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Abstract

The heterochromatic genome compartment mediates strictly conserved cellular processes such as chromosome segre-
gation, telomere integrity, and genome stability. Paradoxically, heterochromatic DNA sequence is wildly unconserved.
Recent reports that many hybrid incompatibility genes encode heterochromatin proteins, together with the observation
that interspecies hybrids suffer aberrant heterochromatin-dependent processes, suggest that heterochromatic DNA
packaging requires species-specific innovations. Testing this model of coevolution between fast-evolving heterochromatic
DNA and its packaging proteins begins with defining the latter. Here we describe many such candidates encoded by the
Heterochromatin Protein 1 (HP1) gene family across Diptera, an insect Order that encompasses dramatic episodes of
heterochromatic sequence turnover. Using BLAST, synteny analysis, and phylogenetic tree building across 64 Diptera
genomes, we discovered a staggering 121 HP1 duplication events. In contrast, we observed virtually no gene duplication
in gene families that share a common “chromodomain” with HP1s, including Polycomb and Su(var)3-9. The remarkably
high number of Dipteran HP1 paralogs arises from distant clades undergoing convergent HP1 family amplifications.
These independently derived, young HP1s span diverse ages, domain structures, and rates of molecular evolution,
including episodes of positive selection. Moreover, independently derived HP1s exhibit convergent expression evolution.
While ancient HP1 parent genes are transcribed ubiquitously, young HP1 paralogs are transcribed primarily in male
germline tissue, a pattern typical of young genes. Pervasive gene youth, rapid evolution, and germline specialization
implicate heterochromatin-encoded selfish elements driving recurrent HP1 gene family expansions. The 121 young genes
offer valuable experimental traction for elucidating the germline processes shaped by Diptera’s many dramatic episodes
of heterochromatin turnover.
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Gallach 2014; Jagannathan et al. 2017). One possible resolu-
tion to this paradox is that specialized heterochromatin pack-
aging proteins evolve rapidly to maintain conserved
functions. Under this model, heterochromatin proteins and
heterochromatic sequence coevolve: recurrent innovation of
heterochromatin proteins is required to maintain conserved,
essential functions that depend on heterochromatin integrity.

Consistent with this model, several population genetic and
molecular evolution analyses have uncovered fast-evolving
heterochromatin proteins. This list includes
heterochromatin-associated telomere protection proteins,
sex chromosome packaging proteins, centromeric histone
variants, and genome defense machinery (Barbash et al.
2004; Vermaak et al. 2005; Obbard et al. 2006; Anderson
et al. 2009; Bayes and Malik 2009; Klattenhoff et al. 2009;
Jacobs et al. 2014; Helleu et al. 2016; Levine et al. 2016;

Introduction

Heterochromatin is the gene-poor, repeat-rich genome com-
partment concentrated at telomeres and centromeres
(Henikoff 2000; Smith et al. 2007). Despite its ostensible
dearth of functional genetic elements, the heterochromatin
compartment supports vital nuclear processes, including
chromosome segregation, genome stability, and gene regula-
tion (Dorer and Henikoff 1994; Allshire et al. 1995; Bernard
et al. 2007; Le et al. 2004; Grewal and Jia 2007; Eissenberg and
Reuter 2009). These conserved functions rely on the integrity
of heterochromatic DNA complexed with specialized chro-
matin proteins that package and epigenetically delineate het-
erochromatin from its gene-rich euchromatin counterpart
(Elgin 1996; Nowick et al. 2010). One major obstacle to un-
derstanding how this nucleoprotein complex supports con-
served nuclear functions is the pervasive and puzzling

observation that heterochromatic DNA accounts for the
most rapidly evolving sequence in eukaryotic genomes.
Indeed, even very closely related species exhibit radical se-
quence divergence of the satellite repeats and mobile ele-
ments that dominate the heterochromatin compartment
(Kamm et al. 1995; Henikoff et al. 2001; Kidwell 2002;

Kursel and Malik 2017; Lee et al. 2017; Maheshwari et al.
2017; Parhad et al. 2017). The nonrandom accumulation of
amino acid-changing mutations in heterochromatin packag-
ing proteins, that is, positive selection, implicates perpetual
coevolution with the largely uncharacterized, heterochro-
matic repetitive sequence. Under this framework, disruption
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of any one of the two coevolving parties should have devas-
tating cellular and/or developmental consequences.
Consistent with this prediction, genetic incompatibilities un-
covered in interspecies hybrids frequently involve heterochro-
matin mis-packaging, chromosome mis-segregation, and
mobile element activation (Brideau et al. 2006; Bayes and
Malik 2009; Ferree and Barbash 2009; Phadnis and Orr
2009; Kelleher et al. 2012; Dion-Cote et al. 2014; Lopez-
Maestre et al. 2017). These data reveal that an “evolutionary
mismatch” between heterochromatic sequence from one
genome and fast evolving packaging proteins from
another—brought together in an F; hybrid—imposes dire
consequences on fundamental nuclear processes.
Fast-evolving heterochromatin proteins diverge between
species not only via amino acid changing mutations across
orthologs but also by recurrent births of paralogs. A short list
of recent phylogenomic analyses on Drosophila genomes
suggests that gene duplication represents a potent genetic
mechanism of heterochromatin protein innovation. Lee et al.
(2017) recently uncovered gene birth, gene loss, and putative
replacement in gene families that encode telomere protec-
tion proteins (Lee et al. 2017). Kursel and Malik (2017) report
proliferation of the gene family encoding the centromeric
histone 3, Cen-H3 (“CID” in flies; Kursel and Malik 2017).
Finally, two phylogenomic investigations of the heterochro-
matin protein 1 (HP1) gene family across 60 My of Drosophila
evolution revealed 30 gene births and at least five gene deaths
(Levine et al. 2012, 2016). Like gene families associated with
telomere and centromere proteins, Drosophila HP1s are re-
quired for conserved heterochromatin-dependent nuclear
processes, like chromosome transmission and genome integ-
rity (Kellum and Alberts 1995; Klattenhoff et al. 2009; Levine
et al. 2015; Helleu et al. 2016). The founding member, HP1A,
was named for its association with the heterochromatin com-
partment in Drosophila melanogaster (James and Elgin 1986;
James et al. 1989). Since the HP1A discovery, HP1 genes have
been uncovered in all major clades of eukaryotic organisms
(Lomberk et al. 2006; Vermaak and Malik 2009) and typically
encode three domains: a N-terminal chromodomain (“CD”
hereafter) that mediates interaction with modified histone
tails, a C-terminal chromoshadow domain (“CSD” hereafter)
that mediates protein—protein interactions (Paro and
Hogness 1991; Assland and Stewart 1995; Smothers and
Henikoff 2000), and a variable Hinge domain that binds
RNA and/or DNA (Smothers and Henikoff 2001; Muchardt
et al. 2002; Meehan et al. 2003), fig. 1A). This domain structure
has successfully guided previous Drosophila-wide phyloge-
nomic analyses that uncovered pervasive youth and rapid
evolution (Levine et al. 2012). Furthermore, functional analy-
ses of two female germline—specialized Drosophila HP1s im-
plicate coevolution with heterochromatin-embedded
transposable elements while two male germline HP1s impli-
cate coevolution with sex chromosome heterochromatin
(Klattenhoff et al. 2009; Levine et al. 2015, 2016; Helleu et al.
2016; Parhad et al. 2017). Importantly, both transposable
elements and heterochromatic sex chromosomes turn over
across the Drosophila genus (Lerat et al. 2011; Vicoso and
Bachtrog 2013; Bargues and Lerat 2017), raising the possibility
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that recurrent HP1 birth tracks the fast evolution of hetero-
chromatic DNA.

To explore this hypothesis, we set out to identify HP1 genes
across a densely sampled clade that spans many dramatic
episodes of heterochromatin divergence. The 250 My cap-
tured by the insect Order, Diptera, is ideal. For example, while
virtually all sequenced Dipteran species harbor heterochro-
matic Y-chromosomes, the yellow fever mosquito (Aedes
aegypti) and the hump-back fly (Megaselia abdita) have inde-
pendently evolved cytologically homomorphic sex chromo-
somes, which results in reduction of heterochromatin content
and complexity (Bhalla 1973; Traut 1994; Hall et al. 2015;
Vicoso and Bachtrog 2015). At the other extreme, the sepsid
fly, Themira minor, and Drosophila miranda have undergone
wholesale heterochromatic sex chromosome turnover (Zhou
and Bachtrog 2012, 2015; Vicoso and Bachtrog 2015; Mahajan
and Bachtrog 2017). The tsetse fly (Glossina species) and
bloodsucking black flies (Simuliidae) harbor supernumerary
heterochromatic “B” chromosomes (Warnes and Maudlin
1992; Chubareva et al. 1996), while the fungus gnat (Sciara
coprophila; Gerbi 1986) and hessian fly (Mayetiola destructor;
Stuart et al. 2012) have evolved heterochromatic germline-
limited chromosomes. Finally, genome size varies considerably
across much of the Diptera tree; for example, the ~220-My-
old mosquito clade (Culicidae) harbors genomes ranging in
size 10-fold, from 174 to 1,967 Mb (Chen et al. 2015)—changes
driven largely by heterochromatic repeat content. Despite this
remarkable diversity of heterochromatin, the specialized pro-
teins with which this elusive DNA sequence coevolves are
unknown. Moreover, direct investigation of the evolutionary
and functional significance of this heterochromatic sequence
divergence challenges our computational and experimental
toolkits—repetitive DNA assembly is problematic and map-
ping phenotypes to specific heterochromatic sequence is typ-
ically unfeasible (Henikoff 2000; Smith et al. 2007). However,
we can readily manipulate heterochromatin proteins
(encoded by euchromatic genes) that package this recalcitrant
genome compartment (Vermaak et al. 2009).

Here, we define 121 young Heterochromatin Protein 1
(HP1) genes across Diptera. We leveraged the conserved
domains of the HP1 gene family to conduct a comprehensive
phylogenomic analysis of 64 publicly available genomes and/or
transcriptomes that span this 250 My slice of evolutionary
time. The exceptionally high numbers of HP1 paralogs repre-
sent almost exclusively young, lineage-restricted genes.
Rampant gene birth and death confer both divergent and
convergent HP1 gene numbers across distantly related species.
Moreover, independently derived HP1s exhibit convergent ex-
pression evolution. Ancient HP1s are transcribed ubiquitously
while young duplicate HP1s are transcribed primarily in male
germline tissue, a pattern typical of young duplicate genes
(Kaessmann 2010; Assis and Bachtrog 2013). Our data do
not support the intuitive model that expansions and contrac-
tions of the sheer quantity of heterochromatic sequence
selects for varying numbers of HP1s. Instead, our findings im-
plicate distinct selfish, heterochromatin-embedded elements
that hijack germline processes in shaping HP1 diversity across
250 My of Diptera evolution.
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Fic. 1. Diptera-wide phylogenomic analysis of the HP1 family and families closely related to HP1s. (A) Domain structures of previously characterized HP1
genes. The canonical HP1 structure includes a chromodomain (“CD”) and a chromoshadow domain (“CSD”) separated by a hinge domain. (B-E) For all
families of “HP1-relatives,” a filled circle appears at the terminal end of each Diptera lineage where a given gene copy was discovered and phylogenetically
validated. Terminal branches missinga circle (as in E) indicate an ancestral loss event. A second daughter copy (i.e, a paralog) is indicated with a second circle
(asin D). (F) Diptera dendrogram indicating HP1 gene copies in each lineage. The orthologs of “ancient” HP1s (HP1A, HP1B, HP1C) appear in the inner circle
while the relatively “young” HP1 orthologs (connected by a line, supported by synteny analysis) and paralogs (not connected by a line) appear outside the
circle. Gene loss events (supported by evidence of a degenerated but recognizable sequence) are indicated by a line but no circle. Dashed box indicates
HP1A-like genes for which we were unable to infer the ancient HP1A ortholog from young HP1A-like paralog. Arrowheads refer to harlequin fly (Chironomus
riparius), the stalk-eyed fly (Teleopsis dalmanni) and an East Asian fruit fly (Drosophila takahashii) encode five, 10, and 13 HP1s, respectively.
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Results

The HP1 Gene Family Recurrently (But Selectively)
Amplifies across Diptera

To investigate the diversification of the HP1 gene family
across Diptera, we performed a tBLASTn search of 64 curated
genomes or transcriptomes that span 250 My of evolution
(see Materials and Methods; supplementary tables S1 and S2
and fig. S1, Supplementary Material online). Canonical HP1s
are characterized by the presence of both a chromodomain
(“CD”) and chromoshadow domain (“CSD”); however, abun-
dant CD-only and CSD-only HP1s have been described across
Drosophila (fig. 1A; Levine et al. 2012). While the CSD is di-
agnostic of HP1 gene family membership, many other euchro-
matin- and heterochromatin-packaging proteins encode a
CD. We therefore considered true HP1 family members
only those genes encoding a CD and a CSD (“full”), a CSD
only, or a sole CD that forms a monophyletic clade with
canonical “full” HP1s. A small subset of deeply diverging
CD-only HP1-like candidate genes required an additional re-
ciprocal best BLAST analysis to confirm membership (see
Materials and Methods). In any given Diptera genome, we
inferred that our search for HP1 orthologs and paralogs was
exhaustive when our HPT-only query (supplementary table
S3, Supplementary Material online) recovered three non-HP1
genes that encode closely related CDs. These “HP1-relatives”
are Polycomb (Pc), Chromator (Chro), and Suppressor of var-
iegation 3-9 (Su(var)3-9). We also identified in most Diptera
genomes a fourth, more phylogenetically labile HP1-relative
gene, CG8289, which we used only for phylogenetic delinea-
tion of true HP1 family members (supplementary fig. S2 and
table S4, Supplementary Material online). The CDs of proteins
that also have a helicase domain, like CHD1 and Mi-2 (“HP1-
distant” genes), were too distantly related to offer additional
HP1 phylogenetic resolution (supplementary fig. S2A,
Supplementary Material online).

The four HP1-relatives offer baseline rates of gene family
expansion and contraction in non-HP1 chromosomal pro-
teins. Our tBLASTn followed by phylogenetic tree building
and synteny analysis uncovered orthologous members of
HP1-relative genes Pc, Su(var)3-9, and Chro in all 64 Diptera
genomes (fig. 1B and C and supplementary table S4,
Supplementary Material online). We found no evidence of
Pc or Chro gene duplication or gene loss (fig. 1B and C; table 1).
We discovered one additional Su(var)3-9 paralog in the line-
age leading to the Antarctic midge (Belgica antarctica, fig. 1D
and supplementary fig. S3C and table S4, Supplementary
Material online). We also discovered that CG8289 was lost
once—in the Malaria vector mosquitoes (Anophelinae,
fig. 1E) and duplicated four times—once along the lineage
leading to tsetse flies (Glossinidae) and at least three times
along the lineages leading to the non-biting midges (e.g,
Belgica antarctica) and the gall midges and fungus gnats
(e.g, Sitodiplosis mosellana, fig. 1E and supplementary fig.
S3C, D, and H, Supplementary Material online). In total, a
Diptera-wide search across four CD-encoding, non-HP1
gene families uncovered five gain events and one loss event
(fig. 1B—E and table 1).

2378

Table 1. Gene Family Size-Changes across Diptera.

Gene # Gains # Losses
Polycomb 0 0
Chromator 0 0
Su(var)3-9 1 0
CG8289 4 1
HP1-relative: total 5 1
HP1: Full 61 9
HP1: CD-only 22 3
HP1: CSD-only 38 7
HP1: total 121 19

Note.—Number of gene duplication events (“gains”) and number of gene loss
events detected across CD-encoding genes outside the HP1 family (“HP1-relative,”
upper panel in gray) and true HP1s genes parsed by those encoding both aCD and a
CSD, a CD-only, or a CSD-only (lower panel).

In striking contrast to this rarity of gene duplication and
gene loss across the HP1-relatives, we uncovered 121 HP1
duplication events and at least 19 gene loss events across
64 Diptera genomes (fig. 1F and table 1; supplementary figs.
$2-55 and tables S4-S6, Supplementary Material online).
HP1A (encoded by Su(var)205) and HP1B are strictly retained,
as observed for Pc, Chro, and Su(var)3-9, indicating that these
two HP1 genes arose >250 Ma. HP1C appears in 52 of 64
genomes, also consistent with a pre-Diptera birth event but
followed by multiple loss events along sublineages leading to
mosquitos, fungus gnats, and midges (fig. 1F). Beyond these
three ancient HP1s, the remaining 121 are all highly
lineage-restricted, with the vast majority (~80%) emerging
<70 Ma. Importantly, these reported HP1 gene numbers
represent a minimum estimate. Although genome scaffold
length (N50) does not correlate with HP1 number per species
(supplementary fig. S6, Supplementary Material online), we
expect additional HP1 paralogs (especially tandem dupli-
cates) to emerge as genome assemblies improve.

The number of lineage-restricted HP1s encoded by a given
species varies dramatically across Diptera lineages, with some
species encoding only two HP1s and others encoding more
than 10 (fig. 1F). This result contrasts with previous findings
from Drosophila where each lineage encodes a relatively sim-
ilar HP1 number (Levine et al. 2012). For example, several
mosquitos and black flies (“Culicomorpha”) encode only
the ancient HPTA and HP1B (fig. 1F), while the harlequin fly
(Chironomus riparius), the stalk-eyed fly (Teleopsis dalmanni)
and an East Asian fruit fly (D. takahashii) encode five, 10, and
13, respectively (fig. 1F, arrowheads). The species with the
highest number of lineage-restricted HP1s was the crop
pest Mayetiola destructor, with an impressive 29 gene family
members (fig. 1F and supplementary tables S4 and S6,
Supplementary Material online). We ruled out the possibility
that the 27 young paralogs include multiple alleles—each
predicted gene was flanked by 1 kb of 5 and 3’ unique se-
quence and maps to a unique position along the genome
assembly based on contig coordinates (supplementary table
S4, Supplementary Material online). The absence of an M.
destructor close relative on our Diptera tree precluded our
ability to ask how long these young genes have been retained.
However, the vast majority of the young HP1s reported here
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appear in many divergent clades, consistent with gene reten-
tion for 1-180 My. These data, along with evidence of expres-
sion (supplementary table S2, Supplementary Material
online), functional constraint (see below), and previously de-
fined functions of D. melanogaster HP1s of similar evolution-
ary age (Klattenhoff et al. 2009; Ross et al. 2013; Levine et al.
2015, 2016; Helleu et al. 2016), support the inference that the
vast majority of HP1s reported here are functional.

These nonoverlapping HP1 repertoires across Diptera lin-
eages implicate pervasive gene loss along with gene gains.
Only in the densely sampled Drosophilids were we able to
rigorously identify partially degenerated sequence consistent
with recent loss. Here, we detected at least 2:1 duplication:
loss events (supplementary table S5 and fig. S5,
Supplementary Material online). Extrapolating from this
clade, we infer that gene gain and loss accounts for the ap-
parent gene replacement inferred from nonoverlapping HP1
paralogs across the many divergent Diptera species.

The abundant young HP1s of Diptera span diverse domain
structures and parent genes-of-origin. Of the 121 gene birth
events, 61 genes encode both a CD and CSD (“full”), 22 en-
code only a CD, and 38 encode only a CSD. While rapid
evolution obscured the parent gene source of half of these
young duplicates, of the well-resolved daughter genes, HP1A
is the most prolific parent (at least 31 daughter/granddaugh-
ter genes), followed by HP1B (at least 23 daughter/grand-
daughter genes) and finally, HP1C with none
(supplementary figs. S3 and S4 and table S4, Supplementary
Material online). These strikingly dissimilar duplicate gene
retention rates suggest that HP1C behaves like an HP1-
relative gene (e.g, Pc or Chro), while HP1A and HP1B serve
as primary sources of young HP1s across Diptera. Intriguingly,
HP1C is the only “ancient” HP1 protein restricted to the eu-
chromatin compartment (Smothers and Henikoff 2001), im-
plicating specifically heterochromatin functions as the
biological engine driving HP1 family proliferation (see
Discussion). Across this 250-My snapshot, extreme gene fam-
ily size differences, domain structure divergence, and perva-
sive lineage-restriction suggest that HP1s uniquely proliferate
and diversify over both short and long stretches of evolution-
ary time relative to other DNA packaging proteins that en-
code a closely related CD.

Functionally Defined Residues Are Constrained across
Young HP1s

To further evaluate whether young Dipteran HP1s encode
functional gene products rather than persistent pseudogenes,
we compared turnover of young and ancient HP1 residues
defined previously by structural and biochemical analysis of
CDs and CSDs (supplementary fig. S7, Supplementary
Material online; Smothers and Henikoff 2000; Jacobs and
Khorasanizadeh 2002; Nielsen et al. 2002). We reasoned
that if young HP1s encode predominantly pseudogenes, crit-
ical residues for protein structure and chromatin recognition
(“functionally defined residues”) would turn over at rates
similar to undefined sites. We calculated percent identity
(“%ID") across 49 HP1s encoded by five different Diptera
species. Each species encodes HP1A, HP1B, and HP1C

(“ancient HP1s”) and at least six young, species-restricted
HP1s (“young HP1s”). HP1A, HP1B, and HP1C provide a base-
line percent identity of defined sites: considered together,
critical residues are conserved despite ancient gene births,
divergent localization along chromosomes, and nonoverlap-
ping functions (supplementary fig. S7, Supplementary
Material online; Vermaak and Malik 2009). Not unexpectedly,
percent identity estimates for all residues considered together is
lower for young HP1s compared with ancient HP1s (Wilcoxon,
W = 9,250, P < 0.0001, supplementary table S7, Supplementary
Material online). However, between site classes percent identity
is significantly elevated for functionally defined relative to unde-
fined residues of young HP1s (fig. 2A and supplementary table
S7, Supplementary Material online). Strikingly, the high percent
identity of these functionally defined residues from young
HP1s is indistinguishable from those of ancient HP1s
(fig. 2A). These results suggest that HP1 duplicate genes main-
tain the canonical HP1 structure and recognition capacity but
innovate at other, less constrained residues.

We visualized this elevated percent identity of functionally
defined sites in amino acid LOGO plots of the CD and CSD of
young and ancient proteins (Crooks et al. 2004). The young
HP1 “histone binding domain” residues, which recognize ei-
ther the methylated lysine 9 of histone H3 (a modification
classically enriched in heterochromatin) or nearby histone tail
sites, exhibit the highest conservation of the three site classes
(median = 0.65, fig. 2B, red residues; Nielsen et al. 2002).
Relatively high conservation was also apparent in the CSD’s
“Chromoshadow Fold” domain (median = 0.48, blue residues,
fig. 2B; Jacobs and Khorasanizadeh 2002). The percent identity
of the protein—protein interaction domain was lowest (me-
dian = 0.35, yellow residues, fig. 2B; Smothers and Henikoff
2000; Jacobs and Khorasanizadeh 2002). Only two of eight
positions (arrows) have a high bitscore. Together these data
suggest that young HP1s encode functional proteins that re-
tain core structural and histone recognition features charac-
teristic of the gene family, but protein interaction repertoires
likely vary across young duplicates. Indeed, the two young,
functionally characterized HP1s in D. melanogaster that di-
verge significantly at this protein: protein interaction domain,
Umbrea and Rhino/HP1D, coimmunoprecipitated with
protein-specific interaction partners (Ross et al. 2013; Mohn
et al. 2014; Chen et al. 2016). The Hinge domain also deter-
mines paralog-specific localization among the ancient HP1s
(Smothers and Henikoff 2001), but the dramatic structural
divergence at this domain precludes our ability to conduct
an equivalent percent identity analysis (supplementary fig. S8,
Supplementary Material online). Nevertheless, we detected
differential retention of the previously characterized nuclear
localization signal that likely contributes, together with the
CSD, to diverse subcellular localization of young HP1 proteins
(Smothers and Henikoff 2001; Mishima et al. 2013; supple-
mentary fig. S8, Supplementary Material online).

Young HP1s Rapidly Accumulate Amino Acid-
Changing Mutations

Young genes are typically enriched for signatures of adaptive
evolution compared with their parent genes (Han et al. 2009;
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Fic. 2. Conservation of functionally defined residues in young HP1s. (A) Percent identity of functionally defined residues (supplementary fig. S7,
Supplementary Material online) and undefined residues encoded by ancient (HP1A, HP1B, HP1C) and young HP1 paralogs compared across five
Dipteran species: Drosophila melanogaster, Glossina morsitans, Drosophila miranda, Teleopsis dalmanni, Scaptodrosophila lebanonensis. Sample

“, _n

size “n

refers to number of sites compared per site class (for young HP1 comparison: Z =3.41, “**”: P < 0.001). (B) LOGO plot generated for

ancient and young HP1s amino acid alignment with critical residues color-coded by domain/motif.

Assis and Bachtrog 2013; Jiang and Assis 2017). To investigate
the possibility that turnover of undefined sites reflects adap-
tation of young HP1s, we quantified rates of molecular evo-
lution between orthologs across seven pairs of closely related
sister species that broadly sample the Diptera tree (fig. 3A).
Specifically, we calculated the pairwise dN/dS (nonsynony-
mous divergence/synonymous divergence) of young and an-
cient HP1s. The pairwise dN/dS distributions across these CDs
and CSDs vary significantly (fig. 3B and supplementary table
S8, Supplementary Material online, Kruskal-Wallis = 34.41,
P < 0.0001). For both the CDs and CSDs, young HP1s harbor
elevated dN/dS relative to ancient HP1s, consistent with
young HP1s rapidly accumulating amino acid-changing
mutations under positive selection and/or loss of constraint.
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To evaluate these alternatives, we investigated rates of
evolution among HP1s in the tsetse fly (Glossina) clade using
maximum likelihood methods. We focused on the Glossina
clade because of its many closely related, publicly available
genomes, a requirement for more in-depth molecular evolu-
tion analysis (supplementary table S2, Supplementary
Material online). Virtually all lineage-restricted HP1s harbor
elevated dN/dS estimates compared with ancient HP1s
(table 2 and supplementary table S9, Supplementary
Material online). Using a maximum likelihood framework
implemented in PAML (see Materials and Methods), we
detected significant signatures of positive selection in three
genes, HP1.Gm2, HP1.Gm3, and HP1.Gm7csd (“Gm” =
Glossina morsitans, see Materials and Methods for
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Fic. 3. Molecular evolution of CDs and CSDs. (A) Seven focal species
pairs distributed across the Diptera dendrogram, where average dS
(rate of synonymous substitution) is <0.5 for each pair per gene. The
following species pairs are represented by each letter:
A = Chironomus tentans, Chironomus riparius, B = Teleopsis dal-
manni, Teleopsis whitei, C=Bactrocera tryoni, Bactrocera oleae,
D = Drosophila miranda, Drosophila pseudoobscura, E= Drosophila
suzukii, Drosophila takahashii, F = Glossina morsitans, Glossina aus-
teni, G = Calliphora vicina, Cuprina sericata. (B) Comparisons of
mean pairwise dN/dS values across old versus young CDs and CSDs
in species pairs found in (A). The mean dN/dS of young CDs and CSDs
is significantly larger than those of ancient HP1s (“**": P < 0.01).

nomenclature description). Only HP1.Gm1 evolves extremely
slowly, at a rate similar to the ancient HP1s. A comparison of
one ratio models (M0) with either dN/dS set to 1 or estimated
from the data uncovered evidence of functional constraint at
HP1.Gm1 (supplementary table S9, Supplementary Material
online). The signatures of positive selection in the tsetse fly are
reminiscent of several independently derived Drosophila HP1
genes reported previously (Vermaak et al. 2005; Levine et al.

2012). As anticipated earlier, the positively selected codons
identified correspond to undefined residues (HP1.Gm2,
HP1.Gm3 in the CD, HP1.Gm7csd in the N-terminal extension,
table 2). The Drosophila and Glossina data together suggest a
general pattern of positive selection shaping many young HP1
genes.

Young HP1s Are Enriched in Germline Tissues

To begin elucidating the biology shaped by recurrent HP1
gene family amplifications, we conducted expression analysis
in adult tissues. We first utilized available RNA-seq data sets
prepared from somatic (head) and germline (testis or ovaries)
tissue in lineages that encode at least six young HP1s
(<40 My old; fig. 4 and supplementary table S10,
Supplementary Material online). For three such species, D.
melanogaster, D. miranda, and Teleopsis dalmanni, we ob-
served ubiquitous expression for the relatively ancient
HP1A, HP1B, and HP1C genes. Consistent with a previous
RT-PCR-based report for D. melanogaster (Levine et al.
2012), we observed testis-biased expression for all young
HP1s except HP1D/rhino and oxpecker, which are instead
enriched in the female germline. D. miranda encodes six in-
dependently duplicated HP1 paralogs, all of which are pre-
dominantly testis-expressed. Finally, the distantly related T.
dalmanni (stalk-eyed fly, 70 My diverged) harbors three ubig-
uitously expressed and four testis-restricted young HP1 genes.
These data are consistent with convergent germline expres-
sion evolution across independently derived HP1s.

We also identified scores of lineage-specific HP1s in many
Diptera species for which soma- versus germline-transcrip-
tomes are not publicly available. To investigate gene- and
tissue-specific expression patterns in two such species—
Glossina morsitans and Scaptodrosophila lebanonensis—we
performed RT-qPCR on dissected male and female heads
and reproductive tissues (fig. 4). For both species, we detected
expression in all tissue types for the ancient HP1A, HP1B, and
HP1C genes. Five of the six young S. lebanonensis HP1 genes
are restricted to the male testis while one is enriched in the
ovaries (SI3cd). In contrast, young HP1s from G. morsitans
exhibited predominantly female germline enrichment. This
unique ovary-biased pattern among the sampled species
raises the possibility that the many young G. morsitans
HP1s mediate its unique proliferation of young, heterochro-
matic B chromosomes (Warnes and Maudlin 1992) and/or
silence female germline transposable elements (see below).
The RT-qPCR and RNA-seq data together implicate rapidly
evolving, heterochromatin germline biology in the retention
of young, lineage-restricted HP1 genes.

Discussion

The discovery of Drosophila melanogaster HP1A, the founding
HP1 family member, profoundly altered our grasp of hetero-
chromatin’s role in the organization and regulation of the
eukaryotic nucleus (James and Elgin 1986; James et al. 1989;
Eissenberg and Elgin 2014). For decades prior, the highly re-
petitive content and minimal recombination of the hetero-
chromatic genome compartment obstructed insight and
inspired benign neglect. Analysis of heterochromatin
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Table 2. Molecular Evolution of HP1s across the tsetse Fly Genus (Glossina).

Gene # Codons # Species® dN/dS M8a versus M8 (X*) P value (df=1) Significant BEB sites
HP1A 210 5 0.040 0.00 0.99

HP1B 172 5 0.022 0.00 0.99

HP1C 230 5 0.030 0.00 0.99

HP1.Gm1 170 5 0.063 0.03 0.84

HP1.Gm2 139 5 0.417 4.07 0.044 125, 56N
HP1.Gm3 169 5 0.906 4.24 0.039 9V, 33E
HP1.Gm4 165 4 0.408 0.00 0.98

HP1.Gm5csd 70 5 0.555 0.26 0.61

HP1.Gmé6csd 63 5 0.979 0.28 0.60

HP1.Gm7csd 91 3 0.593 10.17 0.0014 3A, 19E

Note.—Results from codeML analysis in the PAML software package of ancient HP1s (HP1A, HP1B, HP1C) and young HP1s restricted to Glossina. HP1.Gm1, HP1.Gm2, HP1.Gm3,
and HP1.Gm4 represent full HP1s while HP1.Gm5csd, HP1.Gmé6csd, and HP1.Gm7csd encode only a chromoshadow domain.

*Glossina morsitans, G. pallidipes, G. austeni, G. palpalis, G. fuscipes are the five species encoded by most of the HP1s analyzed here. HP1.Gm4 is not present in G. palpalis.
HP1.Gm7csd is not presentin G. palpalis and G. fuscipes. “BEB sites” refers to sites that exceeded a posterior probability threshold estimated by Bayes Empirical Bayes of 90% and

95% (underlined).

Td1

Young HP1s

Td4cd Td5cd Td7csd _Td6cd

RNA-seq RT-gPCR
R o |? T
; Ancient HP1s
Hd Ov Hd Ts | Hd Ov Hd Ts HP1A HP1B HP1C
10
T. dalmanni

S. lebanonensis

\

10~

D. miranda

G. morsitans

il d slnlild § 11 )

Sl3cd Si1

Sldcsd Sl2cd HP1D _ Sl5csd

HP1D HP1F

~150 MYA 00-

GA22675 GA29223 HP1R2csd _HP1Kcd HP1R

Gm4

WMMMMHMJJJJ

__HP1D  Oxpecker HP1D3csd _Umbrea HP1E

oror_ [N NaIRN Lk M1 111
| 00-

HP1Lcsd _ Skadu

Gm7csd Gm2 Gm1__ _Gméesd _ Gm3  Gmbesd

17 7Y TP e

Fic. 4. Tissue-restricted gene expression of ancient and young HP1 orthologs and paralogs. Analysis of RNA-seq and RT-qPCR on samples prepared
from adult tissues across six Diptera species that span the 150 My of evolution. “Hd” = head, “Ov” = ovaries, “Ts"=testes. Within each species, the
young genes are sorted left-to-right by soma-biased expression to germline-biased expression and ovary to testis-biased expression, with the testis-

restricted genes appearing at the far right for each species.

packaging proteins like HP1A, however, offered experimental
traction that revealed this compartment’s unexpected role in
conserved, essential processes like chromosome segregation,
telomere integrity, and genome defense (Kellum and Alberts
1995; Fanti et al. 1998). Here, we leverage this “surrogate
approach” to expand our toolkit for probing the functional
significance of heterochromatin and its rapid evolution
(Vermaak et al. 2009). We report over 100 previously unde-
fined members of the Heterochromatin Protein 1 (HP1) gene
family across Diptera, an insect Order that spans remarkable
heterochromatin diversity. The 121 young HP1s genes
reported here likely represent an underestimate—the re-
stricted number of codons per domain combined with rapid
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sequence evolution limits our power to infer HP1 member-
ship of chromodomain-only HP1s. Many such unassigned
genes branch as polytomies at the root of trees generated
by MrBayes (supplementary fig. S3, Supplementary Material
online) and PhyML (data not shown). The reported HP1 di-
versity spans 250 My of Diptera evolution, which brims with
heterochromatic chromosome losses and gains, genome size
expansions and contractions, and transposable element inva-
sions (see Introduction). Like these recurrent heterochroma-
tin turnover events, virtually all identified HP1 births are
recent—between 0.5 and 70 Ma. This pervasive lineage
restriction is consistent with recurrent gene turnover within
and between Dipteran clades.
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Widespread expansions and contractions of Diptera’s HP1
gene family contrast sharply with the evolutionary dynamics
of four other gene families that share a chromodomain (CD).
Pc, Chro, and Su(var)3-9 are strictly retained in all focal
genomes. We detected only a single duplication event of
Su(var)3-9 in an Antarctic midge. CG8289, an uncharacterized
CD-encoding gene, is the most dynamic non-HP1 gene family,
with a single loss event and four duplication events. The
strikingly different gene family dynamics of HP1s compared
with four closely related families strongly support the idea
that the HP1 family uniquely regulates and responds to fast
evolving heterochromatic DNA packaging requirements over
time. Consistent with heterochromatin function specifically
driving HP1 gene family diversification, we did not detect
even one young HP1 derived from the only euchromatin-
localized HP1 protein, HP1C (Smothers and Henikoff 2001).

Variation in lineage-specific HP1 number is not restricted to
the Order, Diptera: we also found lineages of non-Dipteran
arthropods with divergent family sizes (supplementary fig. S9
and tables S11-513, Supplementary Material online). For exam-
ple, the bed bug (Cimex lectularius) encodes three young HP1
genes while the parasitoid wasp, Nasonia vitripennis, encodes
only one (Fang et al. 2015). This 500-My snapshot also fortu-
itously revealed that the intensively studied, absolutely essential
HP1A protein (encoded by Su(var)205 in D. melanogaster) is
itself surprisingly young, born ~300 Ma. An HP1B-like gene
appears to be the ancestor of all arthropod HP1s (supplemen-
tary fig. S9, Supplementary Material online; Vermaak and Malik
2009). These data challenge our intuition that only ancient
genes support conserved functions and vice versa. Ross et al.
2013 drew a similar inference from an extremely young HP1
that, despite its recent birth, was essential for viability (Ross et al.
2013). The HP1 family demonstrates that essentiality and gene
age are not necessarily correlated, joining a small but growing
list of examples from Drosophila (Chen et al. 2010; Kondo et al.
2017), Lepidoptera (Drinnenberg et al. 2014), and Giardia
(Paredez et al. 2011).

What is the biological significance of pervasive young HP1
gene retention shaping heterochromatin functions? Using
gross characterizations of heterochromatin compartment
evolution, including bulk repeat content and sex chromosome
turnover, we found no clear correlations with raw HP1 number
(supplementary figs. 510 and S11, Supplementary Material on-
line). Instead, patterns of young HP1 gene expression offer
some insight. Of the focal 34 young HP1 genes subjected to
expression analysis, 28 (>80%) are transcribed primarily in
germline tissue. Some are expressed in reproductive tissue
only of males and females, others expressed primarily in ovaries
only, and still others expressed primarily in testis only. Of all
three classes, testis-enrichment accounts for the largest frac-
tion of focal genes. These data suggest that while somatic
functions may also select for young HP1s (~20%), germline
processes drive the bulk of this innovation.

To appreciate the biological significance of this pervasive
germline enrichment of young proteins that potentially in-
teract with repetitive, heterochromatic DNA sequence,
we turn to the evolutionary dynamics of two
heterochromatin-interacting, non-HP1 gene families and a

handful of functionally characterized, germline-specialized
young HP1s. The antiviral/antitransposon Argonaute gene
family also proliferates rapidly across the Diptera tree
(Lewis, Salmela et al. 2016). A detailed phylogenomic analysis
of Argonautes in the Drosophila obscura clade revealed per-
vasive male germline restriction of young Argonaute2 (Ago2)
paralogs (Lewis, Webster, et al. 2016). The authors put for-
ward the hypothesis that intragenomic conflict with selfish
elements, which gain access to the next generation only in the
germline, drives Ago2 proliferation and ongoing evolution at
least in this Diptera subclade. Another gene family with strik-
ing similarities to HP1s outside of Diptera is the vertebrate-
restricted KRAB-ZNF gene family, which also diversifies rap-
idly (Nowick et al. 2010; Thomas and Schneider 2011).
Germline restriction again characterizes these young, DNA-
binding proteins that target transposable elements. Jacobs
et al. (2014) reported functional evidence of tit-for-tat coevo-
lution between human KRAB-ZNF genes and human retro-
transposons, a discovery supported more broadly by Imbeault
et al. (2017) across vertebrates (Jacobs et al. 2014; Imbeault
et al. 2017). Consistent with the possibility that TE evolution
may also drive HP1 gene family diversification, two young,
female germline HP1s from D. melanogaster suppress trans-
posable elements. HP1D/rhino evolves under strong positive
selection and regulates genome defense by promoting tran-
scription of the primary Piwi-RNA (piRNA) transcript
(Vermaak et al. 2005; Klattenhoff et al. 2009; Parhad et al.
2017). Oxpecker, a young duplicate of HP1D/rhino, also sup-
presses several transposable elements incompletely silenced
in the female germline by its parent gene in D. melanogaster
(Levine et al. 2016). These data suggest that intragenomic
conflict between the host genome and its transposable ele-
ments drive at least some HP1 gene evolution documented
here, and specifically conflict negotiated in the ovaries.

We predict that genome defense function shapes the evo-
lution of many young, ovary-enriched HP1s encoded by the
tsetse fly clade (Glossina). All seven young HP1 genes are
ovary-expressed, with four Glossina-restricted HP1s expressed
primarily in the ovaries and three expressed exclusively in the
ovaries. Intriguingly, this clade has also undergone a unique
duplication of Ago3, a key player in the female germline, TE-
silencing Piwi-interacting RNA pathway (Lewis, Salmela et al.
2016). Given that young genes rarely evolve ovary-biased ex-
pression (Kaessmann 2010; Assis and Bachtrog 2013), this
pervasive transcriptional pattern (and evidence of positive
selection) implicates dynamically evolving heterochromatin
biology in the ovaries of this human disease vector.
Intriguingly, this unusual ovary-biased signature in young
genes is reminiscent of recent findings from another human
disease vector, mosquito (Anopheles spp,; Papa et al. 2017).

The majority of young, germline-biased HP1s in Diptera,
however, are expressed primarily in male germline tissue.
Testis-biased expression is a hallmark of young duplicate genes
(Kaessmann 2010). The broadly reported pattern suggests that
both the transcriptional environment and uniquely dynamic
evolutionary pressures on male reproductive biology shape
proteins required for sperm competitiveness and sperm-egg
interactions, among others (Swanson and Vacquier 2002;
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Kaessmann 2010). Our data implicate male germline hetero-
chromatin biology as no exception. While transposable ele-
ment evolution may drive at least some of this
diversification, two young, male germline-specialized HP1s im-
plicate instead selfish sex chromosomes. The ~20-My-old, X-
linked HP1D2 gene in Drosophila simulans encodes a
spermatogonia-restricted, Y-chromosome packaging protein
(Helleu et al. 2016). The “Sex Ratio” or “SR” allele of HP1D2,
in combination with a second allele 110 kb away, causes the
heterochromatic Y chromosome to missegregate during male
meiosis Il (Cazemajor et al. 2000; Montchamp-Moreau et al.
2006). These “SR” males produce virtually no Y-bearing sperm
and so father only daughters—a classic symptom of non-
Mendelian segregation driven by a “selfish” X-linked element.
Intriguingly, HP1D2 is not the only testis-restricted family mem-
ber that uniquely regulates sex chromosome segregation. The
autosome-linked, HP1E gene encodes a paternal DNA packag-
ing protein that when depleted from the male germline, causes
paternal chromosome mis-segregation in the first zygotic divi-
sion of embryos “fathered” by these mutant males (Levine et al.
2015). Levine et al. (2015) went on to show that the paternal X
chromosome (in female embryos) and paternal Y chromo-
some (in male embryos) are uniquely vulnerable to the loss
of the HP1E during sperm development. These two indepen-
dent studies of testis-specialized HP1 functions implicate sex
chromosome evolution and possibly X-Y chromosome con-
flict as drivers of the abundant young, testis-specialized HP1s
both inside and outside of Drosophila.

Importantly, Oxpecker, HP1D2, and HP1E were identified
initially by the same phylogenomic methods employed here
(Vermaak et al. 2005; Levine et al. 2012). In this light, the
reported 121 young Diptera HP1s offer a powerful toolkit for
empirically investigating in molecular detail the still mysterious
evolutionary and functional significance of the fast-evolving
heterochromatic DNA. Given the enrichment of genome para-
sites and their targets in heterochromatin (Dimitri and
Junakovic 1999; Kanizay et al. 2013; Larracuente 2014; Helleu
etal. 2016; Li et al. 2017), young, germline HP1s have the unique
power to elucidate how intragenomic conflict shapes funda-
mental biological processes like intergenerational chromosome
transmission and genome integrity. Based on studies in
Drosophila (Brideau et al. 2006; Bayes and Malik 2009; Ferree
and Barbash 2009; Kelleher et al. 2012; Parhad et al. 2017), we
also anticipate that the 121 HP1s reported here include genes
involved in hybrid infertility and/or inviability (supplementary
fig. S12, Supplementary Material online). Finally, rampant HP1
gene birth and death suggests that a complete picture of het-
erochromatin function demands investigation of lineage-
specific biology. This HP1 toolkit offers new traction to address
the traditionally evasive genetic and epigenetic determinants of
heterochromatin integrity.

Materials and Methods

Selection of Publicly Available Diptera Genomes for
Phylogenomic Analysis

To select Diptera species to include in our phylogenomic
analysis, we generated a list of publicly available Diptera
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genome  assemblies  (supplementary  table  S7,
Supplementary Material online). To assess suitability, we se-
lected six genes from the 1200 “core insect genes” (Rosenfeld
et al. 2016) based on a high conservation score, a restricted
gene length, and the absence of gene duplication events.
These six genes—mago nashi, Erccl, Proliferating cell nuclear
antigen, spindle A, Catecholamines up, and eukaryotic trans-
lation initiation factor 2D—range in size from 150 to 550
codons, substantially longer than the 50-codon chromodo-
mains and chromoshadow domains used in our downstream
analysis. We retained any genome assembly for which at least
five of the six genes could be detected on a single contig.
Based on these conservative criteria, we retained 64 species of
the original 78 (supplementary tables S1 and S2 and fig. S1,
Supplementary Material online) for our BLAST search.

BLAST Search for HP1 and HP1-like Gene Families
across Diptera

To identify Heterochromatin Protein 1 (HP1) orthologs and
paralogs across Diptera, we conducted a tBLASTn search of
the 64 “curated” genome assemblies described earlier. We
seeded this iterative search with 17 annotated chromodo-
mains (CD) and chromoshadow domains (CSD) encoded
by the three oldest HP1s (HP1A, HP1B, and HP1C) annotated
in six Diptera species: Aedes aegypti, Anopheles gambiae,
Teleopsis dalmanni, Glossina morsitans, Musca domestica,
and Drosophila melanogaster (supplementary table S3,
Supplementary Material online). These six species span major
clades in Diptera and have high-quality assembled genomes
and transcriptomes available (supplementary table S2,
Supplementary Material online). Using these 34 queries, we
investigated assembled genomes, assembled transcriptomes,
or both (when available). For each investigated Diptera spe-
cies, we extracted all hits with an e-value < 0.001 along with
one kilobase of flanking upstream and downstream sequence.
We leveraged these flanking sequences to later discriminate
based on synteny paralogs from orthologs in the same
genomes and orthologs across different genomes (for all spe-
cies except the seven with transcriptome-only data sets; sup-
plementary table S2, Supplementary Material online). We
generated a list of unique loci (many hits often corresponded
to the same locus) using the de novo assembler implemented
in Geneious 9.1.5 (Biomatters; http://www.geneious.com;
Kearse et al. 2012). We retained only open reading frames
(ORFs) encoding >50 codons.

We identified CDs and CSDs in all unique loci based on
BLAST alignment to query sequence. We then verified do-
main identification with NCBI Conserved Domain Search
(Marchler-Bauer et al. 2015). We inferred that our HP1 search
was exhaustive in a given genome when we identified a com-
plete CD sequence of “HP1 relative” genes: Pc, Su(var)3-9, and
Chromator. These three genes encode CDs that are closely
related to the HP1 CD, in contrast to the CD and helicase
domain-encoding genes, like CHD1 and Mi-2 (supplementary
fig. S2A and table S4, Supplementary Material online). When
available, we defined intron/exon boundaries based on tran-
scriptomic sequence assembly. If a transcriptome was not
available for gene model prediction, we aligned the predicted
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HP1A, HP1B, HP1C, or HP1 relatives (see below) to ortholo-
gous exons identified in closely related species to determine
intron/exon boundaries using MAFFT (Katoh and Standley
2013). Finally, we inferred loss events of HP1s by identifying
syntenic degenerated sequences relative to an orthologous
HP1 by aligning flanking regions (10 kb on either side) of the
focal orthologous HP1 (supplementary table S5 and fig. S5,
Supplementary Material online). This approach was only pos-
sible with high-quality genome assemblies of sister species,
and so is restricted to the densely sampled Drosophila
genomes. Finally, using the same methods, we conducted
an HP1 search in seven non-Dipteran arthropods with
well-annotated, high-quality genomes (assemblies with
NCBI-designated “Full” genome representation, supplemen-
tary table S11, Supplementary Material online).

Nomenclature

For ease of recognition of young HP1 domain structure and
Diptera clade of origin, we use the following nomenclature for
the duplication events uncovered by our phylogenomic anal-
ysis. After “HP1” we refer to the domain structure. If the gene
encodes both a CD and a CSD (“full”), no designation is made.
If the HP1 encodes only a chromodomain, we used “cd” and if
only a chromoshadow domain, we used “csd.” A “.” follows
domain designation and then the first letters of the genus and
species of first discovery (e.g, “Td" for Teleopsis dalmanni). If
the species encodes more than one young HP1, we assigned a
number to each gene, where “full” HP1s receive the lowest
number(s) followed by CD-only and finally CSD-only HP1s.
We retained the naming scheme for all Drosophilids de-
scribed in (Levine et al. 2012, 2016).

HP1 Gene Phylogeny and Family Membership
Delineation

We aligned paralogs and orthologs using MAFFT nucleotide
alignment v7.222 with default parameters, then realigned
with MAFFT as a translated alignment with default parame-
ters in Geneious (v.9.1.5). We checked the final alignment by
eye and we removed all codon positions from the alignment
that contain a gap in >50% of the sequences. We built CD
and CSD gene trees with MrBayes v3.2 implemented in
Geneious (> 2, 500, 000 trees, 500 sampling frequency, and
25% burn-in). We generated trees until the average SD of split
frequencies was <0.025 for all trees but the two extremely
large data sets in supplementary figure S2B and C,
Supplementary Material online, for which we used a 0.05
cut-off (Guindon et al. 2010; Ronquist et al. 2012). For com-
parison, we also built gene trees using maximum-likelihood
methods implemented in PhyML using the LG+G substitu-
tion model (1000 bootstraps to determine node support).
Observing no conflicts between well-supported branches
across the two programs, we report the MrBayes trees only,
which offered stronger resolution.

For each species, only genes that met one of two criteria
were considered true HP1 family members. First, any gene
that encoded the diagnostic CSD is an HP1. Second, for those
genes that encoded a CD-only, we relied on a combination of
monophyly with “full” (CD and CSD) HP1s and/or reciprocal

best BLAST analysis. Fourteen CD-only HP1s form a mono-
phyletic clade with at least one full HP1 (supplementary fig.
S3, Supplementary Material online). Fifty-three of the CD-
only candidate genes branched deeply on the HP1 gene trees,
consistent with rapid evolution that obscures family of origin
(supplementary fig. S3 and table S6, Supplementary Material
online). Our inability to confidently resolve these candidate
HP1 genes from HP1-relatives motivated a tBLASTn analysis
using the focal gene as the query against three of our highest
quality genomes (D. melanogaster, Glossina morsitans, Aedes
aegypti). We retained for further scrutiny only those genes
whose best BLAST hit was an annotated HP1 in all three
genomes. For a given target gene, we selected the most closely
related species to its host genome and conducted a reciprocal
best BLAST analysis. Noting that a classic reciprocal best
BLAST test is not formally possible for lineage-specific paral-
ogs, we inferred HP1 membership when the best BLAST hit in
the sister species is used as a query and returns a lower e-value
for the focal gene than any HP1-relative (Polycomb and
Chromator). We report in supplementary table S6,
Supplementary Material online, that only 10 of the initial
53 CD-only hits satisfied these criteria.

HP1A, HP1C, and HP1A-like genes formed well-supported
monophyletic clades. HP1B genes from outside Brachycera
(supplementary fig. S1, Supplementary Material online) fre-
quently branched from the root (supplementary fig. S4B and
C and table S12, Supplementary Material online). To confirm
that these full HP1s are HP1B orthologs, we conducted a
reciprocal best BLAST analysis with three well-annotated
genomes that encode unambiguous HP1B genes. All 17 pre-
dicted HP1B genes met the reciprocal best BLAST criteria
(supplementary table S12, Supplementary Material online).

For the non-Diptera arthropod HP1 phylogenomic analysis
referenced in the Discussion, many HP1 genes did not form
monophyletic clades with the well-supported HP1A and
HP1C clades and instead form a polytomy on both the CD
and CSD trees. We evaluated the possibility that these genes
represent the more basal HP1B-like family by conducting a
reciprocal best BLAST analysis using the confirmed HP1B
genes from D. melanogaster on all other eight genomes rep-
resented on the non-Diptera arthropod species tree in sup-
plementary figure S9, Supplementary Material online. The
most significant hit for all HP1B candidate genes from these
eight species was HP1B in D. melanogaster and vice versa (e-
values < 0.001, supplementary table S13, Supplementary
Material online).

Species Phylogeny

We built a dated species phylogeny by combining multiple
published trees (Wiegmann et al. 2011; Misof et al. 2014). We
used clade-specific publications to obtain phylogenetic rela-
tionship and estimates of evolutionary timescales inside
Diptera for Culicidae (Reidenbach et al. 2009; Freitas et al.
2015; Neafsey et al. 2015), for the Bactrocera (Zhang et al.
2010), for Drosophilidae (van der Linde et al. 2010; Morales-
Hojas et al. 2011; Whiteman et al. 2012; Yang et al. 2012;
Ometto et al. 2013; Zhou and Bachtrog 2015), and for
Chironomus species (Milner 1997). To date nodes that
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differed between publications, we used the median node time
proposed on TimeTree.org (Hedges et al. 2015).

For focal species in Calliphoridae and Diopsidae clades, we
did not find any dated nodes in the published literature. We
used instead the software “r8s” (v.1.81) that allows divergence
time estimation without a molecular clock but a fixed node
time and assumed a constant rate of evolution (Sanderson
2003). We applied r8s software on orthologous sequences of
the following highly conserved genes: aats1, cad, pgd, and tpi
(Wiegmann et al. 2011).

Evolutionary Rate Estimation

To investigate domain-specific rates of evolution within HP1s,
we calculated pairwise dN/dS using CODEML for ten selected
sister species across the tree (supplementary table S8,
Supplementary Material online). We retained only gene com-
parisons with limited synonymous divergence (dS < 0.5). We
used the nonparametric Kruskal-Wallis test to assess signif-
icance between group distributions. We used post hoc test
Dunn test (Zar 2010) to calculate adjusted P values between
conditions  following Benjamini—-Hochberg adjustment
(Benjamini and Hochberg 2000).

We used the CODEML program in PAML 4.1 (Yang 2007)
to test for positive selection on each HP1 ortholog shared by
at least three species in the Glossina clade. We first generated
nucleotide alignments (described earlier) for each HP1 gene.
We found no evidence of recombination for any two genes
using the program GARD. Specifically, for full HP1s GARD
investigated 1411 models in 4: 19 wall-clock time. The align-
ment contained 408 potential breakpoints, translating into a
search space of 83, 436 models with up to two breakpoints, of
which 1.69% was explored. For CSD-only HP1s, GARD exam-
ined 2, 079 models in 1: 19 wall-clock time. The alignment
contained 133 potential breakpoints, translating into a search
space of 8911 models with up to two breakpoints, of which
23.33% was explored by the algorithm.

We then estimated dN/dS and tested for evidence of pos-
itive selection by conducting model comparisons of M8
(allows dN/dS values >1) and M8a (dN/dS values from 0 to
1). To evaluate evidence of constraint acting on the ancient
and young HP1s, we compared one ratio models (MO0) where
dN/dS was empirically estimated or dN/dS set to one. We
report only maximum likelihood estimates based on an F3x4
model of codon frequencies (supplementary table S9,
Supplementary Material online).

Transcriptomic Analysis and RT-qPCR

To investigate tissue-restricted expression patterns of newly
defined HP1 genes, we selected a panel of species based on
multiple criteria. First, we retained only those that encode at
least six lineage-restricted HP1s. Second, we selected species
that broadly sample Diptera evolution. Based on our criteria,
we analyzed RNA-Seq data sets for three species: Drosophila
melanogaster, Drosophila miranda, and Teleopsis dalmanni
(supplementary table S10, Supplementary Material online).
We included D. melanogaster as a positive control—
previously, Levine et al. (2012) reported RT-PCR analysis of
adult tissue-specific expression for HP1s encoded by this
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species. We mapped reads with HISAT2 (Kim et al. 2015)
to the available respective genome assemblies (D. mela-
nogaster Flybase r6.12, D. miranda DroMir 2.2 NCBI, T. dal-
manni NCBI TSA GBBP00000000) then sorted and counted
mapped reads with featureCounts (Liao et al. 2014). Finally,
we calculated normalized expression for each HP1 gene with
DESeq2 (Love et al. 2014). We compared expression across
four tissues: female head, male head, testis, and ovary.

To investigate additional species with no publicly available
germline and somatic transcriptomic data set but many
lineage-restricted, divergent HP1 genes, we selected Glossina
morsitans  (gift of Aksoy Lab, Yale University) and
Scaptodrosophila lebanonensis (from Cornell Drosophila
Species Stock Center). We extracted RNA from dissected heads
and reproductive tissues of males and females for each species.
We dissected the tissues in PBS and stored them in RNAlater
(Invitrogen) before extracting the RNA using mirVana miRNA
Isolation Kit (Invitrogen) according to the manufacturer’s
instructions. ~ After ~ DNase-treating (TURBO  DNase,
Invitrogen) all samples, we prepared ¢cDNA (SuperScript I,
Invitrogen). We performed qPCR reactions using SYBR Green
(Invitrogen) on an ABI 7000 Real Time PCR System, using
following cycle parameters: 50°C for 2 min, 95°C for 2 min,
40 cycles of 95°C for 15s, 60°C for 30s. We also included a
“Reverse Transcriptase-minus (RT-)" control of each sample to
rule out genomic contamination. We confirmed that all primer
pairs (supplementary table S14, Supplementary Material on-
line) had similar amplification efficiencies using a dilution series
of genomic DNA (data not shown). We also amplified multiple
candidate reference genes (supplementary table S14,
Supplementary Material online) and evaluated their expression
stability across tissues using four different methods
(Vandesompele et al. 2002; Andersen et al. 2004; Pfaffl et al.
2004; Silver et al. 2006) on the RefFinder website (Cotton EST
Database, http://150.216.56.64/referencegene.php). We normal-
ized the transcript level of each genes by the reference genes
using the Delta-Cq method on Qbase+ (https://www.qgbase-
plus.com/; Biogazelle). To facilitate comparisons between tis-
sues and genes, we scaled the values to the tissue type of
highest expression for each gene.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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