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On the origin and evolution of germline
chromosomes in songbirds

Bengt Hansson®"

In addition to the normal set of chromosomes, eukaryote
genomes sometimes also contain chromosomes that do
not follow the Mendelian law of inheritance. These
chromosomes, called B chromosomes, were detected in
the early 20th century (1) and are believed to consist of
selfish genetic elements that have parasitized the ge-
nome (2, 3). B chromosomes are typically supernumerary,
derived from ordinary chromosomes, and often vary in
numbers both among individuals and among cells within
individuals (3, 4). B chromosomes can be tissue-specific,
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Fig. 1. (A) Schematic outline of the life cycle of a GRC that is transmitted via oocytes
and eliminated from somatic cells and spermatids (8-10). (B) A phylogeny of birds
indicating the GRC of songbirds (oscine passerines) (11). (C) A possible scenario for
the evolutionary dynamics of B chromosomes in general and of the songbird GRC in
particular (3, 4, 11). (i) Formation of a proto-B chromosome, i.e., a harmful selfish
genetic element that possesses a meiotic-drive mechanism. (ii) The B chromosome
increases in frequency in the population due to the drive. (iii-a and iv-a) Selection
favors the evolution of B chromosome-drive suppressors that neutralize the B
chromosome (jii-a), and the B chromosome is eventually lost from the population by
genetic drift (iv-a). (iii-b and vi-b) The B chromosome gains genes that are beneficial
for the host (genes involved in germ-cell development) (iii-b) and increases further
in frequency and eventually becomes fixed (iv-b).

and one type of B chromosome (or B-like chromosome)
is restricted to germline cells and, thus, consistently ab-
sent from somatic (body) cells, which makes them easily
overlooked in cytogenetic and genomic studies. Such
germline-restricted chromosomes (GRCs) have previ-
ously been reported from several eukaryotes (5), includ-
ing nematodes (6), lampreys (7), and 2 closely related
species of songbirds—the zebra finch and the Bengalese
finch (8-10). The finch GRC is similar in size to a large avian
autosome, is transmitted via oocytes, and is eliminated
from somatic cells and spermatids (8-10) (Fig. 1A). In
PNAS, Torgasheva et al. (11) now reveal that avian GRCs
are not exclusive to finches but are widely occurring in
songbirds, a large clade consisting of over 4,000 species.

Torgasheva et al. (11) use comparative cytoge-
netics to search for GRCs in 16 species representing
9 families of oscine passerines (Passeri; Passeriformes),
i.e., songbirds, and in 8 species representing 7 non-
passerine orders. Their results are striking: A GRC was
present in all the songbirds examined, but in none of
the nonpasserines (Fig. 1B). The finding of taxonomi-
cally widespread GRCs in songbirds provides strong
support for a monophyletic origin of the GRC at the
time when the oscines were formed ~35 million y ago
(12). Whether GRCs occur also in suboscine passer-
ines, a clade of over 1,000 species that is the sister
group to songbirds, remains to be determined (11).
Interestingly, the GRC was found to vary dramatically
in size among the 16 songbird species and appeared
both as a micro- and a macrochromosome, and there
was no phylogenetic clustering of the GRC by size.
Even within families, both small and large GRCs oc-
curred. Nevertheless, cross-species fluorescent in situ
hybridization analysis showed that the GRCs of closely
related species share part of their genetic content (11).
These results reveal a highly dynamic nature of the
songbird GRC, with various gains and losses of ge-
netic material over relatively brief evolutionary time
frames within and between passerine families.

The evolution of B chromosomes is thought to
reflect the outcome of an ongoing conflict between
parts of the genome with different interests, and the
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effect of a B chromosome on its carriers may shift from parasitic to
neutral and possibly beneficial (3, 4) (Fig. 1C). B chromosomes are
believed to start as harmful selfish genetic elements that increase
in frequency due to the possession of meiotic-drive mechanisms.
As the B chromosome becomes more common in the population,
selection will increasingly favor the evolution of B chromosome-
drive suppressors and tolerance to the B chromosome effects
and/or less harmful or possibly beneficial B chromosome vari-
ants. Most commonly, this evolutionary arms race will neutralize
the B chromosome, which, when no longer gaining the advan-
tage of drive, eventually will become lost from the population by
genetic drift. Therefore, most B chromosomes are ephemeral by
nature or occur at low frequencies. In contrast, the songbird GRC is
evolutionarily old and has become a fully established part of the
host's genome, although restricted to the germline. This is interest-
ing, as it suggests that the GRC became beneficial or even indis-
pensable for its carriers early in the history of passerines.

As suggested by Torgasheva et al. (11), a possible scenario is
that a proto-GRC was formed in a passerine or songbird ancestor
by a whole-chromosome duplication of an autosomal microchro-
mosome that spread like a parasitic, selfish genetic element and
increased in frequency. It is further possible that the duplicated
microchromosome contained some genes involved in germ-cell
development or that such genes were translocated to the proto-
GRC soon after its formation. This could have given the proto-
GRC a selective advantage (release from the evolutionary arms
race by being beneficial to the host) that increased its frequency in
the population and eventually led to its fixation (Fig. 1C). B chro-
mosomes sometimes carry host-beneficial genes, as is known
from, for example, oats (13) and fungi (14).

Recent work by Biederman et al. (15) and Kinsella et al. (16)
brings important clues regarding the functional role of the song-
bird GRC by showing that the macro-GRC of the zebra finch con-
tains genes that are transcribed and translated in gonads, have
gonad-development gene ontologies, and show sex-biased ex-
pression and signs of positive selection. These results provide
strong support for the idea that the GRC is beneficial for gonad
development in passerines. If the proto-GRC had similar prop-
erties, this may explain how it became integrated in the avian
germline genome. However, because large chromosome segments
and many genes have been translocated to the finch GRC rela-
tively recently (11, 16), and since the number of GRC genes must
differ substantially between species as indicated by the pro-
nounced interspecific variation in the size of the GRC (11), conclu-
sions from the macro-GRC of the zebra finch may not necessarily
be transferable to the proto-GRC. Enrichment of genes with gonad
functions may have occurred after the GRC became an integrated
part of the songbirds’ germline genome.

The GRC lacks recombination, except for its end parts in female
meiosis (11). It is therefore expected to accumulate deleterious
mutations and transposable elements, degenerate function-
ally, and lose genes over most of its length through processes

analogous to Muller’s ratchet on sex-limited, nonrecombining sex
chromosomes (e.g., Y chromosomes) (17, 18). Thus, any ancestral
gene that has remained functional (and resisted degeneration)
since the formation of the proto-GRC must have been under con-
tinuous and strong purifying selection, suggesting that such
genes are functionally essential. In contrast, more recently trans-
located genes to the GRC that will occur only in a part of the
songbird phylogeny are expected to be more dispensable.
Thus, the expectation regarding the age of genes and their es-
sentiality is similar for GRCs and sex-limited chromosomes—old
sex chromosomes have few but functionally indispensable genes
(19, 20)—and identifying old and thus possibly essential genes
may be key to understanding the evolutionary dynamics of the
songbird GRC.

In PNAS, Torgasheva et al. now reveal that avian
GRCs are not exclusive to finches but are widely
occurring in songbirds, a large clade consisting
of over 4,000 species.

The unique transmission and tissue-specific elimination
process of the songbird GRC is peculiar. It transmits only
through oocytes—and thus exhibits uniparental, female-specific
inheritance—and is eliminated from somatic cells in both sexes
and from spermatids (8-10). In finches, the GRC is euchromatic in
oocytes but heterochromatic and presumably inactive in sper-
matocytes (9, 11). The mechanisms for elimination of the GRC in
songbirds are not yet fully understood (9, 10), but results from
nematodes and the sea lamprey, where ~0.5 Gb is eliminated
from somatic cells, suggest that selection has favored somatic
elimination of genes that contribute to the development of
germ cells but are potentially deleterious if misexpressed in
somatic cells (6, 7). Because the finch macro-GRC contains genes
with germline-specific functions and expression (15, 16), it is pos-
sible that somatic elimination has evolved as a mechanism to
minimize genetic conflicts between germline and soma also
in songbirds.

Torgasheva et al.’s (11) discovery of a widely occurring GRC in
songbirds points to an essential function in the germline to where
it is restricted. Although it still remains to be determined whether
GRCs occur also in suboscine passerines, its widespread occur-
rence in oscine passerines enables broad phylogenetic studies of
shared and lineage-specific GRC sequences to identify genes that
were present on the proto-GRC in the common ancestor of song-
birds. This will shed light on the essential properties of the GRC
and help to understand the selective regimes that led to the fix-
ation of the GRC among present-day songbirds.
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