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Abstract

Gene families often consist of members with diverse expression domains reflecting their functions in a wide variety of
tissues. However, how the expression of individual members, and thus their tissue-specific functions, diversified during
the course of gene family expansion is not well understood. In this study, we approached this question through the
analysis of the duplication history and transcriptional evolution of a rapidly expanding subfamily of insect Ly6 genes. We
analyzed different insect genomes and identified seven Ly6 genes that have originated from a single ancestor through
sequential duplication within the higher Diptera. We then determined how the original embryonic expression pattern of
the founding gene diversified by characterizing its tissue-specific expression in the beetle Tribolium castaneum, the
butterfly Bicyclus anynana, and the mosquito Anopheles stephensi and those of its duplicates in three higher dipteran
species, representing various stages of the duplication history (Megaselia abdita, Ceratitis capitata, and Drosophila
melanogaster). Our results revealed that frequent neofunctionalization episodes contributed to the increased expression
breadth of this subfamily and that these events occurred after duplication and speciation events at comparable fre-
quencies. In addition, at each duplication node, we consistently found asymmetric expression divergence. One paralog
inherited most of the tissue-specificities of the founder gene, whereas the other paralog evolved drastically reduced
expression domains. Our approach attests to the power of combining a well-established duplication history with a
comprehensive coverage of representative species in acquiring unequivocal information about the dynamics of gene
expression evolution in gene families.
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Introduction
Expansion of gene families is an important driving force of
genome evolution allowing for functional specialization and
emergence of members with novel functions. Moreover, the
increase in family size is associated with greater complexity at
various levels of biological organization, from gene regulatory
networks to morphology, metabolism, and environment
sensing (Ohta 1991; McBride et al. 2007; Nei et al. 2008;
Voordeckers et al. 2012; Holland 2013; Castillo-Morales et al.
2014). Recent findings that gene family size evolves even
among closely related species point to the adaptive signifi-
cance of this process both at the macro and microevolution-
ary time scales (Popesco et al. 2006; Hahn et al. 2007; Patel

et al. 2012). At the core of gene family expansion is the process
of gene duplication, which produces the raw material for
natural selection to generate functional repertoires within
every gene family.

In his seminal work, Ohno (1970) proposed three func-
tional fates of new gene duplicates effectively retained in the
genome (Hahn 2009). First, if an increased dosage or func-
tional redundancy is beneficial, both duplicates can maintain
the functions of the unduplicated gene. However, this fate is
considered least likely, because one copy can be eliminated
from the genome through accumulation of degenerative mu-
tations. Second, the original functions carried out by the
unduplicated gene may be divided between duplicates in a
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complementary fashion (subfunctionalization) (Force et al.
1999). Finally, one or both duplicates may acquire novel func-
tions not present in the unduplicated ortholog (neofunctio-
nalization). Subfunctionalization and neofunctionalization are
not mutually exclusive processes and can operate both at the
level of protein function, through alterations in the coding
sequence, and at the level of tissue-specific function, through
changes in cis-regulation (Ohno 1970; Castillo-Davis et al.
2004; He and Zhang 2005; Kassahn et al. 2009) as well as at
other levels of regulation (Alonso and Wilkins 2005).

Various studies of individual duplicate pairs, as well as
genome-wide analyses, have shown that functional diver-
gence (subfunctionalization and neofunctionalization) at
the level of tissue-specific expression is frequent after dupli-
cation, although conservation seems to be rarer (Force et al.
1999; Prince and Pickett 2002; Kassahn et al. 2009; Assis and
Bachtrog 2013). Furthermore, some of these studies have ex-
amined the impact of different duplication mechanisms on
the expression divergence (Cusack and Wolfe 2007; Katju
2013). Others have analyzed the temporal dynamics of ex-
pression divergence between duplicates relative to the dupli-
cation event (Huerta-Cepas et al. 2011; Pegueroles et al. 2013).
However, despite these recent advances in our understanding
of how duplicated pairs diverge in their tissue-specific func-
tions, little is known about this process at the level of gene
family evolution. For example, there is only a handful of stud-
ies addressing whether the expression diversity of extant gene
families arose primarily by recurrent subfunctionalization of
the ancestral tissue-specificities or by neofunctionalization of
new family members (Huminiecki and Wolfe 2004; Freilich
et al. 2006; Farr�e and Alb�a 2010). These genome-wide studies
reported negative correlations between the size of gene fam-
ilies and the breadth of tissue-specific expression of an indi-
vidual family member, an observation that was interpreted as
a signature of subfunctionalization in expanding families
(Huminiecki and Wolfe 2004; Freilich et al. 2006; Farr�e and
Alb�a 2010). Interestingly, though, when Huminiecki and
Wolfe (2004) analyzed the expression divergence of four of
these families in their phylogenetic contexts, the proportion
of neofunctionalization events increased, highlighting the im-
portance of incorporating phylogeny for accurate inference of
functional fates.

Therefore, inferring patterns of functional diversification of
a multigene family requires a reliable knowledge of the dupli-
cation history as well as the functions of the founding ortho-
log and its duplicates in different stages of the expansion
process. The increasing number of species with assembled
genomes allows unprecedented levels of taxon sampling to
address this issue, particularly at the level of tissue-specific
expression. However, to date, few studies have taken full ad-
vantage of multiple species with sequenced genomes to care-
fully delineate the process of functional diversification in gene
families (Voordeckers et al. 2012).

In this study, we focused on a subfamily of nine genes in
Drosophila and their orthologs across insects, which have
undergone extensive expression diversification in the last
250 Ma. These genes belong to the Ly6 gene superfamily
whose members encode glycoproteins with small

extracellular module(s) called three-finger-domains (TFD)
(Galat et al. 2008). These domains, approximately 100
amino acid long, possess eight to ten highly conserved cyste-
ine residues placed in stereotypical positions, and adopt a
characteristic conformation with three protruding loops
that interact with diverse targets (Galat et al. 2008). Present
in most metazoans, the Ly6 proteins have been co-opted for a
wide variety of physiological and developmental functions.
For example, in the insect Drosophila, Ly6 members have
been shown to participate in diverse processes such as the
assembly of cell adhesion complexes (Hijazi et al. 2009; Nilton
et al. 2010; Hijazi et al. 2011; Syed et al. 2011), the formation of
cuticle (Moussian et al. 2005; Chaudhari et al. 2013), the mod-
ulation of motoneuron activity (Kim and Marqu�es 2012), or
the regulation of circadian rhythms (Wu et al. 2010; Wu and
Robinson 2014).

A key to the functional versatility of this protein superfam-
ily may be the intrinsic flexibility of the TFD domain, indicated
by highly divergent sequences of Drosophila and vertebrate
Ly6 genes. Indeed, a salient feature of the Ly6 genes is their
apparent tendency to undergo lineage-specific expansion and
functional diversification in multiple groups of animals (Fry
et al. 2003; Hijazi et al. 2009; Galat 2011; Vonk et al. 2013). An
extreme example of this phenomenon is illustrated by a large
set of Ly6 family toxins in the Elapid and Hydroid snakes. They
evolved from a nontoxic ancestor after multiple rounds of
gene duplication and are known to bind with different spe-
cificities to a wide array of targets in the prey, suggesting that
their diversification confers strong selective advantages (Fry
et al. 2003; Galat et al. 2008; Vonk et al. 2013).

The insect Ly6 gene superfamily also appears to have un-
dergone lineage-specific expansion events, with the most
prominent expansion occurring in the higher Diptera. The
genome of Drosophila melanogaster (a higher dipteran) con-
tains 36 family members (Hijazi et al. 2009), whereas those of
the mosquito Anopheles gambiae (a lower dipteran), the
beetle Tribolium castaneum (a coleopteran), and the honey-
bee Apis mellifera (a hymenopteran) contain 16, 26, and 15
members, respectively. In addition, the Ly6 genes in D. mela-
nogaster have been shown to display both highly divergent
coding sequences and tissue-specific expression in the
embryo (Hijazi et al. 2009; Nilton et al. 2010). Thus, we rea-
soned that the dipteran Ly6 family could be an interesting
model to study the process of gene family diversification.

In this work, we have focused on one episode of expansion,
which produced a subfamily of Ly6 genes unique to the higher
Diptera. By analyzing different insect genomes, we first recon-
structed the duplication history of nine paralogs that have
arisen from a single ancestral gene through sequential
tandem duplications. We then characterized the embryonic
tissue-specificities of the duplicates and their unduplicated
orthologs to retrace the path of expression diversification
during family expansion. We found a consistent pattern
where the ancestral expression domains of the founding
gene were sequentially inherited by one duplicate after each
duplication event, whereas the other duplicate assumed di-
vergent tissue specificities. Novel tissue-specificities were ac-
quired frequently following duplication events as well as
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following speciation events and contributed to the present
day diversity of tissue-specific expression of the insect Ly6
genes. Our work provides one of the first empirical studies
addressing how tissue-specificities diversify in a rapidly evolv-
ing gene family.

Results

Phylogenetic Analysis of Cluster III and V Genes

A preliminary inventory of the TFD proteins present in insect
genomes revealed that the size of the Ly6 superfamily varies
significantly among different groups of insects. For instance,
the genome of the coleopteran T. castaneum contains 26
genes in contrast with the 15 family members in the hyme-
nopteran A. mellifera or the 16 genes in the lower dipteran
An. gambiae. Among fully sequenced insect species, the larg-
est number of paralogs is found in the higher dipterans with
D. melanogaster harboring 36 genes (Hijazi et al. 2009).
Interestingly, many members of the Drosophila Ly6 superfam-
ily are arranged in clusters of contiguous loci with the con-
served intron–exon structure, indicating that the recent
expansion of this family involved multiple episodes of
tandem gene duplication (Hijazi et al. 2009; Nilton et al. 2010).

To describe one of these episodes in detail, we focused on
the evolutionary history of a Drosophila Ly6 subfamily com-
prised of nine genes arranged in two clusters (Cluster III and V
described in Hijazi et al. [2009]; fig. 1A). Cluster III is 6.5 kb in
size and contains three contiguous Ly6 genes, CG6583, crok,
and atilla, whereas Cluster V is a larger cluster (32 kb) with six
genes: CG31675, twit, CG9336, CG9338, CG31675, and CG14401
(fig. 1A). We have searched for putative homologs of these
nine genes among all the Ly6 genes identified above in differ-
ent insect genomes. Both the amino acid sequence similarity
and, where possible, the synteny of the candidate homologs
were used to establish their orthology (see below and
Materials and Methods for details). The results are summa-
rized in supplementary figure S1A, Supplementary Material
online. We found CG6583 and crok orthologs not only in all
the holometabolous insects but also in distantly related ar-
thropods such as crustaceans and chelicerates, indicating that
they are ancient members of this family (fig. 1A, supplemen-
tary fig. S1A, Supplementary Material online). In comparison,
the other seven members appear to have more recent origins,
because in Coleoptera (T. castaneum), Lepidoptera (Bombyx
mori, Danaus plexippus, Bicyclus anynana), and the lower
Diptera (An. gambiae, Anopheles stephensi, Culex quinquefas-
ciatus, and Aedes aegypti), we could only identify a single
homolog, a gene related to CG31676 and twit (fig. 1A, sup-
plementary fig. S1A, Supplementary Material online). This
gene forms a single cluster with the crok and CG6583 ortho-
logs in most assembled genomes (fig. 1A). We found two
additional Ly6 genes in these clusters in the genomes of
both T. castaneum and two lepidopteran species (B. mori
and Da. plexippus) (fig. 1A). However, given their sequence
divergence relative to other family members and their phylo-
genetic distribution, we considered these genes as lineage-
specific duplicates unrelated to the history of the
Drosophila genes.

In contrast, the higher dipterans harbor more homologs of
this Ly6 subfamily (fig. 1A). We identified single CG31676 and
twit orthologs in both M. abdita (Phoridae) and C. capitata
(Tephritidae). In addition, C. capitata contains one ortholog
of atilla and one gene highly related to CG9336 and CG9338.
Megaselia abdita, in turn, contains two homologs of atilla and
four homologs of the CG9336/CG9338 pair. Finally, we were
only able to identify the orthologs of CG31675 and CG14401 in
the C. capitata genome (fig. 1A, supplementary fig. S1A,
Supplementary Material online). In this species, the homologs
are found in the same orientation as in the Drosophila
genome and, similarly, grouped in two separate clusters
(fig. 1A). We could not determine the cluster organization
in M. abdita due to the short length of the available genomic
contigs.

Gene trees were estimated using the Bayesian-based phy-
logeny program BAli-Phy with the amino acid sequences of all
homologs retrieved from nine holometabolan species (A. mel-
lifera, T. castaneum, B. mori, Bi. anynana, Da. plexippus, An.
gambiae, C. capitata, M. abdita, and D. melanogaster) to es-
tablish their relationships (see Materials and Methods)
(fig. 1B). Using cold (an unrelated member of the Ly6
family) from three species as an outgroup (fig. 1B, supplemen-
tary fig. S1B and C, Supplementary Material online), we ob-
tained multiple trees consistently displaying the same overall
tree topology. Only minor differences arose within the clades,
which do not qualitatively affect the conclusions (see below)
and constitute good evidence for a strong phylogenetic signal.
As is customary for phylogenetic trees computed with
Bayesian methods, the consensus tree containing nodes
with posterior probability values above 0.5 is shown (values
on the left in fig. 1B). To validate the results obtained with
BAli-Phy, we used the second Bayesian-based program
MrBayes, which yielded trees with consistent overall topolo-
gies. Posterior probability values above 0.5 obtained from
MrBayes are shown on the corresponding branches in the
BAli-Phy-generated tree in figure 1B (values on the right).

We observed three major clades: One including all the
CG6583 orthologs, another with the crok orthologs, and a
third one grouping all the remaining genes (fig. 1B). The
last large clade consisted of two major branches. One in-
cluded CG31676 and CG9335, together with the single gene
found in all nondipteran and lower dipteran species. The
other branch contained the orthologs of atilla and all the
Cluster V genes (CG9336, CG9338, CG31675, and CG14401).
Within this branch, a well-supported clade exclusively con-
tained the atilla orthologs. In its sister clade containing the
four Cluster V genes, however, some of the internal nodes
were either unresolved or weakly supported. Finally, the
aC1B1–4 genes and atilla1 and 2 in M. abdita each formed
their own clades indicating that they were produced through
lineage-specific duplications (fig. 1B).

Reconstruction of the Cluster III and V Duplication
History

Combining the information derived from the phylogenetic
analysis and the synteny blocks in the context of the species
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tree, we reconstructed the sequence of duplication events of
this Ly6 subfamily (fig. 2). We could establish that the
common ancestor of Holometabola had a cluster consisting
of two genes, a state currently represented by some hyme-
nopteran species. These genes were CG6583, which has never
undergone duplication within the holometabolan lineage,
and the crok-like gene, which duplicated to give rise to crok,

and a third gene (hereafter called aC1, for ancestor of Clade1)
after the split of Hymenoptera from the other Holometabola.
Since then crok remained unduplicated in all the lineages
analyzed in this study, whereas aC1 gave rise to the rest of
the Cluster III and V genes, which we refer to as Ly6 Clade1
genes (figs. 1 and 2). At the base of the higher Diptera, aC1
underwent the first round of duplication to generate the

FIG. 1. Phylogenetic analysis of Cluster III and V Ly6 genes. (A) Numbers and cluster organizations of the Cluster III and V Ly6 genes in insect genomes.
The phylogenetic relationship of the groups is shown on the left. Pointed ends on the genes indicate their orientations within the clusters. Genes in the
same clusters are connected with lines. The members are further subdivided according to the phylogenetic analysis below (Clade1, Subclades A and B).
In Megaselia, neither the cluster organization nor the orientations of the genes are known. Megaselia also has multiple copies of CG9336–CG9338 and
atilla homologs. The Apis homologs are not in a cluster. (B) Bayesian consensus tree generated using BAli-Phy program. For each branch, posterior
probabilities above 0.5 are shown on the left. Those obtained for the corresponding branches in the tree generated by MrBayes are shown on the right.
A distantly related Ly6 gene coiled (cold) was used as an outgroup. Dm, Drosophila melanogaster; Cc, Ceratitis capitata; Ma, Megaselia abdita; Ag,
Anopheles gambiae; Tc, Tribolium castaneum; Am, Apis mellifera; Dp, Danaus plexippus; Ba, Bicyclus anynana; and Bm, Bombyx mori.
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ancestor of the CG31676–twit lineage (Subclade 1A) and a
gene ancestral to the rest of the paralogs (fig. 2). The second
round of duplications produced CG31676 and twit on one
side and atilla and the ancestor of the CG9336, CG9338,
CG31675, and CG14401 on the other side. We refer to the
latter group of paralogs as Subclade 1B and to its ancestral
gene as aC1B (fig. 2).

After the split of the Phoridae (represented by M. abdita)
and the Schizophora (represented by C. capitata and D. mel-
anogaster), aC1B duplicated twice to give rise to CG31675,
CG14401 and the parental genes of CG9336 and CG9338
(named a-36/38). However, the order of these two duplica-
tion events could not be resolved with high confidence in our
analysis. By this time, a translocation event separated atilla,
crok, and CG6583 from the rest of cluster. This notion is sup-
ported further by our synteny analysis (supplementary fig. S2,
Supplementary Material online), which revealed that the 50

neighbors of CG31676 in D. melanogaster and C. capitata are
found on the 50 side of aC1 in Ae. aegypti and Cu. quinque-
fasciatus. Finally after the split of the tephritid fly C. capitata,
CG9336 and CG9338 arose through the last duplication event
in Drosophilids. Meanwhile, within the Phoridae, aC1B under-
went two rounds of duplication to give rise to four copies
(aC1B1–4), and atilla duplicated once producing atilla1 and
atilla2 (fig. 1).

Tissue-Specific Expression of the Founding Ortholog
aC1

The Cluster III and V genes of D. melanogaster display diverse
tissue-specific patterns suggesting extensive functional

diversification during the course of family expansion (Hijazi
et al. 2009; Nilton et al. 2010; Kim and Marqu�es 2012). To
characterize this expression divergence process, the embry-
onic expression patterns of aC1 genes and its duplicates were
characterized in six species representing different states of
duplication. The full tissue-specific expression domains of
all the paralogs are summarized in supplementary table S4,
Supplementary Material online. Additionally, we have looked
at the expression of crok, another ancient gene, which re-
mained unduplicated for over 350 Ma in the species under
study (supplementary fig. S3, Supplementary Material online).
In all six species examined, the pattern of crok was similar
showing generalized expression in the epidermis and the
hindgut (supplementary fig. S3, Supplementary Material
online).

To establish the putative ancestral expression domains of
the aC1 unduplicated ortholog, we first analyzed the expres-
sion patterns of this gene in the beetle T. castaneum, the
butterfly Bi. anynana, and the mosquito An. stephensi. In T.
castaneum, a prominent expression of aC1 transcripts was
detected in a group of cells associated with the nervous
system, specifically, in the ventral nerve cord (VNC), its exiting
nerves and the brain (fig. 3A and B, supplementary fig. S4A,
Supplementary Material online). In the VNC, these cells were
found scattered over the surface and in the midline (fig. 3B).
These groups of cells also stained positively for the T. casta-
neum repo gene (a known glial marker), indicating their glial
identity (fig. 3C). aC1 expression was also observed in the
dorsal and the leg trachea (fig. 3D) and in the hindgut
(fig. 3E). In the late stage embryos, the expression was also

FIG. 2. Evolutionary history of Clusters III and V Ly6 gene subfamily. The red scissor indicates the separation of the ancestral cluster into two distinct
genomic locations. Note that in the ancestral cluster with three genes, CG6583 orthologs are found in different orientations in different groups. See text
for details.
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observed in the epidermis of the ventral thorax and the prox-
imal part of the legs (supplementary fig. S4B, Supplementary
Material online).

In Bi. anynana, the aC1 expression was also most conspic-
uous in the VNC and the brain (fig. 3F and G). Additionally,
several cells in what appeared to be the peripheral nervous
system (PNS) displayed a prominent expression (fig. 3F and G).
Labeling with probes against the Bi. anynana homologs of repo
and the neuronal marker elav confirmed that the aC1 expres-
sion in the nervous system corresponded to glial cells (fig. 3H,
supplementary fig. S4C, Supplementary Material online). As in
T. castaneum, moderate expression was also observed in the
hindgut and in the epidermis of the ventral thorax and the lat-
eral body wall (fig. 3J, supplementary fig. S4D, Supplementary
Material online). Finally, unique to this species, the neurons in
the developing larval photosensory organ and the glia in the
optic stalk strongly expressed aC1 (fig. 3I, supplementary fig.
S4E–H, Supplementary Material online).

In An. stephensi, the aC1 transcript was also expressed in
the nervous system (fig. 3K and L). However, unlike the other
two species, the expression appeared stronger in the PNS
than in the VNC (fig. 3P and Q). In the brain, only the cells
on the surface appeared to express aC1 transcripts, suggest-
ing that they might be perineural glia enveloping the brain
(fig. 3P). We confirmed their glial identity and those of
the VNC and PNS using riboprobes against the An. gambiae
repo and the neuronal marker elav (fig. 3R and S).
Other tissues expressing aC1 included the epidermis in
the head and the terminal segments and the trachea
(fig. 3O–Q).

In summary, the expression in the glia, the epidermis, and
the hindgut appears to be the most conserved features of
the aC1, whereas the other observed domains represent
lineage-specific gains. Most likely, these conserved tissues-
specificities were present in the founding ortholog of the
Clade1 (fig. 2).

FIG. 3. Embryonic tissue-specificities of aC1 genes. (A–E) Tribolium castaneum. (A) Ventral view of the whole embryo. Asterisks indicate nonspecific
labeling of the pleuripod. (B) Boxed area in (A), showing aC1 expression in the VNC and in the exiting nerves (arrows). (C) Glial cells in the VNC and the
exiting nerves (arrows) visualized with the repo riboprobe. (D) Dorsal longitudinal trachea (tr). (E) Expression in the hindgut (hg) and anal structures
(arrow). (F–J) Bicyclus anynana. (F) Ventral view showing the expression in the larval photoreceptor neurons (lp), the brain (br), and the VNC. (G) Boxed
area in (F), showing aC1 expression in the VNC and in the PNS glia (arrows). (H) repo expression labels glial cells in both the CNS and PNS (arrows). (I)
aC1 expression in the larval photoreceptor neurons and optic nerve glia (os). (J) Expression in the hindgut (hg), the anal structures (arrow), and the
VNC. (K–S) Anopheles stephensi. (K–N) Ventral views. (L) Boxed area in (K), showing aC1 expression in the VNC (arrowheads) and the exiting nerves
(arrows). (M) repo expression labeling glial cells associated with the exiting nerves (arrows) and the VNC (arrowheads). (N) Neurons in the VNC
visualized with elav expression. (O) aC1 expression in the anal structures (arrow). Asterisk, Nonspecific staining. (P–S) Lateral views. (P) Lateral view of
the whole embryo. Arrows, brain. (Q) Boxed area in (P), showing expression in the exiting nerves (arrows) and in trachea (arrowheads). t3, third thoracic
segment; a1 and a2, first and second abdominal segments. (R) repo expression in the glia labeling exiting nerves (arrows) and PNS. (S) elav expression in
the CNS and PNS neurons. Anterior is to the left in all figures.
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Tissue-Specific Expression of the Old Paralogs:
CG31676, Twit, and Atilla

After the split between Brachycera and the lower dipterans,
two duplication events produced four genes, CG31676, twit,
atilla, and aCB1 (fig. 2). Of these, aC1B has undergone further
duplications but the other three genes remained undupli-
cated without generating novel paralogs (except for atilla in
M. abdita) (figs. 1A and 2). In Clade1, twit is the only gene that
has been functionally characterized and its expression has also
been analyzed in D. melanogaster (Kim and Marqu�es 2012). In
the embryos of D. melanogaster, this gene is expressed in a
subset of motor neurons in each segment of the VNC, small
clusters of neurons in the brain, and the larval photosensory
organs (Bolwig’s organs) (fig. 4E and F; Kim and Marqu�es
2012). The twit orthologs in C. capitata and M. abdita
showed expression in what appears to be equivalent neuronal
populations in the VNC and the brain (fig. 4A–D). The ex-
pression in the Bolwig’s organ, however, was not detected in
C. capitata, suggesting that these expression domains may
have been secondarily lost in this species.

CG31676 is the sister paralog of twit (fig. 1B), but the ex-
pression patterns of these genes are remarkably different
(fig. 4G–R). In all the species examined, the CG31676 tran-
scripts were detected in the hindgut and in the neurons of the
terminal and dorsal organs in the head (fig. 4G, H, J, K, and
N–P, supplementary fig. S5B, Supplementary Material online).

In addition, we identified many lineage-specific expression
domains. Both C. capitata and D. melanogaster showed ex-
pression in the heart (fig. 4K, M, and Q), whereas M. abdita
and D. melanogaster shared expression in a row of dorsolat-
eral neurons in the PNS (fig. 4G and O, supplementary fig. S5A,
Supplementary Material online). Finally, CG31676 was ex-
pressed in D. melanogaster in the ring gland, the pharyngeal
muscle, and the somatic cells of the gonad, indicating an
acquisition of a novel expression in mesoderm-derived tissues
in this lineage (fig. 4O, P, and R). In C. capitata, a species-
specific expression was also present in what appears to be
neurons located in the midline of the VNC, two unidentified
rows of cells in the dorsal head and unidentified segmentally
repeated structures in the ventrolateral part of the body
(fig. 4L, supplementary fig. S5C, Supplementary Material
online).

atilla, the sister paralog of Subclade 1B, is the third gene
already present at the base of Cyclorrhapha (fig. 2). The
expression of atilla in the D. melanogaster embryo became
visible in epidermis, trachea, and pharynx of late embryos
(fig. 5N). In C. capitata, this gene was also expressed at late
stages in the epidermis and the pharynx (fig. 5M, supplemen-
tary fig. S5D, Supplementary Material online), but had addi-
tional expression in the oenocytes and in the hindgut starting
in earlier stages (fig. 5K and L).

In M. abdita, atilla has undergone lineage-specific duplica-
tion to produce two copies, atilla1 and atilla2 (fig. 1A). atilla1

FIG. 4. Embryonic tissue-specificities of twit and CG31676 orthologs. (A–F) twit. (A, B) Megaselia abdita. (A) Ventral view showing expression in the VNC.
(B) Dorsal view showing strong signal in the larval photoreceptors (lp) and a set of cells in the brain (arrow). (C, D) Ceratitis capitata. Asterisks label a
nonspecific signal associated with the mouth hooks. (C) Ventral view showing expression in the VNC. (D) Dorsal view showing expression in distinct
cells in the brain (arrow). (E, F) Drosophila melanogaster. (E) VNC expression. (F) Expression in the larval photoreceptors and the neurons in the brain
(arrow). (G–R) CG31676. (G–J) Megaselia abdita dorsal views. (G). Transcript distribution in the hindgut (hg), terminal organ (to), and lateral sensory
neurons (arrows). Asterisk labels nonspecific staining in the mouth hooks. (H) Expression in the dorsal organ (do) and in pharynx associated cells
(arrow). (I) No detectable expression is observed in the heart (hr). (J) Expression in two lateral rows of cells in the hindgut. (K–N) Ceratitis capitata dorsal
views. (K) Expression is detected in the terminal organ (to), anterior heart (hr), and the hindgut (hg). Asterisk labels nonspecific staining in the dorsal
trachea. (L) Cephalic region showing expression in unidentified rows of cells dorsal to the pharynx (arrows). (M) Expression in the heart (hr) and an
unidentified structure (arrows). (N) Expression in a single row of cells in the hindgut. (O–R) Drosophila melanogaster. (O) Expression in the terminal
organ (to), lateral sensory neurons (arrows), gonads (gn), and a ring of cells in the hindgut (hg). (P) Details of the cephalic region, showing expression in
the pharyngeal muscle (pm), dorsal organ (do), and ring gland (rg). (Q) Expression in the posterior heart (hr). (R) Germ cells labeled with VASA protein
(green) are in contact with gonad mesodermal cells expressing CG31676 transcripts (red). In all images, anterior is to the left.
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was prominently expressed in the developing trachea, in clus-
ters of cells in the PNS including the Bolwig’s organs and other
PNS sensory organs, and in a small segmentally repeated set of
cells in the VNC (fig. 5A–C and E). Colabeling with the Elav

antibody confirmed that almost all atilla1 positive cells in the
PNS were neurons (including Bolwig’s organ and the dorsal
and the terminal organs) (fig. 5C). The exception was a group
of cells flanking the VNC, which were most likely glial cells of

FIG. 5. Embryonic tissue-specificities of atilla, CG14401, and CG31675 genes. (A–N) atilla genes. (A–E) Megaselia abdita atilla1. (A, B) Lateral views
showing expression in the lateral sensory neurons (ne) and the larval photoreceptors (lp). (C) Fluorescent double staining showing atilla1 (red) and Elav
protein (green) distribution on the lateral sensory neurons (ne). atilla1 expression is detected in both neurons and trachea (tr). (D) Expression in the
dorsal epidermis. (E) Ventral view of atilla1—Elav double staining showing atilla1 expression in the Elav-negative glial cells associated with the exiting
nerves (arrows) and within the VNC (inset). (F–J) Megaselia abdita atilla2. (F, G) Lateral views displaying expression in the muscle apodemes (ap) and the
chordotonal organs (co). (H) Fluorescent staining of atilla2 (red) and Elav protein (green) on the lateral sensory organs. atilla2 transcripts are found both
in nonneuronal components of the chordotonal organs (co) and in few Elav positive sensory neurons on the ventral side (ne). (I) Expression in the
dorsal heart (hr) and apodemes (ap). (J) atilla2 is expressed in Elav positive cells in the VNC (magnified in inset). (K–M) Ceratitis capitata atilla. (K, L)
Lateral views showing expression in the hindgut (hg) and the oenocytes (oe). (M) Late embryos show expression in the epidermis. (N) Drosophila
melanogaster lateral view. atilla is expressed in the epidermis, trachea (arrows), and pharynx (ph). (O–R) CG31675 orthologs. (O, P) Ventral (O) and
lateral (P) views of C. capitata embryo at the extended germband stage showing labeling of unidentified groups of cells posterior to the head (arrow).
(Q, R) Drosophila melanogaster CG31675. (Q) Lateral view showing expression in the dorsal sensory organs. (R) CG31675 (red) is expressed in Elav-
positive (green) lateral neurons (arrows). (S–V) CG14401 orthologs. (S, T) Ceratitis capitata. (S) Lateral view showing CG14401 expression in the ventral
longitudinal muscles (vm). (T) Magnified view of the ventral muscle, seen from a ventrolateral perspective. (U, V). Drosophila melanogaster CG14401. (U)
Ventral view showing expression in the garland cells (gc). (V) Dorsal view showing expression in a subset of cells associated with the posterior spiracles
(arrow).
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the exiting nerves (fig. 5E). We also detected expression in the
hindgut (supplementary fig. S5E, Supplementary Material
online) and, at later stages, in the epidermis (fig. 5D).
Megaselia abdita atilla2 expression was quite distinct from
that of atilla1 (fig. 5F–J). For example, prominent expression
was observed in the heart, whereas it was completely absent
in the PNS neurons (fig. 5G–J). Furthermore, the epidermal
expression was strictly limited to the apodemes (muscle at-
tachment sites) (fig. 5G–I). Finally, moderate level of expres-
sion was observed in many neurons of the VNC and in the
nonneuronal components of chordotonal organs (fig. 5G, H,
and J).

Tissue-Specific Expression of the Subclade aC1B
Paralogs: a-36/38, CG31675, and CG14401

According to our analysis, the subclade aC1B founder gene
(aC1B) was already present in the common ancestor of
Cyclorrhapha (fig. 2). In M. abdita, our basal cyclorrhaphan
species, aC1B underwent three rounds of lineage-specific du-
plications to produce four paralogs, aC1B1, aC1B2, aC1B3, and
aC1B4 (figs. 1B and 8). During the embryonic development,
however, only aC1B1 and aC1B3 had detectable expression,
with the former gene being more widely expressed (fig. 6A–I,
supplementary fig. S6A–E, Supplementary Material online).
aC1B1 expression was visible in the glial cells of the exiting
nerves, the trachea, the Bolwig’s organ, and the VNC, where a
cluster of cells located in the ventral midline showed the
highest level of expression (fig. 6A–D). Colabeling with the
Elav antibody indicated that most of the cells in the VNC were
neurons (supplementary fig. S6C, Supplementary Material
online). A group of two to four cells in the leading end of
the hindgut also showed expression (supplementary fig. S6E,
Supplementary Material online). At late stages, the transcripts
also appeared at a low level in the muscles and the heart
(fig. 6D and E, supplementary fig. S6D, Supplementary
Material online). aC1B3, on the other hand, was expressed
in a single row of cells in the hindgut, in the salivary ducts and
in the posterior spiracles as well as in a group of cells associ-
ated with the lateral branches of the trachea (fig. 6F–I).
A small group of cells at the foregut–midgut border and an
unidentified bilateral group of cells in the head also expressed
aC1B3 (fig. 6F).

In Schizophora, aC1B followed a separate duplication his-
tory duplicating twice before the split of Tephritidae and
Drosophilidae and once more within the latter group
(figs. 1B and 2). As a consequence, C. capitata has three
paralogs, whereas the basal condition for drosophilids is
four. CG9336 and CG9338 in D. melanogaster are the most
recently duplicated paralogs and derived from the undupli-
cated ortholog a-36/38 still found in C. capitata (fig. 2). Overall
the C. capitata a-36/38 was expressed in the VNC neurons, in
the glia of the exiting nerves, the Bolwig’s organ, and the
hindgut (fig. 6J–L and N). This pattern is similar to that of
M. abdita aC1B1, but, additionally, the C. capitata gene was
also strongly expressed in the epidermis, in a group of cells
under the pharynx, and in the anal pad (fig. 6J and M, sup-
plementary fig. S6F, Supplementary Material online).

The recently duplicated paralogs CG9336 and CG9338 in
D. melanogaster retain considerable nucleotide sequence sim-
ilarities (72.6% identity between the coding sequences). To
minimize the cross-reactivity during in situ hybridization, we
designed riboprobes largely targeted against the 50- or 30-re-
gions including the UTRs (61.7% and 67.2% identity between
the probes, respectively). Although the observed staining pat-
terns were different, we still saw some overlapping expression
domains (fig. 7A–J). To exclude any ambiguity due to possible
probe cross-reactivity, we have taken advantage of two
Yellow Fluorescent Protein (YFP) trap lines available for
CG9336 and CG9338 (Lowe et al. 2014). In these lines, the
YFP is incorporated into the endogenous products, which
remain under the control of their native cis-regulatory regions.
We observed that the YFP distribution matched the staining
pattern obtained with the riboprobes, with the exception of
the epidermis and the hindgut (fig. 7K–P). Although the
riboprobe only revealed expression in the apodemes in the
anterior segments, CG9336-YFP showed a ubiquitous epider-
mal expression (fig. 7D, L, and M). In the case of the hindgut,
the CG9336 riboprobe showed expression in the bilateral rows
of cells in the late stages (the boundary cells) (supplementary
fig. S6G, Supplementary Material online), whereas neither YFP
lines had detectable signals in these cells. These discrepancies
may reflect potential disruption of the endogenous regulatory
elements by the protein-trap transposon insertion.

CG9336-YFP was most prominently expressed in various
populations of glial cells in the embryo as indicated by coex-
pression with the Repo protein (fig. 7K). These glial popula-
tions included the midline glia in the VNC, the perineural glia
and the cells in the exit nerves and the PNS (fig. 7K). Strong
neuronal expression was observed in neurons of the Bolwig’s
organ (supplementary fig. S6I, Supplementary Material
online), whereas a lower level of expression was observed in
neurons in the VNC on both sides of the midline (supple-
mentary fig. S6H, Supplementary Material online). Prominent
expression was also seen in the trachea, the heart, and the
lymph gland (fig. 7L and M). Relative to CG9336-YFP, CG9338-
YFP was expressed in a smaller number of tissues and at lower
levels (fig. 7N–P). Although both genes were coexpressed in
the Bolwig’s organ and in the glial cells in the exit nerve and
the PNS, CG9338-YFP expression was not detected in the
midline, epidermis, and trachea (fig. 7N). Instead a prominent
expression was observed in the migrating hemocytes (fig. 7O).
These results indicate that CG9336 and CG9338 have under-
gone extensive expression divergence despite their recent
origin.

The orthologs of CG31675 and CG14401 are only found in
D. melanogaster and in C. capitata. Their expression, quite
distinct between the two species, was very limited in the
embryos (fig. 5O–V). In C. capitata, CG31675 was transiently
expressed in a pair of small cell clusters located posteriorly to
the head at early stages (fig. 5O and P). In contrast, the
D. melanogaster ortholog was found in two segmentally re-
peated neurons associated with the dorsolateral sensory
organs and a few cells in the VNC (fig. 5Q and R). CG14401
was found only in the ventral muscles of C. capitata embryos
(supplementary fig. 5S and T, Supplementary Material online),
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whereas in D. melanogaster, just the garland cells (a set of
nephrocytes associated with the esophagus; fig. 5U) and the
terminal portion of the trachea expressed this gene (fig. 5V).

Reconstruction of the Tissue-Specific Expression
Diversification

To establish the tissue-specificities of the founding aC1 ortho-
log and to trace the probable path of expression diversifica-
tion in Clade 1, we have conducted parsimony analyses of
character evolution using reconciliation trees (see Materials
and Methods). We have classified the tissue-specific expres-
sion domains into 16 characters (fig. 8, supplementary fig. S7,
Supplementary Material online), including four tissues such as
the chordotonal organs and the ring gland, which were either
only present or identifiable in a subset of species. Although
the inclusion of the latter tissues may have lead to an over-
estimation of the relative number of neofunctionalization
events, it allowed us to better identify the divergence between
the paralogs and between more closely related orthologs
within the higher dipteran species. It should also be noted
that by classifying the tissue expression into only 16 domains,
we did not take into account spatial changes within each
tissue, which represents another level of functional divergence
(e.g., anterior heart vs. posterior heart, different subsets of
neurons and glia). For our analysis, we defined neofunctiona-
lization as acquisition of new tissue expression in a duplicate

relative to the unduplicated ortholog; conservation as inher-
itance of a particular tissue-specific expression by both dupli-
cates; subfunctionalization as complementary partitioning of
the ancestral tissue-specificities with or without few overlaps
(Hahn 2009). As one node in the tree (for a-36/9338, CG9336,
CG9338, CG14401, and CG31675) contained a polytomy, we
carried out the reconstruction for all three possible combina-
tions of the node. For all three alternative reconciliation trees,
the results of the character reconstruction were virtually iden-
tical and are summarized in figure 8 and supplementary figure
S7, Supplementary Material online.

According to our reconstruction, the hypothetical undu-
plicated founder aC1 at the base of Cyclorrapha was most
likely expressed in the neuronal and ectodermally derived
tissues, namely, in the glia, the trachea, the epidermis, the
hindgut, the photoreceptor neurons, and the CNS neurons.
The expression in the first five tissues appeared as a pleisio-
morphic characters of aC1 orthologs, whereas the expression
in the CNS neurons was a lineage-specific acquisition after the
split of lower and higher Diptera. aC1 then duplicated to give
rise to the ancestors of Subclade 1A (CG31676-twit pair) and
to the clade containing Subclade 1B and the atilla lineage
(figs. 2 and 8).

The Subclade 1A ancestor retained the expression in the
CNS neurons, the photosensory neurons, and the gut, but lost
the expression in the glia, the trachea, and the epidermis.
After the duplication into CG31676 and twit, the former

FIG. 6. Tissue specificities of aC1B and a-36/38 genes. (A–E) Megaselia abdita aC1B1. (A, B) Ventral view showing expression in the glia of exiting nerves
(arrows) and VNC neurons (ne). The dashed line demarcates the boundary of the nerve cord. (C) Trachea (tr) on the lateral body wall. (D) aC1B1 (red) is
expressed in muscles at a moderate level. Strong signal corresponds to glial cells (arrows). (E) Dorsal view showing low expression in the heart (hr).
Asterisks indicate nonspecific staining in the cuticle of the tracheal lumen. (F–I) Megaselia abdita aC1B3. (F) Ventral view showing expression in the
salivary ducts (sd) and at the fore–midgut junction (arrowhead). (G) Expression in a single row of cells belonging to the hindgut (hg). (H) Expression in
the cells associated with the tracheal branches (tr). Asterisks indicate nonspecific labeling of the tracheal cuticle. (I) Expression in the posterior spiracles
(arrow). (J–N) Ceratitis capitata a-36/38. (J, K) Ventral views showing expression in the pharynx-associated cells (ph) and the exiting nerves (arrows) and
the VNC neurons (ne). (L) Tracheal expression in the anterior dorsal segment. (M) Expression in the epidermis. (N) Expression along the lateral sides and
the tip of the hindgut is visible (arrows) in a dorsal view.
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inherited the gut expression and the CNS neuronal expression
(only retained in C. capitata), while acquiring expression in
the PNS neurons. Meanwhile, twit inherited only the neuronal
tissue-specificity, representing a potential case of subfunctio-
nalization. Although the twit expression pattern remained
relatively stable throughout cyclorrhaphan evolution, that
of CG31676 underwent many lineage-specific changes.
These include novel expression in mesodermal derivatives
such as the heart, the muscles, and the gonad as well as
independent losses of the CNS expression in M. abdita and
D. melanogaster.

In contrast to the Subclade 1A ancestral gene, the
common ancestor of Subclade 1B and atilla inherited all
the tissue-specificities of the founding ortholog aC1. Upon
its duplication, it passed on all the expression domains to
both atilla and the ancestor of Subclade 1B (aC1B in fig. 2).
However, these two copies followed very different trajectories

of functional divergence. On one hand, atilla underwent
marked lineage-specific expression changes. In Schizophora
(represented by C. Capitata and D. melanogaster), it lost
many of its original tissue-specificities, whereas in M. abdita,
it retained the ancestral expression domains. Moreover, the
latter gene duplicated further to give rise to atilla1 and atilla2,
after which some of the tissue-specificities have been parti-
tioned between the two paralogs resulting in another case of
subfunctionalization in our analysis.

On the other hand, in Subclade 1B, the ancestral expres-
sion domains have been retained by one paralog in all three
species. In M. abdita, aC1B1 inherited most of the ancestral
tissue-specificities, whereas the other three paralogs lost most
or all of the embryonic expression. Among the Schizophora,
the ancestral features were retained by a-36/38 in C. capitata
and by CG9336 in D. melanogaster after two and three
additional rounds of duplication events, respectively

FIG. 7. Drosophila melanogaster CG9336 and CG9338 expression. (A–E) D. melanogaster CG9336 in situ hybridization. (A) Ventral view showing
prominent expression in the midline glia (mg) and the exit nerves glia (arrows). (B) Expression in the larval photoreceptor neurons (lp). (C) Expression in
the trachea on the lateral body wall (tr). (D) Expression in the apodemes in anterior segments (arrows). (E) Dorsal view showing expression in the heart
(hr). (F–J) D. melanogaster CG9338 transcripts detected by the riboprobe. (F) Ventral view showing expression in the glia in the exiting nerves (arrows)
and weaker expression in the midline glia (compare with A). (G) Expression in the larval photoreceptors. (H) Trachea on the lateral body wall. (I)
Expression in migrating hemocytes seen in the cephalic region (arrows). (J) Faint signal detected in the heart. Note that the two riboprobes share
sequence similarity and may be cross-reacting. (K–M) The tissue distribution of CG9336-YFP (green) and the glial marker Repo (red) in the embryo
homozygous for the CG9336-YFP protein trap insertion. (K) Ventral view. In both the exiting nerves and the VNC, the YFP signal is detected in Repo
positive cells. Midline glia lacks Repo expression. (L) Dorsal view showing expression in the trachea (tr) and the lymph gland (lg). Note the ubiquitous
epidermal expression, which is not visible with the riboprobes. (M) Dorsal view showing strong heart expression. (N–P) Embryos homozygous for the
CG9338-YFP protein trap insertion, showing the distribution of CG9338-YFP (green) and Repo (red). (N) Ventral view showing expression in the glial
cells associated with the exiting nerves, but no expression in the midline. (O) Dorsal view showing expression in the migrating hemocytes (arrows).
Asterisk labels autofluorescent signal from the midgut yolk. (P) Dorsal view showing strong expression in the hemocytes (arrows) and weak expression
in the heart (hr).
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(in cases of the alternative tree in supplementary fig. S7A,
Supplementary Material online, one and two duplication
events, respectively).

After the final duplication step, which took place at the
base of the drosophilid lineage, CG9336 inherited most of the
tissue-specificities of a-36/38. CG9336 and CG9338 still share
expression in the Bolwig’s organ and in a subset of glial cells,

but only the former gene retained expression in the hindgut
and the epidermis. Each duplicate also gained novel expres-
sion domains such as the heart in both duplicates and the
hemocytes in CG9338. The other paralogs in Subclade 1B
lost all or most of the ancestral expression domains. These
include CG31675, virtually not expressed in C. capitata
and only present in the dorsolateral PNS neurons in

FIG. 8. Parsimony analysis of evolution of the tissue-specificities in the aC1 lineage. The nodes with white genes represent duplication events, whereas
the nodes with shaded genes indicate speciation. Tissue symbols appearing next to branches indicate acquisitions of new tissue-specificities (neo-
functionalization) associated with either duplication events (stars) or speciation events (asterisks). Branching arrows above the genes indicate
subfunctionalization. In this reconciliation tree, there are two equally parsimonious scenarios for evolution of epidermal expression (the yellow
boxes 1 and 2). The first scenario yields nine instances of neofunctionalization after duplication and ten after speciation following the start of the
Clade1 family expansion. The second scenario yields eight neofunctionalization after duplication and ten after speciation. For both scenarios, there are
two cases of subfunctionalization.
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D. melanogaster and CG14401, found exclusively in novel tis-
sues such as the muscles in C. capitata and the garland cells in
D. melanogaster.

Overall, compared with the six tissue-specificities of the
aC1 founding ortholog, this subfamily as a whole gained ten
new expression domains including independent acquisitions
in the same tissues (muscle, heart, and PNS neurons) by sev-
eral paralogs. In two of the three alternative trees (fig. 8,
supplementary fig. S7B, Supplementary Material online), out
of 19 acquisitions of new expression domains after the start of
expansion process (or 18 depending on the scenario), 9 (or 8)
tissue-specificities were acquired following duplication events,
and 10 were species-specific acquisitions. In these trees,
there were 19 instances of conservation of tissue-specific
expression and 31 instances of asymmetric inheritance af-
ter duplication (or depending the scenario, 18 and 30,
respectively). For the third tree (supplementary fig. S7A,
Supplementary Material online), out of 18 novel tissue-speci-
ficities, 8 were gained after duplication events and 10 after
speciation. There were 19 conservation events and 27 asym-
metric inheritance events. We found only two instances of
subfunctionalization in two of the trees and three in the
third tree (fig. 8, supplementary fig. S7, Supplementary
Material online). Finally, there was only one potential case
where the entire suit of expression domains was conserved
in both duplicates (inferred ancestral genes of Subclade 1B
and atilla).

Discussion
In this study, we investigated how expression patterns of a
gene family evolved during the course of its expansion.
Our approach consisted in determining the duplication tra-
jectory of a defined set of paralogs and subsequently analyzing
in toto their embryonic tissue-specificities across six different
species.

We have chosen to restrict our analysis to embryonic de-
velopment because at this stage the species considered are
most amenable to whole mount in situ hybridization, which
allows visualization of gene expression in the entire body.
Also, the embryos are to a large extent anatomically compa-
rable, although some features such as the larval visual organs
and the legs are either highly reduced or lost in the dipteran
species studied. However these differences do not affect our
analysis, as these structures consist of tissues present in all
species. Our exclusive examination of the embryonic stages
may, however, result in a systematic underestimation of the
extent of paralog divergence, as we ignore their postembry-
onic requirements and, thus, a large portion of the factors
that could have sculpted their functional fates. Nevertheless,
our embryonic data clearly show that the studied paralogs
have undergone considerable divergence in their transcrip-
tional regulation. We considered the tissue-specific expression
as a proxy for function and, concomitantly postulate that
expression differences, to a large extent, reflect functional
diversification.

In comparison to genome-wide studies using microarray or
RNA-seq data, our approach allows more precise detection of
restricted and dynamic tissue-specific expression. Although

the resolution of the high throughput studies is limited to the
organ level, which in many cases consists of multiple tissue
types, we are able to detect spatial changes within the tissues,
even at the cellular level resolution. Consequently, our analysis
is likely to reveal more cases of expression divergence (neo-
functionalization and subfunctionalization) and provides
better estimations of the evolutionary dynamics of transcrip-
tional regulation upon gene duplication (Duarte et al. 2006;
Liu et al. 2011; Johnson et al. 2013).

The members of the insect Ly6 gene family studied here
also present very divergent amino acid sequences, indicating
that changes in the protein structure have also played an
important role during their functional diversification.
Although many members of the Drosophila Ly6 gene super-
family are known to have genetically separable functions
(Moussian et al. 2005; Hijazi et al. 2009; Nilton et al. 2010;
Wu et al. 2010; Kim and Marqu�es 2012), we did not consider
to what extent the nine paralogs in this analysis have diverged
or remained redundant in their protein function. However,
each member likely contributes to fitness either by carrying
out separate genetic functions or by conferring phenotypic
robustness through redundancy (Wagner 2005), as none of
the genes was lost in the 12 fully sequenced species (diver-
gence time estimated at 40 Ma). In addition, the results of
z-tests for purifying selection clearly indicate that these
duplicates have been maintained by this selective force (sup-
plementary table S5, Supplementary Material online).

Evolutionary Diversification of Tissue-Specific
Expression Patterns during Gene Family Expansion

A global comparison of the tissue-specificities of the founding
ortholog aC1 and its duplicates revealed two striking patterns.
First, the expansion of this Ly6 subfamily increased the
number of tissues in which these genes are utilized from 6
to 16, including the species-specific variations. Not only did
the expression domains expand within the ectoderm-derived
tissues, but also to different mesodermal derivatives. Second,
one paralog in each of the three cyclorrhaphan species (i.e.,
aC1B1, a-36/38, and CG9336) inherited most, if not all, of the
six original expression domains of the founder gene aC1
(except in M. abdita in which atilla1 also appears to have
inherited many of the original expression domains). In com-
parison, the other paralogs evolved much narrower expres-
sion breadths than the ancestral gene, indicating substantial
loss of the original expression domains. This observation is
consistent with previous findings from several genome-wide
studies, which showed that individual members of larger gene
families tend to have narrower expression breadths
(Huminiecki and Wolfe 2004; Freilich et al. 2006; Farr�e and
Alb�a 2010). Importantly, our parsimony analysis of the ex-
pression divergence process revealed that this trend is pro-
duced by a repeated asymmetric inheritance of the ancestral
expression domains through at least four duplication events
whereby one copy inherited the ancestral tissue-specificities,
whereas the other copy lost all or most of the old expression
domains.
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Asymmetric Expression Divergence and Bias in
Duplication Frequency

Although asymmetric divergence of expression domains as
well as asymmetric sequence evolution after gene duplication
was previously observed in genome-wide studies (Wagner
2002; Scannell and Wolfe 2008; Assis and Bachtrog 2013;
Pegueroles et al. 2013), our study provides the first observa-
tion that the asymmetric inheritance persists through multi-
ple rounds of duplication events.

This observation suggests that the copy maintaining the
wide ancestral expression domain appears to act as a “seed”
generating a copy with diverged expression. Is this predicted
from previous theoretical and empirical studies? Theoretical
models of expression divergence under neutral loss indicate 1)
a pair of duplicates evolving asymmetric expression domains
are more likely to be preserved (Wagner 2002) and 2) genes
with a large number of cis-regulatory modules and expression
in many tissues are more likely to be preserved after duplica-
tion (Lynch and Force 2000). Furthermore, Assis and Bachtrog
(2013) found that genes expressed in greater number of tis-
sues tended to produce a duplicate with novel tissue-specifi-
city, which, in turn, would be more likely to be preserved
under positive selection. If these theoretical and empirical
evidences are extrapolated to multiple rounds of gene dupli-
cations in expanding gene families, one might predict to find
one (or more) paralog with a broad tissue-specificity behaving
like aCB1. It would be interesting to see whether other rapidly
expanding gene families behave similarly, thus unveiling a
general rule about the dynamics of gene family expansion
and functional divergence.

Prevalence of asymmetric divergence during the expansion
of this subfamily indicates an abundant loss of expression
domains in copies that do not retain the ancestral expression.
The observed frequency of expression loss after duplication
exceeded that of expression gain in this Ly6 subfamily and was
probably a major process contributing to its expression diver-
sification. This is in agreement with the results of Oakley et al.
(2006) showing that the rate of expression loss in Drosophila
gene families was at least twice as high as that of expression
gain. Further, their model suggested that gene families ex-
panding more rapidly should have greater rates of expression
loss, thereby, highlighting the important contribution of
tissue-specific expression loss in diversification of gene fami-
lies like the Ly6 subfamily. Taken together, the maintenance of
the original expression domains in one copy and the rapid
loss in the other copy after duplication events likely produced
the observed pattern of asymmetric inheritance of the ances-
tral domains.

Neofunctionalization is Equally Frequent after
Duplication Events and Speciation

In accordance with several recent studies concluding that
neofunctionalization after gene duplication is a frequent out-
come (and more common than subfunctionalization)
(Kassahn et al. 2009; Assis and Batchtrog 2013), the duplica-
tion events in the Ly6 subfamily studied here were often ac-
companied by acquisitions of novel tissue-specificities.

Remarkably, though, the instances of neofunctionalization
occurred as often following duplication events as following
speciation (8 or 9 after duplication vs. 10 after speciation)
resulting in high interspecific variation between orthologs.

It has previously been proposed that expression divergence
between interspecific orthologs of duplicated genes occurs
more rapidly than between those of unduplicated genes.
This was based on the premise that a duplicated pair retains
certain degrees of functional redundancy, enabling one copy
to adapt to species-specific functional requirements (Ohno
1970). In support of this hypothesis, two previous genome-
wide studies reported higher divergence in temporal (Gu et al.
2004) and tissue-specific expression (Ha et al. 2009) between
interspecific orthologs of duplicated genes. Considerable in-
terspecific variations found in our study highlight the impor-
tance of examining the expression domains of orthologs and
paralogs in multiple species for an accurate inference of their
functional fates.

In agreement with the previous genome-wide studies re-
porting underrepresentation of subfunctionalization after du-
plication (Kassahn et al. 2009; Assis and Bachtrog 2013), we
only found two to three potential cases of subfunctionaliza-
tion in comparison to the eight clear instances of neofunc-
tionalization associated with duplication events. In two of the
three cases, the ancestral expression domains were not com-
pletely partitioned, but accompanied by conservation and
neofunctionalization illustrating that these processes are
not mutually exclusive (Huminiecki and Wolfe 2004; He
and Zhang 2005).

The Mechanisms Behind cis-Regulatory Divergence in
Expanding Gene Families

The nature of the genetic mechanisms causing duplications
has been shown to influence the subsequent divergence of
the duplicates due to their direct impact on cis-regulatory
regions (Casneuf et al. 2006; Cusack and Wolfe 2007; Assis
and Bachtrog 2013; Katju 2013). Whereas mechanisms such
as transposition are thought to radically perturb original cis-
regulatory regions (Cusack and Wolfe 2007; Duncan and
Dearden 2010; Assis and Bachtrog 2013), whole genome or
large-scale segmental duplications are more likely to allow
enhancer conservation and, thus, original expression domains
(Casneuf et al. 2006). Finally, small-scale processes such as
tandem duplication are thought to have intermediate
chances of altering the original regulatory landscape
(Casneuf et al. 2006; Blount et al. 2012; Katju 2013).

Zhou et al. (2008) showed that 80% of the nascent paralogs
within the drosophilid lineage originated as tandem dupli-
cates. Likewise, the Clusters III and V Ly6 genes most likely
appeared through this mechanism, as aC1 and its duplicates
appear in contiguous positions in the genomes and share the
same exon–intron structure. Our paralog alignments did not
reveal the presence of chimeric proteins, suggesting that
coding regions and most probably introns and proximal pro-
moters could have duplicated as intact copies.

Despite this, only few overlapping patterns were identified
when comparing intraspecific paralogs in the extant species.
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Thus, either remodeling of intergenic regulatory regions had
an immediate impact on the divergence through processes
such as enhancer loss and formation of chimeric enhancers
(Rogers et al. 2010; Rogers and Hartl 2012), or expression
divergence has gradually occurred after the duplication
events. Interestingly, the latter should be the case for the
ten instances of neofunctionalization following speciation
reported here. Although these two different mechanisms ex-
plaining divergence are not mutually exclusive, our observa-
tions indicate that studying lineage-specific divergence of
tandem duplicates could illuminate the process underlying
their expression diversification.

Why Does the Ly6 Family Expand and Diversify So
Rapidly?

A comprehensive explanation of why the insect Ly6 genes
underwent such episodes of rapid expansion and expression
diversification must also take into account their genetic re-
quirements and the nature of their cellular functions.
Unfortunately, we do not know at present the precise bio-
chemical function of any of these proteins. However, we pro-
pose that they are likely to have roles in terminal tissue
differentiation or physiology and are not expected to play
prominent roles in early developmental processes. These as-
sumptions are supported by several observations. First, their
expression initiates relatively late during embryonic develop-
ment and assumes patterns of expression often restricted to
specific differentiated cell types. We also detected substantial
variation in tissue-specificity among orthologs, indicating that
their function is not deeply wired within essential develop-
mental processes. Finally, the analysis of twit null mutant, the
only Clade1 mutant reported in Drosophila, has shown that
this gene is not essential for viability (Kim and Marqu�es 2012).

Interestingly, it has been proposed that “nonessential”
genes tend to leave more duplicates in the genome (He
and Zhang 2006; Woods et al. 2013). Genes can be nonessen-
tial due to their subtle fitness effects or genetic redundancy.
For genes with subtle phenotypic effect such as twit, having
extra copies may only cause slight dosage effects, which would
allow retention of duplicated copies and expression in new
tissues without incurring negative fitness consequences (He
and Zhang 2006; Makino et al. 2009). In the case of function-
ally redundant genes, one copy would be allowed to lose
expression in the original tissue and diverge. It will thus be
interesting to analyze in the future the functional roles of the
rest of the paralogs to unravel their contribution to fitness
and the degree of genetic redundancy between them.

Some of the rapidly expanding gene families known in
higher Diptera contain many members which are seldom
identified in genetic screens, perhaps reflecting their subtle
phenotypic effects or redundancy (Fradkin et al. 2002; Patel
et al. 2012). In a striking parallel to the Ly6 superfamily,
members of these families, some of which have arisen as
tandem duplicates, have highly diverse tissue-specific ex-
pression (Fradkin et al. 2002; Patel et al. 2012). In the methu-
selah gene family, a subfamily consisting of 12 genes in
D. melanogaster (Patel et al. 2012) displays a multitude of

embryonic tissue-specific expression patterns. These genes
appear to have arisen from a singleton ortholog still found
in T. castaneum, whose expression is restricted to few tis-
sues (Patel et al 2012). Thus, it appears that the nonessen-
tiality of the gene products and the semiconservative
mechanism of duplication, which has the potential to im-
mediately alter tissue-specific regulation, may be common
factors underlying lineage-specific expansion and marked
expression divergence found in rapidly expanding gene
families across insect genomes.

Materials and Methods

Sequence Retrieval

Ly6 sequences were retrieved from publicly available genomic
databases using the iterative PSI-BLAST algorithm (Altschul
et al. 1997). For this, the amino acid sequences of all 36
D. melanogaster Ly6 genes (Hijazi et al. 2009) were first used
as queries to recover the full complement of Ly6 superfamily
members in each species. Subsequently, the sequences re-
trieved from each species were used as queries for additional
rounds of search to ensure that no species-specific members
were missed. Alternatively, the TBLASTN program was used
for the transcriptomic sequences (Jim�enez-Guri et al. 2013)
and the unreleased genome assembly of M. abdita, using as
queries the amino acid sequences of the D. melanogaster and
An. gambiae proteins. Where possible, the syntenic organiza-
tions of the sequences from each genome were characterized.
Finally, among these sequences, putative homologs of the
nine D. melanogaster Ly6 genes in the study were identified
based on sequence similarities and conserved synteny. The
accession numbers of the identified Cluster III and V homo-
logs are available in supplementary figure S1A, Supplementary
Material online. For subsequent sequence analyses, we have
selected the region between the first and the tenth conserved
cysteine residues present in the TFD of each gene product.

Multiple Sequence Alignment and Phylogenetic Tree
Inference

The amino acid sequences of the proteins in this study were
particularly challenging for conventional multiple sequence
alignment (MSA) and phylogenetic tree inference methods
due to the relatively short length of the TFD domains and
their typically high sequence divergence. To accommodate
this challenge, we opted to use BAli-Phy program (Redelings
and Suchard 2005; Suchard and Redelings 2006), a Bayesian
Markov-chain Monte Carlo (MCMC) based program, which
simultaneously estimates the MSA and phylogenetic tree re-
lating the sequences. The advantages of BAli-Phy are 1) the
MSA is independent of a potentially inaccurate single guide-
tree, 2) accurate gap placement using a phylogenetic Indel
model, 3) direct incorporation of MSA uncertainty in the
inference of the phylogenetic tree and vice versa, and 4) the
ease by which the Bayesian paradigm can incorporate prior
knowledge of sequences in the form of alignment constraints.
The last point was exploited by forcing the homology of the
cysteine residue containing sites, which are known to be es-
sential for the structure and the function of the Ly6 proteins.
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However, with or without this constraint, the results of MSA
of the 47 Ly6 proteins were nearly identical (supplementary
fig. S1B, Supplementary Material online)

All BAli-Phy runs used the site rate heterogeneity model,
G4 + Inv, and the Indel model RS072, and consisted of five
independent chains of 90,000 iterations after a burnin of 9,999
iterations. No subsampling was used. Analyses were run with
different substitution matrices as well as with or without a
distantly related Ly6 protein Coiled as an outgroup (Nilton
et al. 2010; Hijazi et al. 2011; Syed et al. 2011). The outputs are
shown in supplementary table S1, Supplementary Material
online. The runs obtaining the highest likelihood values
either with or without Cold as an outgroup are highlighted
in yellow. A third substitution model (JTT [Jones, Taylor, and
Thorton]) has also been tested, but consistently resulted in
lower likelihood values and was therefore not considered fur-
ther (data not shown).

To further confirm the tree topology obtained from BAli-
Phy (a combined Bayesian inference of phylogenetic tree and
MSA), we applied the Bayesian tree inference program
MrBayes on the MSAs (Huelsenbeck and Ronquist 2001).
This corresponds to fixing the MSAs obtained by BAli-Phy,
neglecting the alignment uncertainty computed and used by
BAli-Phy for the inference of the trees (supplementary fig. S1B,
Supplementary Material online). Each run comprised five in-
dependent Metropolis-coupled MCMC chains, each consisting
of three heated and one cold chain, running for 500,000 gen-
erations with a relative burnin of 10%. Trees were sampled
every 500 generations. The outputs of MrBayes are summarized
in supplementary table S2, Supplementary Material online.

Analysis of Character Evolution

To trace the diversification of the tissue-specificities, we
combined information from the species phylogeny, the syn-
teny, and the gene tree, and manually built a reconciliation
tree for the genes whose expression patterns were examined.
Reconstruction of the ancestral tissue-specificities of the
unduplicated genes was carried out using the parsimony
method with MacClade 4.08a software (Maddison DR and
Maddison WP 2006). We opted to use this more conserva-
tive approach because the reconciliation tree lacked the basis
for justified branch length estimates, which are required for
using the maximum-likelihood method. Individual expres-
sion domains were coded as a character with binary states
(expression present or absent). Step matrix was specified
where no changes cost zero steps, loss of expression one
step, and gain of expression two steps. The relative costs of
gain and loss were based on the ratio between frequencies of
expression loss and gain after gene duplication reported by
Oakley et al. (2006). To circumvent one polytomy in the tree,
the reconstruction was carried out for all three possible
branch configurations (fig. 8, supplementary fig. S7A and B,
Supplementary Material online).

Animal Husbandry

Tribolium castaneum (San Bernadino strain, a kind gift
from Dr Gregor Bucher, Georg August University) was

raised at 29 �C on the whole wheat flour supplemented
with 5% Brewer’s yeast. The C. capitata culture was generously
provided by Dr Andrew Jessup (IAEA Seibersdorf, Austria).
The adults were reared on a diet of sugar and hydrolyzed
yeast protein and the larvae on a mixture of bran, sugar,
and yeast. Megaselia abdita, kind gift of Dr Johannes Jaeger
(CRG, Barcelona), was raised according to Rafiqi et al. (2011a).
Bi. anynana and An. stephensi eggs were kindly provided by Dr
Patr�ıcia Beldade (IGC, Portugal) and Dr Maria Mota (IMM,
Portugal), respectively. Drosophila melanogaster strains were
reared on standard cornmeal food at 25 �C and included
the Oregon R wild type strain and the transgenic
Cambridge Protein Trap Insertion lines CG9336CPTI001654

and CG9338CPTI100000 provided by the Kyoto DGRC Stock
Center (Lowe et al. 2014).

In situ Hybridization and Immunocytochemistry

To make riboprobes for in situ hybridization, partial frag-
ments of each gene were cloned from embryonic or larval
cDNA and used as templates. The sequences of the cloning
primers used to make the riboprobes and the accession num-
bers of repo and elav orthologs of T. castaneum, Bi. anynana,
and An. stephensi are available in supplementary figure S8,
Supplementary Material online.

Drosophila melanogaster, C. capitata, and M. abdita em-
bryos were dechorionated and fixed according to Tautz and
Pfeifle (1989). Tribolium castaneum embryos were processed
as in Schinko et al. (2009) and removed from the eggs prior to
the in situ hybridization step. Bicyclus anynana embryos were
dechorionated in 50% bleach for 3 min and rinsed in DEPC-
treated phosphate-buffered saline (PBS) three times. The eggs
were poked with forceps to make a small opening, then fixed
overnight in 3.7% formaldehyde in PBS, stored in methanol at
�20 �C, and dissected prior to in situ hybridization. Anopheles
stephensi embryos were fixed using the protocol developed
for M. abdita by Rafiqi et al. (2011b) and their serosa was
removed as in Clemons et al. (2010). In situ hybridization was
carried out as in Panganiban et al. (1995) following the pro-
tocol of Tautz and Pfeifle (1989) with the following modifi-
cations. Bicyclus anynana, An. stephensi, and C. capitata
embryos were incubated for 3 min and T. castaneum embryos
for 5 min in 4 mg/ml proteinase K at 37 �C, and the hybrid-
ization buffer included heparin instead of glycogen.
Hybridization was carried out at 55 �C or 65 �C. Embryos
were mounted in 70% glycerol in PBS and observed under the
Leica DM LB2 upright microscope.

For immunocytochemistry, the embryos were blocked in
5% normal goat serum in PBT (PBS with 0.1% Tween) for
30 min followed by overnight incubation in primary antibodies
and secondary antibodies, respectively. The antibody concen-
trations used were 1:10 rat anti-Elav antibody (7E8A10, DSHB),
1:50 mouse anti-Repo (8D12, DSHB), 1:250 rabbit anti-VASA
(kind gif of P. Lasko, McGill University), 1:500 rabbit anti-GFP
(Torrey Pines Biolabs), 1:000 Alexa488 anti-rat, 1:200 TRIC anti-
mouse, and 1:200 FITC anti-rabbit (all from Invitrogen).

For simultaneous detection of the Elav or VASA protein
and the Ly6 mRNA transcripts, we performed the
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immunocytochemistry protocol after the in situ hybridization
protocol. Instead of NBT/BCIP color substrates, FastRed
(Sigma) was used for developing the color reaction.

Fluorescent images were collected under the Leica SP5
inverted confocal microscope. All images were processed
using the Fiji software (Schindelin et al. 2012) and Adobe
Photoshop (Adobe Systems).

Supplementary Material
Supplementary tables S1–S5 and figures S1–S8 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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