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Eukaryotic genomes must accomplish both compact packaging for genome stability and inheritance, as well as accessibility

for gene expression. They do so using post-translational modifications of four ancient canonical histone proteins (H2A,

H2B, H3, and H4) and by deploying histone variants with specialized chromatin functions. Some histone variants are

conserved across all eukaryotes, whereas others are lineage-specific. Here, we performed detailed phylogenomic analyses

of “short H2A histone” variants found in mammalian genomes. We discovered a previously undescribed typically-sized

H2A variant in monotremes and marsupials, H2A.R, which may represent the common ancestor of the short H2As. We

also discovered a novel class of short H2A histone variants in eutherian mammals, H2A.Q. We show that short H2A variants

arose on the X Chromosome in the common ancestor of all eutherian mammals and diverged into four evolutionarily dis-

tinct clades: H2A.B, H2A.L, H2A.P, and H2A.Q. However, the repertoires of short histone H2A variants vary extensively among

eutherian mammals due to lineage-specific gains and losses. Finally, we show that all four short H2As are subject to accel-

erated rates of protein evolution relative to both canonical and other variant H2A proteins including H2A.R. Our analyses

reveal that short H2As are a unique class of testis-restricted histone variants displaying an unprecedented evolutionary

dynamism. Based on their X-Chromosomal localization, genetic turnover, and testis-specific expression, we hypothesize

that short H2A variants may participate in genetic conflicts involving sex chromosomes during reproduction.

[Supplemental material is available for this article.]

Nucleosomes are the basic unit of chromatin in most eukaryotes.
A typical nucleosome particle wraps 150 bp of DNA around an
octamer of four histone proteins: H3, H4, H2A, and H2B, each pre-
sent in two copies (Kornberg 1974; Kornberg and Thomas 1974;
Malik and Henikoff 2003). These four canonical “core” histone
proteins are among the most conserved proteins in eukaryotes
(Malik and Henikoff 2003; Gonzalez-Romero et al. 2010; Draizen
et al. 2016) and are thought to share ancestry with histones found
in some archaea (Sandman and Reeve 2006) and Marseilliviridae
(Erives 2017). Canonical histones are usually expressed frommul-
tiple gene copies in genomes, which can be arranged in multigene
clusters (Marzluff et al. 2008).Histone proteins have a stereotypical
structure characterized by alpha-helices comprising a histone fold
domain (HFD), which is flanked by largely unstructured N- and
C-terminal tails (Luger et al. 1997). Post-translational modifica-
tions of histone tails can regulate their association with linker
DNA (between neighboring nucleosomes) or recruitment of chro-
matin-modifying proteins and provide another layer of regulation
to overall chromatin structure.

In combination with post-translational modification of his-
tones, eukaryotic genomes also establish diverse chromatin states
using histone variants, encoded by stand-alone single-copy genes,
which replace canonical histones in the nucleosome (Weber and
Henikoff 2014; Talbert and Henikoff 2017). Although histone var-
iants are closely related to canonical histones, they differ at several
key amino acid residues or contain additional domains that dictate
their noncanonical functions (Malik and Henikoff 2003; Talbert
and Henikoff 2010; Draizen et al. 2016). For example, the H2A.Z
variant is preferentially incorporated at the transcriptional start

sites of active genes, the CENPA (also known as CenH3) variant lo-
calizes to centromeres and triggers the assembly of the kineto-
chore, and the H2A.X variant assists with DNA repair at sites of
double-strand breaks (Weber and Henikoff 2014; Talbert and
Henikoff 2017).

Some histone variants, such as H2A.Z and CENPA, diverged
from canonical histones early in eukaryotic evolution and are
present in nearly all eukaryotic lineages. Other variants originated
more recently and are found in just one lineage, e.g., macroH2A in
Filozoans (a lineage that includes animals and choanoflagellates)
(Malik and Henikoff 2003; Talbert and Henikoff 2010; Rivera-
Casas et al. 2016). Most histone variants are highly conserved
and evolve under strong purifying selection (Piontkivska et al.
2002; Rooney et al. 2002; Talbert et al. 2012). One exception is
CENPA, which evolves rapidly in animals and plants. This rapid
evolution is hypothesized to be a result of centromere drive or
chromosomal competition during female meiosis (Henikoff et al.
2001; Malik and Henikoff 2009).

Most core and most variant histones are expressed ubiqui-
tously. However, one class of histone variants, known as short
H2A variants, is expressed almost exclusively during mammalian
male germ cell development (Govin et al. 2007; Boussouar et al.
2008; Ferguson et al. 2009), before the nearly complete replace-
ment of histones by protamines in sperm nuclei (Oliva and
Dixon1991;Hammoud et al. 2009). Three classes of shortH2Avar-
iants, H2A.B, H2A.L, and H2A.P, have been described so far; each
exhibits <50% amino acid identity with canonical H2A (Shaytan
et al. 2015; Draizen et al. 2016). H2A.L and H2A.B are each known
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to be encoded by several closely related genes in themouse andhu-
man genomes (Ferguson et al. 2009; Ishibashi et al. 2010). Mouse
H2A.B is first detected in spermatocyte nuclei at the onset of mei-
osis but disappears during spermiogenesis (Govin et al. 2007;
Soboleva et al. 2012). In contrast, H2A.L accumulates in spermatid
nuclei until the end of spermatogenesis and remains in mature
sperm chromatin even after protamine exchange in mouse
(Govin et al. 2007; Baker et al. 2008; Ishibashi et al. 2010), eventu-
ally disappearing from the paternal pronucleus following fertiliza-
tion (Wu et al. 2008). In contrast, human sperm lacks H2A.L
protein and instead retains H2A.B (Baker et al. 2007). There have
been only a few studies investigating the in vivo functions of short
histone variants. These have shown that H2A.B may be required
for post-meiotic gene expression in mouse (Barral et al. 2017;
Soboleva et al. 2017), whereas a specific H2a.l gene is essential
for initiating the replacement of histones with protamines and
male fertility (Barral et al. 2017; Soboleva et al. 2017).

In vitro studies have revealed that short H2A variants have
divergent features that influence chromatin structure and func-
tion. These features (summarized in Supplemental Fig. S1) include
a truncated C-terminal “docking domain” (a key feature of H2A
thatmaintains the native structural properties of the nucleosome),
loss of N-terminal lysine residues, and a weakened acidic patch,
which normally stabilizes nucleosome-nucleosome interactions
during chromatin compaction for other H2As (Luger et al. 1997;
Bonisch and Hake 2012; Soboleva et al. 2012; Shaytan et al.
2015; Buschbeck and Hake 2017). Consequently, nucleosomes
containing short H2A variants wrap shorter stretches of DNA
(∼120–130 bp) than canonical H2A-containing nucleosomes
(∼150 bp) and formmore loosely packed chromatin. Indeed, short
H2A variants localize to sites of open chromatin and potentiate
DNA synthesis, transcription, and splicing (Chadwick and
Willard 2001; Angelov et al. 2004; Bao et al. 2004; Gautier et al.
2004; Doyen et al. 2006; Govin et al. 2007; Syed et al. 2009;
Soboleva et al. 2012, 2017; Tolstorukov et al. 2012; Arimura et al.
2013; Sansoni et al. 2014; Barral et al. 2017).

Evolutionary analyses of short histone variants have chiefly fo-
cused onH2A.B genes (Eirin-Lopez et al. 2008; Ishibashi et al. 2010)
ormouseH2a.l genes (Ferguson et al. 2009). However, we still lack a
clear understanding of the origins, orthology, and evolutionary tra-
jectories of short H2A variants and how this has affected their func-
tion in mammalian genomes. Lack of an evolutionary framework
has created confusion in nomenclature and in the interpretation
of functional studies in mouse and human. For instance, H2A.P
was initially believed to be an allele of H2A.L (Govin et al. 2007)
but was recently confirmed as a distinct histone variant (Marino-
Ramirez et al. 2006; Draizen et al. 2016; El Kennani et al. 2017).
Finally, it remains unclear if expression duringmale gametogenesis
is an ancestral feature of all extant short H2As and what specific
structural features discriminate short H2A families from each an-
other. Here, we performed detailed phylogenomic analyses to
gain further insight into the function and diversification of mam-
malian male germ cell–specific short H2A histone variants.

Results

Age and orthology of short histone H2A variants in eutherian

mammals

To gain a comprehensive understanding of the origins and
evolution of mammalian short H2A variants, we scanned genome
sequences from representative mammals (and chicken as an

outgroup) using BLASTN and TBLASTN searches with human
H2A.B, human H2A.P, and rat H2a.l sequences as queries
(Supplemental Table S1).We used PhyML to performphylogenetic
analyses of these candidate short H2Avariants, comparing them to
canonical and variant H2As (H2A.Z, H2A.X and macroH2A) from
representative species of mammals, using chicken and Xenopus as
outgroups (Fig. 1A; Supplemental Data S1; Guindon and Gascuel
2003; Guindon et al. 2010). We also used shared synteny of each
candidate short H2A variant to identify genes that had been pre-
sent at the same genomic location in ancestralmammalian species
(Fig. 1B; Supplemental Fig. S2).

Although most candidate short H2A variants grouped with
previously characterizedH2A.B,H2A.P, orH2A.L genes, we uncov-
ered two previously undescribed and phylogenetically distinct
clades of H2A variants. We tentatively named the first distinct
clade H2A.Q, abiding by recently established histone nomencla-
ture guidelines (Talbert et al. 2012). H2A.Q is a short H2A variant
present in many eutherian mammalian genomes at a distinct syn-
tenic location (Fig. 1B). We found a second distinct clade of H2A
variants inmarsupial and platypus genomes, which lack orthologs
of any of the four short histone H2A variants found in eutherian
mammals. We named this variant H2A.R both to highlight its nov-
elty and to be compliant with the proposed guidelines for histone
nomenclature (Talbert et al. 2012). While the H2A.R variant shares
somecharacteristicswith the shortH2As (H2A.B,H2A.L,H2A.P, and
H2A.Q), its features more closely resemble canonical H2A (see be-
low). In contrast, no novel histone H2A variants were recovered in
any bird genomes that we queried (chicken, zebra finch, and tur-
key). This implies that H2A.Rs and short histone H2A variants
evolved exclusively in the mammalian lineage, after the split
from birds. Like canonical H2A, H2A.R, H2A.B, H2A.L, H2A.P,
and H2A.Q sequences all have intronless open reading frames.

The four clades of eutherian mammal short H2A variants
(H2A.B, H2A.L, H2A.P, and H2A.Q) emerged from a single, well-
supported monophyletic clade, confirming their common ances-
try. Furthermore, each of the short H2A variants, except H2A.L,
is found in well-supported monophyletic clades. This indicates
that these clades have diverged independently for at least 100
million years. All four eutherian short histone variants group
with extremely high support with H2A.R variants, paralleling the
mammalian species tree (Bininda-Emonds et al. 2007). Based on
this phylogenetic analysis, we conclude that a precursor histone
variant diversified to the typically sized H2A.R in monotremes
and marsupials and to four classes of short histone H2A variants
found only in eutherian mammals (Fig. 1A).

Weused the distribution of short H2A genes along the accept-
ed mammalian phylogeny (Bininda-Emonds et al. 2007), analysis
of shared synteny (Fig. 1B), and parsimony criteria to conclude
that the common ancestor of eutherian mammals encoded two
or three H2A.B genes, three H2A.L genes, a single H2A.P gene,
and a single H2A.Q gene in six distinct X-linked loci. For clarity
and so that paralogs can be distinguished from one another, we
arbitrarily numbered these ancestral loci relative to their position
on each arm of the X Chromosome from telomere to centromere.
H2A.B.1.1 and H2A.B.1.2 are so named since they seem to
have arisen from an ancestral duplication within a single X
Chromosome locus, distinct from H2A.B.2, although the incom-
plete status of the elephant and armadillo genome assemblies
precludes us from precisely dating this event. We also uncovered
additional paralogs of these short histone variants in nonsyntenic
locations (Supplemental Fig. S2), likely representing additional lin-
eage-restricted duplications. The most dramatic example of such
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A B

Figure 1. Mammalian short H2A repertoires and phylogeny. (A) Maximum-likelihood protein phylogeny of the histone fold domain of canonical H2A
and H2A variants from Xenopus, chicken, and representative mammalian species. Bootstrap values are shown at all nodes that have >50% bootstrap sup-
port. The tree is rooted using XenopusH2A. Short H2A variant clades are highlighted: H2A.B (red box), H2A.P (orange box), H2A.Q (green box), and H2A.L
(blue box). (B) Schematic representation of the shared syntenic locations encoding short H2A variants. Short H2As are indicated to the right of a species
cladogram (Bininda-Emonds et al. 2007). The origin of the eutherian mammals is highlighted by a black dot. Intact open reading frames are shown with
filled boxes. Disrupted open reading frames are shownwith crossed boxes (confirmed pseudogenes) or diagonal lines (inferred pseudogenes) (see Results).
A dash (–) indicates absence at the syntenic location, a “?” refers to incomplete sequence information, and an empty white space indicates a missing gene
at that syntenic location—we have not attempted to distinguish true gene loss from absence due to assembly gaps; see Supplemental Figure S2 for details.
X Chromosome evolutionary strata are indicated at the top (Lahn and Page 1999; Sandstedt and Tucker 2004; Ross et al. 2005). For the additionalH2a.l loci
in mouse, “∗” denotes the presence of two Y-linked and one autosomal copies.

462 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.229799.117/-/DC1


lineage-specific expansion and diversification has been previously
described inmouse (Ferguson et al. 2009), which encodes a total of
20 H2a.l loci (including two Y-linked and one autosomal copy)
(Supplemental Table S1), whereas most other mammals encode
between zero and five intact H2A.L genes. The duplications that
gave rise to numerous short H2A loci couldhave arisen via segmen-
tal duplications, or retroduplication. Regardless of the mechanism
of duplication, we provide evidence below that many of these loci
encode functional protein-coding genes.

It is important to note that our analysis is, by necessity, based
on mammalian genome assemblies at different stages of comple-
tion. However, the general conclusions are robust to caveats of
imperfect assemblies, and the numbers of short H2As we identify
in each genome should be viewed as lower bound estimates.

H2A.Q and H2A.R are novel testis-restricted H2A variants

Previously, only mouse and human tissues have been closely
investigated for expression of short histone variants, including

by detailed proteomic analysis of testes (El Kennani et al. 2017).
However, both these genomes lack intact copies of the newly
identified H2A.Q and H2A.R variants. In order to explore the
possible function of H2A.Q and H2A.R, we analyzed publicly
available RNA-seq data sets from a diverse set of mammals (dog,
pig, human, platypus, and opossum) to determine whether and
where these novel short histone variants are transcribed (Fig. 2A,
B; Supplemental Table S3). We included H2A.B, H2A.L, and H2A.
P genes for comparison (Fig. 2A), as well as selected “housekeep-
ing” genes (Supplemental Fig. S3). Although short-read sequenc-
ing cannot distinguish expression levels of very similar paralogs
and will partially “average” expression levels for similar genes
(e.g., the three H2A.B genes of pig or human), this issue does
not affect our analysis of H2A.P, H2A.Q, or H2A.R, which do not
encode multiple similar paralogs in each genome.

Like other intact short H2A genes, dog and pig H2A.Q genes
are transcribed in testes but are undetectable in other tissues exam-
ined, including ovary (Fig. 2A,B). Expression levels are robust
and exceed those of most other genes in the genome. Indeed,

A

B

C

Figure 2. Expression of short histone variants. (A) Analyses of short H2A expression using public RNA-seq data from selected tissues of dog, pig, and
human. Error bars show standard deviation of biological replicates, where available. Expression of the germ cell–specific H2B.1 variant and a housekeeping
gene C1orf43 (Eisenberg and Levanon 2013) are shown for comparison (more controls are shown in Supplemental Fig. S3). Mapped reads are shown in
reads per kilobase per million mapped (RPKM). (B) RNA-seq coverage over the H2A.Q locus in dog, pig, and human. Coordinates along the assembled X
Chromosome are indicated at the top. (C) RNA-seq analyses of platypus and opossum H2A.Rs, and one housekeeping gene (as in A), across somatic and
reproductive tissues. Error bars as in A. (D) RNA-seq coverage as in B. Coordinates along the annotated contig or chromosome (Chr 6 for opossum H2A.Rs
and contig111576 for platypus) are shown at the top.
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expression levels of short histone variants are comparable to vari-
ous “housekeeping” genes (Supplemental Fig. S3). This tissue-
specific expression adds functional support to the idea that H2A.Q
is a bona fide shortH2Avariant. However, wewere unable to detect
H2A.Q expression in any tissue in humans (Fig. 2A,B) or several
other primates, suggesting that H2A.Q might be nonfunctional
in primates. Furthermore, we found that platypus and opossum
H2A.R variants are expressed in the testis but not in other tissues
we examined, including opossum ovary (Fig. 2C,D). Our expres-
sion analysis allows us to infer that testis-specific expression pre-
ceded the divergence of H2A.R and eutherian short histone H2A
variants and is a common feature of all these genes.

Recurrent losses of short histone H2A variants

Previous studies have suggested that the human genome contains
one or more intactH2A.L genes (Draizen et al. 2016). However, we
noticed atypical features that suggested some of these H2A.L cop-
ies may not be functional (Supplemental Fig. S4). We found that
one of the three ancestral H2A.L loci (H2A.L.2) contained a pseu-
dogene in all primates, having acquired inactivating mutations
early in primate evolution. In contrast, many primate H2A.L.1
and H2A.L.3 genes had long 3′ extensions of different sizes but
did not bear any stop codons or frameshifts within their coding
region. We therefore evaluated primate H2A.L.1 and H2A.L.3
genes for signatures of purifying selection (Supplemental Fig. S4;
see Methods). We estimated the rates of nonsynonymous (dN)
and synonymous (dS) substitutions along codon alignments of
these variants. The ratio of those rates (dN/dS) reflects the selective
pressures acting on the aligned sequences; a ratio close to 1 reflects
neutral evolution (or genetic drift, expected for a pseudogene),
while a ratio close to 0 reflects very strong purifying selection.
Using a phylogeny and sequence alignment, we tested the relative
likelihoods of a model where the sequences evolve neutrally
(model 0with dN/dS fixed at 1) versus amodel where the sequences
evolvenonneutrally (model 0with dN/dS estimated) (seeMethods).
These tests cannot reject a model of neutral evolution for Old
World monkey and hominoid H2A.L genes (dN/dS = 0.79, P = 0.49
in a test to reject neutral evolution) (see Methods) but provide
marginally significant evidence for purifying selection in the
New World monkey H2A.L genes that lack C-terminal extensions
(dN/dS = 0.62, P = 0.054).We therefore suggest thatH2A.L function
was lost in Old World monkeys and hominoids but retained in
New World monkeys. Our findings are congruent with extensive
proteomic studies that failed to detect H2A.L protein in human
sperm or other tissues, even though H2A.L is readily apparent in
mouse sperm (Baker et al. 2007, 2008; El Kennani et al. 2017).

We used similar analyses to deduce that primate H2A.Q
sequences are also pseudogenes, even though no obvious defects
in their coding regions were found (Supplemental Fig. S5). First,
we found that simian primateH2A.Q genes have a deletion remov-
ing seven amino acids spanning Loop 1 and the alpha 2 helix
(Supplemental Fig. S5). Second, we cannot reject a model of neutral
evolution for primate H2A.Q orthologs (dN/dS = 0.66, P = 0.27),
whereas there is robust evidence of purifying selection in
other mammals (dN/dS = 0.54, P < 0.0001) (Supplemental Fig. S5).
Together with our finding that H2A.Q is not expressed in humans
(Fig. 2), these evolutionary observations allow us to suggest that its
function has been lost in primates.

Surprisingly, none of the extant mammalian genomes we
examined harbors the same repertoire of short histone H2A
variants (Fig. 1B). While incomplete genome assemblies prevent

us from knowing the exact complement of short H2A variants
in each species, we find several instances where short histone
variant orthologs in syntenic locations were present but clearly
pseudogenized by early stop codons or frameshifts (Fig. 1B;
Supplemental Fig. S2), strongly suggesting complete functional
loss of one or more of the four classes of short H2A histone
variants. For instance, all rodents we examined encode a pseudo-
genized version ofH2A.Q, the sheep genome only encodes pseudo-
genes for H2A.P and H2A.B, and dog H2A.B genes have missing
start codons. Our findings reveal an unprecedented degree of
turnover for histone variant genes compared to other histone
genes. Since none of the original eutherian short histone H2A
gene clades appears to be strictly retained in all mammals, it sug-
gests that neither H2A.L, H2A.B, H2A.P, nor H2A.Q performs a
universally essential function in eutherian mammals or that these
might have interchangeable functions in at least some species (see
Discussion).

X-Chromosomal location of short histone H2A variants

In genome assemblies where sequences have been assigned to
chromosomes (e.g., primates, rodents, and Laurasiatheria [pig,
horse, dog, etc.]), we find that the six syntenic eutherian short
H2A variant loci are all on the X Chromosome. Therefore,
short H2A variants must have resided on the X Chromosome
at least since the common ancestor of primates, rodents, and
Laurasiatheria. Furthermore, assigning short H2A locations to
previously identified X Chromosome evolutionary strata confirms
that H2A.B, H2A.L, H2A.P, and H2A.Q genes originated on por-
tions of the X Chromosome that are ancestral to all eutherian
mammals (Lahn and Page 1999; Sandstedt and Tucker 2004;
Ross et al. 2005). The marsupial H2A.R loci are autosomal (Chr 6
in opossum, Chr 2 in Tasmanian devil), and the platypus locus is
on a short unmapped scaffold. Therefore, it is unclear whether
the common ancestor ofH2A.R and the short H2As was autosomal
or sex chromosome-linked.

Rodents are the only exception to the X Chromosomal loca-
tion of short histone variants in eutherian mammals. Two mouse
H2a.l genes have duplicated/relocated onto the Y Chromosome
and one onto Chromosome 2 (Ferguson et al. 2009). Moreover,
the ancestral loci encoding H2A.B.1.1 and H2A.B.2 relocated
away from the X Chromosome to autosomes in mouse (Chr 3
and Chr 16) and rat genomes (Chr 20 and Chr 18) as determined
by flanking genes, and the encoded H2A.B genes have now
been deleted or have decayed beyond recognition (Supplemental
Fig. S2). However, the rat-mouse common ancestor acquired an
intact H2A.B gene in a new X-linked locus (H2a.b.ratMouse1,
also historically named H2A.B.3 [Soboleva et al. 2017]). The loss
of autosomal H2a.b and retention of X-linked H2a.b suggests
the intriguing possibility thatX-linkage is evolutionarily preferred.
However, it is also possible that X-linkage of short histone variants
is simply explained by their evolutionary origins on this
chromosome.

Taken together, our results show that a repertoire of seven or
eight short H2A variants was acquired on the X Chromosome in
the common ancestor of all eutherian mammals following the
split with metatherians (marsupials) over 100 million years ago.
Following this initial event, our results further show that short
H2A variants have experienced a series of lineage-specific events
of pseudogenization and duplication. Finally, our analysis indi-
cates that functional H2A short variants have remained largely
X-linked during the radiation of eutherian mammals.
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Distinguishing structural features of short H2A variant proteins

Our phylogenetic analysis allowed us for the first time to study the
amino acid features that constrained short H2A evolution. We
compared protein sequences of canonical H2A and three short
H2Avariants (H2A.B, H2A.L, andH2A.P) froma set of eight diverse
eutherian mammals spanning the same evolutionary divergence
(Methods; Supplemental Data S2; Fig. 3). Because many clades
have lost functional H2A.Q, we used a different, less divergent
set of species for this variant. We aligned these sequences to
each other and compared them to each other via Logo plots. We
then used the nucleosome crystal structure (PDB:1AOI) (Luger
et al. 1997) to annotate the histone fold domain as well as DNA-
proximal and H2B-contacting residues.

We found several features that distinguish all short H2A var-
iants from canonical H2A. We highlighted these features using
a Jensen-Shannon distance (JSD) metric (Fig. 3 bar graphs; see
Methods). Many residues within the alpha-helices and the loops
of the HFD differ between short histone variants and canonical
H2A (high JSD values in the upper bar graphs) but are conserved
across short H2As (low JSD values in the lower bar graphs). We
highlight one of these residues, in helix alpha 2, with an asterisk
to illustrate this dichotomy. Such residues likely reflect residues
whose evolution has been highly constrained since the common
origin of all short histone variants.

As previously noted, short H2A histone variants have a short-
er C-terminal tail and lack the acidic patch present in canonical
H2A (Supplemental Fig. S1; Luger et al. 1997; Chakravarthy et al.
2004; Gautier et al. 2004; Eirin-Lopez et al. 2008; Gonzalez-
Romero et al. 2008; Ishibashi et al. 2010; Bonisch and Hake

2012; Talbert et al. 2012; Rivera-Casas et al. 2016; Buschbeck and
Hake 2017). These changes, as well as the high divergence of
Loop 1, make it less likely that stable heterodimers will form
between short histone H2A variants and canonical H2A. Our
analyses also identified eight charge-altering positions within
the HFD that appear to distinguish short histone H2A proteins
from canonical H2A (Fig. 3, highlighted in green in JSD plots).
These charge-altering residues are mostly acidic in the short H2A
variants and are clustered around H2A::H2A contact sites in prox-
imity to DNA (Supplemental Fig. S6; Luger et al. 1997). These
charge-altering changes may further explain the lower stability
and packing density of nucleosomes comprised of short histone
H2A variants (Bao et al. 2004; Doyen et al. 2006; Syed et al.
2009; Barral et al. 2017).

Using the JSDmetric, we also highlighted residues that distin-
guish short histone H2A variants from each other (high values for
JSD H2A.B vs. H2A.L vs. H2A.P vs. H2A.Q) (Fig. 3). We found that
functional H2A.Q proteins have a unique 7-aa deletion spanning
Loop 2 and alpha-helix 3 (Supplemental Fig. S5), which, together
with their short tails, imply that they are among the shortest
eukaryotic histones to be described to date. Furthermore, H2A.P
and H2A.Q have lost two key conserved arginine (R) residues in
Loop 1 and 2 that contact the DNA minor-groove. Loss of these
arginine residues is predicted to further reduce the stability
of H2A.P- and H2A.Q-containing nucleosomes. Furthermore, we
found that H2A.P specifically acquired many additional acidic
changes (blue dots, Fig. 3), including sites predicted to contact
DNA and H2B. In fact, charge-altering changes in H2A.P have
been so extensive that the theoretical isoelectric point (pI) of
full-length H2A.P averages 4.7 across the eight species used, which

Figure 3. Short H2A variants have distinct protein features. Logo plots of protein alignments of canonical and short H2As across an identical set of rep-
resentative eutherian mammals (except for H2A.Q) (see Methods). Residues are colored based on biochemical proprieties; hydrophobic residues in gray;
positively charged in red; negatively charged in blue; polar in purple, and others (Gly andCys) in orange. Residues in proximity to H2B (gray squares, at least
4 Å), DNA (light brown, 5 Å), or buried in theminor groove (dark brown) are annotated below the H2A logo. The histone fold domain and the six dispersed
residues of the acidic patch are boxed in gray and purple, respectively. Jensen-Shannon distances (JSD) measured at each amino acid position between
combinations of logos are indicated as bar graphs (low values meaning very similar, high values meaning very different). Charge-altering changes that
are conserved among short H2As but different from canonical H2A are highlighted using green-colored bars. Residues uniquely altered to acidic residues
in H2A.P are highlighted using blue dots. The average and range of isoelectric points (pI) across the selected mammals are shown in parentheses.
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is dramatically different from the pI of canonical H2A (11.0) as well
as other short histone H2A variants (Fig. 3). Such an acidic pI is
highly unexpected for a DNA-packaging protein and would be
predicted to result in destabilized histone-DNA interactions for
H2A.P. Finally, more conserved features distinguishing H2A.B,
H2A.L, and H2A.P from one another appear in their N- and C-
terminal tails than in the HFD, e.g., the last 14 aa of H2A.P are
more constrained than the rest of the protein. These distinguish-
ing features suggest that each of the short histone H2A variants
interact with different nonhistone proteins via their tails.

We also generated a Logo plot for the five representatives
of the H2A.R clade. As suggested by our phylogeny (Fig. 1A),
the Logo plot confirmed H2A.R variants’ status as intermediate
between the eutherian short histone H2A variants and canonical
H2A (Supplemental Fig. S6). Like canonical H2As, H2A.R variants
have long C-termini and a conserved docking domain. However,
H2A.R variants also resemble short histone H2A variants in key
residues of the HFD and have mutations in their acidic patch
(Supplemental Fig. S6).

Concerted evolution of H2A.B and H2A.L gene duplicates

Canonical histone loci dispersed across mammalian genomes are
highly homogeneous in sequence within species (Coen et al.
1982; Rooney et al. 2000; Marzluff et al.
2002, 2008; Nei and Rooney 2005).
Their sequence homogeneity is main-
tained by a process of gene duplication
and loss (birth-and-death) combined
with strong purifying selection at the
protein sequence level (Rooney et al.
2002). Our protein sequence phylogeny
combined with our analysis of synteny
(Fig. 1) revealed signatures of sequence
homogenization between short H2As in
the H2A.B and H2A.L genes that have
continued to reside in the same syntenic
genomic location for over 100 million
years. We find that all copies of a variant
from the same species cluster together in
the phylogeny with remarkably high se-
quence identity (Fig. 1A). For example,
panda H2A.B.1.1 and H2A.B.2 share
100% amino acid identity but only
75% identity with their respective syn-
tenic orthologs in cat. These observa-
tions suggest the action of sequence
homogenization occurring between dis-
persed histone variant genes within each
genome.

To further explore this observation,
we performed phylogenetic analyses
based on nucleotide sequences, starting
with primate H2A.B genes (Fig. 4A;
Supplementary Data S4). We collected
and aligned all H2A.B-related DNA se-
quences from the genomes of six pri-
mates representing roughly 40 My of
evolution. In most cases, synteny al-
lowed us to assign homologs to one of
the three ancestral H2A.B loci (H2A.B.1.1,
H2A.B.1.2, or H2A.B.2). First, we per-

formed GARD analysis (Kosakovsky Pond et al. 2006) to search
for internal recombination breakpoints but found none. However
a maximum-likelihood phylogeny showed all H2A.B duplicates
grouped by species rather than by syntenic location with nearly
100% identity (Fig. 4A), suggesting complete gene conversion.

However, it is also possible that unusual selective forces or
extreme codon biases could result in such a phylogeny. To rule
out selection or codon bias as explanations for such high within-
species similarity, we compared genomic sequences surrounding
the putatively converted copies using VISTA plots (Fig. 4B; Frazer
et al. 2004). We found near identity between 50-kb regions encod-
ing human H2A.B.1.1 and human H2A.B.1.2, and a shorter 10-kb
region of identity between genomic regions encoding human
H2A.B.1.1 and H2A.B.2, even though these regions are 576 kb
apart in the genome. We find similar patterns in several other
mammalian genomes, indicating that H2A.B duplicates have in-
deed been subject to recurrent gene conversion.

While we observed similar signatures of gene conversion
between carnivore H2A.L genes (Supplemental Fig. S7;
SupplementaryData S4), pseudogeneH2A.L loci do not participate
in this concerted evolution. For example, H2A.L.2 has been a
pseudogene since the common ancestor of ferret, walrus, seal,
and panda and appears to have been exempt from sequence
homogenization in those species. Similarly, primate H2A.L.2 has
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been a pseudogene since before primate divergence and has been
exempt from gene conversion since that time (Supplemental Fig.
S4). In addition, consistent with our analysis of selective pressures
of H2A.L.1 and H2A.L.3 loci from Old World monkeys and homi-
noids, these putative pseudogenes are no longer subject to gene
conversion, whereas the (presumed functional) New World mon-
key H2A.L genes are (Supplemental Fig. S4; Supplementary Data
S4). However, we do not observe gene conversion among the three
ancestral H2A.L loci in rodents, although most are apparently
functional (Supplemental Fig. S8). Examination of closely related
Mus species also suggests that at least some recently expanded
H2a.l.2-like genes in mouse have also not been subject to recent
gene conversion. In these specific cases, we propose that lack of
concerted evolution reflects ongoing diversification and function-
al specialization of subgroups of rodent H2A.L genes. Indeed,
knockout of a single mouse H2a.l gene (H2a.l.Chr2) renders male
mice infertile (Barral et al. 2017), showing that other H2a.l dupli-
cates cannot compensate for its loss.

Overall, we conclude that recurrent gene conversion shaped
the evolution of active H2A.B and H2A.L gene duplicates in most
eutherian genomes. This mode of evolution appears distinct
from canonical histone multigene evolution in many animal
genomes (Piontkivska et al. 2002; Rooney et al. 2002).

Accelerated evolution and diversifying selection of short

H2A variants

The long branch-lengths in the H2A phylogeny (Fig. 1A) suggest
that short histone H2A variant clades appear to be evolving
more rapidly than canonical or other H2A histones. This observa-
tion is consistent with previous analyses of H2A.B (Malik and
Henikoff 2003; Eirin-Lopez et al. 2008; Ishibashi et al. 2010). We
adopted two additional analyses to more rigorously explore the
high divergence of short histone H2A variants. First, we estimated
dN/dS across the species sets used for our previous logo plot analy-
ses (Fig. 3; Methods). A dN/dS ratio close to 0 reflects very strong
evolutionary constraints, whereas higher ratios reflect less severe
constraints. We used PAML’s codeml with NSsites model 0 (Yang
1997) (that assumes a single evolutionary rate across all sites and
species) to obtain overall dN/dS values of 0.25 for H2A.B, 0.32 for
H2A.L and 0.58 forH2A.P (Supplemental Table S2). All of these val-
ues are much higher than the dN/dS of 0.003 exhibited by canoni-
cal H2A and are comparable to or higher than the overall dN/dS of
0.30 for CENPA, the only mammalian histone known to be evolv-
ing under diversifying selection. In all cases, we can strongly reject
neutral evolution (dN/dS = 1) for all short histone variant genes
(Supplemental Table S2; see Methods), supporting the idea that
they are functional protein-coding variants that contribute to
mammalian fitness on some level. This is especially interesting
in the case of H2A.P for which RNA expression but no protein
expression has been observed (Baker et al. 2007, 2008; El
Kennani et al. 2017). Our dN/dS analysis allows us to conclusively
reject the model of neutral evolution (P < 10−4), suggesting that
H2A.P indeed must encode a protein.

We also compared divergence levels between different his-
tone H2A variants (the four short H2A variants, H2A.R, canonical
H2A, H2A.X, H2A.Z, macroH2A, and testis-specific H2A.1), the
CENPA variant that is rapidly evolving (Malik and Henikoff 2001;
Talbert et al. 2002), and a testis-specific H2B variant, H2B.1. We
performed whole protein pairwise comparisons of each human
protein to increasingly diverged orthologs, allowing us to examine
the rate of protein evolution at different ages of divergence

(Supplemental Table S4). Since humanH2A.L andH2A.Q are pseu-
dogenes, we relied on other pairwise comparisons for this analysis.
We plotted amino acid identity as a function of species divergence
time according to TimeTree (Fig. 5A; Hedges et al. 2015). Our
analysis revealed very high conservation of canonical H2A and
most other variant histones, including testis-specific H2A.1 and
H2B.1, as well as H2A.R variants. In contrast, we found a much
higher rate of divergence for CENPA, and for each of the short
H2A variants, whose divergence rivals or exceeds CENPA.

The accelerated divergencewe observe inH2A.B,H2A.L,H2A.P,
and H2A.Q could have two possible explanations. Like CENPA
(Schueler et al. 2010), the short H2A variants might be evolving
under diversifying (positive) selection. Alternatively, elevated
dN/dS rates could simply be the result of relaxed constraints. To
distinguish these explanations, we collected simian primate
H2A.B and H2A.P sequences from databases as well as by PCR
amplification and Sanger sequencing. For H2A.B, we used a single
representative from each species, becausewithin-species gene con-
version results in near-identity between paralogs in each genome
(Fig. 4). We used maximum-likelihood approaches implemented
in PAML (Yang 1997) and HyPhy (Pond et al. 2005) packages to
ask whether a subset of codons evolves under positive selection.
We obtained similar results whether we used phylogenies inferred
from each alignment or the published species tree (Perelman et al.
2011).

From our analysis of 21 H2A.P orthologs, including two
obtained by PCR and sequencing (Methods; Supplemental Data
S3), we found a strong signature of diversifying selection (M7 vs.
M8, P-value < 0.001; dN/dS > 1 for 26% of the sites, with average
dN/dS of 2.9) (Fig. 5B). Five sites (codon 5, 34, 97, 98, and 114)
had high posterior probabilities of evolving under diversifying
selection (>0.9,M8 BEB)with several others just under that thresh-
old (Fig. 5B). However, four of these sites also overlap CpGdinucle-
otides in one or more of the aligned species. CpG dinucleotides
have a much higher mutation rate (Duncan and Miller 1980;
Ehrlich et al. 1990), yet current methodologies (PAML or HyPhy)
do not explicitly account for this. Although the influence of
CpG sites is a strong caveat to the interpretation of diversifying
selection for any gene, we note that the evidence for diversifying
selection on H2A.P is comparable to that previously obtained
for CENPA orthologs in primates (Schueler et al. 2010).
Furthermore, FUBAR analysis (HyPhy package [Murrell et al.
2013]) additionally identifies codons 17, 43, 79, and 116 as having
evolved under diversifying selection (posterior probability > 0.9);
these signatures cannot all be explained by CpG hypermutation.

The evidence for diversifying selection is more equivocal
forH2A.B (Fig. 5C).Our analysis used a total of 21 H2A.B sequenc-
es, including 14 from assembled genomes and seven obtained
by PCR and sequencing (Methods; Supplemental Data S3).
Although one set of starting parameters in PAML finds evidence
for positive selection in primate H2A.B, this finding is not robust
to the use of alternative codon models. However, FUBAR finds a
single site, codon 38, with strong evidence for diversifying selec-
tion (posterior probability > 0.9) (Fig. 5C); this site also overlaps a
CpG site. This site, found in alpha-helix 1 of the HFD, is also
among those highlighted by the FEL, REL, and MEME algorithms
as being under positive selection.

Despite high overall dN/dS values (Supplemental Table S2), we
found no evidence of positive selection recurrently acting on any
codon in H2A.Q or H2A.L in any clade we examined, although we
note that functional loss precluded analysis of these genes in pri-
mates, a cladewherewehave excellent power to detect diversifying
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selection due to dense species sampling. Similarly, there are too
few sequences available for H2A.R to allow well-powered analysis
of selective pressures. Overall, our results indicate that H2A.P and
possibly H2A.B have been subject to diversifying selection in sim-
ian primates, which could partly explain the greater divergence of
short H2A histone variants compared to other H2A histones in
mammals (Fig. 5A). However, much of the increased divergence

of short histone H2A variants may be better explained by relaxed
purifying selection.

Discussion

In this study, we have traced the origin and the evolutionary rela-
tionships of four short histone H2A variant families with unique

A

B

C

Figure 5. Rapid evolution of short H2As. (A) Pairwise amino acid identities (y-axis) between pairs of mammalian H2A proteins as a function of species
divergence time (x-axis) (seeMethods).Marsupial H2A.R proteins 1 and 2 are shown as single points, since each is represented by only two species diverged
by 78million years. (B) Portions of alignments surrounding positively selected sites in simian primate H2A.P genes (PAML, top left box). (C) A portion of the
alignment of simian primate H2A.B proteins showing a positively selected codon at site 38 (colored amino acids), identified by FUBAR.
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evolutionary trajectories in mammals. We infer that the last com-
mon eutherian mammal ancestor encoded seven or eight short
H2A variant genes on the X Chromosome: two to three H2A.B
genes, three H2A.L genes, a single H2A.P gene, and a single H2A.Q
gene, which we have identified for the first time here. These vari-
ants were derived from a newly identified lineage of “canonically-
sized” H2A.R variants, present in basally branching mammals.
However, the repertoire of short H2A histone variants has since
been remarkably plastic in different lineages, with some species
entirely losing functional H2A.B, H2A.P, H2A.Q, or H2A.L genes,
and other lineages experiencing additional duplications. The find-
ing that no single short H2A variant is universally indispensable
to allmammalsmight suggest that they are functionally nonessen-
tial or redundant with each other. Alternatively, the short histone
variants might have variable functions between different mam-
mals, whereby different short histone variants may have taken
on similar functions in different lineages. Indeed, whereas mouse
sperm chromatin contains H2A.L, human sperm contains H2A.B
instead (Baker et al. 2007, 2008; El Kennani et al. 2017).

Our analyses also clearly distinguish active protein-coding
genes from noncoding or pseudogenes. For example, although
H2A.P protein has never been detected in mouse or human germ
cells (Baker et al. 2007, 2008; El Kennani et al. 2017), our analysis
strongly argues that H2A.P is indeed a functional protein-coding
gene, as is H2A.Q in nonprimate mammals. Failure to detect
H2A.P protein in testis samples may be due to expression in a
limited subset of cells, or perhaps even because H2A.P mRNAs,
which accumulate during spermatogenesis, may actually be
delivered to the embryo and translated following fertilization.
We note, however, our analysis cannot determine whether short
H2A mRNAs, like those from H2A.P, might have noncoding func-
tions in addition to their protein-coding capacity: this remains an
open question.

We find that the four short H2A variants have amino acid
features consistent with their “short-wrapping” properties (Fig.
3; Supplemental Fig. S1; Luger et al. 1997; Chakravarthy et al.
2004). Additionally, we find that all short histone variants differ
from canonical H2A at some key positions, many of which are in
or near Loop L1 of the HFD (Fig. 3). Such changes may therefore
affect H2A::H2A interactions within the nucleosome and preclude
formation of heterotypic nucleosomes that contain both canoni-
cal and short variant H2A proteins. These changes also suggest
that short H2As can destabilize histone–histone and histone–
DNA interactions. We find very few conserved residues in the
HFD of short histone H2A variants that distinguish them from
each other; instead, most of their specialization may stem from
changes in the N- and C-terminal tails of these variants, especially
in H2A.P and H2A.B. Such functional specialization due to
expanded N-terminal tails has been seen previously; for example,
H2B and linker histone H1 variants in sea urchins have SPKK
motifs in their N-terminal tails that interact with theminor groove
of linker DNA (Suzuki 1989; Poccia and Green 1992).

The structural evolution of short H2As raises the important
question of their compatibility with other histone proteins within
the nucleosome. There are several H2B and H3 variants that might
interact with short H2As during male germ cell development.
However, none of these variants display similar evolutionary tra-
jectories to the short H2As. In addition to the high conservation
of testis-specific H2B.1 presented here, there is no evidence that
primate H2B.W (Churikov et al. 2004), mammalian subH2B (Aul
and Oko 2001), H3.5, and H3t (Witt et al. 1996; Schenk et al.
2011) are subject to diversifying selection or to the degree of genet-

ic turnover we have observed for short histone H2A variants in the
present study. Although previous studies in mouse have shown
that H2A.L-containing nucleosomes also contain H2B.1 (Govin
et al. 2007), biochemical studies will be required to determine
the nature of all short H2A-containing nucleosomes. It also seems
likely that short H2A-containing nucleosome composition could
vary across species, given the differences observed between species
in their evolutionary retention (Fig. 1B).

Our analysis also revealed that genomically distant H2A.B
and H2A.L paralogs are subject to recurrent gene conversion in
multiple mammalian genomes. This sequence homogenization
process suggests that, in many instances, the multiple copies
of the same short histone variants within a species (e.g., H2a.b in
mouse) are unlikely to perform different functions (Soboleva
et al. 2017).

We find that short H2A variants show greater evolutionary
divergence between species than evenCENPA, the fastest-evolving
histone variant examined to date (Malik and Henikoff 2001;
Talbert et al. 2002). While this increased rate could be partly due
to diversifying selection, we conclude that rapid divergence of
short histone variants may primarily stem from their testis specif-
icity; many male germ cell-specific proteins, especially those
involved in DNA-packaging, are among the fastest-evolving pro-
teins in mammalian genomes (Retief and Dixon 1993; Wyckoff
et al. 2000; Torgerson et al. 2002; Martin-Coello et al. 2009).
Since the only function demonstrated for short H2A variants is
in protamine deposition (Barral et al. 2017), we speculate that
the functional constraints acting on the short histone variants
may be similar to those that act on protamines or sperm transition
proteins that help deposit protamines.

The single autosomal H2a.l.Chr2 gene in mouse is expressed
at much higher levels than the sex-linked copies; knockout of
this single gene is sufficient to cause male sterility (Barral et al.
2017). The X Chromosome is an interesting location for most
short histoneH2Avariant genes that are expressed duringmale ga-
metogenesis becausemostX-linked genes are silenced via a process
known as meiotic sex chromosome inactivation during male
meiosis (Turner 2015). However, a subset of genes, including short
histone variants and genes located in the pseudoautosomal region
of sex chromosomes, escape this silencing (Govin et al. 2007;
Soboleva et al. 2012; Turner 2015). In addition, recent transcrip-
tome analyses clearly show that hundreds of X-linked genes are
re-activated in post-meiotic germ cells (Margolin et al. 2014).
How this reactivation occurs and how expression levels compare
to those of autosomal genes remain areas of active investigation.
X-linked genes that do escape inactivation to be expressed in
male meiosis are fully exposed to selection in the hemizygous
state, and male-beneficial mutations can reach fixation even if
they are harmful to females (Rice 1984; Ellegren and Parsch
2007). This mode of selection can drive the X Chromosome to
accumulate and amplify sex-biased genes engaged in sexual antag-
onism (i.e., beneficial to one sex and detrimental or neutral to the
other) (Ross et al. 2005; Ellegren 2011).

Their rapid divergence, X-linkage, and strong testis-specific
expression suggest that short histone H2A variants in eutherian
mammals may be engaged in a form of genetic conflict, either
sexual antagonism or post-meiotic drive in spermatogenesis. For
example, short histone variants could specifically package the
chromatin of X Chromosome–containing germ cells to protect
against the action of a Y-linked factor. Such a mechanism has
been invoked to explain the recent, dramatic acquisition of
chromatin genes on both the mouse X and Y Chromosomes
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(Bachtrog 2014; Soh et al. 2014; Moretti et al. 2017). Although the
nature of this genetic conflict is just emerging, our evolutionary
studies firmly establish the evolutionary novelty in the origin
and diversification of short histone H2A variants and highlight
their unprecedented evolutionary signatures as impetus for their
functional characterization.

Methods

Identification of short H2A variant genes

We iteratively queried the assembled genomes of 25 mammals us-
ing TBLASTN (Altschul et al. 1990, 1997) starting with human
H2A.B.1.2 (NP_542451.1), rat H2a.l.2 (XP_002730244.1), and hu-
man H2A.P (NP_036406.1) as queries. In later iterations, we used
additional closely related or better-conserved sequences (e.g.,
horse H2A.L.3) as queries. We retrieved nucleotide hits, recorded
assembly coordinates, and identified syntenic locations using ei-
ther the UCSC Genome Browser (Kent et al. 2002) or via BLASTN
analyses (Altschul et al. 1990, 1997). We aligned all hits to other
H2A sequences eithermanually or usingMUSCLE orMAFFT align-
ers (Katoh et al. 2002; Edgar 2004). We used a combination of
shared synteny and phylogenetic placement to classify ORFs and
pseudogenes into one of the four short H2A families: H2A.B,
H2A.L, H2A.P, or H2A.Q, and named them according to the ances-
tral syntenic locus in which they were found (e.g., 1, 1.1, 1.2, 2, or
3). If they were found outside syntenic loci or could not be reliably
assigned there due to short contig size, we named the genes with
an extension reflecting the species name and an arbitrary number
(e.g., H2A.L.cheetah1).

Phylogenetic analyses

We used ClustalW (Larkin et al. 2007) to align predicted HFD
protein sequences of canonical H2A, H2A.Z, H2A.X, macroH2A,
and short H2As. We estimated a phylogenetic tree using maxi-
mum-likelihood methods implemented in PhyML (Guindon and
Gascuel 2003; Guindon et al. 2010) with the Jones-Taylor-
Thornton substitution model (Jones et al. 1992), 100 bootstrap
replicates, and optimizing tree topology, length, and substitution
rate.

For H2A.B, H2A.L, H2A.P, and H2A.Q, we aligned gene and
pseudogene nucleotide sequences using MUSCLE (Edgar 2004)
and built phylogenetic trees using maximum-likelihood methods
(PhyML) (Guindon et al. 2010) using the HKY85 substitution
model with 100 bootstrap replicates. Sequences were analyzed
for evidence of recombination using the GARD algorithm imple-
mented at datamonkey.org (Kosakovsky Pond et al. 2006).

Logos and nucleosome structure

Logo plots were generated usingWebLogo (weblogo.berkeley.edu;
Crooks et al. 2004) usingH2A.B, H2A.L,H2A.P, and canonical H2A
protein sequences from each of the following species: mouse, rat,
Chinese hamster, pig, panda, leopard, rhinoceros, and armadillo.
For H2A.Q, we used a less diverse panel of carnivore H2A.Q
sequences. The isoelectric point for each of the proteins was
computed using the ExPASy portal (Artimo et al. 2012) and then
averaged. We displayed the published nucleosome structure
(PDB:1AOI) (Luger et al. 1997) with some residues highlighted
using the Chimera software (Pettersen et al. 2004).

To obtain a quantitative view of conservation between
different H2A variants, we calculated a two-way Jensen-Shannon
distance metric at each amino acid position in the histone fold
domainas previously described (Doud et al. 2015).We also adapted

the calculation to allow a four-way comparison (H2A.B vs. H2A.L
vs. H2A.P vs. H2A.Q), calculating distance as follows:

JSD4−way = √(Term1− Term2) where

Term1 = H(( freqH2AB + freqH2AL + freqH2AP + freqH2AQ )/4) and
Term2 = (H( freqH2AB) +H( freqH2AL) +H( freqH2AP)

+H( freqH2AQ ))/4

Here, “freq” denotes a vector of length 20 representing amino acid
frequencies at each position, and H denotes the Shannon entropy
of such a vector. The possible range of a JSD for a two-way compar-
ison is 0–1, whereas for a four-way comparison, the upper bound is
1.41, or√(log2(4)).

RNA-seq analysis

In order to examine expression of the short H2A variants, we
analyzed publicly available transcriptome data from human,
opossum, and platypus (Brawand et al. 2011), dog (Broad
Institute), and pig (Wageningen University’s FAANG project)
(Yang et al. 2017). SRA identifiers are listed in Supplemental
Table S3. We downloaded FASTQ files using NCBI’s SRA toolkit
(https://www.ncbi.nlm.nih.gov/books/NBK158900), and mapped
reads to same-species genome assemblies using TopHat2 (Kim et al.
2013), using the “--max-multihits 1” option so that multiply-
mapping reads were assigned randomly to a single location. We
also obtained BED files of all annotated genes via the UCSC brows-
er’s table function (Kent et al. 2002), using RefSeq genes for human
and Ensembl genes for dog, pig, opossum, and platypus. We then
used BEDTools multicov (Quinlan and Hall 2010) and the coordi-
nates given in Supplemental Table S1 to count reads overlapping
each shortH2AORF and used R (RCore Team2015) to divide those
counts by the total number ofmapped reads in each sample inmil-
lions, followed by the size of each transcript in kb to obtain RPKM
values. For short H2A genes where the transcript extent is unclear,
we used ORF coordinates to count reads and to calculate gene size
for normalization. A handful of previously published housekeep-
ing genes (Eisenberg and Levanon 2013) were selected for compar-
ison (Supplemental Fig. S3), and orthologs in other species were
identified using Ensembl gene trees (Zerbino et al. 2017).

Vista plots

To search for longer stretches of similarity in the loci flanking short
H2A variant genes, we used dotter (Sonnhammer and Durbin
1995) to roughly define the extent of homology andmVISTA plots
(Frazer et al. 2004) to examine genomic homology in more detail.

Calculating a rate of protein divergence for canonical and

variant histones

We calculated pairwise identities between H2A variants and
CENPA from alignments of full-length protein sequences to either
human, dog, or Tasmanian devil reference sequences (Fig. 5A;
Supplemental Table S4). BecausemacroH2A contains a large added
C-terminal domain, we included only the HFD for better compar-
ison with other H2As. We obtained species divergence times from
the TimeTree database (www.timetree.org), which provides esti-
mates based on median values from numerous published studies
(Hedges et al. 2015).

PCR amplification and sequencing of primate H2A.B and H2A.P

To obtain additional primate H2A.B and H2A.P sequences, we am-
plified these genes from genomic DNA extracted from primate cell
lines (Supplemental Table S5). All PCR products were TOPO-TA
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cloned into the PCR4 vector from Invitrogen, according to
the manufacturer’s instructions. Purified plasmids were Sanger-
sequenced using M13 primers.

Analysis of evolutionary selective pressures

We used the codeml algorithm from the PAML suite (Yang 1997)
to test for positive selection onH2A.B,H2A.Q, andH2A.P in simian
primates, and on H2A.Q in Cetartiodactyla. Codon alignments
were generated using the online software PAL2NAL (Suyama
et al. 2006) and analyzed in codeml using either the accepted spe-
cies tree (Perelman et al. 2011) or a tree generated from the align-
ment using maximum-likelihood methods (PhyML) (Guindon
et al. 2010) with the HKY85 substitution model. We compared
“NSsites” evolutionary models that do not allow dN/dS to exceed
1 (M7 or M8a) to a model that does (M8). We tested for statistical
significance using a χ2 test of twice the difference in log-likeli-
hoods between M8 and matched null model M7 or M8a, with
the degrees of freedom reflecting the difference in number of
parameters between the two models compared (Yang 1997).
Positively selected sites were classified as those sites with M8
Bayes Empirical Bayes posterior probability >90%. The results we
present are from codeml runs using the F3×4 codon frequency
model and initial omega 0.4. Analyses were robust to use of differ-
ent starting parameters (codon frequencymodel F61; starting ome-
ga 1.5) unless otherwise stated. We also used the FUBAR program
implemented at datamonkey.org (Delport et al. 2010).

We also used codeml’s model 0 to test various alignments for
signatures of overall purifying selection: Model 0 assumes a single
dN/dS value for all sites of the alignment. We estimated a phyloge-
ny for each alignment as above and compared the log-likelihood of
model 0 where dN/dS is freely estimated with the log-likelihood
of model 0 where dN/dS is fixed at 1 (neutral evolution). We used
a χ2 test (1 degree of freedom) to determine whether twice the
log-likelihoods difference between those twomodels is statistically
significant (Yang 1997).

Data access

Sequences produced in this study have been submitted to GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) under accession num-
bers MF134875–MF134883.
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