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Abstract

Over the last few decades, an increasing number of vertebrate taxa have been identified that
undergo programmed genome rearrangement, or programmed DNA loss, during development. In
these organisms, the genome of germ cells is often reproducibly different from the genome of

all other cells within the body. Although we clearly have not identified all vertebrate taxa that
undergo programmed genome loss, the list of species known to undergo loss now represents ~10%
of vertebrate species, including several basally diverging lineages. Recent studies have shed new
light on the targets and mechanisms of DNA loss and their association with canonical modes of
DNA silencing. Ultimately, expansion of these studies into a larger collection of taxa will aid in
reconstructing patterns of shared/independent ancestry of programmed DNA loss in the vertebrate
lineage, as well as more recent evolutionary events that have shaped the structure and content of
eliminated DNA.
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1. INTRODUCTION

In many species, the genome of each cell is essentially identical to the genome of

every other cell in that organism’s body. But is this the rule or the exception in
vertebrates? Over the last several decades, a growing number of species have been
identified that show variation in genome content across cell types, often reproducibly.
These reproducible differences are broadly termed programmed genome rearrangements and
may take the form of developmentally programmed chromosome losses, segmental losses,
translocations, or other recombination events (Figure 1). At some level, all vertebrates
undergo some sort of programmatic rearrangement in the context of generating diversity
among immune receptors: immunoglobulins in gnathostomes and variable lymphocyte
receptors in agnathans (lampreys and hagfish) (1-3). However, rearrangements occurring
at larger genomic and developmental scales have also been observed in several species,
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including representatives of many of the most deeply diverging vertebrate lineages (Figure
2).

The understanding that genomes can potentially vary between cell types in animals is

far from new. Large structural differences between germline and somatic cell lineages

were observed in parasitic Ascaris roundworms as early as 1887 (4), wherein the physical
structure of the genome and chromosome numbers were observed to change as cell lineages
differentiated to give rise to the precursors of somatic tissues. In these roundworms, the
original genome structure of the one-cell zygote is inherited only by the germline. These
observations, and others in Ascaris, contributed to our understanding that chromosomes
serve as the units of inheritance and evolutionary/developmental continuity of the germline.
Similarly, differentiation of germline and somatic genomes was observed in single-celled
ciliates in the nineteenth century (5, 6), and the role of programmed rearrangement in
defining these differences has been resolved to ever-increasing accuracy over the last century
(7-11). The understanding that in a single cell there existed a silent germline nucleus

and an active somatic nucleus was fundamental to revealing the histone code (12-14).
Importantly, these early observations have also added to our ever-growing understanding of
the astonishing diversity of gene-regulatory mechanisms that have been shaped over the last
two billion years of eukaryotic evolution.

One feature that distinguishes programmed rearrangements (particularly deletions) from
other forms of epigenetic silencing is that deletions are effectively irreversible with respect
to cell lineage. Nearly every other mode of silencing must be actively maintained to achieve
continuous repression and can also be either intentionally reversed later in development

to permit expression or potentially misexpressed in the context of disease (i.e., cancer).

As such, it might be expected that the targets of programmed deletion will be enriched

in a subset of genes that are both permanently dispensable to the cell lineage undergoing
elimination and pose some liability if misexpressed in somatic tissues at later developmental
stages. The irreversible nature of eliminations may also explain why PGRs have a patchy
distribution across lineages. If eliminations act to restrict cell fate, then they might be
selectively disadvantageous in species that rely on adult dedifferentiation of somatic cell
lineages (i.e., taxa with extensive regenerative capacities) or might not be expected to persist
with rapid generation times wherein opportunities for the development of cancer or similar
diseases are limited within an individual’s reproductive life span.

The species that are currently known to undergo programmed DNA elimination (Figure

2) are likely only a subset of the species that undergo similar changes in DNA content,

and we are still in the early stages of understanding key details related to the evolutionary
origins and diversification of germline-specific genes, the functions of those genes, and

the molecular mechanisms that mediate the reproducible loss from somatic cells. However,
significant progress has been made in several of these areas, including the discovery of
new taxa that undergo PGR and the broadening of these discoveries within their larger
evolutionary clades. However, it is clear that much remains to be learned. Below, we discuss
taxa that have thus far been identified as undergoing PGR and what is known regarding the
mechanisms and genetic outcomes in each taxon. We then outline questions regarding the
deeper evolutionary origins and diversification of PGR that are raised, given the increasing
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number of taxa found to undergo PGR, and finally we lay out some of the major challenges
and future research directions that extend from studies performed thus far.

PROGRAMMED REARRANGEMENT IN HAGFISH

The first vertebrates known to undergo extensive programmed DNA elimination were

the hagfish. In addition to lampreys (discussed in more detail below), extant species of
hagfish represent the living vestiges of the vertebrate chordate lineages that split before

the evolution of jaws, paired appendages, and other features that are shared by the vast
majority of living vertebrates. Consensus phylogenies place hagfish as sister species to the
lampreys (collectively known as cyclostomes), although the degree of statistical support for
cyclostome monophyly and the ability of molecular phylogenetics to address the questions
are a subject of debate. Regardless of the precise topology of the ancestral vertebrate tree,
both lampreys and hagfish provide critical comparative perspective on the evolution of
vertebrate genomes and genome biology (15).

The initial discovery of programmed elimination in hagfish derived from cytogenetic studies
that were performed in an attempt to reconcile conflicting reports regarding chromosome
numbers for Eptatretus burgeri (16-18). In this initial study, metaphases were observed

from 25 individuals (7 females and 18 males) in spermatogonia, primary spermatocytes,

and a panel of four somatic tissues (blood, liver, gill, and kidney) (17). Spermatogonia

and the primary spermatocytes were observed to have a haploid chromosome number

of 26, whereas all male and female somatic tissues had a haploid chromosome number

of 18. This suggested that 8 pairs of chromosomes were missing from somatic tissues.

To further quantify the differences between tissues, Feulgen densitometry was used to
estimate the relative difference in DNA content between germline and somatic tissues. These
measurements revealed that the size of the genome in germ cells was ~26% larger than

the genome of erythrocytes, or by extension that these eliminated chromosomes comprised
~21% of the germline genome. Because the reduced number of chromosomes and reduced
DNA content in somatic cells were consistent across a wide range of somatic cell types, it
was proposed that these germline-specific chromosomes were selectively eliminated during
embryogenesis from cell populations that would eventually give rise to the somatic tissues in
the adult.

Following on these observations, somatic and germline karyotypes were examined for
another hagfish, Myxine garmani. \In M. garmani, somatic tissues also possess a reduced
number of chromosomes relative to the germline, although the details regarding the
eliminated material differ slightly from those observed in £. burgeri. \n M. garmani, the
haploid chromosome number for somatic tissues (liver, gill, and blood) was 7, whereas

the germline (testis) contained two additional large homologous chromosomes that are
approximately twice as long as the next largest pair of chromosomes. These chromosomes
were estimated to comprise ~30% of the genome. As in studies of £. burgeri, these
observations were interpreted as evidence that this pair of large chromosomes is eliminated
from somatic progenitor cells during early embryogenesis. To date, eight hagfish species
spanning two families (Eptatretidae and Myxinidae) have been shown to eliminate a fraction
of their genome from somatic progenitor cells (17, 19-24; summarized in Table 1). Thus,
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programmed DNA elimination occurs in all species of hagfish examined to date. From
these studies, it is evident that there exists substantial interspecies variation in the number
of chromosomes and proportion of the genome that are selected for elimination from
somatic tissues. As such, programmed DNA elimination likely represents an ancestral, and
evolutionarily dynamic, feature of early development shared by hagfish species.

Heterochromatin Is Selectively Eliminated from Somatic Cells

A common thread among descriptions of programmed DNA elimination in hagfish is

the presence of C-banded chromatin on the germline-specific chromosomes. In nearly all
species of hagfish examined thus far, heterochromatic chromosomes are present exclusively
in the germline (testes) and eliminated from somatic tissues (25), with the exception of M.
garmani, which retains C-positive chromatin in terminal positions within three of its seven
somatically retained chromosome pairs (19). In a broad sense, this mirrors observations

of the eliminated chromosomes in zebra finch (as discussed below), wherein the germline-
restricted chromosome (GRC) was found to be highly heterochromatic in testes, though
notably not in oocytes (26, 27).

In general, C-band-positive chromosomes were found to make up a majority of the

DNA that is eliminated in hagfish, and in some hagfish, the number of C-band-positive
chromosomes found in the germline is equal to the number of chromosomes that are
eliminated from somatic tissues. For example, in £. burgeri, the number of C-band-positive
chromosome pairs in spermatogonia is eight, which exactly matches the number of
eliminated chromosome pairs. Given that C-band-positive chromatin is completely absent
from somatic cells, the heterochromatic chromosomes are presumed to be the targets

of programmed elimination in this species. In other species, there are fewer C-band-
positive chromosomes than eliminated chromosomes, suggesting that some C-band-negative
chromosomes, in addition to heterochromatic chromosomes, are eliminated. This is observed
in Eptatretus stoutii, in which seven pairs of chromosomes are eliminated from the somatic
cell line, but only four of those are C-band positive (22).

Eliminated chromatin may also comprise heterochromatic fragments of chromosomes

in addition to chromosomes that are heterochromatic over most of their length. In
Eptatretus okinoseanus, individuals belonging to two subtypes, A and B, can be
cytogenetically characterized based on the quantity and distribution of heterochromatin in
their spermatogonial karyotypes (20, 21). For both types, the haploid chromosome number
in spermatogonia is 27, whereas the haploid chromosome number in somatic cells is 17. In
type A individuals, all of the heterochromatic chromatin is localized to 10 pairs of C-band-
positive chromosomes that are eliminated from the somatic cells during embryogenesis. In
contrast, most of the germline chromosomes from type B individuals are C-band positive in
their terminal regions in addition to the 10 pairs of heterochromatic chromosomes observed
in type A. Because heterochromatin is not observed in somatic cells for either type, this
was taken as evidence that both types eliminate 10 pairs of C-band-positive chromosomes,
and that type B individuals also excise and remove the terminal heterochromatic regions
from their chromosomes. Heterochromatin removal from the terminal ends of chromosomes
has also been reported to occur in £. stoutii (22). In spermatogonial metaphases from this
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species, there are 4 pairs of fully heterochromatic chromosomes and approximately 13
pairs of chromosomes that are heterochromatic only in their terminal regions. Because no
heterochromatin is observed in somatic metaphases, it was inferred that these terminal ends
must be excised and removed along with the rest of the eliminated material.

The only species of hagfish identified so far that retains any heterochromatin in the somatic
cells is M. garmani (19). In spermatogonial metaphases from this species, heterochromatin
is localized to the central regions in the pair of the two largest chromosomes, as well as to
the terminal ends of three smaller pairs of chromosomes. C-banding in somatic metaphases
revealed that heterochromatin was also found in the terminal regions of three pairs of
chromosomes, suggesting that, unlike patterns observed in £. okinoseanus and E. stoutil,
these terminal regions are not excised but rather retained in the soma. Further studies are
clearly needed to resolve the distribution and nature of C-band-positive heterochromatin

in hagfish testes, soma, and especially ovaries to more precisely understand why C-band-
positive heterochromatin is apparently targeted for complete removal in some species but
retained in others. Of note, in the broader context of vertebrate DNA elimination, studies of
C-band heterochromatin in hagfish suggest a link between canonical chromatin-based DNA
silencing pathways and DNA elimination in a manner that is at least superficially similar to
those described for lamprey and zebra finch.

Eliminated DNA Contains Highly Repetitive Elements

Building on the observation that most hagfish species undergo programmed DNA
elimination, subsequent studies shifted their focus toward investigating the nature of the
eliminated material at the molecular level in an attempt to shed light on the possible
biological consequences of chromosome elimination (28-33). These attempts have resulted
in the discovery of multiple families of highly repetitive sequences that are restricted to the
hagfish germline. Naturally, these findings have led to questions about what these sequences
may encode, whether they are necessary for elimination to occur, and what their biological
role is, if any, in the context of the germline and its development.

Initial studies in £. okinoseanus (types A and B), E. burgeri, and M. garmani used restriction
enzyme analysis of somatic and germline DNA in an attempt to identify sequences that

were enriched in germline (28). These studies led to the discovery of several germline-
specific bands upon visualization via gel electrophoresis. In E. okinoseanus, a total of three
germline-specific bands from two restriction enzymes (two from BamHI and one from

Dral) were identified in both type A and B. However, no germline-specific bands were
generated from the £. burgerior M. garmani digests with these enzymes. When these £.
okinoseanus bands were radiolabeled and hybridized against somatic and germline DNA, the
BamHI fragments hybridized exclusively to BamHI-digested germline DNA, and the Dral
fragments hybridized exclusively to Dral-digested germline DNA. No hybridization signals
were observed in the somatic DNA digests for any of the fragments, suggesting that these
fragments are exclusive to the germline genome and somatically eliminated. Partial digests
of germline DNA hybridized with BamHI fragments revealed a pattern of regularly spaced
bands at increasing multiples of 90 bp. This was interpreted as evidence that the BamHI
fragments are clustered in tandem arrays of this 90-bp repeat in the £. okinoseanus germline.
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Furthermore, no hybridization signals for any of these fragments were found in the germline
or somatic DNA digests for £. burgerior M. garmani. Interestingly, when the BamHI and
Dral fragments were used as probes against one another, no signal was detected in the
germline DNA from either type of £. okinoseanus, suggesting that fragments generated from
BamHI and Dral represent two unique repetitive sequences. Sanger sequencing on the two
BamHI fragments revealed that both were approximately 95 bp in length and were highly
homologous to one another, containing minor single-nucleotide variations and small indels.
Thus, the BamHI fragments are grouped together into a single family designated EEEo1
(for Eliminated Element of £. okinoseanus 1). The Dral fragment is approximately 85 bp

in length and appears to consist of a single family of sequences, with minor variations
present in terms of the length and nucleotide sequence. As such, this single family of
sequences comprises the major component of the Dral fragment and was designated EEE02
(for Eliminated Element of £. okinoseanus 2) (28).

Following the restriction enzyme analysis and hybridization experiments, EEEol and EEE02
fragments were then used as probes for fluorescence in situ hybridization (FISH), which

was carried out on somatic and germline metaphases in both types of £. okinoseanus

(28). Fluorescent signals for EEEo1 and EEE02 were observed in the germline metaphases
for both types of £. okinoseanus, but no signals were observed in either of the somatic
metaphases. Moreover, for both types, the signals were localized to several germline-specific
chromosomes that were C-band positive along most of their length. The signals also showed
some differences in their quantity and distribution patterns among germline chromosomes.
Fluorescent signals for EEE01 in type A individuals tended to be more numerous, and the
signals were concentrated on discreet points in C-band-positive chromosomes. In type B
individuals, there was less signal observed overall, and the signals formed a much more
diffuse pattern along the length of the chromosomes. As mentioned previously, most of

the chromosomes in germline metaphases from individuals of type B, but not type A,

had C-band-positive chromatin at their terminal regions. However, no signal for EEEo1l or
EEE02 was observed at the terminal regions of any of the chromosomes for type A (which
does not undergo terminal deletion) or type B (which does undergo terminal deletion).
Therefore, EEE01 and EEE02 appear to be markers of germline-specific chromosomes but
apparently not germline-specific termini.

Following up on these findings, 10 more germline-restricted repetitive families have been
identified in 4 different species of hagfish; EEPal in Paramyxine atami, EEEc1-3 in
Eptatretus cirrhatus, EEEb1-2 in E. burgeri, and EEPs1-jl4 in Paramyxine sheni (29-31).
Many of these repetitive families were later found to be present in other hagfish, suggesting
that they existed in the common ancestor of the two or more species in which they were
found and conserved as germline-restricted chromatin after speciation occurred (29-33).
EEPal provided the first direct evidence that germline-restricted repetitive elements in
hagfish may be shared between species, as EEPal hybridizes with germline DNA from £.
okinoseanus and E. burgeribut not with somatic DNA from either species (29). Sequence
comparisons between EEPal and both EEE01 and EEE02 revealed that these sequences are
not homologous to one another and that they represent distinct sequences that are present in
E. okinoseanus, P. atami, and E. burgeri. A DNA fragment isolated from E. burgeri using
the same restriction digest approaches discussed above was Sanger sequenced and compared
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with the consensus sequence for EEPal from £, atami, revealing that the 2 atamiand E.
burgeri fragments share a 92% sequence identity and are thus highly homologous (29).
Despite their high similarity to one another, the hybridization signal seen in the £. burgeri
germline using EEPal as a probe was weak, even after prolonged exposure. This was most
likely due to proportional differences in the copy number in the repeating units between
both species, suggesting that the EEPal-like sequence found in £. burgeri underwent fewer
rounds of amplification than that found in 2 atami (29).

2.3. Terminal Heterochromatin

Many hagfish species, including £. okinoseanus, E. cirrhatus, E. stoutii, M. garmani, and

P. sheni, possess heterochromatin in the terminal ends of their chromosomes in germline
metaphases (20, 22, 28, 30, 33). With the exception of M. garmani, these heterochromatic
termini are absent from chromosomes in the somatic tissues of all hagfish studied to

date, suggesting that they are eliminated simultaneously with entire heterochromatic
chromosomes. Moreover, their distribution across meiotic chromosomes seems to have a
distinctive pattern, in that they appear to be found almost exclusively on C-band-negative
chromosomes, as is the case in £. okinoseanusand P, sheni (in the hagfish literature, reports
of C-band-negative chromosomes in germline cells often refer to chromosomes that possess
heterochromatin only at their terminal ends). These C-band-negative meiotic chromosomes
are thought to be the same chromosomes that are retained in somatic tissues, as evidenced
by the observation that the number of C-band-negative chromosomes with heterochromatic
termini in germline metaphases often matches the number of C-band-negative chromosomes
found in the somatic tissues. In £ sheni, for example, germline metaphases have anywhere
between 33 and 48 pairs of chromosomes, of which 17 are C-band negative. Somatic
metaphases, in contrast, have exactly 17 pairs of chromosomes, suggesting that these are
somatic chromosomes (33). In addition, further studies have shown that many repetitive
DNA families are enriched in these heterochromatic chromosome ends (30, 33). In 2 sheni,
the repetitive DNA families EEPs1, EEps2, EEPs4, and EEE02 were all found to accumulate
at the ends of C-band-negative chromosomes, and these elements were likewise absent from
their corresponding locations in somatic chromosomes (33). In addition, FISH experiments
in both types of E. cirrhatus showed that EEEC2 is present at the terminal ends of 3-5 pairs
of C-band-negative chromosomes (30).

Another question regarding these heterochromatic termini concerns the mechanisms by
which they are excised and removed from the chromosomes. Kojima et al. (33) proposed
two models whereby the removal of terminal heterochromatin could be achieved. First,
subtelomeric heterochromatin could be excised via chromosomal breakage without telomere
loss. The elimination of internal, heterochromatic DNA sequences is a well-known process
in ciliates, although whether these internal sequences contain repetitive elements is still an
active area of research (34). The second model involves the removal of both the subtelomeric
chromatin and the distal telomeres, followed by de novo addition of a new telomere cap.
The process of chromosomal breakage and de novo addition of telomeres to the newly
formed chromosomes is well characterized in nematodes (35). Ultimately, Kojima et al. (33)
considered it more likely that chromosome fragmentation followed by subsequent telomere
addition is the more probable mechanism employed by hagfish, because the subtelomeric
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repeats may be too long to simply be excised, although direct empirical evidence to support
this model does not yet exist.

2.4. Evolution of Repetitive Sequences

For most of the repetitive hagfish families identified thus far, repetitive sequences show
high degrees of sequence similarity within species but low sequence similarity between
species, consistent with the action of concerted evolution (30, 31). Concerted evolution—
driven by processes such as gene conversion, unequal crossing over, and DNA amplification
—Ileads to the homogenization of repetitive DNA sequences within a species but allows
for rapid divergence after speciation has occurred (32, 36, 37). Analyses of the repetitive
family EEEo02 provide a more detailed perspective on the evolution of tandemly repetitive
sequences on germline-specific chromosomes (32). The EEE02 repeat family is present in
five species of the family Eptatretidae (£. okinoseanus, E. cirrhatus, E. burgeri, P. atami,
and A, sheni), suggesting it was present in the common ancestor of this family and retained
after speciation. EEE02 was found to be present at different copy numbers in each of the
species examined. The numbers of copies per diploid germline genome are particularly high
for E. okinoseanus (7.2-8.2 x 10%), E. cirrhatus (1.5-2.2 x 107), and P. sheni (6.3-7.3 x
107), whereas the copy number for £. burgeriis much lower (2.2 x 10%). These findings
indicate that EEE02 sequences were amplified frequently in three species but only rarely
in E. burgeri. Hybridization experiments showed that neither EEE01-2, EEPs1-4, EEc1-3,
nor EEPal were present in any of the species from the family Myxinidae (M. garmani

and Myxine glutinosa), suggesting that these repetitive elements were either lost entirely
from Myxinidae or originated and retained in the eptatretid lineage after these two families
split. Similar to EEE02, EEEDb2 has been found in six hagfish species, E. okinoseanus, E.
cirrhatus, E. burgeri, E. stoutii, P atami, and P, sheni, indicating that this repeat was also
present in the last common ancestor of the family Eptatretidae.

Concerted evolution of repeated sequences is thought to provide a strong homogenizing
force within species, whereas rates of sequence heterogeneity tend to be much higher
between species (36, 37). However, this is not always the case, as the homogenization

of repetitive sequences relies on several factors, including population size, natural

selection strength, mutation frequency, and repeat copy number. For example, the averaged
intraspecific divergences (sequence variability within a species) of EEE02 in £. okinoseanus
type A (1.5%) and type B (2.2%), and E. cirrhatustype A (1.2%) and type B (2.1%), are
much lower than in E. burgeri (20.4%) (32). This suggests that the homogenizing forces of
concerted evolution in £. burgeri are relatively weak. This could be due to the relatively

low copy number of EEEO2 in E. burgeri, as intraspecific divergence tends to increase as
copy number decreases (32). In contrast, the averaged intraspecific divergences of the repeat
families EEEb1 and EEED2 discovered in £. burgeriare only 7.9% and 12.5%, respectively
(31). Consistent with the predicted effects of copy number on intraspecific divergence,
EEED1 is present in 1.9 x 107 copies per diploid germline genome, whereas EEEb2 is
present in 2.7 x 104 copies, which reflects its higher sequence divergence (31). Thus, repeat
families within species can be subject to evolutionary forces of differing strength, resulting
in substantial differences in the observed sequence homogeneity. Clearly, further studies will
be needed to understand fully the intricacies of concerted and other modes of evolution
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in the repetitive DNA families and possible functions of these repeats within the hagfish
germline genome.

3. PROGRAMMED REARRANGEMENT IN LAMPREYS

One of the more recent discoveries of programmed genome rearrangement involves
extensive DNA losses that occur in the sea lamprey and several other lamprey species.
Lampreys are jawless vertebrates and are living representatives of an ancient lineage that
separated from the common ancestor of all jawed vertebrates approximately 500 million
years ago and are generally thought to be a sister group to the hagfish (38, but see 39).

The initial discovery of programmed genome rearrangement in sea lamprey stemmed from
efforts to improve a nascent genome assembly of the species and a knowledge of previous
reports of programmed DNA elimination in hagfish. The first germline-enriched sequence
was identified via Southern blotting (40). A set of computationally predicted interspersed
repetitive elements were radiolabeled and hybridized to blood and sperm DNA from the
same individual. These hybridizations revealed bands that were stronger in the germline

or apparently unique to the germline. A fragment corresponding to one dense ~10-kb

band (called GermZI) was cloned, labeled, and hybridized to both somatic and germline
chromosome spreads. The resulting hybridizations showed several strong signals (V= 8)
in germline meiotic metaphase I and yielded only a pair of signals in mitotic metaphase
cells isolated from gill epithelia. Notably, the sea lamprey karyotype is complex and
consists of 84 (somatic) or 96 (germline) pairs of small acrocentric chromosomes that are
nearly indistinguishable from one another (40, 41) (Figure 3). Sequencing of this fragment
revealed that it was homologous to the ribosomal DNA repeats over much of its length,
and alignment to an existing somatic Sanger genome shotgun sequencing data set identified
that a 1.2-kb region (termed the somatically rare region) was present at approximately
tenfold-lower copy number than the rest of the fragment. Subsequently, this region was
identified as corresponding to a derived expansion within the 3" untranslated region of an R2
retrotransposon (42).

Aside from providing a handle to identify programmed rearrangements in sea lamprey, the
identification of Germ1 also provided a tool for tracking elimination across tissues and over
the time course of early embryogenesis. Real-time probes developed for the somatically
rare region of Germ1 revealed that DNA loss was essentially completed by the third day
of development and that presumptively germline-specific DNA was absent from multiple
somatic tissues, including blood, liver, fin, muscle, and kidney. Moreover, the presence of
this one germline-specific element begged the question of whether single-copy sequences
(including genes) were also eliminated. Because initial efforts to sequence the lamprey
genome used somatic tissues (43), the identification of germline-specific genes required
the development of new sequence resources. Successive improvements in sampling of the
germline genome through low-throughput bacterial artificial chromosome end sequencing
(44), shotgun/transcriptome sequencing (45, 46), and genome assembly (47) revealed a
growing and increasingly accurate list of genes that are eliminated via PGR.
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3.1. Cellular and Molecular Mechanisms

In many species, embryo accessibility presents a major barrier toward understanding the
mechanisms underlying PGR. Fortunately, lamprey embryaos are readily accessible at all
developmental stages, and thousands of simultaneously fertilized embryos can be produced
via in vitro fertilization. Although the annual maturation cycle of wild lamprey populations
limits embryo production to summer months, the opportunity to access large numbers

of embryos has proven invaluable to efforts to understand the cellular and molecular
mechanisms underlying DNA loss. Imaging of embryos that are actively undergoing DNA
elimination has revealed several important features that are critical for developing models of
the mechanistic underpinning of programmed genome rearrangement (Figure 4).

In sea lamprey, PGR is initiated at the start of the sixth cell division (48). At the cellular
level, the first sign of elimination is the differential motion of germline-specific DNA during
anaphase. Eliminated chromosomes appear to engage the spindle fibers at their centromeres,
owing to the fact that regions of these chromosomes containing centromeric repeats are
oriented toward the spindle poles and move away from the metaphase plane, albeit not

as far as the retained chromosomes. As the centromeres of the (generally acrocentric)
germline-specific chromosomes move toward the spindle poles, the distal telomeric regions
remain near the original metaphase plane. Notably, patterns of hybridization along lagging
chromosomes also show an antiparallel pattern, suggesting that sister chromatids interact
with one another at their distal ends (41, 48). These observations indicate that much of DNA
loss is mediated by manipulation of chromosome movement during anaphase, rather than

by DNA recombination/breakage, as was proposed on the basis of early sequence evidence
(45), though notably it does not rule out the possibility that recombination and breakage also
contribute to DNA loss in lamprey, as has been seen for hagfish.

As the cell transitions into telophase, retained chromosomes recruit nuclear envelope and
coalesce to form the nucleus, whereas eliminated chromatin retains a stretched morphology
during early telophase. This chromatin ultimately condenses to form small, rounded
micronuclei that appear to resist fusion to the primary nucleus. This may be because
micronuclear envelope lacks lamin B1 protein and nuclear pore O-linked glycoprotein (48),
or because eliminated chromatin is packaged in something other than nuclear envelope. At
formation, micronuclei are enriched in trimethylated H3K9 and subsequently accumulate 5-
methylcytosine (48). At this point in development, nuclear (retained) chromatin is essentially
devoid of 5-methylcytosine; thus, the first de novo methylation events in sea lamprey
appear to be targeted to the eliminated chromatin. After accumulation of methylation marks,
eliminated DNA undergoes fragmentation and is ultimately degraded within the cell, such
that very little of the germline-specific DNA is detectable by the fourth day of development.

In the context of PGR, many of the epigenetic modifications that are enriched in eliminated
DNA are observable by immunohistochemistry only after the DNA is packaged into
micronuclei. This suggests that DNA and histone methylation may act to reinforce the
elimination pathway and/or inhibit transcription between the point at which DNA is slated
for elimination (at anaphase) and the point at which it begins to degrade within the
micronuclei. Although understanding the interplay between classical epigenetic silencing
marks and PGR is likely to provide insight into the evolution of both processes and their
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integration with development, we anticipate that it will be necessary to look beyond covalent
histone and DNA maodifications to identify the upstream factors that initiate and orchestrate
the early stages of elimination.

3.2. Content and Structure of Eliminated Regions

The recent sequencing and assembly of the lamprey germline genome has provided a

more comprehensive view of DNA sequences that are eliminated via PGR and allowed the
identification of a large number of genes that are deleted during these elimination events
(47). As with earlier studies, this list of genes showed enrichment of germline functions

and contains several known oncogenes and cancer/testes genes. The presence of these genes
in the germline-specific chromosomes is one of the primary lines of evidence supporting

the idea that programmed genome rearrangements act to mediate genetic trade-offs between
germline and soma. This growing list of genes has also revealed possible connections
between the regulatory logic of PGR and early epigenetic changes that contribute to defining
germline versus somatic lineages in mammals. Specifically, several genes that are targeted
for elimination in lamprey have gnathostome (mouse) homologs that are regulated by
polycomb repressive complex in embryonic stem cells and retain either a poised or activated
state in primordial germ cells (47, 49, 50). This suggests that lamprey PGR and gnathostome
polycomb repressive complex have at least partially overlapping functions with respect to
defining epigenetic silencing in soma versus germline.

Although the germline genome assembly was informative for identifying eliminated
genes and achieved chromosome-scale scaffolding for most of the genome, the germline-
specific regions remained highly fragmentary, which likely prevents the identification of
some eliminated genes, complicates effective comparison of synteny between eliminated
and noneliminated regions, and inhibits the identification of adjacent regulatory features
that contribute to gene expression or programmed loss. In-depth analyses of repeat
content, as well as ongoing improvements in sequencing and assembly pipelines (https://
vertebrategenomesproject.org/), are starting to resolve these issues.

Recent in-depth analyses of repeat content in germline versus soma have improved our
understanding of the chromosomal structure of the germline-specific DNA and have also
identified candidate functional elements that could potentially contribute to the identification
of germline-specific sequences during elimination or directly participate in interactions

that are necessary for DNA loss. Recent analyses have expanded the number of known
germline-enriched repeats beyond Germ1 to include several new repeats that are (or are
nearly) exclusive to the germline genome (41). All of these new repeats are short (13-57-bp)
satellite repeats and show much stronger enrichment in germline than Germz, which may
not be surprising given that the discovery of Germ1 was predicated on repetitive elements
that were mined from available somatic genome sequencing data. The development of FISH
probes for these repeats makes it possible to identify 12 germline-specific chromosomes,
each of which can be individually identified on the basis of its unique distribution of
repetitive elements. As the lamprey assembly improves, knowledge of the distribution of
these repeats within and among germline-specific chromosomes should also allow anchoring
and validation of their assemblies. With respect to the cellular basis of elimination, two of
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these elements seem particularly intriguing. Two elements known as GermZ2and Germé are
found on all 12 germline-specific chromosomes and also localize to a zone of interaction
during anaphase wherein eliminated chromosomes appear to maintain contact with their
sister chromatids at the original metaphase plane.

As in zebra finch (discussed below), a growing appreciation of parallels between DNA

loss and silencing has revealed that there are likely to be functional interactions between
these mechanisms both during development and over evolutionary time. The identification of
germline-specific repeats in lamprey and in particular an understanding of their location in
elimination anaphases suggest that these could be used as a tool for identifying other factors
that bind and dictate the movement of eliminated DNA during anaphase. Moreover, these
raise the possibility that germline-specific satellites observed in hagfish might represent not
only passive passengers of elimination but potentially also functionally relevant motifs that
permit the identification of the DNA during the process of elimination in hagfish embryos
(28-33).

Evolutionary Conservation of Programmed Rearrangements

Thus far, our understanding of evolutionary conservation of PGR (as executed by lamprey)
is limited to several relatively closely related species of lamprey that occur in the northern
hemisphere and which shared a common ancestor approximately 30 million years ago.
Three-dimensional-FISH experiments on Pacific lamprey (Entosphenus tridentatus) embryos
revealed lagging chromatin structures that are similar to those observed in similarly staged
sea lamprey embryos. These also showed some cross-hybridization with germline-specific
probes developed for sea lamprey. Notably, though, the amount of lagging material in Pacific
lamprey appears to be smaller than that in sea lamprey, which may not be surprising given
the large difference in genome size between sea lamprey and other northern-hemisphere
lampreys [sea lamprey: 1.82 Gb germline, 2.31 Gb somatic (40); others: ~1.3 Gb somatic
(51)]. Hybridization of sea lamprey germline-specific probes to Pacific lamprey lagging
anaphases seems to indicate that the content of eliminated material has changed over the
course of evolution, as the hybridization pattern of germline-specific probes shows overlap
with both lagging chromatin and normally migrating chromosomes. Estimates of genome
sizes of germline (~1.6 Gb) and somatic (~1.4 Gb) tissues in Lampetra moriiindicate that
elimination also occurs in this species (52). Efforts to characterize Germ1 in other lamprey
taxa provide further evidence that PGR has existed in the lamprey lineage for at least the
last 3 0 million years. Germline-enriched bands are detected for Germ21 homologs in several
species of northern hemisphere lamprey, including representatives of all genera (42). As

we discuss below, expanding searches for programmatic losses beyond known taxa will be
critical to resolving the origins and evolution of elimination events in the vertebrate lineage.

4. A GERMLINE-RESTRICTED CHROMOSOME IN BIRDS

Within birds, the first germline-specific chromosome was discovered in the zebra finch
(7aeniopygia guttata) during analyses of male and female meiotic germline (26). In the
course of examining the meiotic behavior of sex chromosomes, ZW in females and ZZ
in males, an additional single accessory element was discovered in all female oocytes and
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male gametes. This chromosome is known as the germline-restricted chromosome (GRC)
and is the largest visible chromosome in the germline. The large size of this chromosome
undoubtably facilitated the fortuitous discovery of the GRC in zebra finch. It was proposed
that this accessory chromosome evolved from a B chromosome, a type of selfish genetic
element that is present in various plant and animal species but in the case of zebra finch
evolved to function and reside specifically in the germline (26, 27). In the zebra finch, the
GRC is absent in all somatic tissues of females and males examined thus far. Somatic tissues
assayed thus far include bone marrow, liver and skin fibroblasts, adult skin cells, and both
muscle and skin cultures from embryos (26, 53).

4.1. Identification and Characterization of Germline-Restricted Chromosomes in Other

Passerines

The discovery of the GRC inspired a search for similar chromosomes in other bird species.
The second species to be identified as possessing a GRC was the Bengalese finch (Lonchura
Striata domesticd), a close relative to the zebra finch (6). The GRCs of these finches are

very similar, in that both are large, acrocentric, present in two copies in female and in one
copy in male germline, absent from all somatic cells, and eliminated during spermatogenesis
(6, 26, 27). Building on this, the recent discovery of the first protein-coding gene localized
to the GRC of the zebra finch hinted at the possibility of a deeper ancestry of the GRC
within the avian lineage (54, 55). Using a subtractive transcriptomic approach and RNA
sequencing data from germline tissue of male and female adult birds, Biederman et al. (54)
identified a single gene, a-SNAP, a member of the a-soluble A-ethylmaleimide-sensitive
fusion attachment protein, that was localized to the GRC and was missing from zebra finch
gene annotations. Intriguingly, these two a-SAMAP genes showed substantial divergence,
even at the amino acid level, and patterns of substitution that were consistent with long-term
diversifying selection after an ancient autosomal duplication event led to the formation of
separate germline-restricted and somatic copies (54).

This finding was rapidly followed by the discovery of GRCs in 16 species of songbirds (56).
A broad comparative cytogenetic study of the germ cell karyotypes from 24 avian species
representing 8 orders demonstrated that the GRC was present in all major passerine groups
(56). The development of microdissected finch GRC libraries and subsequent sequencing

of these libraries permitted the identification of an additional three genes (aph6, gbel, and
robol) and multiple repetitive sequences. The majority of these repeats were long terminal
repeats and long interspersed nuclear elements. However, it appears that there may not

be enrichment in transposable elements or satellite repeats (as in hagfish and lamprey) in
germline samples relative to soma samples (57).

Several lines of evidence indicate that the GRC likely plays a functional role in the germline,
beyond the simple fact that it has been retained over evolutionary time. Early studies
resolving the euchromatic state of the GRC indicate that the chromosome is transcriptionally
active at least during oogenesis (27). Analysis of the GRC at the lampbrush stage also

points to its active transcriptional state during cogenesis. In oocytes, transcribed regions
extend laterally from otherwise condensed chromosomes, forming ornate loops that are often
maximally loaded with RNA-polymerase 11, to allow for the increased production of proteins

Annu Rev Anim Biosci. Author manuscript; available in PMC 2021 December 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Smith et al.

4.2.

Page 14

in large meiotic cells (58). The presence of such loops on the GRC, in conjunction with
RNA-polymerase Il labels, suggests that the GRC is being actively transcribed in oocytes
and contributed to germ cell biology, at least in females (56). More recently, the compilation
of a growing list of GRC-specific genes has provided more detailed insight into the possible
roles of this chromosome and seems to support the idea that this genetic element is not
merely a parasitic selfish B chromosome but rather contributes significantly to the process of
germline development not only in zebra finch but presumably in ~5,000 species of songbirds
(56, 59). It is worth noting that the passerines comprise approximately 10% of known
vertebrate species, meaning that at least in terms of raw numbers of taxa, programmed DNA
elimination can probably no longer be considered a rare phenomenon.

The most comprehensive list of GRC-encoded genes to date was compiled using 10X single-
molecule genome-sequencing technology that permits reconstruction of long haplotypes
through linked read and analysis of single-nucleotide variants (SNVs) (57). This analysis
revealed that the zebra finch accessory chromosome contains more than 115 genes
paralogous to single-copy genes on 18 somatic autosomes and the Z chromosome. Several
of these genes are amplified on the GRC, with some being represented by up to 300+ copies
per gene. Among these GRC genes, transcription was detected for 6 in testes and 32 in

the ovaries. As might be expected from studies of lamprey and rearranging invertebrates
[e.g., roundworms (60)], the GRC is enriched in genes that are highly expressed in germline
tissues of other species that are not known to possess germline-specific DNA (chicken and
human). Therefore, the GRC of songbirds appears to play an important role in both female
and male germline development. It seems plausible that its elimination from somatic cell
lineages also aids in resolving soma-germline conflict (antagonistic pleiotropy), as has been
proposed for other species that undergo programmed elimination.

Proposed Model of the Evolution of the Avian Germline-Restricted Chromosomes

The discovery of GRCs within representatives of all major passerine groups suggests that the
chromosome was present in an ancestral bird that gave rise to half of all extant bird species.
Cytogenetic analyses revealed that the GRC varied in size (macro-GRC or micro-GRC)
and genomic content among species (56). Surprisingly, transitions between macro- and
micro-GRCs seem to have changed rapidly over evolutionary time. For example, within the
family Hirundinidae, pale and sand martins have macro-GRCs, but barn swallows have a
micro-GRC. Despite changes in size, hybridization studies indicate that GRC content may
change in a way that is more consistent with phylogenetic relationships. FISH experiments
using GRC-derived probes suggest that distant species are less similar in GRC content
given that the intensity of specific GRC signals was much lower than in intraspecies

FISH. Notably, GRC-derived probes also cross-hybridized with A chromosomes, indicating
homology of the GRCs to repeated and unique regions present in somatic genomes. These
hybridizations are consistent with genomic analyses indicating that many A chromosome
genes have been duplicated onto the GRC (57).

It has been proposed that the GRC formed from an ancestral selfish B microchromosome
as the product of a whole-chromosome duplication (56). As such, this proto-GRC may have
already contained several copies of A-chromosome genes that contributed to reproductive
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and developmental processes. Subsequent duplications of these and other translocated genes
would presumably increase dosage of gene products deriving from these genes and permit
functional diversification of these genes. Along these lines, it was found that 17 GRC-linked
genes are evolving faster than their somatic paralogs, and 9 appear to be evolving under
long-term purifying selection (57).

Inheritance of the Germline-Restricted Chromosomes and Elimination During

Spermatogenesis

Although essentially nothing is known regarding the somatic loss of the GRC during

zebra finch embryogenesis, it has been reported that the GRC is eliminated during
spermatogenesis and passed to the next generation only through the female germline (27).
In the male germ cells, the single GRC is regularly present in prophase, observed at early
stages (leptotene-zygotene) as a densely packed body composed of a coiled chromatin
filament. At this stage, the GRC lacks key components of the synaptonemal complex, unlike
other chromosomes. In spermatogonial mitoses in metaphase I, the GRC is distinguishable
as an unpaired heterochromatic chromosome. This chromosome is present in approximately
half of meiotic metaphase Il cells, as would be expected if its unpaired state results in
inheritance by only one daughter cell following metaphase I. During spermatid maturation,
the GRC is ejected as a dense heterochromatic body, and as a result, spermatozoa do not
carry the GRC.

Available evidence suggests that the GRC is transmitted to the next generation only by the
oocyte, at least in finches. During oogenesis, the GRC is present in two copies, forming a
bivalent in meiotic prophase with a typical synaptonemal complex, terminal kinetochores,
and two or three foci of recombination (27). This raises the question of how the germline
constitution of the GRC is achieved (one copy in males versus two in females). If it

is true that both male and female zygotes inherit one copy of the GRC, there should

be a specific mechanism for the formation of a second copy in the female germline.

This could be achieved by selective nondisjunction of GRC homologs in mitotic divisions
during germline—soma differentiation during early female embryogenesis, thereby resulting
in primordial germ cells that are diploid for the GRC and somatic cells lacking the GRC (27,
61). During male development, expulsion or degradation of GRC chromatids from somatic
progenitors could result in its absence from somatic tissues, with a monosomic restricted
chromosome in germline resulting from maintenance of the zygotic karyotype that was
established at fertilization (61).

Unfortunately, analyses of meiotic divisions during early embryogenesis have yet to be
performed, partly owing to the difficulty of accessing this material. Female meiotic divisions
occur one to two hours before ovulation, the timing of which seems impossible to determine
(62); early mitotic divisions likely occur while the egg is passing through the oviducts; and
moreover the egg is telolecithal (with uneven distribution of yolk in the cytoplasm), with the
embryo forming as a small disc of cytoplasm sitting atop a large yolk. Although these do not
present absolute barriers toward studying the embryonic behavior of the GRC, they certainly
present major challenges. As such, any discussion of the cytological events surrounding
chromosome elimination in the zebra finch is largely speculative.
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4.4. Variation in Germline-Restricted Chromosome Transmission and Inheritance

A recent analysis has shown that there is variation in the number of the GRCs in pale

and sand martins, Riparia ripariaand Riparia diluta (62). In martins, as in the zebra finch,
the GRCs are usually present in two copies in female and in one copy in male pachytene
cells. However, in approximately 15% of females (4/27 examined), the GRC was present in
one copy with no detected mosaicism. A similar chromosome number polymorphism was
discovered in pale martin males, wherein two out of nine nonmosaic males (22%) had a
single copy of GRC, which forms a univalent in all examined pachytene cells. An additional
seven males examined in this study were found to be mosaic for the number of GRCs: Six
individuals carried two copies in a fraction (2-61%) of their germ cells, and one individual
carried three GRCs in 6% of its cells. This observation is also seemingly consistent with

the variation in zebra finch GRC constitution that was reported across early studies. Based
on electron microscopy of the synaptonemal complex, it was proposed that both females
and males possessed an asynaptic accessory axis, along with two-axis autosomal SCs and a
nonequalized ZW pair, implying the presence a single GRC in the germline of both sexes.

It was also assumed that the preferential segregation to the oocyte-forming nucleus takes
place while GRC-free polar bodies are formed. These oocytes, being fertilized by GRC-free
spermatozoa, would reestablish the presence of a single GRC in males and females (26).
Considered in light of more recent studies showing synapsed GRC in oocytes (27), this
could indicate either that electron microscopy images were misinterpreted or that variation
in GRC number occurs at a similar frequency in zebra finch (1 out of 7) and martins.

4.5. Mechanisms of Elimination in Relation to Epigenetic Silencing

Although when and how somatic cells expel the GRC during embryogenesis are completely
unknown, the cellular features of meiotic elimination of the GRC during spermatogenesis
have been relatively well described in finches (6, 11, 63). Consistent with cytogenetic
descriptions of a condensed and heterochromatic GRC (26), the male meiotic GRC

has also been observed to accumulate several epigenetic marks that are associated with
transcriptional repression, H3K9me2 and -me3, H4K20me2 and -me3, and macro H2A,
and lack marks of active chromatin, H3K9ac, H4K5ac, H4K8ac, H4K12ac, H3K4me2, and
H3K4me3 (6, 11, 63) (Figure 5). During oogenesis, the GRC is only partially enriched

with the heterochromatic marker H3K9me3, although the signal is much less intense in
comparison to the single GRC that is slated for elimination in spermatocytes (63). This
difference in accumulation of heterochromatic marks mirrors the fate of the GRC in sperm
(loss) versus oocytes (retention) and likely explains observed differences in the transcription
of genes on the GRC, wherein only 6 GRC-linked genes were transcriptionally detected in
the testes, compared with 32 in the ovaries (57).

Other heterochromatin-related proteins are also associated with the GRC and seem to
shed some light onto the transition between silencing and loss. One of these proteins

is SUMO1 (small ubiquitin-related modifier-1). This protein participates in silencing

and heterochromatinization of the XY-body in mouse and is present in constitutive
heterochromatin in human (64, 65). SUMO1 was strongly associated with the GRC during
meiotic entry from leptotene onward and remained through late pachytene (63).
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Another protein found to be enriched on the male GRC is heterochromatin protein 1
(HP1). In general, the accumulation of heterochromatic di- and trimethylated H3K9 is
closely associated with accumulation of HP1 (66, 67). Immunostaining revealed that
anti-HP1p, though not anti-HP1a., yielded strong signal on the GRC univalent during
meiotic prophase (11). Importantly, after meiosis 11, HP1 is no longer observed on the
GRC, whereas the GRC is still strongly enriched with H3K9me2-3 and H4K20me2-3
marks. This may be due to the accumulation of H3S10 phosphorylation (H3S10P), which
could cause the release of HP1 (11). Cell cycle—dependent phosphorylation of H3S10

is related to chromosome condensation in metaphase and proper chromosome behavior
during mitotic and meiotic divisions (68-71). H3S10P is detected during spermatogonial
mitoses in all metaphase chromosomes, including the GRC, but the GRC is devoid of this
modification during meiotic prophase and in metaphase I, whereas this same mark persists
on the A chromosomes (6, 11). The observation of differential phosphorylation of H3S10
suggests the possibility that the GRC is differentially targeted by one or more kinases

or phosphatases that modify the S10 residue (72). Notably, the GRC also lacks the inner
centromere protein, which is known to regulate Aurora kinase B to ensure normal metaphase
chromosome alignment (63, 73, 74). Such epigenetic isolation of the GRC may lead to
DNA fragmentation following metaphase I, as evidenced by intense labeling of the GRC
with markers of double-strand DNA breaks, including yH2AX, H2AK119 ubiquitylation,
TUNEL staining, and deubiquitylation of H2A, which precede GRC expulsion (63).

In summary, the broadscale differences in GRC epigenetic status during spermatogenesis
appear to be attributed to silencing of this chromosome in male meiotic germline when its
expression is no longer needed, and the unique patterns of epigenetic marks may help guide
the chromosome to its eventual elimination.

5. SEX CHROMOSOME ELIMINATION IN MAMMALS

Essentially all reports of chromosome elimination in mammals involve sex-chromosome
elimination or mosaicism. Almost all therian mammals are characterized by a XX/XY
sex-determining system with heterogametic (XY) males and homogametic (XX) females.
In many cases, sex chromosome elimination appears to be an extension of dosage
compensation, which is achieved by epigenetic inactivation of one of the two X
chromosomes present in the female (75). In eutherian mammals, the chromosome-wide
inactivation of one of the X chromosomes occurs randomly with respect to parent origin
and takes place during early embryogenesis, after which point inactivation is stable and
somatically heritable.

Therefore, female mammals are composed of clonal cell populations in which the maternally
or paternally derived chromosome is silenced by epigenetic chromatin modifications (76). In
contrast to eutherians, X inactivation in marsupials is less random and results in preferential
silencing of paternally derived X chromosomes (77). However, owing to the lack of an
X-inactivation center (and the absence of the gene X/ST), X-linked gene expression may
differ among loci, tissues, and species (78).
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A noncanonical cytological manifestation of dosage compensation in the form of
chromosome elimination was shown in several species of peramelid bandicoots. Cytogenetic
patterns consistent with X-chromosome loss from some somatic tissues of XX females

and Y-chromosome loss from somatic tissues of XY males were first observed in three
Australian bandicoots: /soodon obesulus, Isoodon macrourus, and Perameles nasuta (79).
Subsequent studies of Peramelidae species showed that sex chromosomes are lost from some
or all cells of the liver, spleen, bone marrow, thymus, lung, and kidney and retained in

skin fibroblasts, testes, and ovarian tissues (Table 2). Remarkable variation was found in the
percentage of sex chromosome loss in different tissues and individuals depending on sex
and developmental stage, which might be explained partially by age-related hematopoietic
activities of various tissues, including spleen, thymus, and liver (80), and by the presence

of X-monosomic blood cells in other tissues, including lung and cornea (81). Additionally,
in male /. macrourus, the Y chromosome has been found to be retained in a small fraction
of hematopoietic tissues and peripheral blood, tissues that were previously believed to
completely eliminate the Y chromosome (82). In female /. obesulus, the eliminated X
chromosome is paternal in origin (82), i.e., a chromosome that normally undergoes somatic
inactivation in all marsupials (77). Because the paternal X chromosome in females and

Y chromosome in males are characterized by late DNA replication, and the absence of

a second sex chromosome is rather mosaic, the elimination of these chromosomes is
thought to be related to dosage compensation (83-90). Under this model, chromosome
losses are caused by a mitotic error and should be more noticeable at later stages of
development. Since the discovery of sex chromosome elimination in bandicoots, several
attempts have been undertaken to search for evidence of sex chromosome loss in other
marsupial species. Some evidence of somatic Y-chromosome loss from males and somatic
X-chromosome loss from females has been described in two closely related species within
the subfamily Hemibelideinae, formerly Petauridae: the greater glider (Petauroides volans)
and the lemur-like possum (Hemibelideus lemuroides) (77, 91) (Table 2); however, it seems
that chromosome elimination may not be widespread in marsupials.

Therian mammals are generally considered to have a stricter XX/XY sex-determining
system, with the X/ST gene being responsible for centralized whole-X chromosome
inactivation. However, unusual sex chromosome karyotypes have been described in several
eutherian species, although most consist of translocation events within the rodent lineage,
and only a few cases involve sex chromosome loss (92-98). To our knowledge, only one
rodent species with sex chromosome mosaicism in somatic tissues (bone marrow) has

been reported thus far, an unnamed species of spiny mouse (Acomys) from Tanzania (99).
Both males and females are mosaic for sex chromosomes in bone marrow cells (Table

2). In this Tanzanian Acomys, one X chromosome is lost almost entirely from female
hemopoietic cells, with 97% of cells possessing a single giant X chromosome, and males
possess ~70% XO and 30% XY cells in somatic tissues and 100% XY cells in the germinal
lineage. Patterns described for Tanzanian Acomys are reminiscent of those described for the
marsupial family Hemibelideinae (82, 89), members of which also show varying scales of
X-chromosome silencing from mosaicism to complete loss. Another, somewhat contrasting
example of gonosomic mosaicism has been reported for the Oregon meadow mouse,
Microtus oregoni (100, 101). The chromosomal complement of male somatic cells consists
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of 18 chromosomes with an X and a Y; however, all spermatogonial metaphases have an odd
number of chromosomes (2/A=17). Observations of M. oregoni spermatogenesis imply that
X chromosomes are being eliminated from germ cells, resulting in two types of sperm cells:
O and Y. In this species, the sperm lacking a sex chromosome is female determining because
females have an odd chromosome number (17, XO) and produce XX oogonia by selective
nondisjunction, which results in the production of X-bearing oocytes.

Based on observations reported thus far, it seems that sex chromosome loss in mammals

is generally related to dosage compensation and the chromatin condition of silenced X
chromosomes or highly heterochromatinized Y chromosomes. However, cases of complete
or large-scale sex chromosome elimination from some tissues might not be explained simply
by delayed DNA replication and mitotic errors. Some determining factors may play a

role in sex chromosome elimination, perhaps related to covalent chromatin modifications
similar to those discussed above, tissue specificity, and the sequence content of eliminated
chromosomes. However, the variety of patterns of sex chromosome loss seems consistent
with the idea that many may be incidental to dosage compensation and caused by mitotic
errors related to late replication, in which case chromosome loss could be nearly selectively
neutral. These errors might be influenced by a combination of several factors, such as age,
cell-cycle rate, tissue environment, or the state of differentiation of cell lineages (81).

6. EVIDENCE FOR PROGRAMMED REARRANGEMENT IN
HOLOCEPHALANS

Programmed DNA loss has also been observed to a degree in at least one representative of
all extant holocephalan genera (including Hydrolagus colliei, Callorhinchus milii, Chimaera
monstrosa, and Harriotta raleighana) (102). These species shared a common ancestor ~170
million years ago (14), suggesting the possibility that DNA elimination has persisted for at
least this long in the holocephalan lineage. In these species, DNA loss is known to occur
during male meiosis. As yet, only one study has reported male meiotic loss in species within
this lineage, and among these the most in-depth description was reported for the ratfish

H. collier. In the ratfish, eliminated DNA becomes separated from the rest of the genome

at meiotic metaphase | and is packaged in a double membrane. This membrane-bound
material is passed to one of four spermatids at meiosis Il and is eventually taken up by

the Sertoli cells during later stages of spermatogenesis. This pattern of loss is superficially
similar to elimination of germline-specific chromatin during spermatogenesis in zebra finch,
which raises the intriguing possibility that embryonic eliminations might also occur in the
holocephalans. However, essentially nothing is known regarding the embryological details of
DNA elimination or the sequence of eliminated DNA in Holocephali.

7. OPEN QUESTIONS AND FUTURE DIRECTIONS

This review covers a set of vertebrates that are known to undergo programmed (or at

least semi-reproducible) DNA elimination. These studies have shown that programmed
elimination occurs in a fairly large number of taxa (especially birds) and that it is intimately
related to other canonical forms of silencing. One fact that should also be clear is that

there is still much to be learned with respect to the gene targets of programmed elimination
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in each lineage, the cellular mechanisms that mediate DNA loss, and the occurrence of
programmatic losses across the vertebrate tree of life.

In at least two cases (lamprey and birds), it seems clear that programmed eliminations serve
to control the gene content of the germline relative to somatic cell lineages to ensure that
specific functions are limited to the germline. Other species, particularly hagfish, likely
also use programmed elimination to mediate genetic trade-offs between germline and soma,
along with other modes of epigenetic silencing. As yet, there are no published assemblies
of hagfish germline DNA (although these may soon be forthcoming), but given the large
amount of DNA that is eliminated in some species (up to ~70% of the genome) and the
apparent deep evolutionary conservation in the lineage, it would be shocking of there were
no germline-specific protein-coding genes in hagfish.

A further reason for generating germline sequence information from hagfish is that this
information may illuminate the evolutionary origins of programmed elimination in the
agnathans. The divergence of ancestral lamprey and hagfish lineages was nearly concurrent,
in evolutionary time, with their divergence from the ancestral lineage that gave rise to all
jawed vertebrates (38, 39). Sequence data from hagfish, perhaps along with resolution of
events occurring in Holocephalans, should allow us to begin to test whether programmed
DNA elimination has evolved multiple times in the vertebrate lineage, or whether there is
evidence for shared ancestry of PGR among these taxa, which would support the somewhat
more intriguing but not mutually exclusive possibility that programmed DNA elimination
was a feature of the ancestral vertebrate lineage.

In addition to a need to resolve evolutionary patterns within the deepest branches of the
vertebrate tree, we currently have an exceedingly limited understanding of the phylogenetic
distribution of taxa that undergo programmed elimination within the jawed vertebrates.
Discoveries of DNA elimination have followed parallel paths, wherein initial discoveries
have relied on careful follow-up of unexpected cytogenetic observations and extension of
these observations to closely related taxa. Perhaps not surprisingly, initial discoveries are
often made in species wherein large differences exist between germline and soma. However,
in the case of lamprey and birds, extension to other taxa has identified species in which

the amount of germline-specific DNA is much smaller than in the species that were used

to discover DNA elimination in the lineage. It can be argued that in the vast majority

of species we do not know whether programmed elimination occurs during development.
Given the relative ease of DNA sequencing and the development of computational methods
for identifying germline-specific sequences or duplications, we anticipate that the rate of
discovery of species with programmed DNA elimination will increase. In the case of
lamprey and zebra finch, initial assemblies were generated from somatic tissues (43, 103,
104), followed by later assembly of germline genomes (47, 57), but in retrospect targeting
germline DNA from the onset would have certainly facilitated the discovery, validation, and
characterization of programmed elimination.

Finally, and perhaps more challenging than assaying for the presence of programmed
elimination, is the characterization of the cellular mechanisms that underlie the process.
Work in lamprey, finch, and several invertebrate species (60, 105-108) has shown that
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programmed elimination is intimately related to other forms of epigenetic silencing. These
findings allow programmed elimination to be appropriately conceptualized as one of many
epigenetic mechanisms and provide important perspective on the broader functionality and
evolution of DNA methylation and histone-mediated silencing. It seems likely, however, that
other mechanisms are required to specifically identify DNA that is slated for elimination,
direct its differential motion or behavior in the cell during elimination, and regulate its
stability in the germline.

Achieving these goals will require observation and manipulation of programmed elimination
during the embryonic stages in which it occurs. Lamprey embryos are substantially more
accessible and can be produced in large numbers during the annual lamprey spawning
season (109). This has permitted an in-depth description of events that unfold during

PGR and is opening the door to functional analyses by building on existing methods for
gene knockdown (109-111), knockout (112, 113), and transgenesis (114, 115). Embryonic
elimination events have yet to be observed in hagfish and finch, largely owing to the
difficulty of obtaining embryos at the appropriate stages. It does not seem that it will be
impossible to obtain appropriately staged embryos from either of these species. However,
the embryology of these species clearly presents challenges, as the appropriate finch stages
likely occur while the egg is still in the oviduct, and only a handful of pre-neurula hagfish
embryos have been observed from collection that occurred more than a century ago (116),
although later-stage hagfish embryos have been observed in the lab more recently (117,
118).

In closing, although much remains to be learned regarding the mechanisms and evolution
of programmed DNA elimination in vertebrates, the three-and-a-half decades since

the discovery of the first eliminating vertebrate have brought tremendous progress in
understanding the large number of diverse taxa that experience programmatic DNA loss
and a nascent understanding of the mechanisms by which DNA loss is achieved. Given the
momentum these studies provide, we expect that the next decade will bring exponentially
greater progress in these areas and a broader appreciation for the role of PGR in the
evolution of vertebrate genome biology.
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A phylogeny of the vertebrates, highlighting taxa known to undergo programmed DNA
elimination (red); unknown taxa/lineages appear in black or gray. Divergence dates are taken

from References 14, 38, and 119.
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LC probe

Figure 3.
Differences between lamprey germline and somatic karyotypes. (4) A meiotic metaphase |

chromosome spread. (&) A mitotic metaphase spread generated from a 16-day-old embryo.
Chromosomes were stained with DAPI and labeled with fluorescence in situ hybridization
probes to the Germ1 repeat (green) and a laser capture (LC; red) probe, generated from
eliminated chromatin (41, 120). Both GermI and LC probes hybridize with multiple

tetrads in meiotic metaphase I, whereas signals are observed on only one pair of mitotic
chromosomes (indicated with arrows). Hybridization of the LC probe to somatic cells yields
weaker signals that are only slightly brighter than background fluorescence, in contrast to
hybridization patterns on meiotic chromosomes.
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Figure 4.
Chromosome elimination during sea lamprey development. Embryos have an initial haploid

chromosome number of AV/=96. Chromosome elimination is initiated after the sixth
cleavage division at one day postfertilization (dpf). Presomatic cells isolate 12 whole
chromosomes that are packaged into micronuclei, which initially accumulate silencing
marks on histones and then 5-methylcytosine. Primary nuclei show signs of epigenetic
silencing later in development, at the time that eliminated chromosomes are being degraded
within micronuclei.
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Figureb.
Schematic overview of epigenetic modifications that are visible on the germline-restricted

chromosome during male meiosis of the zebra finch and Bengalese finch (6, 11, 63).
Differing results from Schoenmakers et al. (63) (*) and Goday & Pigozzi (11) ().
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A summary of the chromosome numbers found in the germline and soma across eight species of hagfish,
the number of chromosomes eliminated, and the proportion of the genome encompassed by germline-specific

DNA
Germline haploid Somatic haploid Chromosome pairs
chromosome chromosome g % of Genome
Species name number number eliminated eliminated References
Eptatretus stoutii 24 17 7& 52.8 22,23
Eptatretus burgeri 26 18 8 21 17
Eptatretus okinoseanus (A) 27 17 10 454 20, 21,23
Eptatretus okinoseanus (B) 27 17 102 55.1
Eptatretus cirrhatus (A) 36 17 192 48.7 23
Eptatretus cirrhatus (B) 40 17 237 54.6
Myxine glutinosa 22 14 8 435
Myxine garmani 8 7 14 30 19, 20
Paramyxine sheni 33-48 17 16-3 1a 70+ 24,33
Paramyxine atami 24 17 7 40 20

a . L . . . . .
These species have been reported to eliminate terminal regions of chromosomes in addition to entire chromosomes.
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Summary of mammalian species that have been observed to undergo reproducible (or semi-reproducible) sex

chromosome loss

Eliminated
Species 2n chromosome Tissue/chromosome constitution Reference
Peramelid species
Northern brown 14 | X -females Hematopoetic — 13, XO 79-81, 83
bandicoot (/soodon Y —males Leucocytes — 13, XO
macrourus) Spleen - 13, XO
Corneal epithelium — 14, XX (females)/13, XO (males)
Intestinal epithelium — 14, XX (or XY)/13, XO
Liver — 14, XX (or XY)/13, XO
Thymus — 14, XX (or XY)/13, XO
Lung — 14, XX (or XY)/13, XO
Fibroblasts — 14, XX (or XY)
Heart — 14, XX (or XY)
Kidney — 14, XX (or XY)
Testes — 14, XY
Ovarian tissue — 14, XX
Southern brown 14 | X -females Bone marrow — 13, XO
bandicoot (/soodon Y —males Leucocytes — 13, XO
obesulus) Spleen - 13, XO
Corneal epithelium — 14, XX (or XY)/13, XO
Intestinal epithelium — 13, XO
Testes — 14, XY
Ovarian tissue — 14, XX
Long-nosed bandicoot 14 | X -females Bone marrow — 13, XO
(Perameles nasuta) Y —males Leucocytes — 13, XO
Spleen - 13, XO
Corneal epithelium — 14, XX (or XY)
Intestinal epithelium — 14, XX (or XY)
Liver — 14, XX (or XY)/13, XO
Thymus — 14, XX (or XY)/13, XO
Lung - 14, XX (or XY)/13, XO
Heart — 14, XX (or XY)
Kidney — 14, XX (or XY)
Testes — 14, XY
Ovarian tissue — 14, XX
Eastern barred 14 | X -females Bone marrow — 13, XO
bandicoot (Perameles Y — males Leucocytes — 13, XO
qunnii) Spleen - 13, XO
Corneal epithelium — 14, XX/14, XY
Testes — 14, XY
Ovarian tissue — 14, XX
Common spiny 14 | X —females Bone marrow — 13, XO 84 (cited in 80,
bandicoot Y — males Corneal epithelium — 14, XX (or XY) 81
(Echymipera kalubu)
Striped bandicoot 14 | X —females Bone marrow — 13, XO
(Peroryctes Y —males Corneal epithelium — 14, XX (or XY)
longicaudata)
Long-nosed 14 | X - females (only one Bone marrow — 13, XO 85 (cited in 80,
spiny bandicoot female examined) Corneal epithelium — 14, XX 81)
(Echymipera
rufescens)
Petaurid species (78)/Subfamily: Hemibelideinae (modern classification)
Greater glider 22 | Y —males Bone marrow — 21, XO 86
(Petauroides volans) Liver (15 days old) — 22, XY
Liver (35-80 days old) — 21, X0/22, XY (20-25%/75-80%)
Spleen (60-100 days old) — 21, X0/22, XY (55-50%/45—
50%)
Skin fibroblasts — 22, XY
Spermatogonia — 22, XY
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Eliminated
Species 2n chromosome Tissue/chromosome constitution Reference
Lemur-like possum 20 | X—females Bone marrow — 19, X0/20, XX (66—-100%/0-34%) 91
(Hemibelideus Y — males Bone marrow — 19, XO (males)
lemuroides) Skin fibroblasts — 20, XX or XY
Spermatogonia — 20, XY
Eutherian mammals
Spiny mouse 60 | X -—females Bone marrow — 59, X0/60, XX and 59, X0/60, XY 99
(Tanzanian Acomys) Y —males (97%/3%)
Oregon meadow 18 | X-loss in male Male soma — 18, XY 101

mouse (Microtus
oregoni)

meiosis
Nondisjunction X in
female
meiosis

Spermatogonia — 17, YO
Female soma - 17, XO
Oogonia — 18, XX
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