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Gene duplication is a key source of genetic innovation that plays
a role in the evolution of phenotypic complexity. Although several
evolutionary processes can result in the long-term retention of
duplicate genes, their relative contributions in nature are un-
known. Here we develop a phylogenetic approach for comparing
genome-wide expression profiles of closely related species to
quantify the roles of conservation, neofunctionalization, subfunc-
tionalization, and specialization in the preservation of duplicate
genes. Application of our method to pairs of young duplicates in
Drosophila shows that neofunctionalization, the gain of a novel
function in one copy, accounts for the retention of almost two-
thirds of duplicate genes. Surprisingly, novel functions nearly al-
ways originate in younger (child) copies, whereas older (parent)
copies possess functions similar to those of ancestral genes. Fur-
ther examination of such pairs reveals a strong bias toward RNA-
mediated duplication events, implicating asymmetric duplication
and positive selection in the evolution of new functions. More-
over, we show that young duplicate genes are expressed primarily
in testes and that their expression breadth increases over evolu-
tionary time. This finding supports the “out-of-testes” hypothesis,
which posits that testes are a catalyst for the emergence of new
genes that ultimately evolve functions in other tissues. Thus, our
study highlights the importance of neofunctionalization and posi-
tive selection in the retention of young duplicates in Drosophila and
illustrates how duplicates become incorporated into novel func-
tional networks over evolutionary time.

ene duplication produces two copies of an existing gene.

Evolutionary theory predicts that functional redundancy of
duplicate genes causes one copy to undergo a brief period of
relaxed selection after duplication (1). In nearly all cases, this
should result in an accumulation of deleterious mutations and
pseudogenization of the copy within a few million years (2).
However, most sequenced eukaryotic genomes contain many
functional duplicates, some of which are hundreds of millions of
years old (3-8), suggesting that duplicate genes play important
roles in evolution.

Four processes can result in the evolutionary preservation of
duplicate genes: conservation, neofunctionalization, subfunction-
alization, and specialization. Under conservation, ancestral func-
tions are maintained in both copies, likely because increased gene
dosage is beneficial (1). Under neofunctionalization, one copy
retains its ancestral functions, and the other acquires a novel
function (1). Under subfunctionalization, mutations damage dif-
ferent functions of each copy, such that both copies are required to
preserve all ancestral gene functions (9, 10). Finally, under spe-
cialization, subfunctionalization and neofunctionalization act in
concert, producing two copies that are functionally distinct from
each other and from the ancestral gene (11). Theoretical work has
shown that different conditions can result in the retention of du-
plicate genes by any one of these processes (9, 12-17), and empirical
studies have uncovered numerous examples of each (11, 18-23).

However, no genome-wide studies have attempted to distin-
guish among these processes and, thus, their relative roles in
nature remain unknown. One difficulty of such a study is defining
biological function on a genomic scale. To address this problem,
we used relative gene expression levels in different tissues (i.e.,
gene expression profiles) as proxies for function. Gene expression
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profiles are ideal for assessing biological function because of the
availability of high-throughput expression data for multiple tis-
sues in a number of species, correlations to different measures of
gene function (24-27), and simple quantitative interpretation
relative to alternative functional metrics such as protein structure
or interaction networks. A second obstacle to studying evolu-
tionary processes underlying the retention of duplicate genes is the
lack of methods for distinguishing among processes. To disen-
tangle these evolutionary processes, we developed a phylogenetic
approach for comparing expression divergence between duplicate
genes (parent and child copies) in one species and their ancestral
single-copy ortholog in a closely related sister species. Our ap-
proach combines gene expression profiles with phylogenetic rela-
tionships among gene copies to classify the evolutionary processes
driving the preservation of young duplicate genes.

Results

Development of an Approach for Classifying Evolutionary Processes
Underlying the Retention of Duplicate Genes. Distinguishing among
different evolutionary processes that drive preservation of du-
plicates requires quantification of divergence between gene ex-
pression profiles. There are two commonly used metrics for
assessing differences between gene expression profiles: Euclidian
distance and Pearson’s correlation coefficient (28). However, in
contrast to Pearson’s correlation coefficient, Euclidian distance
is robust to measurement error and does not detect divergence
between genes with conserved uniform patterns of expression
(28). In addition, Euclidian distance can incorporate information
about gene expression levels, and its squared value increases lin-
early with time (28). Thus, we estimated functional divergence
between genes by computing Euclidian distances between their
expression profiles. In particular, we calculated Euclidian dis-
tances between expression profiles of parent and ancestral copies
(Ep.a), between expression profiles of child and ancestral copies
(Eca), and between the combined parent—child expression profile
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and that of the ancestral copy (Epica ; Fig. 14). To establish
a baseline divergence level for genes, we also calculated Euclidian
distances between expression profiles of single-copy genes present
in both sister species (Es1 s2)-

Assuming that Eg; s, represents expected distances between
expression profiles of genes in sister species, we can define a set of
rules for classifying cases of conservation, neofunctionalization,
subfunctionalization, and specialization via comparisons of Es; s>
with Ep o, Eca, and Ep,ca (Table 1). In particular, under con-
servation, the expression profiles of parent, child, and ancestral
copies should be similar and, thus, we expect Ep o <Es; sy and
Ec a <Es; 2. Under neofunctionalization, the expression profile
of the ancestral copy should be similar to that of either the parent
or child copy and different from that of the alternate copy. Hence,
we expect Ep o > Esi 52 and Ec 4 < Es; 52 when the parent copy is
neofunctionalized, and Ep po <Es; s> and Ec o > Es; s when the
child copy is neofunctionalized. Under subfunctionalization, the
expression profiles of parent and child copies should both be dif-
ferent from that of the ancestral copy, whereas the combined
parent—child expression profile should be similar to that of the
ancestral copy. Thus, we expect Ep o > Es1 52, Ec a > Es1 52, and
Ep,ca <Esis. Finally, under specialization, the expression
profile of the parent copy, expression profile of the child copy,
and combined parent—child expression profile should all
be different from that of the ancestral copy, so we expect
Epa>Esis2, Eca>Esis2, and Epyca > Esi 5.

Classification of Evolutionary Processes Retaining Young Duplicates in
Drosophila. We applied our phylogenetic approach to 281 pairs of
young duplicate genes in Drosophila, for which child copies arose
in either the Drosophila melanogaster (108 pairs) or the Dro-
sophila pseudoobscura (173 pairs) lineage after their divergence
25-46 Mya (29) (see Materials and Methods for details). In ad-
dition, we identified 8,576 single-copy genes present in D. mel-
anogaster and in D. pseudoobscura. We computed Epa, Eca,
Epica, and Eg; sy between expression profiles derived from
RNA-seq data for six tissues.

Comparison of the distributions of these distances (Fig. 1B)
revealed that, in general, distances between parent and ancestral
copies are small (Epa <Esis2 3 P =522 % 10’3), whereas dis-
tances involving child copies are elevated (Eca >Esis; and
Epica>Esisa; P=3.70x 107% and P = 1.40 x 10~°%) relative to
those of single-copy genes. Thus, pairs of duplicate genes in Dro-
sophila appear to be maintained primarily by neofunctionalization
of child copies. However, the distributions of Ec o and Ep,c A are
bimodal, indicating that retention of duplicates occurs via other
evolutionary processes as well.
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Fig. 1. Classification of the evolutionary processes maintaining pairs of
duplicate genes. (A) A phylogenetic representation of the relationships
among ancestral (A), parent (P), child (C), and combined parent-child (P+C)
expression profiles. Euclidian distances corresponding to those listed in Table
1 are depicted by colored branches. Epa is blue, Eca is red, and Ep,ca is
purple. (B) Distributions of Esi s> (black), Epa (blue), Eca (red), and Epica
(purple). The vertical dashed line represents the semi-interquartile range
from the median of Esi s, which was used as a cutoff for identifying evo-
lutionary processes maintaining individual pairs of duplicate genes.
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Table 1. Rules for classifying evolutionary processes by
Euclidian distances between gene expression profiles

Classification Ep,A EC,A Ep.*_c’A
Conservation <Es1,52 <Esis2 —
Neofunctionalization of parent copy >Es1.52 <Es152 —
Neofunctionalization of child copy <Es1,s2 >Esy,52 —
Subfunctionalization >Es1.52 >Es1.52 <Esis2
Specialization >Es152 >Es1 52 >Es1,52

To identify evolutionary processes responsible for the preser-
vation of individual pairs of duplicate genes, it was necessary to
explicitly define expected expression divergence. Application of
several cutoffs to Euclidian distances produced similar classi-
fications across genes (Materials and Methods, Table S1, and Fig.
S1); however, we chose to use the semi-interquartile range from
the median of Eg;s, (Fig. 1B) to define expected expression
divergence because of its insensitivity to extreme values. This
cutoff yielded 53 cases of conservation, 183 cases of neofunc-
tionalization (16 of parent copies, 167 of child copies), 3 cases of
subfunctionalization, and 42 cases of specialization. Because
distributions of classifications do not differ significantly among
pairs in which child copies arose after different evolutionary
divergence times (Tables S2 and S3), our analysis was not con-
founded by ongoing pseudogenization of very young genes or by
multiple processes affecting duplicate genes over time. Hence,
as expected from our global analysis (Fig. 1B), the majority of
young pairs of duplicates in Drosophila are maintained by neo-
functionalization, with a strong bias toward neofunctionalization
of child copies. Although there are also large contributions by
both conservation and specialization, subfunctionalization appears
to be rare in Drosophila. Because of the small contribution of
subfunctionalization, as well as the possibility that cases we
identified were false positives (Fig. S2), we did not perform any
further analyses on genes classified as subfunctionalized.

Classification by an Alternative Approach Using Expression Localization
Patterns. To validate our classifications of evolutionary processes,
we developed and tested an alternative binary approach based on
expression localization patterns. In particular, we assumed that
the acquisition of a novel function is specifically linked to changes
in where a gene is expressed. Hence, rather than computing dif-
ferences between expression levels, we assessed divergence (D)
by comparing the tissues in which genes are expressed. Genes ex-
pressed in all of the same tissues were classified as having con-
served functions (D = 0), whereas those differing in their ex-
pression localization patterns were classified as having divergent
functions (D = 1). For each triplet of genes (parent, child, and
ancestral), we assessed divergence between expression localization
patterns of parent and ancestral copies (Dp A ), between expression
localization patterns of child and ancestral copies (Dca), and
between the combined parent—child expression localization pat-
terns and those of the ancestral copy (Dp+c.a). Then, using Table
1 as a template, we constructed an analogous set of rules for
classifying evolutionary processes by divergence in expression lo-
calization patterns (Table S4; see Materials and Methods for
details). Application of this alternative approach to our dataset
yielded 56 cases of conservation, 161 cases of neofunctionalization
(11 of parent copies, 150 of child copies), 0 cases of subfunc-
tionalization, and 64 cases of specialization. These numbers are
consistent with those obtained from our original approach, pro-
viding strong support for the prevalence of neofunctionalization,
as well as for the relative contributions of different evolutionary
processes in the retention of duplicate genes in Drosophila.

Comparison of Evolutionary Rates and Functions of Genes in Different
Classes. We used two separate methods to determine whether
our classifications reflect true evolutionary phenomena. First,
we examined protein evolutionary rates of parent and child
copies maintained by different evolutionary processes. Under
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neofunctionalization, the copy with a novel function, which is
under relaxed constraint (or possibly positive selection), is ex-
pected to evolve faster at the sequence level than the functionally
conserved copy, which is under stronger selective constraint (1).
To test for asymmetric evolutionary rates between duplicate
genes, we compared the branch-specific K,/K; (see Materials and
Methods) of parent and child copies in conserved, neofunc-
tionalized, and specialized pairs. Indeed, gene copies of pairs that
underwent neofunctionalization display unequal rates of protein
sequence evolution (Fig. 24). In particular, protein sequences of
copies with new functions evolve faster than those with ancestral
functions, and this difference is statistically significant for pairs with
neofunctionalized child copies. In contrast, protein sequences of
parent and child copies in conserved and specialized pairs evolve at
comparable rates.

Next, we examined three metrics of biological function to
determine whether their patterns are consistent with our classi-
fications. In particular, we compared numbers of protein—protein
interactions, tissue specificities, and relative expression levels
across tissues (see Materials and Methods for details) among
ancestral, parent, and child genes in different categories, using
observations for single-copy genes as a baseline for comparison
(Fig. 2 B-D). As expected, ancestral, parent, and child copies of
conserved pairs have similar numbers of protein—protein inter-
actions, tissue specificities, and expression patterns. Although
there are no significant trends for pairs with neofunctionalized
parent copies, possibly because of the small sample size, there is
strong statistical support for our classification of pairs with
neofunctionalized child copies. Ancestral and parent copies
participate in similar numbers of protein—protein interactions,
have comparable tissue specificities, and display the same broad
expression patterns, whereas child copies have fewer protein—
protein interaction partners, higher tissue specificities, and are
primarily expressed in testes. Moreover, as expected, ancestral,

parent, and child copies in the specialization class are quite
distinct from one another in terms of numbers of protein—protein
interactions (ancestral and parent are different from child), tis-
sue specificities (ancestral and child are different from parent),
and relative expression levels across tissues (all copies are
different from one another). Therefore, all three functional
metrics support our classifications, illustrating that our ap-
proach detects biologically relevant differences in gene func-
tion among duplicate pairs.

Analysis of Factors Contributing to Evolutionary Fates of Duplicates.
The surprisingly strong bias toward neofunctionalization of child
copies prompts a key question: Is functional divergence triggered
by the duplication process itself? A simple way to test this hy-
pothesis is to compare proportions of DNA- and RNA-mediated
duplicates in conserved, neofunctionalized, and specialized pairs.
In contrast to DNA-mediated duplication, RNA-mediated du-
plication generates child copies that lack parental cis-regulatory
sequences, thus making it unlikely for such genes to retain an-
cestral functions. Therefore, we expected overrepresentations of
DNA-mediated duplicates among pairs in which child copies
maintained some or all ancestral functions (those that are con-
served, specialized, or have neofunctionalized parent copies) and
overrepresentations of RNA-mediated duplicates among pairs in
which child copies are neofunctionalized. Comparisons of ob-
served and expected numbers of DNA- and RNA-mediated
duplicates in each class support this hypothesis; conserved and
specialized child copies typically arose via DNA-mediated du-
plication, whereas neofunctionalized child copies generally arose
via RNA-mediated duplication (Table 2). Although there is also
an overrepresentation of DNA-mediated duplicates in pairs with
neofunctionalized parent copies, it is not statistically significant,
possibly because of the small sample size. However, it is important
to note that, although neofunctionalized child copies tend to be

i Fig. 2. Sequence and functional support for classi-
: *rk fications of the evolutionary processes maintaining
i young duplicate genes in Drosophila. (A) Distributions
of branch-specific K,/Ks for parent (P) and child (C)

copies. Significance was tested by comparing dis-

tributions of parent and child copies. (B) Distributions
of numbers of protein-protein interactions for an-
cestral (A), parent, and child copies. The horizontal
dashed line depicts the median number of protein—
protein interactions for single-copy genes. Significance
was tested by comparing each distribution to that of
single-copy genes. (C) Distributions of tissue specific-

ities () for ancestral, parent, and child copies. High ©
indicates tissue-specific expression, and low t indicates
broad expression. The horizontal dashed line depicts
the median t for single-copy genes. Significance was
tested by comparing each distribution to that of single-
copy genes. (D) Heat maps illustrating mean relative
expression levels in six tissues of single-copy (S), ancestral,
parent, and child genes. Relative expression ranges from
0% to 46%, with darker colors indicating higher values.
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produced by RNA-mediated duplication, neofunctionalization of
child copies is also the most common evolutionary process main-
taining DNA-mediated duplicates.

Aside from duplication mechanism, we hypothesized that an-
other factor that may influence the evolutionary fates of young
duplicates is the functional diversity of their ancestral genes. In
particular, duplicate genes with highly specialized ancestral func-
tions may have a lower capacity to evolve novel functionality
than those with multiple ancestral functions. Consistent with the
idea that highly specialized genes have less evolutionary poten-
tial, ancestral copies of conserved pairs participate in few pro-
tein—protein interactions and are highly tissue-specific, with
expression primarily localized to testes (Fig. 2 B-D). In contrast,
ancestral genes of pairs with neofunctionalized child copies have
diverse functions. They participate in many protein—protein
interactions, have low tissue specificities, and are expressed more
broadly across tissues than ancestral genes in any other class. In
specialized pairs, ancestral functional diversity is intermediate to
those of conserved and neofunctionalized child pairs; ancestral
genes participate in typical numbers of protein—protein inter-
actions, are relatively tissue-specific, and are highly expressed in
both carcass and ovary tissues. Thus, our analysis suggests that
the evolutionary fates of young duplicates are limited by their
ancestral functional diversities. Ancestral functions tend to be
narrow for conserved pairs, moderate for specialized pairs, and
broad for neofunctionalized pairs.

Examination of the “Out-of-Testes” Hypothesis for the Origin of New
Genes. Despite ancestral differences among classes, a common
observation is that one gene copy, typically the child, is highly
expressed in testes. Indeed, high testis expression in young genes
has been uncovered in a variety of species, leading to the pro-
position of the out-of-testes hypothesis for the emergence of new
genes (30). Testes provide an ideal environment for young genes
to become established because of two inherent properties. First,
transcription in testes may be more promiscuous because of open
chromatin states during meiosis, as well as because relatively
simple promoters are required for transcription. Hence, testes
may facilitate initial transcription of young genes lacking regu-
latory elements, such as those produced by RNA-mediated du-
plication. Second, because of strong selective pressures, testes
are the fastest-evolving tissues, possibly making them most re-
ceptive to accommodating evolutionary innovations such as new
genes. Thus, although new genes originate in testes, they may
ultimately acquire expression in other tissues as well (30). To test
this hypothesis, we compared numbers of protein—protein inter-
actions, tissue specificities, and relative expression levels across
tissues between young pairs of duplicates and 301 old pairs that
are shared between D. melanogaster and D. pseudoobscura. Al-
though both young and old genes participate in fewer protein—
protein interactions, are more tissue-specific, and are expressed
more highly in testes than single-copy genes, old duplicate genes
tend to have significantly more protein—protein interaction part-
ners, lower tissue specificities, and broader expression patterns
than young genes (Fig. 3). Therefore, our results support the idea
that testes are a general conduit for gene origination and provide
an entry point for the evolution of novel gene functions in
other tissues.

Discussion

Previous studies comparing gene expression levels of duplicate
genes revealed that expression divergence between copies occurs
rapidly (31-38) and can be asymmetric (32, 35, 38). However,
our analysis is unique in that it uses expression data and phylo-
genetic relationships among genes to explicitly classify the evo-
lutionary processes underlying the retention of duplicates on
a genome-wide scale. Classifications obtained by our approach
are robust to different cutoffs for expression divergence and are
supported by an alternative approach based on expression lo-
calization patterns, patterns of protein evolutionary rates, and
three metrics of biological function (numbers of protein—protein
interactions, tissue specificities, and relative expression levels
across tissues).

Application of our approach to young duplicates in Drosophila
revealed neofunctionalization to be the primary evolutionary
process maintaining duplicate genes and showed that it is pri-
marily child copies that evolve new, often testis-specific, func-
tions. Although a significant fraction of pairs are also maintained
by either conservation or specialization, we did not uncover any
evidence of subfunctionalization, which is thought to be an im-
portant process driving retention of young duplicate genes (2).
This may be attributed to one of two reasons. First, previous
studies have shown that duplicate genes produced by large-scale
events, such as whole-genome duplications, typically have similar
functions, whereas those produced by small-scale events often
have divergent functions (37, 39). Because subfunctionalization
requires that both gene copies start out with the same function,
these findings suggest that subfunctionalization may be an im-
portant process maintaining duplicate genes produced by large-
scale, but not small-scale, duplication events. Second, the prob-
ability of subfunctionalization decreases with increasing effective
population size (N,) and is approximately zero when N, > 10°
(40), as is the case for both D. melanogaster and D. pseudoobscura
(29, 41). Therefore, our lack of support for subfunctionalization
of duplicate genes in Drosophila matches theoretical predictions,
and subfunctionalization is expected to play a more dominant
role in species with smaller N,, such as mammals. Furthermore,
selection for new functions is more efficient in species with larger
N, and, thus, patterns of functional divergence between duplicate
genes might mimic those of protein evolution, for which there is
widespread evidence of adaptive protein evolution in Drosophila,
but little in mammals (42-44).

Although our analysis links asymmetry in evolution at se-
quence and expression levels of duplicate genes, correlations
between the two metrics are small (r = 0.14; P < 2.2 x 107'°),
indicating that functional divergence between duplicate genes
cannot be attributed entirely to changes in protein-coding
sequences. This imperfect correlation is not limited to duplicate
genes and is a key argument for the crucial role of regulatory
changes in functional evolution of all genes (45). The importance
of regulatory evolution in functional divergence of duplicate
genes is also highlighted by our finding that neofunctionalized
child copies are often RNA-mediated duplicates, which must
acquire regulatory motifs to become functional. Because it is
unlikely that these newly formed regulatory regions are identical
to those of parent genes, RNA-mediated duplicates typically do
not have the same functions after duplication, undermining
theoretical predictions that assume redundancy between copies.
Therefore, in many cases, the duplication process itself creates

Table 2. Numbers of DNA- and RNA-mediated duplicate genes by evolutionary process

Classification DNA-mediated RNA-mediated P

Conservation 37 (30.36) 10 (16.64) 0.0428
Neofunctionalization of parent copy 11 (9.04) 3 (4.96) 0.2741
Neofunctionalization of child copy 85 (100.12) 70 (54.88) 0.0111
Specialization 32 (24.69) 6 (13.31) 0.0130

Expectations are shown in parentheses.
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Fig. 3. Comparison of functional diversity between young and old duplicate genes. (A) Distributions of numbers of protein—protein interactions for young
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tributions of young and old duplicates (asterisks above horizontal bars). (C) Heat maps illustrating mean relative expression levels in six tissues of single-copy
(S), young, and old genes. Relative expression ranges from 0% to 46%, with darker colors indicating higher values. *P < 0.05, **P < 0.01, ***P < 0.001.

a gene with a novel, potentially beneficial function, greatly in-
creasing the probability that this gene will be fixed by positive
selection and retained in the population (46, 47). Thus, fixation
of RNA-mediated duplicates can proceed rapidly, particularly in
species for which N, is large and natural selection is efficient,
such as Drosophila.

Whereas young duplicates are limited in their abilities to ac-
quire expression in new tissues, comparison of young and old
duplicates illustrated that the evolutionary potential of duplicate
genes increases over time. In particular, we showed that although
young duplicates tend to have very narrow functions that are
often restricted to testes, old duplicates generally have diverse
functions that are distributed across multiple tissues. Hence, our
analysis supports the out-of-testes hypothesis of new gene
emergence, which states that new genes arise in testes and evolve
broader functions over time (30). Although it may seem coun-
terintuitive for genes to first narrow and then broaden their
functions again, testes are an ideal environment for young genes
because of their rapid evolution and may enable new genes to
become established and maintained rather than undergoing
pseudogenization. Once established, such a transition may pro-
vide duplicate genes with opportunities to diversify from their
ancestral states and create unique functional niches. In this
scenario, duplicate genes can evolve essential functions by first
being incorporated into a rapidly evolving tissue that is highly
susceptible to evolutionary innovation (testis) and later becom-
ing integrated into more slowly evolving functional networks.

Materials and Methods

Identification of Pairs of Duplicate Genes. We downloaded D. melanogaster
and D. pseudoobscura protein sequences from www.flybase.org and per-
formed BLAST searches (48) to identify duplicate genes in each species.
Matches with identity >50%, length >35%, and significance <1073 were
kept, and gene families containing more than two copies were removed. D.
melanogaster pairs were supplemented with those from Chen et al. (49).
Quantile-normalized RNA-seq data for carcass, female head, ovary, male
head, testis, and accessory gland tissues of each species were obtained as
described by Assis et al. (50). We restricted our analysis to gene pairs in which
both copies are expressed in at least one tissue [i.e., fragments per kilobase
of exon per million fragments mapped (FPKM) > 1 for D. melanogaster and
FPKM > 4 for D. pseudoobscura (50)]. These expression cutoffs were also
used in our alternate classification approach, based on expression localiza-
tion patterns (see Classification of Evolutionary Processes by Expression Lo-
calization Patterns).

Assignment of Orthologs. We obtained orthologs for each gene from the
Drosophila ortholog table downloaded from www.flybase.org. This table
contains orthologs from the Drosophila 12 Genomes Consortium, which
were assigned by requiring both sequence similarity and conserved synteny

Assis and Bachtrog

(51). We defined old pairs as those for which both copies are present in
D. melanogaster and D. pseudoobscura, and young pairs as those for which
one copy is present in both sisters (parent/ancestral) and the other is not
present in one of the two sisters or in any outgroups (child). We used similar
parsimony rules to date the emergence of child copies along the Drosophila
phylogeny.

Identification of Processes Maintaining Individual Pairs of Duplicate Genes. We
selected the semi-interquartile range from the median as a cutoff for Esq s,
because it is affected very little by extreme values and is thus a robust
measure of spread for skewed distributions (see Fig. S2). To determine its
biological relevance, we tested a number of alternative cutoffs, including
the mean, standard deviation from the mean, median, median plus the
median absolute deviation with different constants, and various quantiles
(Table S1). Application of any of these cutoffs yields neofunctionalization as
the dominant evolutionary process identified, illustrating that selection of
a particular cutoff does not alter our main result. Although smaller cutoffs
result in fewer pairs classified under neofunctionalization and more under
specialization, examination of relative expression levels in different tissue of
ancestral, parent, and child genes revealed that, with smaller cutoffs, both
classes have similar distributions that look like the neofunctionalized child
class in Fig. 2D. In contrast, larger cutoffs yield more cases of conservation,
but relative expression levels in different tissues of ancestral, parent, and
child genes are not similar and thus do not support conservation of function.
Hence, the semi-interquartile range from the median appears to be the most
appropriate cutoff tested for Ess .

Classification of Evolutionary Processes by Expression Localization Patterns. To
classify evolutionary processes by expression localization patterns, we devised
a set of rules (Table S4) similar to those used for Euclidian distances (Table 1).
In particular, under conservation, the expression localization patterns of
parent, child, and ancestral copies should be the same and, hence, we expect
Dpa = 0 and Dca = 0. Under neofunctionalization, the expression localiza-
tion patterns of the ancestral copy should be similar to those of either the
parent or child copy and different from those of the other copy. Therefore,
we expect Dpa = 1 and Dc,a = 0 when the parent copy is neofunctionalized,
and Dpa = 0 and Dca = 1 when the child copy is neofunctionalized. Under
subfunctionalization, the expression localization patterns of parent and
child copies should both be different from those of the ancestral copy,
whereas the combined parent—child expression localization patterns should
be similar to those of the ancestral copy. Thus, we expect Dpa =1, Dca =1,
and Dp,ca = 0. Finally, under specialization, the expression localization
patterns of the parent copy, expression localization patterns of the child
copy, and combined parent—child expression localization patterns should all
be different from those of the ancestral copy, so we expect Dpa = 1, Dca = 1,
and Dp+c,A =1.

Estimating Evolutionary Rates of Duplicate Gene Copies. D. melanogaster and
D. pseudoobscura CDS sequences were downloaded from www.flybase.org.
Sequences for single-copy genes, as well as for ancestral, parent, and child
copies of duplicate gene pairs, were aligned by multiple alignment of coding
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sequences accounting for frameshifts and stop codons (MACSE) (52). Phy-
logenetic analysis by maximum likelihood (PAML) (53) was used to estimate
branch-specific substitution rates at synonymous (K;) and nonsynonymous
(K,) sites of parent and child genes. To be conservative, we removed genes
with K > 3 from our analysis. There are 20 such genes, and their exclusion
did not alter K, /K, distributions.

Distinguishing Between DNA- and RNA-Mediated Duplications. Exons for par-
ent and child copies in each duplicate pair were downloaded from www.
flybase.org. DNA-mediated duplication was inferred when parent and child
copies each have multiple orthologous exons. RNA-mediated duplication
was inferred when the parent copy has multiple exons, and the child copy
has only one. For cases in which both parent and child copies have single
exons, the mechanism was considered unknown.

Functional Analyses of Duplicate Genes. Protein-protein interaction data
were downloaded from the Drosophila Interactions Database (DrolD) at
www.droidb.org and from FlyBase at www.flybase.org. Numbers of inter-
actions were estimated by concatenating the datasets (eight in total) and
counting unique interaction partners for each gene. Because data are only
available for D. melanogaster, D. pseudoobscura genes were excluded from
this analysis. The tissue specificity index () for each gene was obtained as
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