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Genomic data reveal high conservation but divergent
evolutionary pattern of Polycomb/Trithorax group genes

in arthropods
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Abstract Epigenetic gene control is maintained by chromatin-associated Polycomb group
(PcG) and Trithorax group (TrxG) genes, which act antagonistically via the interplay be-
tween PcG and TrxG regulation to generate silenced or permissive transcriptional states.
In this study, we searched for PcG/TrxG genes in 180 arthropod genomes, covering all the
sequenced arthropod genomes at the time of conducting this study, to perform a global
investigation of PcG/TrxG genes in a phylogenetic frame. Results of ancestral state recon-
struction analysis revealed that the ancestor of arthropod species has an almost complete
repertoire of PcG/TrxG genes, and most of these genes were seldom lost above order level.
The domain diversity analysis indicated that the PcG/TrxG genes show variable extent of
domain structure changes; some of these changes could be associated with lineage-specific
events. The likelihood ratio tests for selection pressure detected a number of PcG/TrxG
genes which underwent episodic positive selection on the branch leading to the insects
with holometabolous development. These results suggest that, despite their high conserva-
tion across arthropod species, different members of PcG/TrxG genes showed considerable
differences in domain structure and sequence divergence in arthropod evolution. Our cross
species comparisons using large-scale genomic data provide insights into divergent evolu-
tionary pattern on highly conserved genes in arthropods.
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The genomic DNA of metazoan species is organized in
chromatin fibers, which are tightly wrapped around an
octamer of four highly evolutionarily conserved histone
proteins: H2A, H2B, H3 and H4. The post-translational
modifications of histones restrict chromatin accessibility
to chromatin-associated factors involved in gene tran-
scription (Kharchenko ef al., 2011). Therefore, gene
transcription activities are controlled by modulating the
structure of chromatin by reversible modifications of
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histone proteins. Epigenetics has emerged as an impor-
tant mechanism by which chromatin-associated genes
regulate the post-translational modifications of histones
and gene expression (Schwartz et al., 2010). Gene ex-
pression is controlled by chromatin-associated Polycomb
group (PcG) and Trithorax group (TrxG) proteins, which
act antagonistically by the Polycomb/Trithorax group
response (PRE/TRE) elements to generate silenced or
permissive transcriptional states (Geisler & Paro, 2015).
PcG genes generally maintain transcription silencing
of their target genes, whereas TrxG genes maintain the
active transcriptional states. The dynamic changes of
gene expression can be achieved by the antagonistic
interplay between PcG and TrxG regulation.

PcG genes constitute an epigenetic silencing system
with key regulators in stable and heritable transcriptional
repression in metazoan species (Beisel & Paro, 2011;
Aranda et al., 2015). These PcG proteins are a conserved
family of transcriptional regulatory factors; they are func-
tionally diverse and are part of Polycomb repressive com-
plexes (PRCs). In Drosophila melanogaster, PcG proteins
form large multimeric complexes of the two distinct fam-
ilies: the PRC1 and PRC2 complexes (Di Croce & Helin,
2013). PRC1 consists of five core PcG proteins: sex
combs extra (Sce), Polycomb (Pc), posterior sex combs
(Psc), sex comb on midleg (Scm), and Polyhomeotic
(ph-p). PRC2 contains six proteins: enhancer of zeste
[E(z)], extra sex combs (esc), alternatively Esc-like (escl),
suppressor of zeste 12 [Su(z)12], chromatin assembly fac-
tor 1 subunit (Caf1-55), and Polycomb-like (Pcl). PRC1
and PRC2 establish a repressive chromatin state through
distinct mechanisms: PRCI1 ubiquitylate histone H2A
lysine 118 and PRC2 monomethylates, dimethylates, and
trimethylates histone H3 at lysine 27 (Lee et al., 2015).
PRCI1 can recognize the H3K27me3 repressive marks
set by PRC2 through the chromodomain of Pc gene. In
addition to these two PRC complexes, PcG proteins are
also present in the three distinct accessory complexes,
as follows: the Polycomb repressive deubiquitinase
(PR-DUB), dRING-associated factors (dRAF) and Pho
repressive complex (PhoRC) complexes (Calvo-Martin
et al, 2016). The PR-DUB complex consists of an
ubiquitin carboxy-terminal hydrolase, calypso, and an
additional sex comb gene, Asx, which encodes a chro-
matin protein that regulates the balance of Polycomb and
Trithorax function. The dRAF complex, containing Sce,
Psc and the histone H3K36 demethylase Kdm2, mediates
the monoubiquitylation of histone H2A (Schwartz &
Pirrotta, 2013). Two Y'Y I-related DNA-binding proteins,
Pleiohomeotic (Pho) and Pleiohomeotic-like (phol), and
Sfmbt (Scm-like with four MBT domain proteins) are
involved in the PhoRC complex, which is hypothesized
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to play a role in recruitment of PcG complexes to
Polycomb response elements (Schwartz & Pirrotta,
2013).

PcG genes regulate a large number of target genes, and
the same is true for TrxG genes; TrxG genes, through
their activities in histone methylation and chromatin
remodeling, are required for maintaining the “on”
state of PcG target genes (Kingston & Tamkun, 2014).
The DNA-binding proteins of the TrxG genes recruit
chromatin-remodeling and histone-modifying complexes
to regulate transcription (Schuettengruber et al., 2011).
Based on their molecular function, TrxG genes can be
divided into two distinct families: histone-modifying
complexes and adenosine triphosphate (ATP)-dependent
chromatin remodeling complexes. The former includes
the trithorax acetyltransferase complex 1 (TAC1), absent
small or homeotic discs 1 (ASH1), complex proteins
associated with Setl (COMPASS), and COMPASS-like
complexes, whereas the latter includes the switch/sucrose
nonfermentable (SWI/SNF), imitation switch (ISWI) and
chromodomain helicase DNA-binding (CHD) complexes
(Schuettengruber et al., 2011; Geisler & Paro, 2015).
As for histone-modifying complexes, only a few TrxG
genes have been identified in the TAC1 (Trithorax, nejire
and Shf) and ASH1 (ash! and nejire) complexes. All the
COMPASS complexes contain a TrxG protein named ab-
sent, small or homeotic discs 2 (ash2), which is required
for the stability of COMPASS (Mohan et al., 2011).
Three H3K4 methyltransferases, Trithorax (7rx), SET
domain containing 1 (Set/), and Trithorax-related (7¥r),
co-purify with ash2, which indicates the existence of one
COMPASS complex and two COMPASS-like complexes
in Drosophila. The COMPASS and COMPASS-like
complexes contain four other common TrxG proteins,
Retinoblastoma binding protein 5 (Rbbp5), will die slowly
(wds), Dpy-30-like 1 (Dpy-30L1) and Host cell factor
(Hcf). In addition to these common TrxG genes, CXXC
finger protein 1 (CfpI), WD repeat domain 82 (Wdr§2),
Menin 1 (Mnnl), Utx histone demethylase (Utx), Nuclear
receptor coactivator 6 (Ncoa6), PAX transcription activa-
tion domain interacting protein (Ptip) and Ptip associated
1 (Pal) are specifically involved in each complex. As
for ATP-dependent chromatin remodeling complexes,
chromatin-remodeling reactions coupling with ATP
hydrolysis are catalyzed to regulate chromatin structure
and gene expression. Based on the structure of the ATPase
subunit, the TrxG genes in ATP-dependent chromatin
remodeling complexes can be subdivided into three dif-
ferent families: the SWI/SNF, ISWI and CHD complexes
(Schuettengruber et al., 2011). The SWI/SNF complex is
a large protein complex consisting of at least 12 TrxG pro-
teins, including brahma (brm, a bromodomain-containing
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protein), osa (an ARID DNA-binding domain protein),
moira (mor), brahma associated protein 60 kD (Bap60),
polybromo, Bap55, Bap111, Bap170, enhancer of yellow
3 [e(y)3], Snf5-related 1 (Snrl), Actin 5C (Act5C) and
Actin 42A (Act42A). Four TrxG proteins, Enhancer of
bithorax [E(bx)], Iswi, Nucleosome remodeling factor
38kD (Nurf-38) and Chromatin assembly factor 1,
pS5 subunit (Cafl-55) in the ISWI complex form the
nucleosome-remodeling factor (NURF) complex (Ho
& Rabtree, 2010). The CHD complexes of chromatin
modifiers are defined by the presence of chromodomains,
which couple chromatin remodeling and histone de-
acetylation to function as repressors of transcription. The
TrxG proteins in the CHD complexes are Mi-2, Histone
deacetylase 1 (HDACI1), Metastasis associated 1-like
(MTA1-like), Methyl-CpG binding domain protein-like
(MBD-like), simjang (simj), Cafl-55, Chromodomain-
helicase-DNA-binding protein 1 (Chdl) and kismet
(kis).

Arthropods, as the most successful animal group in
terms of their diverse habitats, demonstrate countless evo-
lutionary adaptations that help them adapt to their envi-
ronment or a particular lifestyle. Gene expression regu-
lation by chromatin-associated PcG/TrxG genes has been
recognized as an important component in these evolu-
tionary adaptations (Simola ef al., 2013; Yan et al., 2014;
Simola et al., 2016). Although the fundamental aspect
of this regulation mechanism is relevant across different
phyla, the evolutionary differences of PcG/TrxG genes be-
tween insects and mammals have been identified using a
few representative species from plant and bilateral animal
kingdoms (Whitcomb et al., 2007). However, most previ-
ous studies for arthropod PcG/TrxG genes focused on a
few insect species, including D. melanogaster and Bom-
byx mori, and a comprehensive study providing a global
view of PcG/TrxG genes in arthropods has not yet been
reported (Schuettengruber et al., 2011; Li et al., 2012;
Calvo-Martin et al., 2016; Calvo-Martin et al., 2017).
Arthropod genome sequencing initiatives have greatly ac-
celerated the accumulation of genomic resource data of
arthropods, which are obtained by using samples from
different lineages to explore arthropod genome diversity.
The availability of a large amount of arthropod genomes
offers an opportunity to performing a global investigation
of arthropod PcG/TrxG genes in a phylogenetic frame.
In this study, we searched for PcG/TrxG genes in 174
panarthropod genomes covering all the sequenced arthro-
pod genomes at the time of conducting this study. We
performed the ancestral state reconstruction analysis to
trace the evolutionary history of PcG/TrxG genes across
arthropod phylogeny. Finally, we performed the protein
domain diversity and selection testing analyses to explore

the gene structure diversity and sequence divergence of
PcG/TrxG genes in arthropods.

Materials and methods

Completeness assessment of official protein-coding
gene sets

We screened the genome assemblies of 182 panarthro-
pod species, including 159 insect species, 11 chelicer-
ates, seven crustaceans, two non-insect hexapods, two
tardigrades (non-arthropod outgroup) and one myriapod
(Table S1). These 182 analyzed panarthropod species rep-
resent 30 orders, 79 families and 118 genera. To assess
the completeness of official protein-coding gene sets, we
used a set of 2675 near-universal single copy orthologs of
arthropod genomes in Benchmarking Universal Single-
Copy Orthologs (BUSCO) v1.22 (Simao et al., 2015).
These 2675 single copy genes are identified in nearly 95%
of arthropod genomes and are considered as a benchmark
for gene annotation completeness. The target gene sets
could be classified as complete and single copy, com-
plete and duplicated, fragmented and missing genes using
a combined approach of BLAST and HMMER (version
3.1b) searches (Altschul et al., 1997; Finn et al., 2011).

Gene identification of Polycomb/Trithorax group genes

The 17 PcG and 40 TrxG genes identified in D.
melanogaster that confer transcriptional repression and
activation activity (Sce, Psc, Pc, ph-p, Scm, E(z), esc, escl,
Su(z)12, Cafl-55, Pcl, pho, phol, Sfinbt, Kdm2, Asx, and
calypso; and Setl, Cfpl, Wdr82, ash2, Dpy-30L1, Hcf,
Rbbp5, wds, trx, Mnnl, trr, Utx, Ncoa6, Pal, Ptip, ne-
jire, Sbf, ashl, brm, Act5C, Act42A4, Bap60, polybromo,
Bap55, Baplll, Bapl70, osa, mor, e(y)3, Snrl, E(bx),
Iswi, Nurf-38, Cafl-55, Chd, Mi-2, HDACI, MBD-like,
MTA1-like, simj, Rm62, and kis) might also function in
other arthropod taxa. We searched for PcG and TrxG or-
thologous genes in a wide variety of arthropod genomes
in which genome sequences and protein-coding gene an-
notation were available. Putative orthologous genes were
identified using the amino acid sequence of each D.
melanogaster PcG and TrxG protein as a query. For cases
in which multiple isoforms of the orthologous gene were
present, only the isoform with the longest protein se-
quences was used. The reciprocal BLAST hit method
was used to determine the significant hits which were
further manually verified (Altschul ef al., 1997). One
PcG/TrxG gene from the D. melanogaster genome and
another gene from an arthropod genome were consid-
ered as orthologous genes if these two genes returned
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the highest scoring match in reciprocal BLAST searches
(excluding paralogous genes). To prevent overestimating
the gene number for each orthologous gene, a length
threshold criterion (more than 60% of the correspond-
ing gene length in D. melanogaster) was utilized for short
gene fragment filtering in case of duplicates. To exclude
the potential PcG/TrxG genes from the endosymbiont
genomes or contamination of microbial genomes, all the
putative orthologous genes were BLAST searched against
the non-redundant National Center for Biotechnology
Information (NCBI) protein database to verify that the
top hit genes were not from endosymbionts or microor-
ganisms or plants. The hidden Markov model-based HM-
MER program version 3.1b was used to determine domain
architecture in the Pfam protein family database with a
conditional E-value cutoff of 1E£-5 (Finn et al., 2010; Finn
etal,2011).

Ancestral state reconstruction and phylogenetic analyses

A character matrix that represents the existence states
for each PcG/TrxG gene was constructed to reconstruct
the ancestral states of interior clades in arthropod evolu-
tion. Only the binary state was considered. The copy num-
ber variation for each PcG/TrxG gene was not considered.
Ancestral reconstruction were performed in Mesquite ver-
sion 3.2 (http://mesquiteproject.org/) using the Markov
k-state 1-parameter model, which gives equal probability
for changes between any two character states. The emer-
gence events of each PcG/TrxG gene along each branch in
the phylogenetic tree were inferred based on the criterion:
the PcG/TrxG gene was absent at the ancestral nodes of
a given node and either of the outgroups. A phylogenetic
tree for the species involved is required for the ancestral
reconstruction process. As the capability of parallelizing
computation is required for the phylogenetic inference
of large genomic data to obtain accurate results within
reasonable computing time, the IQ-TREE program ver-
sion 1.5 was used to construct the species tree using the
single-copy complete BUSCO genes based on the maxi-
mum likelihood principle (Nguyen et al., 2015). The best
protein substitution model was selected by the build-in
model-selection function of the IQ-TREE program, and
bootstrap support values from 1000 replicates were as-
sessed with the ultrafast bootstrap approximation.

Tests for selection using likelihood ratio tests

The protein sequences of PcG/TrxG genes were aligned
with the MAFFT alignment program version 7.215 and
subsequently back-translated into the corresponding nu-
cleotide sequences (Katoh et al., 2009). The PcG/TrxG

© 2017 Institute of Zoology, Chinese Academy of Sciences, 26, 20—34

Polycomb/Trithorax genes in arthropods 23

genes showing signals of gene conversion were filtered
from the selection analysis using the GENECONYV pro-
gram version 1.81a. To assess the contribution of natural
selection during the diversification of PcG/TrxG genes in
arthropod species, the ratios of nonsynonymous substitu-
tion per nonsynonymous site to synonymous substitution
per synonymous site (w) across the phylogenetic tree of
the species examined were determined using the program
codeml of the PAML package version 4.48a (Yang, 2007).
To test for positive selection, the null model (one-ratio
model) assumes that the w ratios are invariable among all
branches examined, whereas the alternative model allows
the w ratio to vary along specific branches. Likelihood ra-
tio tests with one degree of freedom were used to compare
the null and alternative models (Yang, 1998). Compared
with the score of the null model, a significantly higher
likelihood score of the alternative model implied a better
fit to the tested data, indicating a variation of selective
pressures in specific branches. Bonferroni corrected sig-
nificance threshold was set to be 0.005, as followed by
the previous study (Pauli et al., 2016).

Results

Assessment of protein-coding gene annotation in
arthropod genomes

We searched for the orthologous genes of 17 PcG genes
and 40 TrxG genes from D. melanogaster in genome da-
tum sets from 180 arthropod species, including 159 insect
species, 11 chelicerates, seven crustaceans, two non-insect
hexapods and a myriapod. We also included two tardi-
grades as outgroup species. These 182 species represent
30 orders, 79 families and 118 genera (Table S1). Due to
different genome assembly completeness, protein-coding
gene annotation quality resulted in gene repertoire varia-
tions. Assessing protein-coding gene annotation based on
total predicted gene number in official gene sets is not fea-
sible. For example, a relatively small gene set might have
been explained by low quality of protein-coding gene an-
notation rather than lower gene numbers. Therefore, the
gene identification of target genes in a given genome was
influenced by gene annotation quality in official gene sets.
We assessed the completeness of official gene sets using a
set of 2675 near-universal single copy orthologs of arthro-
pod genomes in BUSCO. The BUSCO assessment results
are summarized in Figure 1, and complete assessment
values for all studied arthropod genomes are provided in
Table S2. The gene annotation completeness as calcu-
lated by the percentage of detected BUSCO genes ranges
from 100% (D. melanogaster, Insecta, Diptera) to 27%
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Fig. 1 Assessments of annotation completeness with single-
copy orthologs. The 2675 near-universal single-copy orthologs
of arthropods from BUSCO database were used in the annota-
tion completeness assessments for the official gene sets of 182
genomes. The violin plot in the left panel shows the distribution
of the percentage of BUSCO annotation completeness.

(Loxosceles reclusa, Arachnida, Araneae). The high-
quality gene annotation completeness for a large portion
(median, 96%; 25th—75th percentile, 90%—99%) of the
arthropod genomes studied suggested that the protein-
coding gene annotation quality for most genome data is
sufficient for further analysis. However, due to their low
coverage of BUSCO gene sets, we excluded the genome
data for six arthropods, including Pachypsylla venusta
(59%, Insecta), Eurytemora affinis (58%, Maxillopoda),
Limnephilus lunatus (52%, Insecta), Megaselia scalaris
(42%, Insecta), Latrodectus hesperus (40%, Chelicerata)
and Loxosceles reclusa (27%, Chelicerata), for further
analysis due to low coverage of BUSCO gene sets. There-
fore, the gene sets of 174 arthropod genomes and two
non-arthropod genomes were used in further analysis.

Gene identification of Polycomb/Trithorax group genes

The gene identification of 17 genes encoding the sub-
units of five PRCs and 40 genes encoding subunits of
TrxG complexes has been analyzed. The studied 17 PcG
genes included Sce, Psc, Pc, ph-p and Scm in PRC1 com-
plex; E(z), esc, escl, Su(z)12, Cafi-55, and Pcl in PRC2
complex; pho, phol, and Sfinbt in PhoRC; Kdm?2 in dRAF
complex (Sce and Psc are also involved in dRAF complex
formation); and Asx and calypso in PR-DUB complex.
The studied 40 TrxG genes included the following: Set/,
Cfpl, Wdr82, ash2, Dpy-30L1, Hcf, RbbpS5, and wds in
COMPASS complex; trx, Mnnl, trr, Utx, Ncoa6, Pal,
and Ptip in COMPASS-like complex; nej, Sbf, ashl in

TACI1 (also including #rx) and ASH1 complexes; brm,
Bap60, polybromo, Bap55, Baplll, Bapl70, osa, mor,
e(y)3, and Snrl in SWI/SNF complex; E(bx), Iswi, Nurf-
38 and Cafi-55 in ISWI complex; and Chd, Mi-2, HDACI,
MBD-like, MTAI-like, simj, Rm62 and kis in CHD com-
plex. Five genes, ash2, Dpy-30L1, Hcf, Rbbp5 and wds,
were also involved in COMPASS-like complex forma-
tion. We searched for PcG and TrxG orthologous genes
using the protein sequence of D. melanogaster PcG and
TrxG protein as a BLAST query. Searching the official
gene sets of 176 species allowed us to identify 12 466
putative PcG/TrxG genes. Genome assembly or annota-
tion artifacts may result in two gene fragments, which
are split from one complete canonical PcG/TrxG gene.
In case of fragmentation for each orthologous gene, a
total of 2569 short gene fragments (less than 60% of
the corresponding gene length in D. melanogaster) were
filtered to exclude the possibility of gene copy num-
ber overestimating. As DNA contamination from other
species, including microorganisms, plants and endosym-
bionts, is an important challenge of arthropod genome
sequencing project, we filtered the putative PcG/TrxG
genes which are not from arthropod genomes (Alkan et al.,
2011). The BLAST searches against the non-redundant
NCBI protein database revealed that 37 TrxG/PcG genes
were from non-arthropod species. All of these non-
arthropod genes are bacterial in origin, and a majority of
them (57%, 21 in 37) are from Proteobacteria (Fig. S1).
Gene annotation in the Blattella germanica genome
contains the most abundant non-arthropod TrxG/PcG
genes, including three copies of Rm62 (BGER006221-
PA, BGER026712-PA, and BGERO004656-PA), three
copies of Nurf-38§ (BGER009429-PA, BGERO011989-
PA, and BGER024170-PA), and two copies of Iswi
(BGERO000971-PA, and BGERO019004-PA). The non-
arthropod PcG/TrxG genes in the 176 gene sets are
listed in Table S3. A previous study showed that BGIB-
MGAO006325 is Esc in B. mori and that Esc/ is not iden-
tified in B. mori and three other insects, Aedes aegypti,
Tribolium castaneum and Apis mellifera (Li et al., 2012).
In fact, our reciprocal BLAST hit results indicated that,
consistent with the ortholog relationships in FlyBase,
BGIBMGAO006325 is the ortholog of Esc/ gene in D.
melanogaster.

Phylogenetic distribution of PcG/TrxG genes across
arthropod phylogeny

To visualize the phylogenetic distribution of PcG/TrxG
genes, we mapped the respective PcG/TrxG genes
(Table S4) to the arthropod phylogeny, which was
constructed by the 593 single-copy complete BUSCO
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genes using the parallelizing program IQ-TREE under
maximum likelihood principle. The arthropod phyloge-
netic tree is consistent with the phylogenomic tree in-
ferred from transcriptome data (Misof et al., 2014). The
PcG genes could be divided into two different categories
based on their phylogenetic distribution (Fig. S2): (1) a
large portion of the 17 PcG genes, including Kdm?2, Cafl-
55, escl, Sce, Su(z)12, E(z), Psc, Sfmbt, Asx, calypso, Scm,
Pcl, Pc, and Pho, is particularly widespread across arthro-
pod species; and (2) the three PcG genes, ph-p, phol, and
esc, show patchy phylogenetic distribution and were only
found in a limited number of arthropod species. Simi-
lar to the broad distribution of PcG genes in arthropods,
most TrxG genes are found in all major arthropod lin-
eages. Multiple gene copies, which were possibly derived
by gene duplication from an ancestral gene, could be de-
tected in both PcG and TrxG genes. The duplication events
generally occurred in the species, which were closely
related on the phylogenetic tree. This finding suggests
that lineage-specific duplication events might be corre-
lated with a diversification and functional specialization
of PcG and TrxG genes in specific lineages of arthropods.
The lysine-specific demethylase 2, Kdm2, was subject to
the most frequent duplication events among the 17 PcG
genes. As shown in Figure S2, the multiple gene dupli-
cates of Kdm2 (number of gene copies, mean: 2.16, stan-
dard deviation: 1.07) were observed in the major insect
orders, including Lepidoptera, Coleoptera, Thysanoptera,
Hymenoptera, Thysanoptera, Blattodea, Ephemeroptera,
Odonata, and Orthoptera. The duplication events of Kdm?2
were also observed in non-insect arthropod orders, includ-
ing Diplura, Branchiopoda, Malacostraca, Maxillopoda,
Merostomata, Arachnida, and the outgroup Eutardigrada.
Besides Kdm?2, Psc (number of gene copies, mean: 1.50,
standard deviation: 0.72) and Sfinbt (number of gene
copies, mean: 1.38, standard deviation: 0.60) also had
duplicated copies. As shown in Figures S3—S5, the most
prominent duplicated gene in the TrxG genes is wds (num-
ber of gene copies, mean: 4.13, standard deviation: 1.94),
an essential gene coding for a WD-repeat protein. Al-
though the wds duplication events could be detected in
all the arthropod orders studied, the duplication frequen-
cies might vary among different arthropod orders. Most
of the wds genes outside Diptera have several copies rang-
ing from two to nine, whereas only one copy of wds was
detected in the 75% of Dipteran species, suggesting that
the family size of TrxG gene can not only grow but also
shrink. In addition, Bap55, brm, and Rm62 also have mul-
tiple copies. However, their duplication events could only
be observed in a few species, implying a limited phy-
logenetic distribution of these duplication events across
arthropod evolution.
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A character matrix that shows the present/absent states
for each PcG/TrxG gene was used in the ancestral state
inference of interior nodes along with the arthropod phy-
logeny. The ancestral states at different nodes could in-
fer the emergences/losses of the PcG/TrxG genes that
occurred at and above the level of arthropod orders
(Fig. 2). The putative ancestral state was composed of
50 PcG/TrxG genes present in the last common ancestor
of the species involved. The numbers of PcG/TrxG genes
range from 44 to 56 in all the arthropod species, suggest-
ing that the number of PcG/TrxG genes in a given species
are relatively invariable (P > 0.05, Mann—Whitney U-
tests) during arthropod evolution. Consistent with the
relative invariability of gene number, the ancestral state
inference results showed that, along with arthropod evo-
lution, no emergence of either PcG or TrxG genes oc-
curred above the order level. Compared with those of
the outgroup tardigrades, the gene emergence events for
few genes (Su(z)12, Pcl, Ncoa6, Pal, Chdl, and Rm62)
were only observed at the basal branches of the arthro-
pod phylogenetic tree, which indicated that the ancestor
of arthropod species has an almost complete repertoire of
PcG/TrxG genes. The PcG/TrxG genes are seldom lost
above orders during arthropod evolution, possibly indi-
cating a strong selection pressure to maintain PcG/TrxG
genes in arthropod species. The exception includes esc,
Dpy-30L1, Pal, Rm62, phol, Asx, ph-p, Ncoa6, and trx.
However, we did detect the losses of esc and Rm64 in
more than three specific lineages, taking account of the
ancestral states of these genes in the early arthropod phy-
logeny. The previous study in Diptera showed that the
esc/escl duplication took place ~ 130 million years ago, af-
ter the split of the Psychodidae family from other dipteran
species (Calvo-Martin ef al., 2017). But, the presence of
esc/escl in Tardigrada and in a wide range of arthropod
species suggested that esc and esc/ are ancient duplicates,
which were already present in the last common ancestor
of arthropod species.

Domain diversity analysis of PcG/TrxG genes

The putative protein domains for all the PcG/TrxG
genes were identified in the Pfam signatures using a
cut-off E-value of 1E-5. The D. melanogaster PcG/TrxG
genes as domain structure examples are shown in Figure 3.
Different PcG/TrxG genes showed distinct domain struc-
ture, which indicated that the domain structure pattern
reflected the gene function. In general, the protein do-
mains in PcG (average: 3.11 domains per gene) genes are
less abundant than those in TrxG (average: 4.34 domains
per gene) genes, but the differences were not significant
(P = 0.144, Mann—Whitney U-tests). The most frequent
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Fig. 2 Inference of ancestral state of PcG and TrxG genes along arthropod evolution. The emergence and loss of PcG and TrxG genes
are indicated in the internal nodes of the phylogenetic tree. The bars indicate the number ranges of PcG and TrxG genes in each order.
The numbers of species in each order are as follows: Amphipoda, 1; Araneae, 2; Astigmata, 1; Blattodea, 1; Coleoptera, 9; Collembola,
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domains in PcG genes are the WD40, MBT (PF02820),
Zinc finger C2H2 type (zf-C2H2, PF00096), and Zinc-
finger double (zf-H2C2_2, PF13465), and sterile alpha
motif (SAM, PF07647) domains. Meanwhile, the most
frequent domains in TrxG genes are the WD40, PHD, Bro-
modomain, Chromo and ANAPC4_WD40 domains. The
Pfam signature results indicated that five PcG/TrxG genes
had enzymatic activity. Four TrxG genes, Setl, ashl, trr
and frx, and one PcG gene, E(z), are histone methyl-
transferases. Their enzyme activities are medicated by
Su(var)3-9, Enhancer-of-zeste, Trithorax (SET, PF00856)
domain. Protein domain gain and loss are important for
gene function innovation which results in the creation of
molecular biodiversity and functional molecular changes
(Bornberg-Bauer & Alba, 2013). To better understand
the domain diversity of PcG/TrxG genes, we generated
domain structure maps for the coding region of each

PcG/TrxG gene for all the studied arthropod genomes.
The detailed results of the domain structure analysis are
present in Table S5. The conserved domains of each
PcG/TrxG gene are combined with other variable domains
in different modular arrangements. For example, ashl in
D. melanogaster is composed of three functional domains,
including SET domain (SET, PF00856), bromo-adjacent
homology domain (BAH, PF01426), and PHD-finger
domain (PHD, PF00628), as shown in Figure 4A.
However, ashl in most arthropod species contains an
additional conserved domain, Bromodomain (PF00439),
except in the Dipteran and Lepidopteran species. A frag-
mentary Bromodomain domain could be identified in a
small portion of the Dipteran and Lepidopteran species,
thereby indicating that the Bromodomain domain is ex-
clusively decayed and lost in Diptera and Lepidoptera. In
a global view, the PcG/TrxG genes show variable extent
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of domain structure changes (Fig. 4B). The top 14 most
variable genes in domain number are trr, wds, Hcf, Ptip,
Mi-2, nej, Sbf, brm, polybromo, Iswi, trx, E(bx), kis, and
Chdl. All of these genes are TrxG genes. Compared with
other PcG/TrxG genes, five TrxG genes (Bap60, HDACI,
Pal, Snri, and Bap55) and three PcG genes [Su(z)12, ca-
lypso and E(z)] have fewer fluctuations in domain struc-
ture composition.

Tests of selection acting on PcG/TrxG gene

To assess the contribution of natural selection during the
diversification of PcG/TrxG genes in arthropod species,
we measured the pairwise o values. All the w values in
PcG/TrxG genes are less than 1, indicating a purifying (or
negative) selection on these genes (Fig. 5). Although the w
values for each PcG/TrxG gene are not greater than 1, the
distribution of the w values showed the heterogeneity pat-
tern of evolutionary rates acting on arthropod PcG/TrxG
genes. Psc in PcG genes and Ptip in TrxG showed a rel-
atively high w value in their corresponding gene group.
However, high sequence divergence deduced by high w
values is not equated with function divergence of Psc,
due to their shared physical properties (Beh et al., 2012).
Holometabolism, which is the most distinctive character-
istic of insects, is a highly successful biological adaptation
(Truman & Riddiford, 1999). We performed the branch-
model selection analysis to determine whether positive
selection acting on PcG/TrxG genes plays a role in the
novelty of holometabolism. Specifically, we tested the
hypothesis that the selection pressure acting on the spe-
cific branch leading to holometabolous insects was signif-
icantly different from the average over the other branches
(Fig. 2). Under the homogeneous one ratio model (MO0) as-
suming the invariable w values among sites and branches,
w ranges from 0.007 (Wdr82) to 0.169 [e(y)3] among dif-
ferent PcG/TrxG genes. The likelihood ratio tests provide
evidence for four genes, brm, kis, nej, and trr, showed sig-
nals of positive selection on the specific branch leading
to holometabolous insects (Table 1).

Discussion

In this study, all the sequenced arthropod genomes that
are publicly accessible at the time of conducting this study
were assessed for the annotation completeness of official
gene sets. A total of 174 arthropod genomes were pre-
served for further analysis due to their high-quality an-
notated gene sets. The PcG/TrxG genes were identified
by BLAST searching under the best reciprocal hit crite-
rion. The results of ancestral state reconstruction analysis
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indicated that the ancestor of arthropod species had
an almost complete repertoire of PcG/TrxG genes and
that most of these genes are seldom lost above order
level in arthropod evolution. Finally, the domain diver-
sity and selection test analyses revealed considerable dif-
ferences of domain structure and sequence divergence
among PcG/TrxG genes. These data suggested that, in
spite of their high conservation, the different members of
PcG/TrxG genes have undergone divergent evolutionary
patterns in arthropod evolution.

We did not search for the PcG/TrxG gene fragments
in the genome sequences by TBLASTN searches; a
complemental search method is usually used in gene
identification in limited species or for limited genes.
The annotation authenticity based on the TBLASTN
searches was considered to be impaired by the presence of
processed pseudogenes: nonfunctional, fragmentary, and
intronless copies of authentic genes found elsewhere in
eukaryotic genomes (van Baren & Brent, 2006). The
gene identification strategy using the TBLASTN searches
frequently mistake processed pseudogenes for authentic
genes, which leads to biologically irrelevant gene iden-
tification. In most cases, the official gene sets are pre-
dicted by the standard genome-wide gene annotation pro-
grams. Although different genome-wide gene annotation
programs differ in their process details, they share a core
set of features (Yandell & Ence, 2012). In general, these
annotation programs identify genomic repeat sequences,
align RNA transcripts and homology proteins to a genome
using splice-site-aware alignment algorithms, generate ab
initio and/or evidence-driven gene predictions, and auto-
matically combine these computed data into final gene
sets. In addition, the information about expression evi-
dence, exon boundaries, and splice sites is fully taken
into account in gene structure determination (Cantarel
etal.,2008). Therefore, the official gene set, which is usu-
ally predicted by standard genome-wide gene annotation
programs, is clearly a more reliable gene repertoire than
those predicted by the TBLASTN searches. In this study,
we only identified the PcG/TrxG genes in the official
gene sets and abandoned the gene identification methods
based on TBLASTN searches. Alternatively, we filtered
the potential low-quality gene sets, according to the gene
annotation assessment results using a set of 2675 near-
universal single copy orthologs of arthropod genomes in
BUSCO. This filtering approach by BUSCO assessment
is not influenced by species-specific biological concerns.
For example, the body louse (Pediculus humanus) has
the smallest known insect genome and retains a limited
gene repertoire of 10 773 protein-coding genes (Kirkness
et al.,2010), which is remarkably less than the gene num-
ber in most arthropod species studied, due to its obligate
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Fig.5 Distribution of w values in pairwise comparisons of PcG and TrxG genes in arthropods. The ratios of nonsynonymous substitution
per nonsynonymous site to synonymous substitution per synonymous site (w) across the phylogenetic tree of the species examined
were determined using the program KaKs_Calculator version 2.0 under MA method. The w ratios summarize the evolutionary rates of
genes, and thus their distribution reflects the variable extent of strength of natural selection in a global view. In general, the distribution
comparison of w ratios should be cautious with the phylogenetic distances among involved species. Because the PcG and TrxG genes
are highly conserved in most of arthropod species studied, the w ratios were determined in a pairwise manner which is not required to
consider the phylogenetic relationships of the species being studied.

parasitic lifestyle. However, more than 99% of BUSCO more, this filtering approach is practicable in gene identi-
genes could be identified in the P humanus genome, in- fication for large-scale genomic data due to the avoid-
dicating a complete representation of gene repertoire in ance of the laborious and time-consuming TBLASTN
the official gene set of the P humanus genome. Further- searching.
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Table 1 Tests of rate heterogeneity acting on PcG/TrxG genes
in arthropods. The evidence of heterogeneity in evolutionary
rate was tested by using the branch model within PAML. The
Bonferroni correction for multiple testing was applied in signif-
icance determination. The degree of freedom (df) was 1 for all
tests.

Gene —2(InL1—InL0) P-value Padj
ashl —5.782 0.016 0.059
ash2 —1.427 0.232 0.423
Asx —1.058 0.304 0.500
Baplll —5.129 0.024 0.071
Bap170 —7.572 0.006 0.034
Bap55 —0.023 0.880 0.898
Bap60 —7.146 0.008 0.038
brm —17.957 <0.001 <0.001"
Cafl —5.841 0.016 0.059
calypso —1.914 0.167 0.315
Cipl —0.191 0.662 0.750
Chdl —8.542 0.003 0.029
Dpy-30L1 —0.322 0.571 0.693
E(bx) —7.591 0.006 0.034
e(v)3 0.000 0.997 0.997
E(z) —2.263 0.133 0.261
Hcf —5.300 0.021 0.071
HDACI1 —0.051 0.821 0.855
Iswi —0.519 0.471 0.608
Kdm?2 —0.520 0.471 0.608
kis —14.601 <0.001 0.002"
MBD-like —1.339 0.247 0.434
Mi-2 —6.911 0.009 0.040
Mnnl —3.315 0.069 0.159
mor —8.215 0.004 0.030
MTAI-like —11.318 0.001 0.008
Ncoa6 —0.155 0.694 0.769
nej —19.300 <0.001 <0.001
Nurf-38 —4.925 0.026 0.071
osa —4.948 0.026 0.071
Pal —0.536 0.464 0.608
Pc —0.806 0.369 0.538
Pcl —0.500 0.480 0.608
Pho —0.223 0.637 0.738
polybromo —0.854 0.356 0.538
Psc —0.817 0.366 0.538
Ptip —4.784 0.029 0.073
Rbbp5 —0.055 0.814 0.855
Rm62 —0.725 0.395 0.560
Sbf —3.819 0.051 0.123
Sce —-0.924 0.336 0.536
Scm —3.164 0.075 0.167

(to be continued)
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Table 1 Continue.

Gene —2(InL1—InL0) P-value Padj

Setl —6.540 0.011 0.045
Sfinbt —0.090 0.764 0.829
simj —0.479 0.489 0.608
Snrl —5.212 0.022 0.071
Su(z)12 —3.054 0.081 0.171
trr —19.199 <0.001 <0.001
trx —2.480 0.115 0.235
Utx —-1.277 0.259 0.440
wdr82 —0.278 0.598 0.709

InL0, likelihood value for the null model; InL1, likelihood value
for the alternative model; p,q;, corrected P-value using Bonfer-
roni correction. *Bonferroni corrected significance threshold
was set to be 0.005.

The arthropods showing phenotypic plasticity con-
tain the same genome information, but differential
spatial-temporal gene regulation provides each arthropod
individual its own developmental tactics. Therefore, the
developmental tactic choice requires the establishment
of a controlling system for gene expression. In arthro-
pod species, PcG/TrxG genes play important roles in pro-
moting the repression and activation of gene expression,
which are correlated with phenotypic plasticity (Geisler
& Paro, 2015). For example, caste-specific foraging and
scouting behaviors are regulated epigenetically by the
balance between the two TrxG genes, HDACI and nej
in carpenter ant Camponotus floridanus (Simola et al.,
2016). Insulator protein, preventing gene activation, is an-
other important regulator of gene expression (Kim et al.,
2015). The PcG/TrxG-dependent and insulator-dependent
expression controlling systems are two important regu-
latory mechanisms which are both conserved between
vertebrates and insects (Heger ef al., 2012). However,
a recent study showed that several members of insula-
tor genes were absent in a majority of insect clades,
or even were only detected in D. melanogaster (Pauli
et al., 2016). The distinct difference was observed in
the component conservation of these two systems. The
components of PcG/TrxG-dependent system are highly
conserved among arthropods, while those of insulator-
dependent system show a patchy distribution pattern.
This suggests that, in contrast to the sophisticated estab-
lishment of PcG/TrxG-dependent expression controlling
system pre-dating the arthropod evolution, the insulator-
dependent expression controlling systems were gradually
established along arthropod evolution. The distinct evo-
lutionary fates between these two important classes of
gene expression regulators suggest a complex expression
controlling system in arthropods.
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Proteins are composed of a combination of discrete
functional domains, associated with specific roles that
have arisen at different times during evolution (Toll-
Riera & Alba, 2013). In contrast to high conservation of
PcG/TrxG genes, the comparison of domain structure and
selection pressure showed a variability of domain num-
ber and selection strength, which indicated diversified
evolutionary patterns among different PcG/TrxG genes
in arthropod species. In the previous study, the domain
diversity analysis in 20 arthropod species of the pancrus-
tacean clade provided strong evidence that domain emer-
gence is foremost associated with environmental adap-
tation (Moore & Bornberg-Bauer, 2012). Ashl is likely
to interact on chromatin with target genes (Nakamura
et al., 2000). The presence of the Bromodomain domain
of ashl could be detected in a large portion of arthropod
species studied but not in Diptera and Lepidoptera. Bro-
modomain domain, which is present in many transcrip-
tion and chromatin regulators, can interact specifically
with acetylated lysine residues in histones and non-histone
proteins (Yang, 2004). Acetylated lysine residues in his-
tones or non-histone proteins would target Bromodomain-
containing proteins and their associated complexes, act-
ing in transcriptional control (Nakamura et al., 2000).
These results suggested that additional protein—protein
interaction of ash/ in a wide range of insects might be
lost in Diptera and Lepidoptera. The loss of this protein—
protein interaction in the species was from a broad phylo-
genetic distribution of Diptera and Lepidoptera, a lineage-
specific adaptation or functional deprivation in these two
insect orders. Although the specific explanation is un-
known yet, the absence of Bromodomain domain would
possibly result in fewer target genes or in lower connec-
tivity of ashl node in the regulatory network (Di Roberto
& Peisajovich, 2014). Therefore, protein domains that
emerged or are lost in particular arthropod lineages might
be of special interest in helping understand the mech-
anism of lineage-specific functional adaptation with the
help of experimental evidence. The variable domain struc-
ture is in concordance with the variable selection strength
among different PcG/TrxG genes. Although the w values
for each PcG/TrxG gene are not greater than 1 (positive
selection), the distributions of the w values in pairwise
comparisons are quite different from each other. The like-
lihood ratio tests for selection pressure showed that four
genes, brm, kis, nej, and trr, showed signatures of pos-
itive selection on the branch leading to the insects with
holometabolous development. kis and brm are from the
CHD and SWI/SNF complexes, respectively. t7r and nej
are from the COMPASS-like and TAC1/ASH1 complexes,
respectively. The episodic adaptive selection usually re-
sults in an increase of w values in a pre-assumed branch

leading to unique specific biological relevance (Messier
& Stewart, 1997; Kosiol et al., 2008). Therefore, that all
the four positive selected genes are TrxG genes implied
a critical role of expression activation in holometabolism
emergence. Taken together, our results showed that differ-
ent members of PcG/TrxG genes exhibited considerable
differences in domain structure and sequence divergence,
revealing a divergent evolutionary pattern on highly con-
served PcG/TrxG genes in arthropods.
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Fig. S1. Summary of non-arthropod PcG and TrxG
genes in 176 genomes studied. The BLAST searches
against the NCBI nonredundant (nr) protein database
were used to determine the origin of non-arthropod
genes. As the best hit in the nr protein database was in
the corresponding genome, it was excluded in origin
determination.

Fig. S2. Phylogenetic distribution of PcG genes in
arthropod phylogeny. Blue and transparent circles indicate
the presence and absence of a given PcG gene in genomes,
respectively. Gray circles indicate the presence of a po-

tential fragmentary PcG gene with a length of less than
60% of its corresponding homolog in D. melanogaster.
Multiple blue circles indicate the copy number of identi-
fied PcG genes. One representative was elected for each
genus, and 112 species were included. Table S2 presents
the abbreviations of insect species.

Fig. S3. Phylogenetic distribution of TrxG genes in
arthropod phylogeny. The TrxG genes in this figure
include E(bx), Iswi, polybromo, Rbbp5, wds, HDACI,
Utx, ashl, ash2, Bapl170, Mi-2, mor, Nurf-38, Sbf, Snrl,
Bap55, and Caf1-55. Blue and transparent circles indi-
cate the presence and absence of a given TrxG gene
in genomes, respectively. Gray circles indicate the pres-
ence of a potential fragmentary TrxG gene with a length
of less than 60% of its corresponding homolog in D.
melanogaster. Multiple blue circles indicate the copy
number of identified PcG genes. One representative was
selected for each genus, and 112 species were included.
Table S2 presents the abbreviations of insect species.

Fig. S4. Phylogenetic distribution of TrxG genes in
arthropod phylogeny. The TrxG genes in this figure in-
clude Cfp1, Hcf, MBD-like, nej, brm, trr, kis, Mnnl, osa,
Setl, Wdr82, Bap60, MTAI-like, Ptip, Chdl, Bapl11, and
e(y)3. Blue and transparent circles indicate the presence
and absence of a given TrxG gene in genomes, respec-
tively. Gray circles indicate the presence of a potential
fragmentary TrxG gene with a length of less than 60% of
its corresponding homolog in D. melanogaster. Multiple
blue circles indicate the copy number of identified PcG
genes. One representative was selected for each genus,
and 112 species were included. Table S2 presents the ab-
breviations of insect species.

Fig. S5. Phylogenetic distribution of TrxG genes in
arthropod phylogeny. The TrxG genes in this figure in-
clude simj, trx, Pal, Ncoa6, Rm62, and Dpy-30L1. Blue
and transparent circles indicate the presence and absence
of a given TrxG gene in genomes, respectively. Gray cir-
cles indicate the presence of a potential fragmentary TrxG
gene with a length of less than 60% of its correspond-
ing homolog in D. melanogaster. One representative was
elected for each genus, and 112 species were included.
Multiple blue circles indicate the copy number of iden-
tified PcG genes. Table S2 presents the abbreviations of
insect species.

Table S1. 180 arthropod species and 2 non-arthropod
outgroup species involved in this study.

Table S2. BUSCO assessment of official gene sets.

Table S3. Non-arthropod PcG and TrxG genes poten-
tially from DNA contamination in genome sequencing.

Table S4. PcG and TrxG genes identified in this study.

Table S5. Domain structures of the PcG and TrxG genes
identified in this study.
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