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ORIGINAL ARTICLE
Adaptive selection and coevolution at the proteins of the
Polycomb repressive complexes in Drosophila

JM Calvo-Martin, P Librado, M Aguadé, M Papaceit and C Segarra

Polycomb group (PcG) proteins are important epigenetic regulatory proteins that modulate the chromatin state through
posttranslational histone modifications. These interacting proteins form multimeric complexes that repress gene expression.
Thus, PcG proteins are expected to evolve coordinately, which might be reflected in their phylogenetic trees by concordant
episodes of positive selection and by a correlation in evolutionary rates. In order to detect these signals of coevolution, the
molecular evolution of 17 genes encoding the subunits of five Polycomb repressive complexes has been analyzed in the
Drosophila genus. The observed distribution of divergence differs substantially among and along proteins. Indeed, CAF1 is
uniformly conserved, whereas only the established protein domains are conserved in other proteins, such as PHO, PHOL, PSC,
PH-P and ASX. Moreover, regions with a low divergence not yet described as protein domains are present, for instance, in
SFMBT and SU(Z)12. Maximum likelihood methods indicate an acceleration in the nonsynonymous substitution rate at the
lineage ancestral to the obscura group species in most genes encoding subunits of the Pcl-PRC2 complex and in genes Sfmbt,
Psc and KdmZ2. These methods also allow inferring the action of positive selection in this lineage at genes E(z) and Sfmbt.
Finally, the protein interaction network predicted from the complete proteomes of 12 Drosophila species using a coevolutionary
approach shows two tight PcG clusters. These clusters include well-established binary interactions among PcG proteins as well

as new putative interactions.
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INTRODUCTION
Polycomb group (PcG) proteins constitute an epigenetic silencing
system with a key role in the stable transcriptional repression of
homeotic (Hox) genes, X chromosome inactivation, genomic imprint-
ing, prevention of senescence, stem cell regulation, cell fate determina-
tion and cancer (as reviewed in Simon and Kingston, 2013). Although
first identified in Drosophila melanogaster, these proteins are present
from fungi to mammals and plants. PcG proteins have been purified
as subunits of diverse multimeric complexes that modulate the
chromatin state around the target genomic regions called Polycomb
response elements (PREs) through posttranslational histone modifica-
tions. Genes silenced by the PcG complexes on their binding to PREs
are mainly transcription factors and signaling pathway components.
In Drosophila, the two main Polycomb repressive complexes (PRCs)
are PRC2 and PRCI. The core of PRC2 contains four proteins:
enhancer of zeste (E(Z)), extra sex combs (ESC) or alternatively Esc-
like (ESCL), suppressor of zeste 12 (SU(Z)12) and chromatin assembly
factor 1 subunit (CAF1, also named NURF55). E(Z) has a SET domain
and catalyzes the mono-, di- and trimethylation of histone H3 at lysine
27, which is the repressive chromatin hallmark. ESC boosts the
enzymatic activity of E(Z), whereas SU(Z)12 and CAF1 are essential
for nucleosome binding. A distinct form of the PRC2 complex
contains an additional protein: polycomb-like (PCL). This five-
protein complex (Pcl-PRC2) is responsible for the high levels of
H3K27 trimethylation (H3K27me3) around the PREs that are needed
to maintain the repressed state (Nekrasov et al, 2007).

The core of PRCI also contains four proteins: sex combs extra
(SCE, also named dRING), posterior sex combs (PSC), polycomb
(PC) and polyhomeotic (PH). SCE has an E3 ubiquitin ligase activity
and it monoubiquitylates lysine 118 of histone H2A (H2AK118ub),
which is a second chromatin silencing mark. PC has a chromodomain
that specifically recognizes the H3K27me3 hallmark deposited by
Pcl-PRC2, whereas PSC and PH inhibit chromatin remodeling. PRC1
core complexes can be copurified with the sex comb on midleg (SCM)
protein that could contribute to the recruitment of PRC1 at PRE
(Wang et al., 2010).

The SCE and PSC proteins of PRC1 are two components of another
Polycomb complex named dRAF (dRING-associated factors) that also
contains the lysine (K)-specific demethylase 2 (KDM2) protein
(Lagarou et al, 2008). This last protein enhances the ubiquitin ligase
activity of SCE and has a JmjC demethylase domain, which mediates
the demethylation of H3K36 that in its methylated state is a signal of
gene activation. Therefore, PcG proteins do not only incorporate
silencing hallmarks in the chromatin but they also remove activation
marks introduced by proteins of the Trithorax group. Repression of
PcG target genes also requires the activity of the PR-DUB complex
(Scheuermann et al., 2010) that includes the calypso and additional sex
combs (ASX) proteins and has an H2A deubiquitinase activity. Thus,
surprisingly both H2A monoubiquinitation and deubiquitination have
a role in Polycomb repression.

PhoRC (Pho repressive complex) is an additional Polycomb
complex with two components: pleiohomeotic (PHO), or alternatively
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Pho-like (PHOL), and the product of the Scm-related gene containing
four MBT domains gene (SEMBT). PHO and PHOL are the only two
described PcG proteins with a DNA-binding affinity and thus PhoRC
is crucial for anchoring the other PRCs at PREs. However, the process
of recruitment of PcG complexes to chromatin is not fully character-
ized. According to the classical model, PhoRC would have a pivotal
role in the initial recruitment of PRC2 to PREs. Thereafter, the
H3K27me3 hallmark deposited by Pcl-PRC2 would trigger the
recruitment of PRC1 by means of the chromodomain of PC. Never-
theless, PHO interacts not only with subunits of the PRC2 complex
(Wang et al., 2006) but also with subunits of the PRCI complex
(Mohd-Sarip et al., 2002), which could also contribute to anchor
PRCI at PRE. In addition, it has been proposed that the recruitment
of PcG complexes to chromatin might require additional not yet
identified proteins (Wang et al., 2010). The genome-wide identifica-
tion of PRE regions by chromatin immunoprecipitation assays in
Drosophila identified ~200 large Polycomb domains where PcG
proteins colocalize (Schuettengruber et al, 2009, and references
therein). These elements are included in broader chromatin regions
with the H3K27me3 hallmark. The characterized PREs do not share
any sequence similarity among them, but contain multiple binding
motifs for different DNA-binding proteins (including PHO)
that would work combinatorially to recruit PcG complexes
(Schuettengruber and Cavalli, 2009). Interestingly, PcG proteins
bound to a PRE can silence rather distant promoters, which indicates
that chromatin looping is important in the regulation by PcG proteins.
In addition, PcG proteins are concentrated in nuclear foci termed PcG
bodies, suggesting long-range chromosomal interactions to form
distinct repressive compartments in the interphasic nuclei (Pirrotta
and Li, 2012).

The multiple interactions among PcG proteins required to form the
repressive complexes and to act in concert to repress chromatin might
prevent their independent evolution. In fact, interacting proteins in
protein—protein networks tend to evolve at similar rates (reviewed by
Lovell and Robertson, 2010). Species with a well-characterized
interactome, such as yeast, have provided the strongest support for
this trend, given that interacting proteins exhibit highly correlated
evolutionary rates (Hakes et al., 2007). The correlation of evolutionary
rates can be the result of molecular coevolution (or coadaptation
according to Juan et al, 2008) between the residues of interacting
proteins. Indeed, the substitution of an amino acid in the interaction
interface of one protein might be compensated in the binding partner
protein by another substitution that maintains the integrity and
functionality of the protein complex.

A wide range of bioinformatic methods have been designed to
detect coevolution at the molecular level and thus to predict protein
interactions (reviewed in Juan et al., 2013). Mirror Tree was the first
method developed to analyze the correlation of evolutionary rates
between whole proteins. Initially, this method quantified the extent of
the interaction between two proteins through the correlation coeffi-
cient of the distance matrix of each protein as inferred from the
multiple alignments of the orthologous sequences in the same set of
species. This method was later modified to correct by the background
similarity expected even between non-interacting proteins due to
phylogenetic relationships, that is, the common ancestry of the species
included in the data set (Fraser et al., 2004; Clark and Aquadro, 2010).
An additional modification that also improved Mirror Tree perfor-
mance is the Context Mirror approach that takes into account the
possibility of multiple protein interactions and allows the detection of
only those interactions specific to a single protein pair also in an
evolutionary context (Juan et al., 2008).
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Here we analyze the molecular evolution of 17 genes encoding
proteins of the Polycomb complexes PhoRC, Pcl-PRC2, PRC1, dRAF
and PR-DUB in the 12 Drosophila species with whole sequenced
genomes (Clark et al., 2007) and in 3 additional species of the obscura
group (Drosophila subobscura, Drosophila madeirensis and Drosophila
guanche). The main aim of this study is to analyze whether gene
divergence in the Drosophila genus is affected or not by the physical
interactions of the encoded proteins either to form the complexes or
to assist in their coordinated function. Indeed, the proteins that form
these complexes are good candidates to detect correlated molecular
evolution. The results obtained indicate that: (i) the distribution of
divergence differs substantially among and across PcG proteins, CAF1
being the most uniformly conserved protein; (ii) highly conserved
regions not yet described as protein domains but that might be
relevant to protein function are present in SEMBT and SU(Z)12;
(iii) an increase in the nonsynonymous divergence in the lineage
ancestral to the obscura group species has driven the molecular
evolution of most genes coding for subunits of the Pcl-PRC2 complex
and also of genes Sfinbt, Psc and Kdm2; (iv) positive selection has acted
in this lineage at genes E(z) and Sfmbt; and (v) there are two tight
clusters of coevolving PcG proteins: one with ASX and the subunits of
the Pcl-PRC2 complex and another with CALYPSO and subunits of
the PhoRC, PRC1 and dRAF complexes.

MATERIALS AND METHODS

Fly samples and DNA sequencing

The ch cu strain of D. subobscura and highly inbred lines of D. madeirensis and
D. guanche established after 10 generations of sib mating were available in our
laboratory. DNA from these lines was purified with the PuregenCore Kit B
(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The
17 PcG genes from each species were PCR amplified with primers designed
with the OLIGO v4.1 program (Rychlik, 1993) on the Drosophila pseudoobscura
sequence available at flybase (www.flybase.org). Amplicons were purified with
Qiaquick columns (Qiagen) and sequenced using the ABI Prism BigDye
Terminators 3.0 Cycle sequencing kit (Applied Biosystems, Waltham, MA,
USA). Sequencing reactions were run on an ABI PRISM 3700 automated DNA
sequencer. Both strands were completely sequenced by primer walking using
internal primers. The sequences of the primers used in the PCR amplification
and sequencing, as well as the PCR conditions, are available on request to the
authors. The Seqman program of the DNASTAR Lasergene package (Burland,
2000) was used to assemble the partial sequences.

Divergence analysis
The sequences of the 17 Polycomb genes in the 12 Drosophila species with
sequenced genomes (Clark et al, 2007) were retrieved from flybase (www.
flybase.com) after Blast searches. The MUSCLE program (Edgar, 2004)
implemented in the software MEGA6 (Tamura et al, 2013) was used to
multiple align the orthologous sequences of each gene according to the
alignment of the predicted proteins. Alignments were manually checked and
corrected whenever necessary. The identification of domains in the
D. melanogaster protein sequences was performed using the InterProScan v5
program (Jones et al., 2014) available in the EMBL-EBI web site (http://www.
ebi.ac.uk/Tools/pfa/iprscan5). This program combines different protein signa-
ture databases and recognition methods into one resource. Additional protein
motifs relevant for protein function described in the literature but not included
in these databases were also identified. The putative presence of intrinsically
disordered regions across the D. melanogaster proteins was analyzed with the
PONDR-FIT predictor (Xue et al., 2010) available at http://www.disprot.org.
The Clustal X v2.1 program (Larkin et al., 2007) was used to infer the scores
of amino acid conservation at each site of the multiple alignment of a given
protein according to the protein weight matrix BLOSUM62. This analysis was
performed with the raw protein alignments including regions with indels and
with an uncertain alignment. These regions were manually excluded from the
alignment in the subsequent analyses. The accepted phylogenetic tree of the
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studied species was analyzed by maximum likelihood with the MEGA®6
program (Tamura et al., 2013), to infer and visualize the branch lengths of
each protein phylogeny, according to the Jones-Taylor—Thornton model.

Selection analysis

The PAML v4 package (Yang, 2007) was used to compare different evolutionary
models with alternative assumptions on the w value in the accepted phylogeny
of the studied species. @ estimates (w = dn/ds, where dy and ds correspond to
nonsynonymous and synonymous divergence, respectively) were inferred with
the CODEML program implemented in PAML. The M0 model that assumes
the same @ value in all branches was compared with the free ratio model (FR)
that considered a different @ in each branch. The M0 model was also compared
with the branch model 2R that assumes that the w value for particular branches
of the phylogeny defined as foreground branches differs from the @ value of the
rest of branches (background branches). The branch-site test of positive
selection or test 2, as defined by Zhang et al (2005), was also applied to
detect the presence of positively selected sites in the foreground branch. In this
test, the modified branch-site model A that includes a site class with w,>1
(that is, under positive selection) in the foreground branch is compared with a
null model with a fixed w, =1 in this branch. For each model, the CODEML
program implemented in PAML was run multiple times with different initial
values to prevent incorrect parameter estimates caused by local optima. In all
cases, a likelihood ratio test (LRT) was used to infer whether the null model
could be rejected assuming that twice the log likelihood difference between two
nested models differing in n free parameters follows a y?-distribution with n
degrees of freedom. Sites under positive selection in the foreground branch
were identified by the Bayes Empirical Bayes method (Yang et al, 2005). The
random effects branch-site model (REL) developed by Kosakovsky Pond et al.
(2011) and available in the datamonkey web server (www.Datamonkey.org) was
also applied to each gene, to detect branch-specific signals of episodic selection
in the phylogeny.

Coevolution analysis

The Context Mirror approach (Juan et al., 2008), based on the Mirror Tree
method, was used to detect putative coevolution among the studied Polycomb
proteins. With this purpose, the complete sets of protein-coding genes for the
12 Drosophila species, as well as their pairwise orhologous relationships, were
downloaded from FlyBase (D. melanogaster release 5.56, Drosophila simulans
r1.4, Drosophila sechellia r1.3, Drosophila yakuba r1.3, Drosophila erecta r1.3,
Drosophila ananassae r1.3, Drosophila persimilis r1.3, D. pseudoobscura r3.1,
Drosophila willistoni r1.3, Drosophila grimshawi r1.3, Drosophila mojavensis r1.3,
and Drosophila virilis r1.2). The retrieved sequences were replaced when
required by those reannotated or resequenced in the present study. Pairs of
homologous genes were clustered into groups of multiple species with the mcl
program available at http://micans.org/mcl. Only orthologous groups with a
single gene copy (that is, 1:1) in each Drosophila species were retained for
further analyses (n=6563). For each 1:1 group, the most likely orthologous
combination of protein isoforms was selected using the PALO software
(Villanueva-Cafias et al., 2013). These protein isoforms were aligned using
the probabilistic framework provided by PRANK vl1.4 (Loytynoja and
Goldman, 2008). Perl scripts were developed to filter out alignment positions
with a posterior probability lower than 99%. The amino acid distances among
Drosophila species were estimated with the CODEML program of the PAML v4
package (Yang, 2007), separately for each orthologous group. As a proxy for
coevolution, these amino acid substitution rates were compared across
phylogenetic lineages, using the ContextMirror program with P-value cutoffs
of 1074 (Juan et al, 2008). CytoScape (Shannon et al, 2003) was used to
represent significant instances of coevolution as a network.

RESULTS

Gene identification

Molecular evolution of 17 genes encoding subunits of five PRCs has
been analyzed. The studied PcG genes are: Sfimbt, Pho and its paralog
Phol (PhoRC complex); E(z), Esc, its paralog Escl, Su(z)12, Cafl and
Pcl (Pcl-PRC2 complex); Sce, Psc, Pc, Ph-p and Sem (PRC1 complex);
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Kdm2 (dRAF complex); and Calypso and Asx (PR-DUB complex).
These genes were identified in D. melanogaster, D. simulans,
D. sechellia, D. yakuba, D. erecta, D. ananassae, D. pseudoobscura,
D. persimilis, D. willistoni, D. mojavensis, D. virilis and D. grimshawi
after Blast searches against their complete genomes made available by
the Drosophila 12 Genomes Consortium Initiative (Clark et al, 2007).
The first nine species are members of the Sophophora subgenus,
whereas the last three belong to the Drosophila subgenus. The 17 genes
were present in the 12 species. The paralog of Ph-p (Ph-d) was not
included in the analysis given its absence in the species of the
Drosophila subgenus. Several cases of sequencing errors and missan-
notations were detected (Supplementary Table S1). Most errors are
single nucleotide indels that cause frameshift mutations and occasion-
ally affect the predictions of the gene intron—exon boundaries. In
addition, there are some cases where the sequence of a gene was
partially incomplete in a species. Almost all these problems could be
corrected by resequencing the corresponding gene region. The
complete coding region of the 17 genes was also sequenced in the
three closely related species D. subobscura, D. madeirensis and
D. guanche (subobscura subgroup) that like D. pseudoobscura and D.
persimilis are included in the obscura group of Drosophila.

The exon—intron organization of most genes (Phol, Cafl, E(z), Su(z)
12, Escl, Psc, Sce, Pc, Scm and Calypso) as annotated in D. melanogaster
is conserved in the studied species (Figure 1). In contrast, intron gain
or loss events were detected in particular lineages at Sfinbt, Esc, Pcl, Ph-
P> Kdm2 and Asx. Finally, in Pho the exact boundaries of exons 2 and 3
could not be confirmed with certainty in all species given the high
divergence of the gene in this region. Each gene is included in scaffolds
assigned to the same Muller’s element in the 12 species with complete
sequenced genomes.

Divergence along the subunits of the PcG complexes
The distribution of the amino acid divergence along the multiple
alignment of each protein is shown in Figure 2, where the described
protein domains are also indicated. The PhoRC complex is formed by
two subunits: PHO (or PHOL) and SFMBT. Divergence at PHO is
rather high with some multiple alignment positions being quite
uncertain. Only the four C2H2-type zinc fingers and the SP (spacer)
domains (Lesley Brown et al., 1998) are highly conserved. SP is a
functionally characterized domain that is critical for the interaction of
PHO with E(Z) and participates in the interaction with ESC (Wang
et al., 2004). PHOL shows a pattern of divergence similar to that of
PHO, although it is not so divergent among species. SEMBT has an
FCS-type zinc finger domain, four MBT (malignant brain tumor)
repeats and a SAM (sterile a-motif) domain that are highly conserved.
The most conserved subunit of the Pcl-PRC2 complex is CAF1
(Figure 2), a member of the WD40 family with a seven-bladed f-
propeller structure. Only 7 amino acid replacements (5 of them
present in a single species) were detected in the 430 residues long
CAF1 protein. The ESC and ESCL proteins that, like CAFI, are
members of the WD40 family are also highly conserved not only in the
characteristic WD40 region but also in the NTD domain (N-terminal
domain), which in ESC binds to histone H3, and thus might
contribute to enhance the enzymatic activity of E(Z). The SET
catalytic domain of E(Z) characteristic of histone methyltransferases
is extremely conserved. Indeed, no replacements were detected in this
domain in the 15 species studied. The other E(Z) domains (O’Connell
et al., 2001) also show a low divergence (that is, the CXC domain
preceding SET, EID (ESC interacting domain), PBD1, PBD2 (PCL
binding domains), SANT and domain II that interacts with SU(Z)12).
The three domains of SU(Z)12 are also highly conserved: the zinc
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finger C2H2, VEFS box and the NTD that interacts with CAF1
(Nowak et al, 2011). The presence in SU(Z)12 of two highly
conserved regions between NTD and C2H2 not yet characterized as
protein domains is noteworthy. PCL is the most divergent subunit of
the Pcl-PRC2 complex. Protein conservation is nearly restricted to the
described protein domains: Tudor, the two PHD-type zinc fingers,
CLD (chromo-like domain; Wang et al, 2004) and EH domain
(extended homology domain; Wang et al., 2004).

The core of the PRC1 complex has four subunits: PSC, SCE, PC
and PH-P. Divergence along PSC and PH-P is distributed quite
heterogeneously and highly divergent regions are interspersed with
conserved regions, some of which correspond to the described protein
domains: the RING-type zinc finger and the HTH (helix-turn-helix
domain; Kyba and Brock, 1998) of PSC, and the FCS zinc finger and
SAM domains of PH-P. Conservation is high around the RING-type
zinc finger and the two HD domains (Gorfinkiel et al., 2004) of SCE,
which, in turn, has a rather high divergence outside the functional
domains. A similar pattern is detected in SCM, where a high
conservation is detected mainly in the protein domains (that is, the
FCS zinc finger, the two MBT repeats, the Scm-like embedded domain
(SLED) and the SAM domains). The chromodomain (CD) of PC that
recognizes the H3K27me3 hallmark established by the E(Z) subunit of
PRC2 is highly conserved, as it is its C-terminal domain (CTD; Franke
et al., 1995) and also a central region not previously identified as a
protein domain. Divergence along KDM2 (that together with PSC and
SCE forms the dRAF complex) shows highly conserved regions that
include the JmjC catalytic domain, the CXXC-type zinc finger,

Heredity

the F-box and the Amnl/LRR domains. Finally, the pattern of
divergence differs substantially along the two subunits of the PR-
DUB complex. CALYPSO with a peptidase Cl12-ubiquitin carboxyl-
terminal hydrolase domain is highly conserved, whereas conservation
along ASX is almost only restricted to the ASXH and the PHD-type
zinc finger domains.

Selection in the subunits of the PcG complexes

Protein divergence may vary in different lineages due to episodic
adaptive selection resulting in an acceleration of the amino acid
substitution rate, which can be reflected in the protein phylogenetic
tree. In addition, in the case of interacting proteins the same lineages
might be affected by positive selection due to protein coevolution. As a
first approach to detect adaptive selection, phylogenetic trees were
obtained for each PcG protein by maximum likelihood with the
MEGAG6 program (Tamura et al., 2013) fixing the commonly accepted
phylogeny of the 15 studied species, in order to infer branches lengths
and therefore the substitution rate for each branch. The most striking
result of this analysis is the strong acceleration in the amino acid
substitution rate at the branch ancestral to the species of the obscura
group (henceforth, Bobs branch or lineage) for three proteins of the
Pcl-PRC2 complex: the two interacting proteins E(Z) and ESC, and
PCL that interacts with E(Z). The same tendency, although not so
strong, is detected in SEMBT of the PhoRC complex (Figure 3).
Phylogenetic trees based on synonymous divergence in the corre-
sponding genes do not exhibit this acceleration (results not shown),
which the synonymous and
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nonsynonymous substitution rate in the Bobs branch. This result
suggests positive selection acting on these proteins before the split of
the subobscura and pseudoobscura subgroups and it even suggests the
coevolution of some PcG proteins.

According to these results, the evolutionary models implemented in
PAML (Yang, 2007) were applied to try to detect adaptive selection
acting on PcG genes in particular lineages of the phylogeny. As a
first approach, the MO model, which assumes the same @ estimate
(w=ad\/ds, that is, the ratio between nonsynonymous and synon-
ymous divergence) for all branches was compared with the free ratio
(FR) model, which allows a different @ for each branch. Except for
genes Cafl, Pc, Scm and Calypso, the MO model could be rejected

(Table 1), indicating heterogeneity in the @ estimates across branches
in the phylogeny for most studied genes. Next, the MO model was
compared with a branch model (2R-fops) assuming two @ estimates:
one for the branch leading to the obscura group species (Bobs) that
was fixed as foreground branch (@fgeps) and one for the rest of
branches (wb). The 2R-fgos model is better supported by the data
than the M0 model, not only for the four genes with a long Bobs
branch in Figure 3 (E(z), Esc, Pcl and Sfmbt) but also for Su(z)12, Psc,
Sce and Kdm2. In Esc and Su(z)12, @ heterogeneity is exclusively
explained by the Bobs branch, as the 2R-fg,,s model could not
be rejected when compared with the free ratio (FR) model (Table 1).
The ML estimates under the best-fit model reveal that wfgps values are
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Figure 3 Phylogenetic trees according to protein divergence of the SFMBT subunit of the PhoRC complex and of the E(Z), ESC and PCL subunits of the Pcl-
PRC2 complex. Branch lengths were obtained with MEGA6 (Tamura et al., 2013) by maximun likelihood fixing the commonly accepted phylogeny of the
studied species. The branch leading to the obscura group species (Bobs in the text) is highlighted. Dmel, D. melanogaster; Dsim, D. simulans; Dsec,
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D. madeirensis; Dgua, D. guanche; Dwil, D. willistoni; Dmoj, D. mojavensis; Dvir, D. virilis; and Dgri, D. grimshawi.

significantly higher than wb values in four of the six genes coding for
subunits of the Pcl-PRC2 and also in Sfmbt, Psc and Kdm?2 (Figure 4).
The highest difference is detected in Esc and E(z) with a @fgops/@b
ratio equal to 13.9 and 8.7, respectively. Finally, the branch site test of
positive selection (or test 2 in Zhang et al., 2005) was applied, which
showed that the differences at E(z), Sfinbt and Phol in the wfgqps and
wb estimates are at least partly explained by positive selection acting in
the Bobs lineage. In addition, the Bayes empirical Bayes method
identified six codons with a high posterior probability of having
evolved under positive selection in the Bobs lineage at E(z), seven
codons at Sfmbt and one at Phol (Figure 2). All sites under positive
selection at E(z) are located in gene regions that code for described
protein domains. In contrast, only one of the selected codons at Sfmbt
is in a region coding for a domain, but two of them are close to one
such region. The remaining four codons cluster in a region at the
beginning of the open reading frame and thus at the conserved
N-terminal region of the protein. The single codon under positive
selection at Phol is neither located in a conserved region nor in a
region coding for a protein domain.

The described PAML analysis was performed fixing as foreground
the Bobs branch suspected to have been under positive selection at
least in some genes according to the phylogenetic trees (Figure 3).
Kosakovsky Pond ef al. (2011) developed a random-effects branch site
method to detect episodic positive selection in particular lineages of a
phylogeny that does not require defining a priori foreground and
background branches. This likelihood approach (REL) was applied to
each gene, to further corroborate the positive selection results. E(z),
Esc, Phol, Sfmbt and Ph-p showed evidence of episodic selection in the
Bobs lineage (P-value=0.001, 0.010, 0.042, 0.001 and 0.015, respec-
tively). However, P-values remain significant only for E(z) and Sfmbt
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when correcting for multiple testing (corrected P-value=0.014 and
0.037, respectively). Therefore, both PAML and REL maximum
likelihood approaches infer the action of positive selection in the Bobs
lineage in E(z) and Sfmbt.

Coevolution of the PcG proteins

The proteomes of the 12 Drosophila species with complete sequenced
genomes (Clark et al., 2007) were analyzed for the first time using the
Context Mirror approach (Juan et al., 2008), to uncover any evidence
of coevolution among the PcG proteins. The interaction network of
the proteins with significant partial correlations of evolutionary rates
and thus predicted to coevolve is shown in Figure 5. This network
includes only 16 of the 17 PcG proteins here studied, as PHOL did not
reach the established P-value cutoff of significance. PcG proteins form
two tight clusters of coevolving proteins (Figure 5). One predicted
cluster interconnects linearly four of the five subunits of the Pcl-PRC2
complex: E(Z), ESC, PCL and SU(Z)12. There is, therefore, evidence
that these four proteins have coevolved. The other two proteins of this
complex (CAF1 and ESCL) are not included in this cluster. Interest-
ingly, the Pcl-PRC2 cluster also includes ASX, one of the subunits of
PR-DUB. The second predicted cluster interconnects CALYPSO
(the other subunit of PR-DUB) and all the proteins of the PhoRC,
PRC1 and dRAF complexes. Thus, PHO and SFMBT (PhoRC
complex) are predicted to interact not only between them but also
with the five proteins of the PRC1 complex (PC, PSC, SCE, PH-P and
SCM), which, in turn, are predicted to interact among them.
In addition, CALPYSO and the three proteins of dRAF (KDM2,
SCE and PSC) are also interconnected both among them and with the
proteins of PRCI. These results clearly indicate the power of the



Table 1 P-values of the LRTs to contrast different evolutionary
models implemented in PAML (Yang, 2007)

PcG complex gene Models @
MO vs FR MO vs 2R pgops 2R-fgops Vs FR Test 2

PhokrC

Pho 0.016* 0.449 0.013* 0.500

Sfmbt 0.000*** 0.000*** 0.044* 0.033*

Phol 0.002*** 0.068 0.004*** 0.017*
Pcl-PRC2

Cafl 0.201 0.417 0.186 0.500

E@) 0.000*** 0.000*** 0.001*** 0.031*

Esc 0.000*** 0.000*** 0.439 0.231

Su(z)12 0.040* 0.004*** 0.205 0.409

Pcl 0.000*** 0.000*** 0.000*** 0.500

Escl 0.004*** 0.309 0.004*** 0.175
PRCI

Psc 0.000*** 0.014* 0.000*** 0.500

Sce 0.000*** 0.013* 0.001*** 0.500

Pc 0.742 0.376 0.735 0.072

Ph-p 0.001*** 0.427 0.001*** 0.063

Scm 0.056 0.315 0.053 0.500
dRAF®

Kdm2 0.000*** 0.006** 0.000*** 0.215
PR-DUB

Calypso 0.780 0.134 0.859 0.500

Asx 0.000*** 0.112 0.000*** 0.500

Significance: *0.05>P>0.01; **0.01> P>0.005; ***P<0.005.

2MO, a single  for all branches; free ratio (FR), a different w for each branch; 2R-fgops, One @
for the branch ancestral to the obscura group species and one w for the rest of branches. Test 2
of positive selection as described in Zhang et al. (2005).

PdRAF complex also contains PSC and SCE.

Context Mirror approach to detect interacting proteins from the
signals of coevolution reflected in their interespecific divergence.

Despite the good performance of Context Mirror in predicting the
interactions between the PcG proteins, the method also displays a
certain level of background noise, as it predicts some dubious
interactions. Hence, the detected Pcl-PRC2 and the PhoRC/PRC1/
dRAF clusters include additional proteins that have, in most cases, an
uncertain  Polycomb-related function. One exception is SCR
(sex combs reduced) that is interconnected with CALYPSO and most
proteins of the PhoRC/PRCI1/dRAF cluster. It is well established
(Gindhart and Kaufman, 1995) that Scr is a gene directly regulated by
the Polycomb complexes. Our results would suggest a putative
interaction of the homeotic protein SCR with Polycomb proteins to
regulate some of its target genes.

DISCUSSION

Divergence among the Drosophila species differs substantially in the 17
Polycomb proteins studied here. The high conservation of CAF1
stands in contrast with the presence at PHO, PSC, PH-P or ASX of
highly divergent regions interspersed with rather short conserved
regions. However, the described domains in the different proteins are
well conserved in all species without exception (Figure 2). In some
cases, conserved regions extend beyond the described domains
(for example, the JmjC and the CXXC-type zinc finger domains of
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KDM2 and the SAM domain of SFMBT). In addition, highly
conserved protein regions not yet identified as important motifs for
the protein function have been detected, for instance, in the
N-terminal region of SEMBT and between the NTD and C2H2
domains of SU(Z)12 (Figure 2). Although evolutionary conservation
can not be considered an unequivocal signal of functional relevance,
the strong constraints acting on these regions make them good
candidates to have an important and conserved role in protein
function. Despite the action of strong purifying selection in these
conserved regions, four codons with a high posterior probability of
having evolved under positive selection were identified by the Bayes
Empirical Bayes method implemented in PAML (Yang et al., 2005) in
the conserved N-terminal region of SFMBT. Therefore, the detected
conserved motifs might be good targets to design experimental studies
trying to identify interacting interfaces between proteins or major
determinants of the Polycomb complexes function as chromatin
modifiers.

However, sequence conservation is not an essential requirement to
maintain function, as has been shown for the PcG protein PSC. The
C-terminal region of PSC is poorly conserved in sequence across
insects but broadly conserved in its ability to inhibit chromatin
remodeling. Indeed, it is predicted to be a structurally disordered
region, in which the presence of multiple patches of high positive
charge and the lack of an extended stretch of contiguous negative
charge is important for protein function (Beh et al, 2012). The pattern
of divergence of PH-P, PCL, PHO, PHOL and ASX with rather long,
poorly conserved regions across the protein is similar to that of PSC.
However, when analyzing the predicted structurally disordered regions
across these proteins in D. melanogaster, only PH-P and ASX present a
rather long stretch of ~800 and ~500 residues, respectively, with a
high disorder score according to the PONDR-FIT method (Xue et al,
2010). Even though selection on disordered protein might be relaxed,
positive selection acting on Ph-p noncoding regions has been
described after the detection of a selective sweep around the first
intron of this gene in a study of nucleotide variation within
D. melanogaster (Beisswanger and Stephan, 2008).

The high conservation of the four zinc finger domains responsible
for the recognition and binding of PHO at the specific target
sequences present at PREs reflects the selective pressures exerted on
this protein domain. It is noteworthy in this context that PREs, which
are complex cis-regulatory DNA elements containing multiple combi-
nations of binding sites exhibit a high sequence plasticity. Indeed,
interspecific comparisons show a high variation in the number,
genomic location and motif design in Drosophila species
(Hauenschild et al., 2008). The rapid evolution of PREs might be
related with the high divergence of PHO in regions outside the
established functional domains.

Polycomb proteins interact among them and form functional
complexes that repress gene expression. Numerous biochemical
studies have focused on analyzing these interactions in D. melanoga-
ster, yielding a rather well-characterized Polycomb network in this
species. In addition, the regions directly involved in binary interactions
have been identified for different PcG protein pairs as summarized in
Figure 6. Therefore, Polycomb proteins are good candidates to
contrast whether interacting proteins evolve coordinately, which might
be reflected by concordant episodes of positive adaptive selection in
their phylogenetic trees and by signs of coevolution. Most genes (E(z),
Esc, Su(z)12 and Pcl) coding for subunits of the Pc-PRC2 complex
share a pattern of molecular evolution characterized by a @ value
significantly higher in the branch leading to the obscura group species
(Bobs branch) than in the background branches. In addition, Sfmbt,
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Psc and Kdm?2 of the PhoRC, PRC1 and dRAF complexes, respectively,
show the same pattern (Figure 4). Therefore, an acceleration of the
nonsynonymous divergence in the Bobs branch seems to have driven
the evolution of several Polycomb genes, which, in turn, suggests some
kind of coevolution among the encoded proteins. However, the
evolutionary models implemented in PAML and REL inferred the
action of positive selection only in E(z) and Sfmbt that encode subunits
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Figure 4 Maximum likelihood @ estimates inferred for each Polycomb gene
by the 2R-fgops branch model implemented in PAML v4 package (Yang,
2007) assuming two @ estimates: one fixing as foreground the branch
ancestral to the obscura group species (wfggps) and one for the rest or
background branches (wb). Genes in which the 2R-fg,,s model fits better the
data than the MO model (a single @ estimate for all branches) being
wfgops>wb are indicated by an asterisk. Genes are grouped according to
Polycomb complex.

of different PcG complexes between which no binary direct interac-
tions have been detected (Figure 6).

The maximum-likelihood PAML and REL approaches analyze the
phylogenetic tree of each gene independently and, although concor-
dant results in different genes might indicate a coordinated evolution,
the detection of coevolution requires more powerful bioinformatic
methods, such as Mirror Tree and Context Mirror. These methods
directly compare the phylogenetic trees of different proteins to detect a
correlated evolution due to the presence of compensatory amino acid
changes required to maintain the integrity and functionality of the
protein complex. It has been questioned (Hakes et al., 2007) whether
the molecular coevolution of physically interacting amino acids might
be reflected in the evolution of the whole protein given that the
fraction of aminoacidic residues directly involved in the interaction
between proteins is often small. However, several factors apart from
selection on protein structure and function affect the rate of protein
evolution. Some of these factors can cause similar constraints on the
evolutionary rate of interacting proteins and therefore a correlated
evolution. Likely, the most important of these external or indirect
factors would be the similar expression level of the genes encoding
interacting proteins, which ensures proper stoichiometry between the
interacting components of the protein complex (Fraser et al, 2004).
These factors causing similar constraints between proteins and
molecular coevolution are not mutually exclusive and both can act,
to some extent, to cause a correlated evolution of interacting proteins
(Juan et al., 2008).

The proteomes of the 12 Drosophila species with complete genome
sequences have been analyzed from a coevolutionary perspective
focusing on the detection of the footprint of coevolution in the
Polycomb proteins. The network of interacting proteins shows two
tight clusters of coevolving proteins, one of them including four
subunits of the Pcd-PRC2 complex (Figure 5). Among the predicted
interactions in this cluster, only the binary interaction between E(Z)
and ESC (E(Z)/ESC) has been well characterized experimentally (Jones
et al., 1998; Tie et al, 1998). Context Mirror does not predict the
proved interactions PCL/E(Z) (O’Connell et al., 2001), E(Z)/SU(Z)12

Figure 5 Left: interaction network predicted by the Context Mirror approach (Juan et al., 2008) for proteins with significant partial correlations in evolutionary
rates from the 12 Drosophila species proteomes (Clark et al., 2007). Proteins in the network are represented by gray dots, except PcG proteins that shown by
black dots. Right: zoom-in image of the predicted interactions between PcG proteins. The width and gray intensity of the connecting lines reflect the degree

of the predicted interaction, which is stronger as the line gets wider and darker.
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Figure 6 Binary interactions well characterized experimentally between PcG proteins of the Pcl-PRC2, PhoRC, PRC1 and dRAF complexes. Interactions
predicted by Context Mirror (Figure 5) are shown by black lines, in contrast to those interactions not predicted by this bioinformatic method that are shown
by gray lines. The protein domains included in the regions involved in the binary interactions are shown on each line close to the corresponding protein.
Protein domains are indicated as in Figure 2, except NTH (N-terminal half), CTH (C-terminal half) and NTR (N-terminal region). See text for references.

(Ketel et al., 2005; Joshi et al., 2008) and SU(Z)12/CAF1 (Nowak et al.,
2011) (Figure 6). Indeed, CAF1 is the only subunit of the Pcl-PRC2
complex that is not predicted to interact with any of the other subunits
of the complex in the network, although such interactions have been
experimentally inferred (Nowak et al, 2011). However, CAF1 is a
component of different complexes that regulate chromatin metabo-
lism (Song et al., 2008) and it is under strong functional constraints, as
reflected by its high conservation. Like CAF1, ESCL is not inter-
connected with any other Polycomb proteins in the network. Although
ESCL can be assembled in vitro in functional PRC2 complexes (Wang
et al., 2006), this result would support that in vivo ESCL is not a usual
subunit of PRC2 when ESC is present (Kurzhals et al., 2008).

The most striking result of the coevolution analysis is that no
interactions are predicted between the subunits of the PhoRC complex
(PHO and SFMBT) and those of the Pcl-PRC2 complex, despite the
experimental identification of the regions involved in the PHO/E(Z)
and PHO/ESC interactions (Wang et al., 2004). In contrast, Context
Mirror predicts the PHO/SFEMBT interaction (Alfieri et al., 2013) and
the well-characterized interactions between these two subunits of the
PhoRC complex and those of PRC1: PHO/PC (Mohd-Sarip et al,
2002), PHO/PH-P (Mohd-Sarip et al, 2002) and SFMBT/SCM
(Grimm et al., 2009). The bioinformatic method also predicts the
well-established interactions between subunits of the PRC1 complex,
that is, PH-P/PC (Strutt and Paro, 1997), PH-P/PSC (Kyba and Brock,
1998), PH-P/SCM (Peterson et al., 1997), PC/PSC (Kyba and Brock,
1998), PC/SCE and PSC/SCE (Gorfinkel et al., 2004). In contrast, no
interaction is predicted between the two subunits of the PR-DUB
complex, although the N-terminal region of ASX is directly involved
in its interaction with CALYPSO (Scheuermann et al., 2010).

Therefore, our analysis corroborates 11 of the 17 well-established
binary interactions between PcG proteins and fails to predict the
remaining 6 interactions (Figures 5 and 6). In contrast, it predicts new
interactions between the subunits that form the Pcl-PRC2, PRCI and
dRAF complexes, and also between subunits of PhoRC and PRCI. In
addition, ASX is predicted to interact with subunits of Pcl-PRC2
complex and CALYPSO with subunits of the PhoRC, PRCI and dRAF
complexes. Further biochemical studies would be required to confirm
these predicted interactions. In fact, the three subunits of dRAF
(KDM2, PSC and SCE) coimmunoprecipitate (Lagarou et al., 2008)

and thus they have to interact to some extent, although the directly
interacting subunits and the regions involved in these interactions
have not been characterized yet.

It is also noteworthy that strong interactions between subunits of
the PhoRC and PRCI1 complexes are predicted in the coevolution
analysis, which might be relevant to understand the recruitment of
PRC1 at PRE. In fact, the strong evidence of coevolution detected
between PHO and both PC and PH-P would indicate that these
interactions have a pivotal role in the recruitment of PRC1 at PRE, in
contrast to the classical view, suggesting that histone trimethylation by
the E(Z) subunit of PRC2 is necessary for this recruitment. In
addition, it has been proposed that SCM as a subunit of PRC1 would
also be important for the recruitment of this complex at PRE (Wang
et al.,, 2010), which is consistent with the results of the coevolution
analysis. The importance of PRCI in the cooperative interactions to
recruit PcG complexes at PRE has received further support in more
recent studies (Kahn et al., 2014). On the other hand, it should be
noted that Context Mirror predicts the interactions SCM/PC,
SCM/PSC and SCM/SCE, although SCM is present in substoichio-
metric quantities relative to the other subunits of the PRC1 complex
(Wang et al., 2010).

Finally, the acceleration in the nonsynonymous divergence detected
in the Bobs branch in some genes by maximum likelihood (Figure 4) is
neither necessary nor sufficient to explain the detected signals of
coevolution (Figure 5). Although the higher @ in this branch (@fgghs)
than in the background branches (wb) might have contributed to the
predicted coevolution between subunits of the Pcl-PRC2 complex and
also between SFMBT and KDM2 or PSC, other factors acting on the
molecular evolution of the genes encoding these proteins in the 12
Drosophila species have to be likewise relevant. In fact, the partial
correlations between protein evolutionary rates do not predict
coevolution between SFMBT and the subunits of the Pcl-PRC2
complex despite the similar pattern of divergence in the Bobs branch
in the genes coding these proteins and even despite the detected action
of positive selection in this branch at Sfinbt and E(z).

In summary, divergence in the Drosophila genus of the subunits that
form the PhoRC, Pcl-PRC2, PRC1, dRAF and PR-DUB Polycomb
complexes has allowed identification of putative new protein domains
and the detection of episodic selection in the lineage ancestral to the
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obscura group species in genes E(z) and Sfinbt, with six and seven
codons, respectively, with a high posterior probability of having
evolved under positive selection. In addition, the analysis of the
proteomes of the species sequenced by the Drosophila 12 Genomes
Consortium in a coevolutionary context clearly detects the footprint of
coevolution not only between subunits of four Polycomb complexes,
but also between subunits of different complexes. Indeed, our analysis
confirms some of the well-characterized binary interactions between
Polycomb proteins and predicts new interactions that deserve to be
further investigated in future biochemical studies.
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