the consensus tree was obtained from Tree Anotator
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Table 1 The length of the
germline-restricted chromosome
(GRC) measured as the length

Species 1

N GRC mean SD N
length (pm)

GRC micronuclei SD
mean diameter (pm)

of the GRC synaptonemal L. domestica 1
axis in pachytene cells and 2
GRC micronuclei diameter in
five Lonchura species and F; L. castaneothorax 1
hybrids between L. domestica 2
female and L. puctulata male. L. punctulata 1
I, individual; N, number of 2
measured chromosomes or
micronuclei; SD, standard L. malacca 1
deviation L. atricapilla 1
2*
27

F, hybrid
L. domesticaxX L. punctulata 9

—_

31 20.486 3135 21 4.507 0.737
29 26.159 7.006 20  5.255 0.605
28 30.940 7.197 20  4.691 0.913
26 25.158 4.051 24 5.001 0.946
31 0.702 0.096 20 1.319 0.205
36 0.602 0.146 21 1.294 0.151
22 0.667 0.073 22 1462 0.188
44 0.574 0.083 21 1.300 0.201
29 0.649 0.116 19  1.263 0.199
45 22.789 4276 21 4271 0.975
36 26429 5.022 25 3.833 0.755
19 24.744 5494 20  3.765 0.586

*Values corresponding to measurements performed on the micro-GRCs

"Values corresponding to measurements performed on the macro-GRCs

(Drummond et al. 2012), and plot in FigTree v.1.4.3 (Ram-
baut 2012). We then mapped the GRC size of individual
species to this phylogenetic tree.

Results

With no exception, the GRC was observed in each exam-
ined pachytene cell of all individuals. Surprisingly, the
GRC varied dramatically in size among the Lonchura spe-
cies. In L. domestica and L. castaneothorax, the GRC was
a macro-chromosome, comparable in size with the largest
chromosomes in the cell (Fig. 1; Supplementary Fig. S1).
The mean length of the GRC SYCP3 axis was larger than
20 um in both of these species (Table 1; Supplementary
Table S1). Consistent with this observation, L. domestica
and L. castaneothorax showed relatively large GRC micro-
nuclei (Fig. 1) with a mean diameter larger than 3.7 pm
(Table 1; Supplementary Table S2).

By contrast, in L. punctulata and L. malacca, the GRC was
a tiny chromosome, comparable or smaller in size than the
smallest micro-chromosome (Fig. 1; Supplementary Fig. S1).
In both species, the mean GRC length was smaller than 1 pm
(Table 1; Supplementary Table S1). However, unlike the
larger GRCs in L. domestica and L. castaneothorax, where
CREST and SYCP3 signals corresponded in size, the SYCP3
signal was smaller than the CREST signal in L. punctulata
and L. malacca, which might mean that for small GRCs, the
length of the SYCP3 signal slightly underestimates the real
size of the GRC. The small size of the GRC in L. punctulata
and L. malacca was supported by small GRC micronuclei
(Fig. 1), with a mean diameter smaller than 1.5 pm (Table 1;
Supplementary Table S2) in these two species.
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Interestingly, in L. atricapilla we observed mosaicism in
GRC size and copy number (Fig. 2; Table 2). In one of the
two individuals, 57% of the pachytene spermatocytes car-
ried a macro-GRC (Fig. 2al), while 38% of the cells carried
a micro-GRC (Fig. 2a2). The remaining 5% of cells either
contained both macro- and micro-GRC (Fig. 2a3) or two
micro-GRCs (Fig. 2a4). The mean length of the SYCP3 axis
was 22.4 pm for the macro-GRC and 0.6 um for the micro-
GRC (Table 1; Supplementary Table S1). Consistent with
this observation, both large and small GRC micronuclei were
detected in this individual (Fig. 2; Table 1; Supplementary
Table S2). The proportion of large and small micronuclei
was similar to the ratio of macro- and micro-GRCs found in
the pachytene cells (Table 2). A single large micronucleus
was found next to the nucleus of a secondary spermatocyte
or young spermatid in 65% of cases (Fig. 2b1), while a sin-
gle small micronucleus was found in 32% (Fig. 2b2). The
combination of one large and one small micronuclei, two
small micronuclei, or two large micronuclei in the vicinity
of a single secondary spermatocyte or spermatid were each
observed in 1% of cases (Fig. 2b3-b5; Table 2). In the second
individual of L. atricapilla, all pachytene spermatocytes had
only a single micro-GRC and only small GRC micronuclei
were observed in the later meiotic stages (Table 1).

In contrast with the extraordinarily large variation in GRC
size among the Lonchura species, all the other chromosomes
showed similar sizes in all the examined species, which also
presented the same diploid chromosome number (2n = 80).
Distribution of the GRC size along the Lonchura phylogeny
revealed that the species with large and small GRCs do not
form a single clade but are rather scattered across the phylog-
eny (Fig. 3). This suggests that change between macro- and
micro-GRC may have occurred several times in this genus.
However, given the existence of polymorphism in GRC size
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L. domestica L. castaneothorax

L. malacca

L. punctulata

Fig.1 The germline-restricted chromosome (GRC) in males of four
Lonchura species. Pachytene chromosomes are immunostained with
anti-SYCP3 (red) and CREST (green) (a) or anti-SYCP3 (red) and
anti-MLH1 (green) antibodies (b). Anti-SYCP3, CREST, and anti-
MLHI1 antibodies label the lateral elements of synaptonemal com-
plexes, centromeres, and recombination sites, respectively. The arrows
point to the GRC which is less intensively stained with anti-SYCP3
antibody, is diffusely labeled with CREST and shows no recombina-

within a species and the low number of analyzed individuals
per species, it is hard to infer how many times the GRC has
actually changed size.

Finally, the two examined F, hybrid males between L.
domestica (female) and L. punctulata (male) carried a macro-
GRC comparable in size with the maternal GRC of L. domes-
tica, as well as large GRC micronuclei (Fig. 4; Table 1), sup-
porting maternal inheritance of the GRC.

tion sites. The boxes display a magnification of the GRC with reduced
CREST signal for better visibility of the chromosome. The GRC
micronuclei immunostained with anti-H3S10p antibody (red) next to
nuclei of secondary spermatocytes, where DNA is counterstained with
DAPI (blue) (c). Arrowheads point to the GRC micronucleus. In L.
domestica and L. castaneothorax, the GRC is a macro-chromosome,
while in L. punctulata and L. malacca, the GRC is a micro-chromo-
some. Scale bar: 10 pm

Discussion

The exclusion of the GRC from somatic cells and its
maintenance only in the germline represents an intrigu-
ing example of programmed DNA elimination (Wang and
Davis 2014; Dedukh and Krasikova 2022; Smith et al.
2021). Although the GRC might have originally been a
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Fig.2 Mosaicism in size and copy number of the germline-restricted
chromosome (GRC) in one L. atricapilla male. Pachytene chromo-
somes immunostained with anti-SYCP3 (red) and CREST (green)
antibodies labeling the lateral element of the synaptonemal com-
plexes and centromeres, respectively (a). Most primary spermato-
cytes carried either a single macro-GRC (al) or a single micro-
GRC (a2), but a few cells had one macro- and one micro-GRC (a3)
or two micro-GRCs (a4). Congruently, a single large GRC micronu-

Table 2 Mosaicism in germline-restricted chromosome (GRC) size
and copy number in male germ cells of L. atricapilla. The table
shows the proportions of pachytene cells with macro- and micro-
GRCs and proportions of secondary spermatocytes or spermatids

cleus (b1) or a single small GRC micronucleus (b2) was found next
to nuclei of secondary spermatocytes or spermatids in most cases,
but in a few cases one small and one large GRC micronucleus (b3),
two small GRC micronuclei (b4) or two large GRC micronuclei (b5)
were found next to the nuclei of secondary spermatocytes or sperma-
tids. Anti-H3S10p antibody (red) labels GRC micronuclei and DAPI
(blue) counterstains the chromatin (b). Scale bar: 10 pm

with large and small GRC micronuclei. The proportions were esti-
mated based on the assessment of 288 pachytene cells and 100 sec-
ondary spermatocytes or spermatids with micronuclei

Macro Micro Macro + Micro Micro + Micro Macro + Macro
GRC in pachytene cells 57.3% 37.5% 2.4% 2.8% 0%
GRC micronuclei 65.0% 32.0% 1.0% 1.0% 1.0%

parasitic, non-essential B chromosome (Camacho et al.
2000; Johnson Pokorna and Reifova 2021), its presence
in all the passerine species studied so far suggests that
it gained some important function that has prevented its
loss in this taxon. This function is still unknown, but it
has been suggested that the GRC might play an important
role in germ cell development or even the germline deter-
mination itself (Kinsella et al. 2019). Our results showing
enormous variation in GRC size among species, within
species and even among germ cells of a single individual
seemingly contrast with the apparent importance of this
chromosome and suggest that large parts of the GRC might
in fact be dispensable.

The vast majority of genes identified on the zebra finch
GRC have paralogs on autosomes and sex chromosomes
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(Itoh et al. 2009; Kinsella et al. 2019). It thus appears that
the GRC contains duplicated sequences from regular chro-
mosomes (Kinsella et al. 2019). Interestingly, while some
genes on the GRC of zebra finch seem to be quite old,
others were apparently added to the GRC very recently
(Kinsella et al. 2019). We thus suggest that the great vari-
ability in GRC size among species, and even among indi-
viduals of the same species may be due to rapid turnover
of the GRC genetic content caused by frequent addition
of sequences from other chromosomes and their subse-
quent loss. This idea is supported by FISH (fluorescent
in situ hybridization) experiments with GRC-derived DNA
probes, showing that GRC probes derived from different
species hybridized to different regions of the genome
(Torgasheva et al. 2019, 2021). Another reason for GRC
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Fig.3 Distribution of the macro-GRCs (black dots) and micro-GRCs
(white dots) along a calibrated-tree of five Lonchura species. The
Bayesian phylogeny is based on 1042 bp of the NADH dehydroge-
nase 2 (ND2) locus and uses zebra finch (Taeniopygia guttata) as an

outgroup. Divergence times on nodes 1 and 3 were set at 9.2 Mya
and 3.5 Mya, respectively, based on data from Stryjewski and Soren-
son (2017). Bars at nodes indicate the 95% highest posterior density
(HPD) intervals

Fig.4 The GRC in F, hybrids between a female of L. domestica and
a male of L. punctulata. The pachytene chromosomes are labeled
with anti-SYCP3 (red) and CREST (green) (a) or anti-SYCP3 and
anti-MLHI1 (green) antibodies (b). SYCP3, CREST, and MLH1 anti-
bodies stain the lateral element of synaptonemal complexes, cen-
tromeres, and recombination sites, respectively. The box in (a) dis-
plays a magnification of the GRC with reduced CREST signal for

size variability might be sequence duplications within the
GRC including species-specific amplifications of repeti-
tive sequences such as transposable elements. The large
GRC of zebra finch seems to lack a high density of trans-
posable elements, but many GRC genes are indeed dupli-
cated within the GRC (Kinsella et al. 2019). Comparison
of GRC genetic content among the Lonchura species will

better visibility of the chromosome. The GRC micronucleus next to
the nucleus of a secondary spermatocyte labeled with anti-H3S10p
(red) antibody; DNA counterstained with DAPI (blue) (c¢). Arrows
point to the GRC. The arrowhead points to the expelled GRC micro-
nucleus. The hybrids exhibit a macro-GRC and large GRC micronu-
clei comparable in size with that of the maternal species (see Fig. 1).
Scale bar: 10 pm

be needed to determine the reasons for the enormous GRC
size variation.

The dynamic evolution of the GRC strongly contrasts
with the rather conserved avian karyotypes (Zhang et al.
2014), which are remarkably stable in chromosome number,
gross chromosome morphology and synteny, even between
distant bird taxa (e.g., Galliformes and Passeriformes)
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(Griffin et al. 2007; Nanda et al. 2011; Zhang et al. 2014;
O’Connor et al. 2019). The speed at which the GRC evolves
thus appears extraordinarily fast when compared with any
other chromosome, including the W chromosome, which
is the fastest evolving chromosome in the somatic karyo-
type, due to its highly repetitive genetic content (Peona et al.
2021). Distribution of the GRC size across the Lonchura
phylogeny (Fig. 3) suggests that the GRC has dramatically
changed its size more than once during the last 5 million
years. However, the low number of examined individuals
per species prevents us from identifying possible polymor-
phisms in GRC size in all analyzed species and thus, we
cannot estimate the real number of GRC size changes during
the Lonchura radiation.

The rapid evolution of the GRC allows for the intrigu-
ing possibility that this chromosome might be involved in
the establishment of reproductive isolation between pas-
serine species. Passerines represent the most species rich
avian order comprising more than half of all modern species
(Fjeldsa et al. 2020). Some evidence suggests that postzy-
gotic incompatibilities causing sterility of hybrids evolve
faster in passerines compared to other bird lineages (Price
and Bouvier 2002), which could contribute to a higher spe-
ciation rate in this taxon. Although there is currently no
empirical evidence that the GRC is associated with hybrid
sterility, such a possibility is intriguing given the dynamic
changes in GRC size and genetic content observed in this
and previous studies (Kinsella et al. 2019; Torgasheva et al.
2019). Further studies on hybrids among different Lonchura
species, which often show partial or full sterility (McCarthy
2006), could test this hypothesis. Besides postzygotic isola-
tion, the GRC might theoretically also be involved in post-
mating prezygotic isolation as it could, in a species-specific
manner, affect sperm or ovum characteristics, including
sperm size and speed or proteins on gamete surfaces. This
kind of reproductive isolation is not well understood in birds,
but recent studies suggest it might be common (Cramer et al.
2016; Albrecht et al. 2019).

The GRC has been assumed to only be passed to the
zygote through females. This assumption was mainly based
on cytogenetic evidence of GRC elimination from spermat-
ocytes (Pigozzi and Solari 2005; Torgasheva et al. 2019;
Malinovskaya et al. 2020). However, a recent study in zebra
finch showed that the GRC is not always co-inherited with
maternally inherited mitochondria, suggesting the possibil-
ity of occasional paternal inheritance (Pei et al. 2022). The
same study also demonstrated that a small proportion of
spermatozoa carry GRC-specific sequences in their nucleus,
suggesting that the elimination of the GRC during spermato-
genesis may not always be successful and that the whole or
partial GRC may sometimes remain in the sperm nucleus
(Pei et al. 2022). Interestingly, the proportion of sperm car-
rying the GRC varied among different zebra finch matrilines,
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which suggests that certain GRC haplotypes are more likely
to be inherited through sperm than others. Such haplotypes
might carry genes hindering the GRC elimination during
spermatogenesis, facilitating their spread in the population
in a selfish manner (Pei et al. 2022). However, an evidence
for such a hypothesis is lacking to date. Our analysis of F;
hybrids between Lonchura species with distinct GRC size
represents one of the first direct genetic tests of the inherit-
ance mode of the GRC and adds to the evidence that GRC
is typically maternally inherited. However, given the low
sample size, we cannot rule out occasional paternal inherit-
ance in our system. Analysis of more F, hybrids will thus be
needed to test and quantify this possibility.

The GRC is typically present in a single copy in male
germ cells and two copies in female germ cells, which
presumably arise by duplication of a single copy inherited
from the mother (Pigozzi and Solari 1998, 2005; Itoh et al.
2009; del Priore and Pigozzi 2014; Torgasheva et al. 2019).
However, in some species, variability in GRC copy number
also exists within the same sex (Pigozzi and Solari 2005;
Malinovskaya et al. 2020) and sometimes even among dif-
ferent germ cells of a single individual (Malinovskaya et al.
2020; Torgasheva et al. 2021). Our results add to this evi-
dence by demonstrating mosaicism in GRC copy number
in one Lonchura species. We also show, for the first time,
mosaicism in GRC size. In one individual of L. atricapilla,
we found primary spermatocytes with a single macro-GRC,
a single micro-GRC, one micro- and one macro-GRC, or
two micro-GRCs. Analysis of expelled GRC micronuclei
suggests that some germ cells in this individual might also
carry two macro GRCs. For now, we can only speculate how
polymorphism between individuals and mosaicism within
individuals in GRC copy number and size could arise. There
are, however, several mechanisms which might theoretically
contribute to the origin of these phenomena.

First, occasional paternal GRC inheritance and/or inher-
itance of two GRC copies from the mother (as a possible
consequence of female meiotic drive) could result in more
than one GRC copy in the zygote and create polymorphism
in GRC copy number among individuals (Malinovskaya
et al. 2020; Pei et al. 2022). If unstable mitotic inheritance
occurs during germline cell divisions, as has been observed
for B chromosomes (Johnson Pokorna and Reifova 2021),
mosaicism in GRC copy number may arise within a single
individual. This may happen for example through non-dis-
junction of GRC sister chromatids or through chromosome
lagging during mitosis, leading to the loss or gain of GRC
copies in the daughter cells. Such losses and amplifications
of GRC copies during the mitotic propagation of germ cells
were proposed to explained mosaicism in GRC copy num-
ber in pale martin (Malinovskaya et al. 2020) and great tit
(Torgasheva et al. 2021) and could also explain mosaicism
in GRC copy number in L. atricapilla.
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The origin of polymorphism and mosaicism in GRC size
requires yet another explanation. We suggest that shorter
copies of the GRC could arise in a population through frag-
mentation of the GRC during its elimination from spermato-
cytes (Schoenmakers et al. 2010) and the subsequent pater-
nal inheritance of GRC fragments which remained in sperm
cells. If fragments of the GRC contain the centromere, they
could be regularly transmitted to daughter cells during
mitosis as other chromosomes. Alternatively, the shorter
GRC might be the result of GRC fragmentation and loss
of its parts during germline mitotic divisions. Such large
deletions would normally be deleterious on standard chro-
mosomes, but given the enormous variability in GRC size,
even among closely related species, it is possible that large
parts of this chromosome are in fact non-essential and thus
their loss might not have large effects on the fitness of the
carrier. Such mutations shortening the GRC together with
continuous additions of new sequences copied from standard
chromosomes might be the source of the GRC size polymor-
phism within species which can then be translated into GRC
size differences between species. Polymorphism in GRC size
in L. atricapilla could also originate from interspecific intro-
gression of differently sized GRCs between the Lonchura
species as reproductive isolation between many species is
still incomplete (McCarthy 2006). Evidence for interspecific
introgression of another type of germline-restricted chromo-
some has been recently obtained in Sciarid flies (Hodson
et al. 2022). Once polymorphism in GRC size exists in a
species, mosaicism in GRC size within individuals could
simply arise if the zygote inherits two GRCs of different
sizes, which are then unstably inherited during germline
mitotic divisions.

Conclusion

Our results together with previous studies indicate that the
GRC is the fastest evolving avian chromosome in terms of
changes in its size and genetic content. The GRC shows
unexpectedly large variation in size, ranging from a tiny
micro-chromosome to a very large macro-chromosome,
even among very closely related species and sometimes
also within the same species or even individual. This sug-
gests that although the GRC seems to be indispensable for
passerines, large parts of this chromosome might in fact be
non-essential and species-specific, potentially harboring
genes facilitating the spread of GRC haplotypes in a selfish
manner. Given that the GRC carries many testes and ovary
expressed genes, changes in the genetic content of this chro-
mosome might have important implications for the origin
of postzygotic as well as postmating prezygotic isolation in
passerine birds.
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