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ABSTRACT

Though histone variants commonly replace canonical histones, how histone variants arise and
evolve is poorly understood. Reconstruction of histone protein evolution is challenging due to high
amino acid conservation and large differences in evolutionary rates across gene lineages and sites.
Here we combined amino acid sequences and intron position data from 112 nematode genomes to
trace the evolutionary histories of the three H2A variants found in Caenohabditis elegans: the
ancient H2A.Z"%! the sperm-specific HTAS-1, and HIS-35, which differs by a single glycine-
to-alanine C-terminal change. We find disparate evolutionary histories. We find that though
H2A.Z"%1 is highly conserved, it exhibits recurrent intron loss. This pattern suggests that it is
intron presence, rather than position, that may be important to H2A.Z functionality. In contrast,
for HTAS-1 and HIS-35, we find that the intron position is conserved across species. HIS-35 arose
in the ancestor of Caenorhabditis and its sister group, including the genus Diploscapter, while the
sperm-specific variant HTAS-1 arose more recently in the ancestor of a subset of Caenorhabditis
species. Both HIS-35 and HTAS-1 exhibit retention in some descendent lineages but also recurrent
loss in others, suggesting that histone variant use or functionality is highly flexible. We also find
that the single amino acid alanine in HIS-35 that distinguishes it from the glycine found in
canonical H2A is ancestral and common across canonical Caenorhabditis H2A sequences. Further,
we identify one nematode species that bear identical HIS-35 and canonical H2A proteins,

suggesting they play redundant roles. We speculate that HIS-35 allows for H2A expression outside
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of the S-phase; genes encoding such partially-redundant functions may be functionally important
yet relatively replaceable over evolutionary times, consistent with the patchwork pattern of
retention and loss of both genes. Our study shows the trajectory for histone variant evolution for
distinct functions across species and the utility of intron positions for reconstructing the
evolutionary history of gene families, particularly those undergoing idiosyncratic sequence

evolution.

INTRODUCTION

All characterized eukaryotic cells compact their DNA into nucleosomes, which consist of
an octameric histone complex comprised of two copies each of the core histone proteins- H2A,
H2B, H3, and H4, that wrap around ~147 bps of DNA (1-4). Genes encoding canonical core
histone (also referred to as ‘replication-dependent histones’) do not contain introns and are
organized into multiple gene copies and in a tandem-repeat structure, which facilitates rapid,
coordinated expression of these genes (4-7). The expression of canonical histones is tightly
coupled with the S-phase of the cell cycle because of the critical need for the large bulk of histone
proteins required to package and compact the newly synthesized DNA Histone variants and
epigenetics (8-10).

Histones have evolved variant forms that further regulate chromatin compaction and affect
processes like transcription, DNA repair, and development (11-20). Such histone variants are often
considered to be a part of the ‘histone code’ and control distinct sets of genes during specific times
and tissues in both animals and plants (11, 12, 21-23). Among all the core histones, H2A 1is the
fastest evolving histone, showing the most diversity in the variants types and expressions (24, 25).
For example, the highly conserved H2A.Z is present in every eukaryotic species and ubiquitously

expressed. It has been shown in different species to play a variety of roles including transcriptional



regulation, heterochromatin boundaries, DNA repair, DNA replication, and dosage compensation
(26-31). In contrast, H2A.X has arisen independently in several lineages, with functions in DNA
damage response and transcription (31-33), while macroH2A, which is involved in X inactivation
and stress response, is present only in some lineages, making its origins unclear (3, 4, 24, 34-37).
Finally, short histone variants, such as H2A.B, H2A.P, H2A.L, and H2A.Q, are expressed in testis
(except H2A.B which is also expressed in the brain cells) (25, 38-41). In short, a great wealth of
histone H2A variants are observed, ranging from those shared across all eukaryotes to others that
are species-specific (3, 4, 18, 19, 36). H2A variants also have distinct functions in a broad range
of processes and can be ubiquitously expressed or only expressed only in certain tissues (11, 25,
42, 43). However, with the exception of the well-studied ancient variant H2A.Z, how histone
variants have arisen and evolved to play distinct roles in specific species or tissues still remains
unknown.

Clues to how histone variants differ may stem from the distinct gene structures and
expression patterns compared to canonical histones. Unlike canonical histone genes, variant
histone genes are not restricted to S phase expression but can be expressed throughout the cell
cycle or in a tissue-specific manner. These histone variants are typically found in a single copy in
the genome and contain introns in their pre-mRNAs (5-7, 44, 45). Notably, the roles of these
introns in variant function remain poorly studied, including whether the introns themselves impart
novel functionality. For instance, sequences found within introns can regulate gene expression (46-
50). They can also allow for alternative splicing, which is common in animals and plays important
role in development and disease (51-54). Introns have been used in other studies to determine the

evolutionary trajectory of other protein families (55-62). Thus, the presence of introns in histone



variants may provide useful clues to exploring the histone evolution and function across closely
related species.

Core histone functions are expected to be highly conserved across eukaryotes, given their
central roles in ensuring DNA packaging and protection (4, 63). Thus, observed protein changes
in core histones are expected to be largely neutral with respect to protein function. On the other
hand, amino acid differences between variant histones and core histones are thought to generally
lead to functional differences (3, 4, 64). Indeed, protein sequence differences between well-
studied variants and their core homologs have been shown to affect chromatin structure and
function. HIS-35 provides a particularly interesting example. On the other hand, the functional
significance of protein differences between variant histones and their core counterparts in some
cases becomes unclear. For instance, the protein sequence of C. elegans HIS-35 differs by just
one amino acid from the S-phase C. elegans H2A, the functional significance of which is unknown.
In this study, we focused on the evolutionary histories of the three H2A variants found in
Caenorhabditis elegans: H2A.ZH%! HIS-35, and HTAS-1. H2A.Z"%! is an ortholog of the
evolutionarily conserved variant, H2A.Z. HIS-35 intriguingly differs from core H2A by a single
‘A’ instead of a ‘G’ at the 124th position. HTAS-1 shows a greater divergence from core H2A,
particularly at the highly divergent C and N termini, which appears to be expressed only in sperm
and has only been reported in C. elegans to date (65). The presence of a discrete number of H2A
variants with distinct functions and expressions in combination with the availability of sequence
data across a large number of nematode species allows a unique opportunity to track the

evolutionary trajectory of this histone variant family.

RESULTS



Sequence-based phylogenetic methods fail to reconstruct the H2A gene family evolution

Taking advantage of vast sequencing efforts, we used BLAST searches across 122 reported
nematode genomes to identify all annotated copies of H2A and H2A-related gene variants across
the diversity of nematodes. After filtering and collapsing identical proteins, we were left with 355
unique sequences. We then used standard phylogenetic methods to reconstruct the evolutionary
history of these sequences. However, scrutiny of the recovered phylogenetic tree revealed several
bizarre findings (Supplemental Figure 1). For instance, core H2A proteins grouped as separate
clades that included very deeply-diverged nematode sequences; on the other hand, species-specific
variants were often found grouped far from core proteins from the same or related species. Perhaps
the clearest case can be shown by performing phylogenetic reconstruction on core H2A orthologs
and on the HIS-35 orthologs identified based on intron sequences (see below). Here, we expect
distinct clades of H2A and HIS-35 sequences, yet we recover no such separate clades

(Supplemental Figure X).

Some of these anomalies are as expected by errors in phylogenetic reconstruction due to
model misspecification (the phenomenon in which differences between the assumed model of
sequence evolution and the actual evolutionary process lead to errors in phylogenetic
reconstruction (66). The possibility of model misspecification is increased in the case of histone
genes by several factors, including extreme differences in rates across sites (some sites are
conserved across other eukaryotes, other labile within Caenorhabditis); large relative differences
in rates across gene lineages (generally extremely slow evolution of core proteins, but substantially
more change in some variants); and the generally small number of total sites in short histone

proteins. Thus, standard phylogenetic methods based on amino acid sequence alone failed to



provide an accurate representation of the evolutionary history of histone proteins within these 122

nematode species.

Intron position or phase distinguishes the three H2A variants of C. elegans.

As an alternative approach, we used another potential source of phylogenetic information:
the position of the spliceosomal introns that disrupt nuclear genes, including variant histones.
Intron positions can be conserved over very long times in orthologous genes (55, 57, 58, 60, 61).
Whereas early work considered the possibility of intron ‘sliding’, in which an intron would migrate
a few base pairs along a gene, recent work has shown that intron sliding is a very rare occurrence,
and thus that intron positions are very often conserved over very long lineages. For example, in
Theileria apicomplexans, 99.7% of intron positions are conserved between 7. parva and T.
annulata, diverging roughly 82 million years ago. In mammals, 99.9% of intron positions are

conserved between humans and dogs, diverging around 100 million years ago (55-62).

We began our study of intron-exon structures in H2A variants by obtaining intron-exon
structures for all H2A gene family members and performed alignments to determine intron position
sharing across genes. We first aligned the three main C. elegans H2A variants (Figure 1), HIS-35,
HTAS-1, and H2A.Z"%! | each of which has a single intron position (highlighted with a box in
Figure 1). Scrutiny of the intron positions showed that the three genes contain introns at different
positions, differing in the codon that they interrupt or and/or in the phase at which they disrupt the
codon. Interestingly, the intron position in HIS-35 falls very near to that found in H2A.ZHT%
!. However, these introns are unlikely to represent a shared intron, for two reasons. First, intron

positions rarely slide between phases (40). Second, HIS-35’s near identity to H2A (see below)

strongly suggests that it evolved from intronless H2A by gene duplication and intron gain, and not



from H2A.ZH™%! Thus, the differences in the intron positions between the three C. elegans
variants suggest that the three variants evolved independently as different duplicates of core H2A,

rather than from each other.

[As noted above, the global H2A phylogenetic tree evidences local problems in phylogeny
reconstruction, requiring additional information. To leverage phylogenetic information from

intron positions, |

Intron position and sequence evidence indicates the origin of HTAS-1 within Caenorhabditis

and subsequent retention and loss

C. elegans sperm-specific H2A variant, HTAS-1, contains a single intron between codons 26 and
27. It is called a phase 0 intron since it is not interrupting any of the codons. Alignment across all
the H2A variants of 122 nematodes revealed 16 genes that share an intron at the exact homologous
position as C. elegans HTAS-1 (Figure 2). 16/16 of these genes are from species falling within a
single subclade of 22 species within the Caenorhabditis genus (the clade represented by the red
hash mark in Figure 2), suggesting an origin of this intron position within the common ancestor of
these species (Figure 2). Scrutiny of the sequence gene tree (Supplementary Fig. 1) revealed that
this same set of genes (i.e., those sharing the intron) appears together as a clade, reinforcing the
notion that the genes sharing the HTAS-1 intron position represent a set of orthologs. We next
sought to identify potential HTAS-1 orthologs in additional Caenorhabditis species, both the 6/22
within the HTAS-1-containing subclade that lack intron-containing HTAS-1 candidates as well as
species outside this subclade. No genes from any such species were found grouping with the
putative HTAS-1 ortholog clade, nor were any ‘extra’ variants observed in the genomes of these

other species (Supplementary Fig. 1); thus, overall, we find no other genes that are candidates for



HTAS-1 orthologs. In total, then, the data is consistent with the origins of HTAS-1 and its gene-

specific intron occurring in the same ancestor of a subset of Caenorhabditis species.

As noted above, we found several species within the HTAS-1-containing clade of
Caenorhabditis that did not have a candidate HTAS-1 gene (Figure 2). C. wallacei, C. brenneri
and C.inopinata (sp34), C. kamaaina, C. panamensis (sp28), and C. japonica did not contain
annotated genes with either an intron position at the HTAS-1-specific position (a result that was
confirmed by searching their genomes for potential genes that were missed in the annotation
process) or other genes that grouped with the putative HTAS-1 orthologs (Supplementary Fig.
1). Thus, the data is consistent with a single origin of HTAS-1 and its characteristic intron position
within the ancestor of a subset of studied Caenorhabditis species, with HTAS-1 having been lost
multiple times in at least 6 independent lineages, leading to 16/26 species retaining HTAS-1

(Figure 2).

Intron position conservation suggests the origin of HIS-35 in the Caenorhabditis-Diploscapter

ancestor and subsequent retention and loss

The variant HIS-35 of C. elegans has a phase zero intron which is placed between the 50th and the
51st codon. Alignment across all H2A variants revealed 20 genes that share this intron position
(Figure 3, marked with a plus sign). These genes are from species falling in the clades of
Caenorhabditis and its sister genus Diploscapter, suggesting an origin of this intron position
within the common ancestor of these Diploscapter and Caenorhabditis (Figure 3). As with HTAS-
1 above, consideration of the 20 putative HIS-35 containing species is consistent with a single

origin of HIS-35 followed by a loss in 5 independent lineages of Caenorhabditis.



HIS-35 provides a particularly interesting example for histone protein evolution. In C. elegans, the
protein sequence of HIS-35 differs by just one amino acid from the S-phase H2A despite
substantial evolutionary time, as shown above. Namely, HIS-35 has an “A”, while H2A has a “G”
at position 124 of the amino acid sequence. If an “A” at this position is an overriding change in
the HIS-35 variant, then we expect this change to instigate a different function from the canonical

H2A.

However, when we looked at position 124 the canonical H2A sequences of all the
Caenorhabditis species we actually found out that the “A” is ancestral and highly conserved. This
conservation of the “A” at position 124 suggests that HIS-35 likely has not diverged in function
from the ancestral H2A. We also found that the predicted protein sequences of HIS-35 and H2A

of species C. kamaaina are exactly the same.

We next sought evidence for concerted evolution between HIS-35 and core H2A. The
multiple copies of core histone genes are known to undergo so-called concerted evolution, with
sequences being transferred between paralogs by recombination (67, 68). We, therefore,
wondered whether concerted evolution could explain the observation of identical protein sequence
changes observed in the H2A and HIS-35 paralogs of some species. Under concerted evolution,
the two sequences undergoing concerted evolution are homogenized (one overwrites the
other). Consequently, the prediction is that such events should lead the interconverting partners
to group on the phylogenetic tree. To search for evidence of concerted evolution, we reconstructed
separate phylogenetic trees of exon-1 and exon-2 for all H2A and HIS-35 sequences. Most of the
reconstructed tree largely reflected the species tree, suggesting against the possibility of
widespread concerted evolution. However, we did observe the grouping of the two gene sequences

for Caenorhabditis sp21 (supplementary fig. 2 and 3), consistent with the concerted evolution of



HIS-35 and H2A in this species. Such occasional concerted evolution of these genes is consistent
with a lack of functional differentiation, though the low rate of such events weakens the strength

of this argument.

The dynamic history of intron loss and gain in HTZ-1

The ubiquitously expressed C. elegans H2A variant HTZ-1 is the ortholog of H2A.Z which
is evolutionary conserved across all the eukaryotes (3, 69-71). C. elegans H2A.Z""%"! has an intron
that splits the 57th codon at position 2. Within the alignment across all H2A variants, we searched
for genes that share the single intron position of C. elegans HTZ-1, revealing 30 genes share this
position (Figure 4, marked with a plus sign; Supplemental Figure 1). These are putative HTZ-1
orthologs; consistent with this hypothesis, they grouped together on the tree. Unexpectedly, we
found that 22 of these 30 putative H2A.Z genes have two (or more in Diploscapter) introns in their
genes, one at position 57.2 and the other at position 111.1. Both introns have been repeatedly
individually lost in different lineages (including in the lineage leading to the single-intron C.
elegans H2A.Z"%! gene). Species including C. elegans, C. tropicallis, C. sp32, C. afia, C.
guadeloupensis, C. virilis have lost the second H2A.Z intron which is at position 111.1, whereas
C. casteli and C. angaria have lost their first intron. These results are consistent with general
results in protein-coding genes, wherein intron loss is common across the Caenorhabditis
phylogeny (72, 73). Nonetheless, the finding that general trends of intron loss may equally apply
to histone variant genes is important in understanding the functional implications of variant

introns.

Intron presence is a conspicuous difference between core and variant histones, raising the

question of the functional significance of variant histone introns: specifically, are variant histone



introns important for differentiating the specific functions of those variants from their core
paralogs? The finding of recurrent loss of introns from variant genes suggests that the specific
positions or sequences of introns in histone variant genes may not be of particular
importance. Nonetheless, it is of note that all observed H2A.Z orthologs contain at least one intron,
suggesting that the presence of at least one intron, at whatever position, could be important for
efficient expression of variant histone genes, consistent with their expression through canonical

gene expression pathways, in which intron presence often promotes gene expression.

Discussion

Introns as sources of phylogenetic information

This study is among the first to leverage the information present in intron positions to
decipher the evolutionary history of histone variants (62). Previous studies have shown intron
position conservation among widely diverged eukaryotic species (55,57, 59, 60, 62). For instance,
intron positions are highly conserved between humans, mice, and fish (59). Thus, intron positions
contain a record of evolutionary history that can facilitate insights into gene history. The utility of
introns here is different for the different variants, and different questions addressed. The clearest
case comes in HIS-35, in which nearly complete evolutionary conservation of H2A and HIS-35
sequences leads to a lack of phylogenetic signal within proteins. At the other end of the spectrum
lies HTAS-1, which shows much more rapid sequence evolution. However, here, the discrepancy
between rates between HTAS-1 and H2A, and likely between different sites in the two proteins
(i.e., the N and C termini are highly constrained in H2A but fast-evolving for HTAS-1) makes it
impossible to define a single evolutionary model across the gene family. As expected by general

long branch attraction consideration, this leads to fast-evolving HTAS-1 incorrectly grouping far



away from Caenorhabditis core H2A sequences. This generally undermines our confidence in
sequence-based phylogenetic reconstruction of HTAS-1 genes. Ironically, intron-defined HTAS-
1 orthologs do group as a clade, indicating that sequence-based phylogenetic reconstruction was
likely successful for this group; however, without intron position information, our general lack of
confidence in the methods’ success for HTAS-1 would lead us to disbelieve this finding. Thus,
for this case, even though the sequence-based phylogenetic methods apparently correctly identified
the HTAS-1 clade, the orthologous information from intron positions was necessary for us to be
confident in the sequence-based phylogeny. Finally, intron positions were indispensable in
distinguishing the origins of HTAS-1. Because HTAS-1 arose in an ancestor containing two genes
encoding nearly identical proteins (H2A and HIS-35), it is very difficult to determine whether H2A
evolved from the preexisting variant HIS-35 or de novo from H2A. The fact that all candidate

HTAS-1 genes lack the HIS-35 intron strongly suggests the latter.

Fast evolution of sperm-specific variant HTAS-1

Sperm-specific proteins show generally elevated rates of evolution, consistent with strong
selection on sperm functions because of sperm competition (74, 75). The current data show that
this is decisively the case for the sperm-specific variant HTAS-1. We show that C. elegans HTAS-
I’s greater divergence from core H2A is not because of differences in an evolutionary age, but
very much despite it: HTAS-1 is most divergent variant protein despite being the most recent to
diverge from core H2A, having since evolved at a rate many times higher than any other H2A

paralog.

What is the functional significance of recently-evolved histone variants?



In addition to tracing the origins and subsequent history of gene loss and retention, our
results provide insights into the possible functions of histone H2A variants. For example, HIS-35
differs by a single amino acid (‘A’ at the 124th position) from the S-phase H2A. Given that
characterized histone variants are thought to largely represent functionally distinct proteins, one
hypothesis is that this single difference functionally differentiates HIS-35 protein from H2A. One
way that single amino acid changes could have outsize effects is through altering the landscape of
posttranslational modifications, which are key to histone function. For instance, this is the case

with H3 variants, H3.1 and H3.2 which differ from one another by single amino acid (76).

Given these possibilities for small amino acid differences to change function, we
approached the single H2A/HIS-35 difference with the hypothesis that the single difference led to
functionally different proteins. However, when we looked at the H2A sequences of all the
Caenorhabditis species, we found an ‘A’ at position 124 to be ancestral. Considering the presence
of an A at position 124 in other canonical H2As, suggests the variant HIS-35 might has the same
function as the canonical H2A. This hypothesis is also supported by the case of C. kamaanina, in
which the encoded HIS-35 and H2A protein sequences are exactly the same. While these results
do not disprove the hypothesis that H2A and HIS-35 encode proteins with important functional
differences (except in the case of C. kamaanina), we propose instead that HIS-35 protein's
functional importance lies in allowing for the expression of proteins (nearly) functionally identical
to canonical H2A outside of the S-phase, given that canonical H2A is restricted to S-phase. Such
a potential semi-redundancy could help to find the ambivalent phylogenetic pattern, in which
retention of HIS-35 in most species suggests functional importance whereas loss in 5 independent

lineages suggests conditional expendability. Interestingly, a similar pattern of lineage-specific



loss has been observed for H2B variants, which has also been interpreted as encoding functionally

important but partially redundant functions (74).

Our data also have somewhat ambiguous implications for HTAS-1 function. On the one
hand, HTAS-1 has been maintained for long periods of time in many lineages but has been lost in
multiple independent lineages, as found for HIS-35. On the other hand, the much larger degree of
protein sequence difference between HTAS-1 and H2A would seem to decrease the probability
that HTAS-1 protein is functionally identical to H2A protein particularly given the extended C &
N terminus of HTAS-1 which has previously been reported to play a vital role in DNA compaction,
chromosome segregation, and fertility (65). Moreover, the particular chromatin constraints of
sperm production raise the possibility that HTAS-1 proteins could encode distinct functions
relative to H2A proteins, for instance by leading to greater sperm compaction; however, it is also
possible that a distinct H2A paralog is simply necessary to ensure timely expression of H2A
proteins outside of S-phase during spermatogenesis. More study of the functional significance of

HTAS-1 is clearly needed.

Concluding remarks

To summarize, these results show exceptions to previously reported patterns, challenging
sometimes implicit assumptions about non-core histones. First, whereas protein sequence
differences between core and variant histone paralogs are often assumed to reflect differences in
protein function, here we show that the variant protein HIS-35 is likely to have a redundant
function with core H2A despite the sequence difference. Second, while all C. elegans H2A
variants have a single intron, our observation of multi-intron variants and of recurrent intron loss,

suggests that specifical introns may not have crucial roles in the expression of histone variants.



Instead, the role of introns in variant histones may simply lie in introns’ general roles in promoting
expression. Third, the combination of conservation and loss of variant histones points to
potentially lineage-specific, partially redundant, or easily replaced roles of some histone
variants. Future studies should explore the generality of these patterns across other lineages of
eukaryotes. In addition to our specific findings for histone variant biology, these results highlight

that introns can be useful in the reconstruction of the histories of complex gene families.

MATERIAL AND METHODS

Data source

Genomic sequences and gene feature format files of 168 Nematode species were obtained from

WormBase (https://wormbase.org/) and Caenorhabditis database (http://caenorhabditis.org/).

Data mining and processing

All the known genes of 168 Nematode species with characterized exon-intron structures
were fetched from their genome using their respective ‘gene feature format’ file. We then noted
the positions of the introns in the header of their respective genes and translated the gene

sequences.

To identify the homologs of H2A and their variants, BLASTP, version 2.9.0+, was
performed using standard parameters while treating the translated gene sequences (of 168
Nematode species) as the database and H2A and variant (HTZ-1, HTAS-1, HIS-35) protein
sequences as the query (77). Using a maximum e-value of 1e-10, 8003 hits were retrieved which
were the homologs of H2A and H2A-variant genes. We then removed dubious genes encoding

proteins more than 200 amino acids long, because histone proteins are generally shorter. We
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collapsed the genes whose introns align at the position and have an identical protein sequence.

After filtering off the genes we were left with 355 distinct entries.

Previous studies have shown the intron position conservation among widely diverged eukaryotic
species. Therefore, to assess the intron position conservation among the putative H2A variant
genes, we performed a Multiple Sequence Alignment (MSA) using the default parameters of
CLUSTALW (78). We mapped the intron positions of each gene onto the corresponding protein
CLUSTALW alignment, allowing us to identify as potential HTAS-1, HTZ-1, and HIS-3
orthologs (79, 80) those genes with intron positions matching C. elegans intron positions in those

genes.

Phylogenetic Analysis

Multiple sequence alignment of 355 H2A variants homologs was performed using default
parameters of MUSCLE and generated a phylogenetic tree (supplementary fig. 1) using IQtree,
which does an automatic selection of the model by doing a model fit test and likelihood
scoring (79, 80). VT+RY, the variable time method, was selected by 1Qtree for our data. The tree
is also submitted in a “Newick format” as supplementary material -1. The tree didn’t yield a clear
phylogenetic signal for HIS-35 or HTZ-1, with homologs exhibiting the C. elegans HIS-35 or
HTZ-1 intron positions scattered over the tree (supplementary fig. 1; IP 234 and IP 233
respectively). However, when we took a closer look at the HIS-35 characteristic intron-containing
genes, we see that genes containing an intron at the C. elegans HIS-35 intron position
(supplementary fig. 1, IP 234) are restricted to most species of Caenorhabditis and its sister genus
Diploscapter. A clear clade of species was seen which had HTAS-1 characteristic intron position

(supplementary fig. 1, IP 152).



Confirmation of H2A variant losses

We found a loss of HTAS-1, HTZ-1, and HIS-35 characteristic introns in a few lineages
(marked by a minus sign in figures 2, 3, and 4). To know whether this is a real loss or reflected
errors in gene annotation, tblastn searches were performed across the genome of these
species. This manual curation led to the variant’s characteristic intron splice sites being identified
by eye in a few species due to alignment gaps at the exact intron position, indicating that these
species truly contain the variant and that failure to initially identify the variant is due to a failure

of the annotation to include these genes.
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Fig. 1. Sequence and intron position comparison of three H2A variants of C. elegans. C. elegans
core histone H2A and its three variant paralogs, contain different sequences and intron
positions. The variants differ either in intron positions or the phases in which they interrupt the
codon. As marked with a purple box: HTAS-1 has a phase 0 intron between the 26th and 27th
amino acid; HIS-35 has a phase 0 intron between 50th and 51st amino acid. HTZ-1 (marked with
red box) has a phase 2 intron splitting the 57th amino acid.
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C.afra + MARSTVPRHDNT - - - - - ARVPKTSPOKLKKAARGAQVSKSAKTPKR-KRTTRAKRAGLTFPVGRVDSKFRKS . .. . . ..
—|:C. sulstoni (sp. 32) + MARTVVPRODNT - - - - - ARVPKT - LQEPKKAAHGATNP - - -KSSKV-KRTTRTKQAGLIFPVGRIDSKLRKS . .. . . ..
C. macrosperma + MAKTKQKVASR - - - - - EIPRVT------- NSKRG- - - VSKSQTKKVSRSERAGLNFPVGRVDRKLRQT. . ... ..
C. nouraguensis + MARTKQPSTSATRVA- -NAVPKV- - - - - -~ NSKKS - - - - ISKNQVKKKKSRSDRAGLTFPVGRIDRKLRKT . . . . . . .
. becei(sp. 29) + MARTKQTGTSANKIKGINVVPKY--- - - NSKKS - - - - ISKNQVKK - TSRSERAGLNFPVGRIDRKLRKT . . . .. ..
. waitukubuli (sp. 39) + MARTKKPLALKNGSP- - SQVPKTHGTVAYLKSKIV-- - - - KNKSKSSKRVSRSQRAGIIFPVGRVDRKLRES. .. . . ..
. panamensis (sp. (28)
f" —
—C. elegans + MARLK - -~ === === - QRPNRILNTSTKTSSA- - - - - -KKKKKR- - - ISRSTRSGLTFPVGRIHRKLRET . ... ...
—‘—c. inopinata —_
i . brenneri —_—
. doughertyi + MARRK == === ======= THP -AVMRVYTPP - - - === == - - - KRKR- --KTKSERAGLLLPVGRVHRKLRET . ... . ..
C. wallacei —_
C. tropicallis + e KGGIAKV------- STSSK- - -QTQSQRAGLTLPVARIHRHLRKE. .. .. ..
. latens + MARTKNATP - - -~~~ LPSP-PGTPQHTTKAKAQ- - - - - - - SKKR- - - TTRSKRAGLTFPVGRIHRKLQVA. . . . . . .
. remanei + MARTKNATP - - ------ LPSP-PGTPQHTTKAKAQ- - - - - - - SKKR- - - TTRSKRAGLTFPVGRIHRKLQVA. . . . . ..
C. nigoni + MGRSSHSSS - - - - - -~ - VAQLSSGSRPSLLKSKP- - - - - - - - THLR- - - KSRSKRAGLTFSVSRVDRKLHEG. . . . . . .
C. briggsae + MGRSSDSPSPT- - - - - -VAQSISGSRPSLLKSKP- - - - - THLR- - -KSRSKRAGLTFSVSRVDRKLHEG. . . . .. .
C. sinica + MARTTGASSP------- ASSPNRVSGPSVMTPKRK -5SVMKAKKER - - - KSRSKRAGLTFPVSRIHRNLRES . ... . . .
C. zanzibari (sp. 26) + MARTTKASSP- - - - - -ASSPSRGRGPSVSTPKPK -SSEMKAKKEN - - -KSRSKRAGLTFPVSRVYRNLRKK. ... ...
C. tribulationis (sp. 40) + MARTTAASSP - -~ - VPSPSRATESPVVAPEPK -SSKKKADKKR - - - KSRSKRAGLTFPVSRVHRNLRKF . .. .. ..

Fig. 2: Intron position and sequence evidence indicate the origin of HTAS-1 within Caenorhabditis
evolution and subsequent loss. On the left is the previously reconstructed species tree of
Caenorhabditis. The likely origin of HTAS-1 is indicated with a dark pink bar. HTAS-1 presence
in a species 1s indicated by the plus sign whereas the HTAS-1 losses have been shown with the
minus sign. The species where HTAS-1 was not incorporated are indicated as an asterisk. On the
right is the multiple sequence alignment of HTAS-1 proteins showing the aligned intron positions
(highlighted with yellow).
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Fig. 3: Comparison of canonical H2A (left) and HIS-35 (right) sequences across Caenorhabditis
species. Inferred sequence changes relative to the reconstructed ancestral sequence are highlighted
with different colors (pink, red, yellow, blue, green), with identical changes colored identical
colors across the figure (i.e., the L-to-R change at position 35th is colored purple on both protein
alignments)



Intron Intron  Number
Position Position of
57.2 1114 Introns

D. coronatus + -+ 4

€. monodelphis + + 2

C. parvicauda (sp. 21) _|_ _|_ 2

C. plicata + —+ 2

C. quiockensis (sp3g) || T - 2

C. castelli —_ + 1

_|: C. angaria _— -+ 1
f— . virilis -+ —_ 1

L:F— C. guadeloupensis _|_ —_— 1
‘Ii C. uteleia (sp. 31) + + 2
C. japonica —+ + 2

N i C.afra —+ 1
J—|: C. sulstoni (sp. 32) + - 1

C. macrosperma + + 2

| C. nouraguensis + + 2
C. becei(sp. 289) + + 2

C. waitukubuli (sp. 39) | | + + 2

C. panamensis (sp. (28)| | == -+ 2

C. kamaaina -+ + 2

JI— c. elegans + —_ 1
LC. inopinata + + 2
C. brennerj + + 2

C. doughertyi + + 2

C. wallacei —+ + 2

/I— c¢. tropicallis -+ - 1

C. latens + + 2

| C. remanei + + 2
C. nigoni + + 2

C. briggsae + + 2

C. sinica -|- _|_ 2

C. zanzibari (sp. 26) + + 2

C. tribulationis (sp. 40) | | 4 + 2

Fig. 4: The dynamic history of intron loss and gain in HTZ-1. On the left is the previously
reconstructed species tree of Caenorhabditis. HTZ-1 characteristic intron presence and absence
in a species is indicated by the plus and minus sign.
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Supplementary Fig. 1

Phylogenetic tree reconstructed from H2A and H2A-related gene variants across 168 available
nematode genomes. The tree is made up of 355 unique protein sequences. On the tree, “IP”
followed by a number stands for the position at which the intron was aligned during the multiple
sequence alignment. The intron position of HTAS-1 is 152 (IP 152). The intron position of HIS-
35 is 234 (IP 234) and the intron position of the variant HTZ-1 is 236 (IP 236). The canonical
H2A’s are indicated as “intronless”.
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Supplementary Fig. 2

Phylogenetic tree reconstructed from nucleotide sequences of canonical Caenorhabditis H2A gene
sequences and first exons of candidate HIS-35 gene sequences. We see a clear cluster of H2A
nucleotide sequences and HIS-35 with a few exceptions, in particular Caenorhabditis sp 21.
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Supplementary Fig. 3

Phylogenetic tree reconstructed from nucleotide sequences of canonical Caenorhabditis H2A gene
sequences and  second exons of  candidate @ HIS-35 gene sequences.



DATA - Wormbase and Caenorhabditis Genome Project
SOURCE . Genome and GFF of 168 known Nematode species were
downloaded
Gene sequence retrieval of 168 Nematodes
(exons and introns)
Note intron positions in the header and translate
the genes
Database for Blastp:
- Query for Blastp:
Pro:‘em sequences of 168 BLASTP H2A, HTAS-1, HTZ-1, HIS-35
ematode species.
8003 hits had H2A and H2A variant like genes from all
168 known Nematodes
Fetch gene (intron-exon) sequences of 8003
hits
DATA MINING J]
CLUSTALW: MSA of the intron-exon sequences to see if the
introns align at a same position.

‘ Translate the gene (exon-intron) sequences ‘

Sequence Filtering
Remove sequences which are longer than 200
amino acids
Collapse the sequences
whose introns align at the position AND have an identical
protein sequence
355 amino acid sequences left after
filtering
PHYLOGENETIC ‘ MUSCLE: Perform MSA ‘
ANALYSIS J]
IQtree: to generate phylogenetic tree of 355 protein
sequences
Supplementary Fig. 4

Material and method Flowchart
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