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SUMMARY The retinal determination (RD) network in
Drosophila comprises 14 known nuclear proteins that include
DNA-binding proteins, transcriptional coactivators, kinases,
and phosphatases. The composition of the network varies
considerably throughout the animal kingdom, with the network
in several basal insects having fewer members and with
vertebrates having potentially significantly higher numbers of
RD genes. One important contributing factor for the variation in
gene number within the network is gene duplication. For
example, 10 members of the RD network in Drosophila are
derived from duplication events. Here we present an analysis
of the coding regions of the five pairs of duplicate genes from
within the RD network of several different Drosophila species.

We demonstrate that there is differential selection across the
coding regions of all RD genes. Additionally, some of the most
significant differences in ratios of non-silent-to-silent site
substitutions (dN/dS) between paralog pairs are found within
regions that have no ascribed function. Previous structure/
function analyses of several duplicate genes have identified
areas within one gene that contain novel activities when
compared with its paralog. The evolutionary analysis
presented here identifies these same areas in the paralogs
as being under high levels of relaxed selection. We suggest
that sequence divergence between paralogs and selection
signatures can be used as a reasonable predictor of functional
changes in rapidly evolving motifs.

INTRODUCTION

expression tests. Based on the phenotypic results of these
studies, it is often possible to determine if functional
diﬀerences between the paralogs have been acquired and to
map the putative new functional motifs. This information is
important for understanding how a gene regulatory network
or a signal transduction cascade has evolved and for
understanding how individual proteins function during
development. However, diﬀerences between paralogs are not
a priori apparent, thus most structure function studies are
conducted using laborious brute force approaches. Additionally, the mechanisms underlying functional divergence among
genes are diﬃcult to characterize without cross-species
analysis for which tools are limited despite huge strides in
research over the past decade. Gene duplications, which often
are a large part of developmental networks, provide nice
internal controls for rates of evolution and changes in gene
structure as paralogs have diverged for the same amount of
time. Previous studies support theoretical models of diﬀerential subfunctionalization, but data from additional developmental processes are required to identify regions of change
within paralogs (Lynch and Force 2000; Dermitzakis and
Clark 2001). Here we have attempted to devise a new strategy
that uses selection signatures across coding regions to identify
new functional domains or motifs in paralog pairs. The results
presented in this article suggest that a sequence-based analysis

Gene duplications can have a profound impact on signal
transduction pathways and gene regulatory networks. Upon
duplication a number of evolutionary paths can be taken by
either of the two paralog genes. In one scenario both genes
remain and are functionally redundant (Ohta 1989; Hughes
1994; Wagner 1996; Krakauer and Nowak 1999; Gibert 2002;
Hurley et al. 2005) while at the other extreme one of the two
paralogs becomes a pseudogene and is subsequently lost
(Vanin 1985; Ohta 1989; Force et al. 1999; Balakirev and
Ayala 2003; Harrison et al. 2003; Lynch and Conery 2003).
Wedged between these extremes are two outcomes that are
more relevant to understanding the evolution of regulatory
circuits: neofunctionalization (where one copy acquires a
completely novel function) and subfunctionalization (where
the function of the ancestral gene is divided among the two
daughter genes (Lynch and Conery 2000). The latter two
situations are particularly relevant for the functioning of
developmental systems and thus many duplicate genes have
become the objects of extensive structure/function studies.
Traditional methods for comparing the functions of
paralog genes involve molecular dissections of the two
proteins followed by the use of these modiﬁed molecules in
one or more functional assays such as rescue and/or forced
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can be used to guide structure/function studies and this allows
for more targeted molecular dissections of proteins.
We have examined the levels of selection across fulllength genes and functional domains along the coding
regions of the highly characterized Drosophila retinal
determination (RD) network genes as part of an eﬀort to
see if the areas with the highest rates of diﬀerential selection
coincide with regions that have been identiﬁed (from
structural studies) as having acquired new functional
domains. The RD network was chosen as the subject of
our analysis since 10 of the 14 known members (71.4%) of
this network are the products of gene duplication events
(Kumar 2009a) and because such events, which are some of
the most important factors in evolution (Ohno 1970), also
greatly inﬂuence the development of gene regulatory
networks (Wagner 1996; Shimeld 1999; Gibert 2002; Rudel
and Sommer 2003; Amoutzias et al. 2004; Gu et al. 2004;
Teichmann and Babu 2004; Hughes and Friedman 2005;
Chen et al. 2007; Gardiner et al. 2008). As currently
understood, the RD network in Drosophila includes 14
genes that code for DNA-binding proteins and transcriptional coactivators as well as protein kinases and phosphatases (Kumar 2009a). Within this set are ﬁve pairs of
duplicate genes: the Pax6 genes eyeless and twin of eyeless
(ey, toy: Quiring et al. 1994; Czerny et al. 1999), the
Pax6(5a) genes eyegone and twin of eyegone (eyg, toe: Jun
et al. 1998; Aldaz et al. 2003), the Six family members sine
oculis and optix (so, optix: Cheyette et al. 1994; Serikaku
and O’Tousa 1994; Seimiya and Gehring 2000), the Tsh
class genes teashirt and tiptop (tsh, tio: Pan and Rubin 1998;
Laugier et al. 2005) as well as the pipsqueak genes distal
antenna and distal antenna related (dan, danr: Curtiss et al.
2007). The remainder of the network is made up of single
members of the Eya, Dach, Meis, and Nlk gene families and
are represented by eyes absent (eya: Bonini et al. 1993),
dachshund (dac: Mardon et al. 1994), homothorax (hth: Pai
et al. 1998), and nemo (nmo: Choi and Benzer 1994; Braid
and Verheyen 2008). With some exceptions each gene family
is required for retinal development in all seeing animals
examined so far, including mice and humans.
We also chose the RD network as it is one of the most
extensively studied gene regulatory networks in both invertebrate and vertebrate systems. Not only are the gene families
and signaling pathways that specify the compound eye highly
conserved across species but so also are the developmental
defects that are associated with mutations in these genes
(Gehring 1996; Callaerts et al. 1997; Jean et al. 1998; Gehring
and Ikeo 1999; Treisman 1999; Wawersik and Maas 2000;
Hanson 2001; Kumar 2001, 2009a, b; Donner and Maas
2004). In Drosophila mutations within most network members
result in severe reductions in eye development (Bonini et al.
1993; Cheyette et al. 1994; Mardon et al. 1994; Quiring et al.
1994; Serikaku and O’Tousa 1994; Jun et al. 1998; Curtiss
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et al. 2007). Conversely, forced expression of these genes can
coax certain cell populations within nonretinal tissues into
adopting a retinal fate (Halder et al. 1995; Bonini et al. 1997;
Shen and Mardon 1997; Czerny et al. 1999; Seimiya and
Gehring 2000; Curtiss et al. 2007; Weasner et al. 2007; Braid
and Verheyen 2008; Salzer and Kumar 2010). These
phenotypes place members of the RD network at the highest
levels of the eye speciﬁcation hierarchy. As loss-of-function
phenotypes of several mouse models and human retinal
disorders are very similar to those seen in Drosophila there is a
considerable interest in understanding not only how the
network functions as a unit but also how individual genes
acquire new and novel functions.
In this article we examine the selection signatures (deﬁned
by the varying levels of selection across the gene) along the
coding regions of the RD genes, and have compared selection
on paralog pairs with well-known functions in an attempt to
ascertain whether changes in function can be attributed to
diﬀerential selection on the protein. In doing so, we have
attempted to devise a new strategy that uses selection
signatures across coding regions to identify new functional
domains or motifs in paralog pairs. We have used the fully
sequenced genomes of 10 Drosophila species to identify
putative orthologs of factors that are known to act during eye
speciﬁcation in Drosophila melanogaster. Using phylogenetic
analyses on the aligned sequences we have measured the
amount of divergence across diﬀerent Drosophila species for
each member of the cascade in order to determine how the
genes in the cascade may be diverging as a whole within the
Drosophilid lineage. Using the ratio of nonsynonymous
nucleotide substitutions (dN) to synonymous substitutions
(dS), we have measured the rate of substitutions at nonsilent
sites (which are under selection) to silent sites (which are
presumed neutral). We have used dN/dS ratios for each fulllength gene as well as conserved domains with well-known
functions such as the Homeo, Paired, Pipsqueak, and Zn
ﬁnger DNA-binding motifs and the SIX protein–protein
interaction motif. We also considered the nonconserved
regions within each gene that have as of yet no ascribed
function. These measurements have allowed us to determine
the substitution rates and evolutionary constraints on various
regions of each paralog pair. We have also used the
D. melanogaster and Drosophila simulans population data
sets to conﬁrm selection signatures. Our ﬁndings show that
diﬀerential selection on the coding regions of paralog pairs
correlate with empirical evidence of functional divergence of
duplicates in the network, and that nonconserved domains are
under more relaxed selection and are likely to gain new
functions. Additionally, the data indicate that there is a
disparity in the selection pressure across the nonconserved
regions between paralogs. We propose that utilizing this
approach will aid in the identiﬁcation of speciﬁc regions that
may be gaining new functions.
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MATERIALS AND METHODS
Gene and domain selection
RD genes from D. melanogaster were used as a reference set as
input for Tblastn searches against the other sequenced Drosophila
genomes. We have selected the 14 genes that comprise the
traditional RD cascade (eyeless, twin of eyeless, eyegone, twin of
eyegone, sine oculis, optix, eyes absent, dachshund, homothorax,
teashirt, tiptop, distal antenna, distal antenna related, and nemo). We
also included DSix4 as it represents the sister gene of sine oculis and
optix. The accession numbers for the D. melanogaster sequences are
CG1464, CG11186, CG10488, CG10704, CG11121, CG18455,
CG3871, CG1374, CG12630, CG11849, CG13651, CG9554,
CG4952, CG17117, and CG7892.
Using Flybase BLAST (http://ﬂybase.bio.indiana.edu/blast/) and
Gbrowse (http://ﬂybase.bio.indiana.edu/cgi-bin/gbrowse/) the putative orthologs to the D. melanogaster RD genes were identiﬁed
in Drosophila sechellia (accession nos. GM26810, GM13021,
GM24656, GM24657, GM20951, GM21001, GM22186,
GM16144, GM16153, GM17814, GM17808, GM14165,
GM17175, GM26167, GM25010), Drosophila yakuba (accession
nos. GE14559, GE14563, GE20121, GE20122, GE19124, GE19170,
GE22381, GE12928, GE12934, GE23568, GE23564, GE18433,
GE12814, GE24684, GE21651), Drosophila erecta (accession nos.
GG16399, GG16402, GG13831, GG13832, GG23277, GG23326,
GG13283, GG21347, GG21353, GG11370, GG11367, GG23613,
GG20126, GG17283, GG14461), Drosophila ananassae (accession
nos. GF22818, GF21877, GF24979, GF24980, GF12955, GF13656,
GF24111, GF21464, GF21514, GF17896, GF17893, GF15700,
GF15881, GF17520, GF23805), Drosophila persimilis (accession nos.
GL18183, GL17563, GL24956, GL11165, GL11483, GL12751,
GL25653, GL25663, GL21909, GL21906, GL26097, GL18480,
GL23827, GL18049), Drosophila willistoni (accession nos. GK13702,
GK13683, GK12628, GK12629, GK21318, GK23166, GK12359,
GK18714, GK18717, GK13892, GK13890, GK14797, GK24323,
GK22586, GK20588), Drosophila mojavensis (accession nos.
GI14081, GI14042, GI12327, GI12329, GI18759, GI19347,
GI11887, GI17699, GI17708, GI23731, GI23730, GI18181,
GI13824, GI23559, GI13148), Drosophila virilis (accession nos.
GJ15657, GJ13300, GJ13265, GJ13266, GJ21783, GJ22125,
GJ13766, GJ11344, GJ11452, GJ23602, GJ23601, GJ14644,
GJ17453, GJ23538, GJ13897), and Drosophila grimshawi (accession
nos. GH24002, GH23963, GH16064, GH21164, GH21899,
GH14784, GH22172, GH10455, GH18053, GH18050, GH13031,
GH25029, GH19106, GH14986).
Using tblastn searches in NCBI (http://blast.ncbi.nlm.nih.gov/
Blast.cgi/; Gertz et al. 2006) putative homologs of duplicate genes
were identiﬁed from the following databases: Anopheles gambiae
(str. PEST; release (3/22/2002); Apis mellifera (DH4; release (03/01/
2006); Tribolium castaneum (GA2; release (8/17/2005; accession
nos. EU169112, NM001114345, XM967074, XM963647). Only
coding regions were used in the analysis. The nucleotide sequences
for each gene and their corresponding homologs in the other
species were aligned using ClustalW (Thompson et al. 1994).
In addition to our analysis of full-length coding sequences we
have examined the divergence and evolutionary constraints that
have been placed on individual functional domains including both

DNA-binding and protein–protein interaction domains. The
putative functional domains for each gene were annotated in the
other Drosophila species based on alignment with previously
deﬁned functional domains in D. melanogaster (Fasano et al. 1991;
Cheyette et al. 1994; Quiring et al. 1994; Serikaku and O’Tousa
1994; Jun et al. 1998; Czerny et al. 1999; Seimiya and Gehring
2000; Aldaz et al. 2003; Laugier et al. 2005; Clark et al. 2007;
Curtiss et al. 2007). Several nonconserved regions were also
included in the analysis due to the presence of experimentally
veriﬁed transcriptional activation and/or repressor activity. An
annotation of each protein can be found in Fig. 1.

Phylogenetic tree construction, evolutionary distance
calculation, substitution rates
Neighbor-joining trees were generated using the Kimura twoparameter model in MEGA v4 (Tamura et al. 2007), and although
support for the majority of nodes was high, the topology of all trees
was also veriﬁed using maximum likelihood in Paup using the
GTR1I1G model (Wilgenbusch and Swoﬀord 2003). Only minor
diﬀerences in topology were found, particularly in the placement of
D. ananassae in trees for dan/danr and ey/toy. All of the sequences
used were full length with gaps and support for internal nodes were
determined with 1000 bootstrap replicates. We calculated pair-wise
divergence between species and total divergence across all species
for each gene. In order to determine the evolutionary distance
between diﬀerent species for a particular gene, a distance-based tree
was generated using the Drosophilid nucleotide sequences. Branch
lengths were determined in MEGA using the red ﬂour beetle,
Tribolium castaneum, as an out-group. The ratio of nonsynonymous to synonymous substitutions (dN/dS) was calculated for fulllength genes, functionally conserved domains and nonconserved
regions in the melanogaster group only (where the synonymous
sites are not saturated). The Kumar method (which diﬀerentially
corrects for multiple substitutions at diﬀerent sites) was used with
pair-wise deletions for missing sites with 1000 bootstrap replicates
to calculate standard errors and 95% conﬁdence intervals (Nei and
Kumar 2000). Pair-wise deletions were used due to the short length
of the speciﬁc domains. We were also interested in increasing
resolution of our dN/dS estimates within known functional
domains. In particular, the C-terminals (CTs) of Ey/Toy and
Eyg/Toe. Therefore, we measured dN/dS (according to the methods
described above) in nonoverlapping 100-bp intervals across the CT
domains of ey/toy and eyg/toe (supporting information Fig. S1).
We set a stringent cutoﬀ of dN/dS41 as an indication of recurrent
positive selection. In our analysis dN/dS 5 1 meant neutral
evolution, and dN/dSo1 was an indicator of purifying selection.
A comparison of domains under various levels of purifying
selection allowed us to distinguish between areas with higher
numbers nonsilent substitutions than others. These regions are
described as being under relaxed constraint compared with those
with fewer nonsynonymous substitutions.
We also assessed selection using population sequence data.
Speciﬁcally, we used genome sequence from 39 inbred lines of
D. melanogaster from the Drosophila Population Genomics Project.
For each gene in our analysis, we obtained sequence directly using
coordinates from FlyBase, consistent with D. melanogaster
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Fig. 1. Schematic of protein structures, the retinal determination network and a drosophila species tree. (A) RD proteins. NT, N-terminal;
CT, C-terminal; B, central linker; PD, paired domain; HD, homeodomain; SD, SIX domain; Zn(1–4), Zn ﬁnger (1–4); PSQ, Pipsqueak
domain; P/S/T, Pst domain; Eya1 and Eya2, Eya 1 and Eya2 domain; DD1 and DD2, Dac1 and Dac2 domains; (B) RD network. Purple
connectors indicate genetic interactions; orange arrows indicate conﬁrmed protein–protein interactions; blue arrows indicate conﬁrmed
transcription factor binding; green arrows show connections to developmental processes. The X downstream of the Notch pathway shows
an as yet unidentiﬁed molecule. (C) Phylogenetic tree of the species used in this study.

Reference Version 4. For McDonald–Kreitman tests, we used
D. sechellia and D. yakuba as our out-group species and counted
synonymous and nonsynonymous polymorphic sites and ﬁxed
diﬀerences. Signiﬁcance levels were assessed using Fisher’s exact
tests. Combined with our estimates of dN/dS, this analysis allowed
us to look for a signature of positive and negative selection on each
gene in our sample. Population sequence analysis for eyeless and
twin of eyeless was not conducted due to reduced coverage on the
fourth chromosome.
In order to identify individual amino acid substitutions that
could potentially serve as distinguishing markers between two
proteins that are encoded by duplicate genes we compared the
amino acid composition of the DNA-binding and protein–protein
interaction domains of the Ey/Toy, Eyg/Toe, Tsh/Tio, Dan/Danr,
and So/Optix/DSix4 protein pairs from 10 Drosophila species
(Table 2; supporting information Fig. S2). For each protein
domain we have identiﬁed clade-speciﬁc amino acids, which may

serve as marks for functionally distinguishing one protein from
another. In order to be considered clade speciﬁc, a residue must
fulﬁll two criteria. First, the orthologous position within two sister
proteins (products of a duplication event) must be occupied by
diﬀerent amino acids, and second, this diﬀerence must be
maintained in all 10 Drosophila species. Second, we have also
identiﬁed substitution events that have taken place relatively
recently and are thus conﬁned to a subset of Drosophila species.

RESULTS

Evolutionary constraints on the RD network
across the drosophilidae
We were ﬁrst interested in determining how the RD network
as a whole is evolving across diﬀerent species of the
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Drosophila. We identiﬁed the putative orthologs of the
D. melanogaster network genes from the genome sequences
of 10 additional Drosophila species, one mosquito species
(Anopheles gambiae), one ﬂour beetle species (Tribolium
castaneum), and the honeybee (Apis mellifera; Fig. 1, A–C,
see Materials and Methods). Each gene encodes a DNAbinding protein, with the exceptions of eya and nemo, which
code for a transcriptional coactivator/protein tyrosine phosphatase and a serine–threonine kinase, respectively (Kumar
2009a). These factors are organized into a complicated
regulatory system where at least one gene from each gene
family has been conserved in organisms ranging from insects
to vertebrates (Silver and Rebay 2005; Kozmik et al. 2007;
Kumar 2009a). In order to examine the rates of evolution and
the degree of sequence divergence we constructed distancebased trees for each gene family and measured branch lengths
using dS values. We separated each gene family and compared
the rates of evolution of individual genes across all 10
Drosophila species. There does not appear to be any
directionality to observed variations in divergence rates,

though it is noteworthy that dan and danr appear to have
higher rates of evolution in all species (based on branch
length). Therefore, individual genes are just as likely to diverge
more rapidly within the melanogaster and obscura subgroups
as they are to diverge more slowly. We therefore conclude that
there are no species or species subgroups that have particularly
high rates of evolution for the network as a whole (Fig. 2).

Paralogs in the network are evolving at different
rates
We then qualitatively estimated when each of the ﬁve sets of
duplicate gene pairs that exist within the RD network may
have arisen, and also compared rates of evolution between the
paralogs. The Pax6 homologs, ey and toy, are present within
all 10 Drosophilids and the three basal insect genomes
(Fig. 3A, data not shown). We observe longer branch lengths
for genes within the EY clade indicating a faster rate of
sequence evolution for ey genes as compared with toy
(Wilcoxon test; P 5 0.00016). These diﬀering rates are in line

Fig. 2. Divergence of
retinal determination
genes within Drosophila. Branch lengths
were calculated using
distance-based trees
generated from Drosophilid nucleotide
sequences using Tribolium castaneum as
most recent common
ancestor (MRCA).
While all the genes
have diﬀerent divergence rates, the genes
are not evolving
rapidly in any particular lineage.
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with experimental evidence that Ey and Toy proteins have
diﬀerent functions within the eye and are evolving diﬀerent
transcriptional activities (Quiring et al. 1994; Czerny et al.
1999; Punzo et al. 2004; Weasner et al. 2009). These
diﬀerences include a stronger transcriptional activation
domain and a repressor domain for Ey (Weasner et al. 2009).
The two Pax6(5a) genes eyg and toe are present in all 10
Drosophila species but only a single gene is found in Aedes
aegypti, Tribolium castaneum and Apis mellifera. Thus we
infer that the duplication of ancestral Pax6(5a) to yield eyg
and toe occurred sometime before the diversiﬁcation of the
Drosophilid lineage (Fig. 3B, data not shown, Bao and
Friedrich 2009). Relative to Pax6, this duplication appears to
have been more recent. In contrast to several other duplicate
genes within the network, the rates of divergence for eyg and
toe are not signiﬁcantly diﬀerent from each other (Wilcoxon
test; P 5 0.5). The similar divergence rates for eyg and toe (at
the whole gene level) appear to be supported by the fact that
Eyg and Toe proteins are thought to play somewhat
redundant roles in the eye (Yao et al. 2008).
Our gene tree analysis indicates that the duplication of the
ancestral Tsh/Tio gene also occurred before the diversiﬁcation
of the Drosophilids. This is based on the clear identiﬁcation of
a single tsh/tio gene in the basal insects while ﬁnding both tsh
and tio in all 10 Drosophila species (Fig. 3C, data not shown,
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Shippy et al. 2008; Bao and Friedrich 2009). We have
observed that the branch lengths of members of the TSH
clade are longer than those of the TIO clade indicating a
faster rate of sequence evolution for tsh class genes
(Wilcoxon’s rank-sum test with continuity correction;
W 5 0, P 5 0.00017). It should be noted that the ancestral
Tsh/Tio protein contains four zinc ﬁnger domains. Drosophila
Tio shares this structure while the Tsh proteins have only
three such motifs. In the developing eye both Tsh and Tio
proteins are distributed in similar patterns, at nearly identical
levels and appear to be at least partially redundant (Laugier et
al. 2005; Bessa et al. 2009; Datta et al. 2009). However, there
are signiﬁcant diﬀerences in the way that the two genes induce
ectopic eye formation and promote cell proliferation (Datta
et al. 2009).
The duplication events that gave rise to so, optix, and
DSix4 predate the diversiﬁcation of the species that we have
used in this study and thus represent the most ancient set of
duplications within the known RD network (Fig. 3E).
Sequence comparisons indicate that the ancestral SIX gene
likely duplicated to produce so and a DSix4/optix intermediate which subsequently duplicated to give rise to the
modern day DSix4 and optix genes. Perhaps due to the
extreme diversity in SIX protein function, all three pair-wise
comparisons of standardized branch lengths are signiﬁcantly

Fig. 3. Phylogenetic analysis of paralog pairs within the retinal determination network. (A) Ey/Toy. (B) Eyg/Toe. (C) Tsh/Tio. (D) Dan/
Danr. (E) So/Optix/DSix4. All duplicate genes are evolving at signiﬁcantly diﬀerent rates compared with their sister gene, except for Eyg/
Toe and Dan/Danr.
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diﬀerent, suggesting that all members of the SIX family are
diverging at diﬀerent rates (Wilcoxon’s test; Po0.05). In
terms of retinal development, the So and Optix proteins have
distinct eﬀects on transcription with So functioning primarily
as an activator via binding to Eya while Optix serves as a
repressor through interactions with Groucho (Gro: Pignoni
et al. 1997; Kenyon et al. 2005a, b). It also appears that
sequences within the CT segments of the SIX proteins further
distinguish So and Optix (Weasner et al. 2009).
The paralogs dan and danr also have duplicated before
Drosophila diversiﬁcation. A single copy is present in basal
insects while all 10 Drosophila species have both genes (Fig.
3D, data not shown, Bao and Friedrich 2009). Similar to eyg
and toe, branch lengths are not signiﬁcantly longer for dan
than danr within Drosophila (Wilcoxon’s test, P 5 0.684). A
structure/function analysis for these two paralogs has yet to
be performed. However, our region-by-region analysis of dN/dS
appears to provide some clues as to where some local
diﬀerences may exist.

Selection signatures and purifying selection on
retinal genes
To determine the relative selective constraint on each of the
RD network genes and to control for mutation rate, we
calculated the ratio of nonsynonymous to synonymous
substitutions (dN/dS) using sequences from species in the
melanogaster subgroup. We ﬁnd that all members of this
network are under varying degrees of purifying selection. For
example, toe, darn, and ey have the highest dN/dS ratios (0.31,
0.24, and 0.22) while hth and dSix4 have the lowest rates of
substitution (0.031 and 0.033; Fig. 5A, Table 1). We also
observe that duplicate genes have disparate and statistically

signiﬁcant dN/dS ratios (95% conﬁdence intervals for each
duplicate gene were obtained by 1000 bootstrap replicates,
Fig. 5A, Table 1). The dN/dS values for the Pax genes ey and
toy are 0.22 (0.19, 0.27) and 0.06 f0.06, 0.09g while for eyg
and toe they are 0.11 (0.05, 0.21) and 0.31 (0.23, 0.32). The
values for the Tsh/Tio genes tsh and tio are 0.07 (0.06, 0.09)
and 0.17 (0.16, 0.18), respectively, while those for the SIX
genes so and optix are 0.14 (0.11, 0.16) and 0.08 (0.07, 0.11).
In contrast, this trend does not hold true for dan and danr,
which, while having ratios of 0.18 and 0.244 also have
overlapping conﬁdence intervals (dan: 0.14954, 0.21265; danr:
08112, 0.32509). However, the bootstrap values themselves
are suggestive of qualitative diﬀerences and danr has high
variance around the mean.
We were interested in determining if any RD genes were
under positive selection. Upon using population sequence
data from 39 published D. melanogaster lines we do not ﬁnd
any such evidence (MK tests, P40.05). Of all the genes only
nemo had an excess of nonsynonymous ﬁxed diﬀerences
between species, which would be consistent with positive
selection. However, it was only weakly signiﬁcant using a
Fisher’s exact test (P 5 0.066). For all genes, there was a
scarcity of polymorphisms and this small number of
diﬀerences across at least one row or column in the 2  2
contingency tables of polymorphism and divergence made it
diﬃcult to assess signiﬁcance. Across the 39 lines we never
ﬁnd more than four nonsynonymous polymorphisms for any
gene in our sample and the average number of total
polymorphisms (synonymous1nonsynonymous) is just over
ﬁve. Therefore, our population analysis is consistent with
interspeciﬁc analysis of dN/dS, whereby the genes in this
network experience varying degrees of purifying selection as
opposed to recurrent positive selection.

Differential selection across protein-coding
regions

Fig. 4. Selective pressures on functional domains and nonconserved regions. The highly structured regions of the genes in RD
cascade (Paired, Homeo, Paired, Zinc1–4, Pipsqueak) are under
signiﬁcantly higher purifying selection than the nonconserved
regions (N-terminal, B linker. and C-terminal). The error bars
indicate standard errors. This is likely to allow the genes to remain
connected in a highly regulated network through the DNA-binding
and protein-interaction domains, while the N-terminal, B linker
and C-terminal segments accumulate mutations and gain new
functions.

Our data suggest that each of the paralogs is under varying
degrees of purifying selection (Fig. 5A, Table 1). We next set
out to determine the constraint proﬁles for each gene by
calculating the dN/dS ratios for sections of each gene that code
for either known functional domains or for nonconserved
portions of the protein that hitherto have no ascribed activity.
For both the full-length genes and individual domains, there
is little to no correlation between length (measured in number
of base pairs) and dN/dS ratios (full-length: y 5 0x10.1,
R2 5 0.01, domains: y 5 0x10.3, R2 5 0.15). However, as
length of region decreases, the standard error obtained
through bootstrapping increases greatly, as expected. We
gain some power to analyze particular domains by pooling
across genes. Overall, we ﬁnd high variation among domains
both within and between genes but also ﬁnd some very
predictable patterns.
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Fig. 5. Selection signatures of functional domains and nonconserved regions within the retinal determination network. (A) Full-length
genes. (B,C) Ey/Toy. (D,E) Eyg/Toe. (F,G) Tsh/Tio. (H–J) So/Optix/DSix4. (K,L) Dan/Danr. All genes are under varying degrees of
purifying selection. The duplicate genes have diﬀerent patterns of selection across their coding regions, with the highly structured regions
being more constrained than the nonstructured regions.

Of the 14 genes that constitute the known RD network, 12
encode DNA-binding proteins. We examined the dN/dS ratios
for the four diﬀerent types of DNA-binding domains (paired,
homeobox, zinc ﬁnger, and pipsqueak) that are found within

these proteins as well as DSix4 (Fig. 4, Table 1). Our analysis
of these domains indicates that they are under strong
purifying selection with several domains completely conserved
between species. In fact, the highest dN/dS values recorded for
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Table 1. dN/dS Raw values (full-length, functional domains, nonconserved segments)

Ey
Toy
Eyg
Toe
So
Dsix4
Optix
Tsh
Tio
Dan
Danr
Eya
Dac
Hth
nmo

FL

HD

PD

SD

Zn1

Zn2

Zn3

Zn4

PSQ

NT

B

CT

0.222399
0.0604
0.109955
0.309762
0.140439
0.033421
0.077049
0.066363
0.166197
0.179568
0.243908
0.125578
0.051559
0.032541
0.0117

0.32549
0
0.012442
0.044019
0
0.008052
0
–
–
–
–
–
–
–
–

0.011792
0.009882
0.00286
0.008524
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
0.006466
0.00717
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
0
0.036876
–
–
–
–
–
–

–
–
–
–
–
–
–
0
0
–
–
–
–
–
–

–
–
–
–
–
–
–
0.012557
0.057631
–
–
–
–
–
–

–
–
–
–
–
–
–
–
0.1043
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
0
0
–
–
–
–

0.103674
0.031145
0.123141
0.211779
0.169416
0.057762
0.162835
0.1726
0.235343
0.289031
0
0.22408
0.025008
0.003011
0.42487

0.270092
0.08752
0.055385
0.139744
–
–
–
–
–
–
–
–
–
–
–

0.310097
0.147523
0.149491
0.892535
0.197658
0.0115
0.054253
0.081748
0.10774
0.182197
0.26496
0.042771
0.09518
–
0.123548

The raw dN/dS values obtained for the full-length genes within the melanogaster group as well as those obtained for individual functional domains and
nonconserved regions.

any DNA-binding domain within the network is just 0.1 (Hth
homeodomain [not shown] and Tio zinc ﬁnger #4; Table 1).
By pooling domains across genes, however, we ﬁnd that
DNA-binding domains have signiﬁcantly lower values of dN/
dS than non-DNA-binding domains (Student’s t-test; t 5 4.37,
P 5 0.0001). Further, when we include protein–protein
interaction domains such as the SIX domains of so, optix,
and DSix4, we ﬁnd signiﬁcantly lower dN/dS values compared
with all nonconserved domains (t 5 4.64, Po0.00001). These
conserved domains are exactly the sorts of regions we expect
to have low rates of divergence across taxa. The nonconserved
segments are expected to have higher dN/dS ratios (Fig. 4) and
are likely to be the areas in which ancestral functions are
being lost or new activities are being gained.

Differential selection: a comparison of paralogs
A comparison of domains within paralog pairs oﬀers the
opportunity to identify areas of potential subfunctionalization
and neofunctionalization. Overall, the dN/dS ratios for the
nonconserved segments of each protein indicated that these
regions are under variable degrees of relaxed selection relative
to conserved segments (Fig. 4) with values, in some cases,
approaching 0.9 (toe CT region; Table 1). Signiﬁcantly, we are
able to correlate the regions within the largest variations with
recently identiﬁed functional diﬀerences between each paralog
pair. In the majority of cases the largest variations are seen in
the nonconserved portions of the proteins while the DNAbinding and protein–protein interaction domains appear to
under the strongest purifying selection (Figs. 4 and 5, B–L,
Table 1). We ﬁrst examined the Pax6 genes ey and toy. It has

been noted that Ey appears to be able to promote ectopic eye
formation in a broader range of tissues than Toy (Halder
et al. 1995; Czerny et al. 1999; Salzer and Kumar 2010). One
of the areas with the largest diﬀerence in dN/dS maps to the
CT region (Fig. 5, B and C; supporting information Fig. S1).
A recent structure/function analysis of these Pax6 proteins
indicates that the CT segment of Ey has a transcriptional
activation domain that is signiﬁcantly stronger than the one
found within the CT of Toy (Weasner et al. 2009). That same
study also identiﬁed a putative repressor domain within the
region of Ey that links the two DNA-binding domain (B).
This activity appears to be absent from the Toy protein
(Weasner et al. 2009). Our analysis here indicates that the
largest diﬀerences in dN/dS maps to this linker region (0.087
vs. 0.27; Fig. 5, B and C, Table 1).
We then analyzed the levels of selection across the Pax6(5a)
genes eyg and toe and ﬁnd that the highest variation in dN/dS
ratios maps to the B and CT regions (Fig. 5, D and E, Table
1). Eyg and Toe are expressed in nearly identical patterns in
the developing eye, are functionally redundant and both serve
as transcriptional repressors (Yao and Sun 2005; Yao et al.
2008). However, mechanistic diﬀerences between how the two
proteins inﬂuence transcription were experimentally identiﬁed
by molecular dissections of the paralog proteins (Yao and Sun
2005; Yao et al. 2008). These studies identiﬁed two repressor
domains residing within the B and CT portions of Eyg (Yao
and Sun 2005) but only a single repressor domain within the B
of Toe (Yao et al. 2008). In addition to the diﬀerences in dN/dS
ratios of these two segments we also note with interest that the
absolute dN/dS value of the toe CT is measured at 0.89, which
is approaching the 1.0 threshold for positive selection (Fig. 5,
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Table 2. Number of clade-speciﬁc and group-speciﬁc
changes in residues

Gene pair
Ey/Toy
Ey/Toy
Eyg/Toe
Eyg/Toe
Tsh/ Tio
Tsh/ Tio
Tsh/ Tio
So/Optix/Dsix4
So/Optix/Dsix4
Dan/Danr

Domain

Clade-speciﬁc
residues

Group-speciﬁc
residues

PH
HD
PD
HD
Zn1
Zn2
Zn3
HD
SIX
PSQ

14
0
3
5
4
4
4
28
61
0

0
3
1
3
3
0
3
0
1
0

The paralog pairs show some number of residue changes even within
the highly structured domains. This is likely to account for the changes in
gene regulation and protein binding that we see between the paralog
pairs.

D and E, Table 1, supporting information Fig. S1). An
analysis using 100 base pair windows on the Ey, Toy, Eyg,
and Toe CTs reveals areas with higher and lower dN/dS ratios
around the reported mean (supporting information Fig. S1).
This smaller window size reveals more localized changes
within the larger nonconserved domain, which can be further
analyzed functionally.
Early eye formation is also dependent upon members of the
SIX family of homeobox transcription factors. Of the three
genes that are present in ﬂies only the So and Optix proteins
function during retinal development. In addition to high
sequence conservation within the DNA-binding and protein–
protein interaction domains, recent reports have indicated that
both proteins bind to nearly identical DNA sequences (Berger
et al. 2008; Noyes et al. 2008) and can bind to a common set of
protein cofactors (Kenyon et al. 2005a, b). However, rescue
experiments indicate that these genes are not functionally
interchangeable (Weasner et al. 2007). Our analysis of selection
pressures across the SIX genes indicates that the region under
the most relaxed constraints is the CT segment of so, which
has a dN/dS value greater than that of either optix or DSix4
(Fig. 5, H–J, Table 1). The CT segments were recently shown
to contribute to the functional diﬀerences between the So and
Optix proteins (Weasner and Kumar 2009).
The Tsh and Tio protein paralogs are structurally diﬀerent
than any of the other RD proteins in the fact that they both
contain diﬀering numbers of DNA-binding domains. Tsh
contains three zinc ﬁnger domains while Tio has three such
motifs. While this structural diﬀerence could account for
some reported functional diﬀerences (Datta et al. 2009) we set
out to determine whether other regions of these paralogs
could also be acquiring new or losing old functions. Our
analysis of selection pressures indicates that there are
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signiﬁcant diﬀerences in the dN/dS values for the N-terminal
(NT) segment as well as the ﬁrst and third zinc ﬁnger domains
(Fig. 5, F and G, Table 1). This is particularly interesting as it
represents the only paralog pair in which the conserved DNAbinding domains have signiﬁcant diﬀerences in the dN/dS
values. Functional dissections of these proteins indicate that
some diﬀerences in the abilities of these proteins to induce cell
proliferation and support eye development reside within these
domains (R. R. Datta and J. P. Kumar, unpublished data).
Finally, an analysis of the last paralog pair, dan and danr,
indicates that the largest disparity in dN/dS values is within the
NT segment (Fig. 5, K and L, Table 1). Unfortunately,
structure/function data do not yet exist for this set of
duplicate genes. Based on our analysis of the other four
duplicate gene pairs we predict that any functional diﬀerences
that exist between the Dan and Danr proteins will be
attributable to either the loss of old function or the acquisition
of new ones within the NT segment.

Identification of important residues in structured
domains
We have identiﬁed several positions within the RD network
proteins that, throughout the Drosophilid lineage, are
occupied by one amino acid in one paralog but by another
residue in the other paralog. Such positions are considered
‘‘clade-speciﬁc’’ residues (Table 2, supporting information
Fig. S2). The underlying substitution events within the
genome that give rise to these features are predicted to have
occurred because the diversiﬁcation of the Drosophilids.
Position 7 of the Pax6 PD exempliﬁes a clade-speciﬁc residue:
it is occupied by either a valine (Ey) or isoleucine (Toy) in all
species. We have also identiﬁed several residues that we
consider ‘‘group-speciﬁc’’ amino acids (Table 2, supporting
information Fig. S2). These marked substitution events that
have occurred relatively recently and can be only found within
a small subset of species. For instance, threonine and glutamic
acid residues occupy positions 8 and 10, respectively, in nearly
all Ey and Toy HDs. However, species within the melanogaster subgroup have a serine at position 8 (Ey) and an aspartic
acid at residue 10 (Toy). These small-scale changes on the
critical domains of the network may account for the varying
degrees of selection inferred from the constrained domains
and in part, for the changes in DNA-binding and proteininteracting activities of the duplicate gene pairs. Interestingly,
Dan and Danr stand out in that they show minimal clade- or
group-speciﬁc changes in the PSQ DNA-binding domain.

DISCUSSION
The evolutionary conserved RD network governs early
decisions in eye development in a broad spectrum of
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organisms that range from insects such as Drosophila to
mammals such as humans. Maintaining the functional
integrity of such multipurpose networks is critical. Genes
that are pleiotropic are expected to be under stringent
purifying selection as there is the additional pressure of
numerous cellular and developmental processes being regulated. In ﬂies, where this network was ﬁrst identiﬁed, it
controls the development of learning and memory centers of
the brain, several mesodermal derivatives, the gonads and
select cells within the central nervous system (Mardon et al.
1994; Bonini et al. 1998; Kurusu et al. 2000; Noveen et al.
2000; Callaerts et al. 2001; Kammermeier et al. 2001; Bai and
Montell 2002; Niimi et al. 2002; Chang et al. 2003; Fabrizio
et al. 2003). In vertebrates, the RD network regulates ear, nose,
kidney, and muscle speciﬁcation in vertebrates (Kalatzis et al.
1998; Hammond et al. 1998; Heanue et al. 1999; Relaix and
Buckingham 1999; Hanson 2001; Simpson and Price 2002;
Laclef et al. 2003; Xu et al. 2003; Brodbeck and Englert 2004;
Gong et al. 2007). Together, the wide range of developmental
eﬀects and disease states make the RD network arguably one
of the best-studied gene regulatory networks in development.
In this article we performed an evolutionary analysis on
each member of the network within 10 Drosophila species as
well as in A. gambiae, T. castaneum and A. mellifera. In
particular, we focused on identifying when duplication events
within the network took place, the rate at which each paralog
evolved in relation to one another and the selection signatures
across the functional conserved domains and nonconserved
segments. We observe that the network as a whole is
constrained across all 10 Drosophila species. We do ﬁnd that
amongst each pair of duplicate genes, the paralogs are
evolving at diﬀerent rates suggesting that they may be
undergoing either sub or neofunctionalization. We extended
these ﬁndings by calculating dN/dS values across the coding
regions for each paralog pair. Predictably, the dN/dS ratios for
the functionally conserved domains are signiﬁcantly lower
than that of the nonconserved segments, conﬁrming our
hypothesis that there is diﬀerential selection acting on genes in
the RD network. However, we also found that the dN/dS
values for the nonconserved regions could vary signiﬁcantly.
Upon closer inspection, the nonconserved segments with the
greatest diﬀerences in dN/dS ratios appear to be the regions of
the gene that have been shown experimentally to be have
gained or lost functions. If our dN/dS analysis preceded
published structure/function studies we would have accurately
predicted the location of functional diﬀerences within the Ey/
Toy, Eyg/Toe, Six/Optix, and Tsh/Tio gene pairs. Based on
these correlations we suggest that our methodology can be
used to accurately identify evolving regions of proteins,
particularly those that are encoded by duplicate genes.
The potential usefulness of such a method is a valid
consideration. Structure/function analyses are time consuming and laborious, and if performed in model systems such as

the mouse can also be prohibitively expensive. The approach
presented here represents new way to look at duplicate genes
and make very accurate predictions as to which deletion and
chimeric constructs would be the most informative in terms of
identifying new functional domains and activities. Of the four
duplicate gene pairs within the RD network that have been
subjected to molecular dissections (Weasner et al. 2007, 2009;
Yao et al. 2008) each of the regions that were experimentally
identiﬁed as evolving new functions are accurately predicted
by the approach described here. We therefore predict that this
will be a useful tool for analyzing other duplicate gene pairs as
well as gene families.
The number of gene pairs or gene families that could be
subjected to this analysis is extensive. For example, just within
the developing Drosophila eye there are the spalt major (salm)
and spalt-related (salr) genes that govern the speciﬁcation of
the R3/4 photoreceptors (Domingos et al. 2004), the BarH1
and BarH2 homeobox genes that regulate development of the
R1/6 pair of photoreceptors (Hayashi et al. 1998), the six
genes that code for light-capturing rhodopsin proteins
(Morante et al. 2007) and a pair of paralogs that code for
the Trp and Trpl channels (Harteneck et al. 2000).
Additionally, there are several hundred genes that constitute
the olfactory and gustatory gene families in ﬂies (Scott et al.
2001; Keller and Vosshall 2003). These represent just a few
examples of the types of duplicate genes and gene families that
could be subjected to our analysis before the initiation of
molecular dissections of protein function. Our methodology
could have a greater impact on studies involving duplicate
genes in vertebrates such as the mouse. The whole genome
duplication event that occurred during early vertebrate
development has often complicated gene evolution studies.
For example, the members of the vertebrate RD network are
present in multiple copies compared with the Drosophila genes
(Wawersik and Maas 2000; Hanson 2001; Kumar 2009a).
Because of the laborious and expensive nature of doing in
vivo structure/function assays in vertebrate systems, particularly the mouse, very few molecular dissections of vertebrate
genes are conducted in vivo. We propose that the method
described here could be a valuable resource in pinpointing the
regions of duplicate genes that are most likely evolving new
functions, thereby distinguishing one paralog from its sister
gene. It is also likely that this kind of diﬀerential selection
allows the functional integrity of the gene to be maintained so
as not to compromise the regulatory networks while leaving
room for new interactions and possible sub and neofunctionalization. Studying paralogs in this way will likely also shed
considerable light on network evolution.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the
online version of this article:
Fig. S1. Higher resolution analysis of Pax6 and Pax6(5a)
family C terminals. Sliding window measurements of dN/dS in
nonoverlapping 100 bp intervals across the C terminal
domains of ey/toy and eyg/toe. The horizontal dotted line
demarcates the average dN/dS value across the segment in
question.
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Fig. S2. Amino acid alignments of conserved motifs
between paralog pairs. Note that the residues marked in red
are clade speciﬁc, the residues marked in blue are both clade
speciﬁc and group speciﬁc, and the residues in green are group
speciﬁc. Note that for So, Optix and Dsix4, residues in purple
indicate that two of the three SIX family genes contain this
residue. (a) Ey and Toy homeodomains. (b) Ey and Toy
paired domains. (c) Eyg and Toe homeodomains. (d) Eyg and
Toe paired domains. (e) So, Optix and DSix4 homeodomains.
(f) So, Optix and DSix4 SIX domains. (g) Tsh and Tio Zinc
ﬁnger domains. (h) Dan and Danr pipsqueak domains.
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content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

