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Gene duplication is an important evolutionary process thought to facilitate the evolution of phenotypic diversity. We investigated

if gene duplication was associated with the evolution of phenotypic differences in a highly social insect, the honeybee Apis

mellifera. We hypothesized that the genetic redundancy provided by gene duplication could promote the evolution of social

and sexual phenotypes associated with advanced societies. We found a positive correlation between sociality and rate of gene

duplications across the Apoidea, indicating that gene duplication may be associated with sociality. We also discovered that genes

showing biased expression between A. mellifera alternative phenotypes tended to be found more frequently than expected

among duplicated genes than singletons. Moreover, duplicated genes had higher levels of caste-, sex-, behavior-, and tissue-

biased expression compared to singletons, as expected if gene duplication facilitated phenotypic differentiation. We also found

that duplicated genes were maintained in the A. mellifera genome through the processes of conservation, neofunctionalization,

and specialization, but not subfunctionalization. Overall, we conclude that gene duplication may have facilitated the evolution

of social and sexual phenotypes, as well as tissue differentiation. Thus this study further supports the idea that gene duplication

allows species to evolve an increased range of phenotypic diversity.
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Individuals within species often belong to distinct phenotypic

classes that have different functional roles. These classes (e.g.,

sexes) may experience contrasting selection pressures on traits

associated with their distinct roles. Therefore, alleles favored in

one class may be disfavored in the other if different classes share

a majority of their genome (Bonduriansky and Chenoweth 2009;

Stewart et al. 2010; Pennell and Morrow 2013). Contrasting selec-

tion pressures may ultimately displace individuals of both classes

from their phenotypic optima. Overall, this “intralocus conflict”

represents a fundamentally important process inhibiting adapta-

tion within species (Lande 1980; Rice and Chippindale 2001;

Bonduriansky and Chenoweth 2009; Pennell and Morrow 2013;

Rice 2013). Problems arising from intralocus conflict can be re-

duced through mechanisms that decouple the trait genetic correla-

tion between the different phenotypic classes (Lande 1980). This

allows each class to express different trait values in reaction to

their contrasting selection pressures.

This article corresponds to Harpur, B. A. and N. M. A. Smith. 2017. Digest:

Gene duplication and social evolution—Using big, open data to answer big,

open questions. Evolution. https://doi.org/10.1111/evo.13390.

Gene duplication has been hypothesized to be a mechanism

capable of relieving intralocus conflict (Ellegren and Parsch 2007;

Connallon and Clark 2011; Gallach and Betran 2011). After a gene

is duplicated, a pair of paralogs are created, each highly similar

in sequence and redundant in function (Gu et al. 2003). Such

redundancy is thought to release a single paralog from selection

after the duplication event, since there is an exact copy retain-

ing its original function (Ohno 1970; Lynch and Conery 2000).

Mutation can then alter the function of the focal paralog, which

will ultimately determine whether the gene pair is preserved in

the genome (Proulx 2012; Cardoso-Moreira et al. 2016).

Gene duplicates are generally thought to undergo one of five

possible outcomes within the genome: pseudofunctionalization,

conservation, neofunctionalization, subfunctionalization, or spe-

cialization (Ohno 1970; Force et al. 1999; Lynch and Conery

2000; He and Zhang 2005; Innan and Kondrashov 2010). Most

gene duplicates are expected to undergo pseudofunctionalization,

which occurs when one paralog is silenced by mutations and be-

comes nonfunctional (Lynch and Conery 2000). However, there

are circumstances that allow both paralogs to be functional and

remain in the genome. Under conservation, the ancestral function
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of both paralogs is conserved because there is selective advan-

tage for increased dosage (Ohno 1970). A paralog may also

gain novel functions through the process of neofunctionalization

(Ohno 1970). Alternatively, the function of the ancestral single

copy gene may be divided amongst the two paralogs through

subfunctionalization (Force et al. 1999). In this case, both par-

alogs are subjected to a loss of certain ancestral subfunctions.

Thus, to maintain the function of the original, ancestral single-

copy ortholog, both paralogs must be preserved (Force et al.

1999). Finally, specialization occurs when neofunctionalization

and subfunctionalization work together, creating two copies that

are distinct from each other and the ancestral gene (He and

Zhang 2005).

Social insects are interesting taxa in which to study the im-

portance of gene duplication in the amelioration of intralocus

conflict. These insects, which include the social bees, ants, social

wasps, and termites, are among the most dominant organisms on

earth (Wilson 1990). The success of social insects arises, in part,

from the caste system in which multiple distinct classes of indi-

viduals are responsible for completing different tasks within the

colony (Wilson 1990).

Hymenopteran insect societies usually consist of three castes:

queens, workers, and males. Queens and males are responsible

for reproduction and dispersal. Workers perform tasks related to

colony growth and maintenance, like brood care and foraging for

food. Workers may be further subdivided into behavioral sub-

castes, such as nurses and foragers (Seeley 1982; Whitfield et al.

2003). The difference in behavior among the castes is often paired

with drastic differences in morphology and physiology (Toth et al.

2010; Feldmeyer et al. 2014). Therefore, different castes experi-

ence strongly divergent selection pressures.

Importantly, hymenopteran social insect castes share a com-

mon genome (though males are haploid and female workers and

queens are diploid) (Normark 2003). Thus genetic correlations

between the castes can limit the evolution of caste dimorphism

in reaction to divergence selection pressures (Gadagkar 1997;

Linksvayer and Wade 2005; Kovacs et al. 2010; Hall et al. 2013).

Consequently, social insect castes may suffer a variety of in-

tralocus conflicts, which may impede the elaboration of caste

differences and limit the evolution of sociality.

The purpose of this study was to investigate if the genetic

material provided by gene duplication ameliorated intralocus con-

flict, facilitating the specialization of social phenotypes within in-

sect societies (Holman 2014). We hypothesized that the evolution

of caste specialization was initially constrained by intralocus con-

flict. We further conjectured that this conflict may have been less-

ened through the process of gene duplication (Gadagkar 1997).

Specifically, duplicated genes may have been co-opted in the de-

velopment of different castes and thereby allowed the evolution

of caste-specific function.

We investigated if gene duplication might be associated with

the diversification of castes in the honey bee, Apis mellifera.

A. mellifera societies contain standard queen, worker, and male

castes, as well as nurse and forager worker behavioral subcastes.

The presence of these alternative phenotypes, and the wealth of

data on gene expression differences among castes (Whitfield et al.

2003; Zayed et al. 2012; Cameron et al. 2013; Elsik et al. 2014;

Jasper et al. 2015; Ashby et al. 2016), makes A. mellifera an

ideal system to study the role of duplication in the evolution of

alternative phenotypes.

We studied the effects of gene duplication on castes in the

honeybee using several approaches. First, we examined the rela-

tionship between the level of sociality and gene duplication across

the Apoidea to determine if gene duplication was generally as-

sociated with the evolution of complex social behavior. Second,

we explored differences in biased gene expression between du-

plicated genes (paralogs) and nonduplicated genes (singletons)

within A. mellifera. We hypothesized that gene duplication would

accelerate the rate of expression divergence between phenotypes

by providing new copies of genes that could be co-opted in the

development of differential expression. Therefore, we predicted

that duplicates would be more likely to be differentially expressed

between castes and sexes than singletons (Huminiecki and Wolfe

2004). Third, we examined expression divergence between du-

plicate pairs. We hypothesized that duplicates gained divergent

functions among phenotypes (Connallon and Knowles 2005; In-

nocenti and Morrow 2010). Therefore, we expected to find diver-

gent expression patterns between duplicated genes. Finally, we

examined the evolutionary processes that maintained paralogs in

the genome. We predicted that there would be a high proportion of

duplicates that were maintained by processes that led to functional

diversification like specialization, subfunctionalization, and neo-

functionalization. Overall, this study provides new information

on the role of gene duplication in the evolution of dimorphism,

intralocus conflict, and sociality.

Methods
IDENTIFICATION OF DUPLICATE GENES

AND DUPLICATION RATES

We downloaded gene families from OrthoDB v9.1 (Zdobnov et al.

2017). We used custom perl scripts to parse gene duplicates that

were duplicated in A. mellifera but were single-copy across other

Apoidea. We also identified novel duplicates in nine other species

in Apoidea, Apis florea, Bombus impatiens, Bombus terrestris,

Eufriesea Mexicana, Durfourea novaengliae, Habropoda labo-

riosa, Lassioglossum albipes, Megachile rotundata, and Melipona

quadrifasciata, which vary in level of sociality (Kapheim et al.

2015). We determined species-specific duplication rates by incor-

porating divergence times from Cardinal and Danforth (2013).
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We examined the relationship between species-specific du-

plication rate and sociality independent of phylogenetic re-

lationship using phylogenetic independent contrasts (PICs)

(Felsenstein 1985). PICs for species-specific duplicates per

million years and sociality values were generated with the

R package Analysis of Phylogenetics and Evolution (APE)

(Paradis et al. 2004). This analysis relied on a phylogenetic

tree and distances based off of Cardinal and Danforth (2013)

and Kapheim et al. (2015): ((Hlab:91, ((Mqua:68, (Bimp:13,

Bter:13):55):10, (Emex:62, (Amel:19,Aflo:19):43):16):13):15,

Mrot:106):9, (Dnov:85, Lalb:85):30). The species were assigned

sociality values from Kapheim et al. (2015): 0 represented solitary

species, 1 represented facultative basic eusocial, 2 represented ob-

ligate basic eusocial, and 3 represented complex eusocial species.

The relationship between the level of sociality and rates of gene

duplication per million years were then determined using the

Spearman’s rank correlation.

GENE EXPRESSION DATA AND ANALYSIS

We investigated patterns of gene expression within A. mellifera

to understand the relationship between gene expression and gene

duplication. We obtained A. mellifera RNAseq reads from four

different studies that investigated expression differences between

A. mellifera female castes (queens and workers), sexes (workers

and drones), worker behavioral states (nurses and foragers), and

worker tissues (Cameron et al. 2013; Jasper et al. 2015; Ashby

et al. 2016; Vleurinck et al. 2016). Ashby et al. analyzed ex-

pression differences between A. mellifera queen, worker, and

drone whole body larvae at stage L5 (PRJNA260604). Similarly,

Vleurinck et al. assessed caste and sex differences by investigating

gene expression in the brains of A. mellifera queen, worker, and

drone pupae (stages 4–5) (PRJNA193691). In contrast, Cameron

et al. studied expression in 60 hour (L3 larval stage) whole body

A. mellifera queens and workers (PRJNA227348). Finally, Jasper

et al. examined gene expression in A. mellifera adult worker

nurses and foragers across 10 tissues: brain, antennae, midgut, hy-

popharyngeal gland, malpighian tubule, mandibular gland, mus-

cle, nasonov gland, sting gland, and second thoracic ganglia

(PRJNA243651 & PRJNA211831).

All RNAseq data were downloaded from NCBI’s sequence

read archive. The qualities of the raw RNA-Seq reads were as-

sessed with FastQC v0.11.5 (Andrews 2010). Reads were then

trimmed with Trimmomatic v 0.35 (Bolger et al. 2014). Adapter

sequences and low-quality bases were trimmed from either side

of each read. A sliding window with a minimum quality score of

15 was applied to each read. RSEM 1.3.0 (RNA-Seq by Expecta-

tion Maximization) was used to measure expression levels (Li and

Dewey 2011). RSEM was used with the Bowtie2 (version 2.2.2)

aligner to align reads to the A. mellifera reference gene set (Amel

OGSv3.2; http://hymenopteragenome.org/beebase/) (Langmead

and Salzberg 2012). Expected read count was measured with

RSEM with default settings. Bowtie2 within RSEM does not al-

low for indel, local, and discordant alignments, which may lead

to lower alignment rates compared to Bowtie2 itself (Li and

Dewey 2011). Also, the use of RSEM allows for the mapping

of nonuniquely mapped reads that may have an impact on mea-

suring the expression of duplicate genes. Details of the alignment

procedure for each dataset are provided in Table S1.

Each RSEM file was concatenated into single dataset and dif-

ferential expression of genes was determined with edgeR v 3.16.0

(Robinson et al. 2010). The trimmed mean of M values (TMM)

method was used for normalization of gene expression. Pairwise

comparisons were made between castes (queens and workers),

sexes (drones and workers), and behavioral states (nurses and for-

agers, brains only) to identify differentially expressed genes. The

false discovery rate (FDR) was calculated using the Benjamini–

Hochberg correction; an FDR less than or equal to 0.05 was

considered significant (Benjamini and Hochberg 1995). Levels

of differential expression were calculated as the absolute value

of the log2 fold change between each pair. We calculated tissue

expression specificity, τ, per gene across ten tissues (Yanai et al.

2005; Atallah et al. 2013; Jasper et al. 2015). Tau ranges from 0

to 1 with low values indicating that a gene is broadly expressed

among tissues and high values indicating that a gene is expressed

in few tissues.

We investigated if the frequency of different phenotype-

biased genes differed between duplicated genes and singletons.

Genes were classed into phenotype-biased gene categories (i.e.,

phenotypically biased or phenotypically unbiased) based off the

FDR cut-off and the magnitude of the expression difference.

Genes that had an FDR of 0.05 and fold change equal or greater

than two were classified as biased. In contrast, genes that fell out-

side of these ranges were classified as unbiased. Next, we used

a chi-squared test to determine if the proportion of phenotype-

biased genes depended on whether the genes were duplicates

or singletons. Tests were conducted for caste-biased, sex-biased,

and behavior-biased genes. Wilcoxon rank-sum tests were used to

compare the levels of expression bias between duplicated genes

and singletons.

Each pair of duplicate genes was then categorized based

on the pair’s joint pattern of expression bias. For example, both

copies of a duplicated gene in a queen-worker comparison could

show concordant expression, with both genes having the same ex-

pression bias (e.g., both queen-biased). Alternatively, the paralogs

could show discordant expression patterns with one paralog being

more highly expressed in one caste than the other, or one para-

log could be caste-biased and the other unbiased. The expected

proportions of each paired class were generated by randomly

sampling genes 10,000 times from the pool of duplicate pairs to

create null distributions of paired genes (Mikhaylova et al. 2008;
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Wyman et al. 2012). The mean proportions generated from the

null distribution provided the expected proportions of each class

(Mikhaylova et al. 2008; Wyman et al. 2012). Chi-squared tests

were then used to compare the observed proportions of gene pairs

falling into each class to the expected proportions constructed

from the randomization approach.

Expression divergence between duplicate gene pairs was cal-

culated for caste-, sex-, behavior-biased expression, and tau. Di-

vergence was calculated as the absolute value of (x – y)/(x + y),

with x being the expression measure in one paralog and y being

the expression measure in the other. We then used Wilcoxon rank-

sum tests to compare the level of expression divergence between

duplicates on the same chromosome and different chromosome

to determine if the location of duplicate genes in the genome was

associated with gene expression divergence between duplicates.

We investigated if there was a correlation in expression bias

for paralogs within duplicate pairs. This analysis determined if

a paralog that showed highly biased expression in one pheno-

typic comparison (e.g., queens vs workers) also tended to show

highly biased expression in another (e.g., males vs females). We

then used the program JMP 11 to perform a multivariate analy-

sis of variance (MANOVA) with the duplicate pair as the inde-

pendent variable and all measures of phenotype-biased expres-

sion (i.e., caste-bias, sex-bias, etc.) as dependent variables. This

analysis produced a partial correlation matrix that provided in-

formation on whether paralogs tended to show correlations in

expression-bias.

IDENTIFYING MODELS OF DUPLICATE GENE

MAINTENANCE

We used the methodology of Assis and Bachtrog (2013) to de-

termine the processes that maintained duplicates in A. mellifera.

Briefly, this method considers the relationships among multiple

Euclidean distances between the expression profiles of a single

copy ortholog in a closely related species, the expression profiles

of both duplicate genes in the focal species, and the combined ex-

pression profile of the duplicates. Comparison of these expression

distances provides insight into whether conservation, neofunc-

tionalization, subfunctionalization, or specialization maintains the

focal duplicate pair in the genome.

We implemented Assis and Bachtrog’s approach to identify

the evolutionary processes maintaining duplicates in the A. mel-

lifera genome (Assis and Bachtrog 2013). We identified genes

that were duplicated in A. mellifera, but were in single copy in

the social bee, Bombus terrestris, using custom perl scripts in the

OrthoDB v9.1 database (Zdobnov et al. 2017). We used sequence

similarity measures from BLAST to classify each A. mellifera

paralog in a pair as the “D1” or “D2” copy (Assis and Bachtrog

2013; Wang et al. 2016). We used BLASTp to compare each par-

alog to the single copy ortholog in B. terrestris, using the e-value,

identity, and alignment length as a measure of sequence similarity.

D1 paralogs were those with higher sequence similarity (lower e-

value, high identity, and long alignment length) to the B. terrestris

ortholog whereas the D2 paralogs were those with lower sequence

similarity (higher e-value, low identity, and shorter alignment

length) to the ortholog. We generated the gene expression profiles

for B. terrestris queens, workers, and males at adult, larval, and

pupal stages using the same methods previously provided for de-

termining expression differences in A. mellifera (Harrison et al.

2015). We then determined the processes maintaining duplicates

with the R package CDROM (Perry and Assis 2016).

SEQUENCE EVOLUTION OF DUPLICATE GENES

We investigated patterns of sequence divergence of duplicate

genes to examine how rates of sequence evolution differed be-

tween duplicate pairs. A. mellifera (OGSv3.2) duplicates and

B. terrestris single copy orthologs (NCBI build 1.1) sequences

were aligned using MACSE v1.02 (Ranwez et al. 2011). Gene

trees were created under the assumption the duplicates were most

closely related and the single copy ortholog was used as the out-

group. The codeml package within PAML (v4.7) was used to

measure synonymous and nonsynonymous branch-specific sub-

stitution rates of the duplicate genes (Yang 2007). All genes with

dS > 3 were considered to be saturated with mutations and re-

moved from the analysis.

Results
GENE DUPLICATION RATES ACROSS THE APOIDEA

We identified the number of species-specific duplicates across

different bee species within Apoidea (Fig. 1). We then determined

the rates of species-specific duplication events for each lineage.

We found that A. mellifera had the highest rate of duplication at

6.1 duplicates per million years. In contrast, bees considered an-

cestrally solitary, such as Dufourea novaeangliae and Megachile

rotundata, had rates lower than 0.4 duplications per million years.

Overall, we observed a significant, positive correlation between

the level of sociality and rate of species-specific duplication

across the Apoidea (ρ = 0.6566, P = 0.0392; uncorrected

Spearman’s correlation) suggesting that gene duplication might

be associated with the evolution of sociality in bees. However,

when we performed the analysis with the phylogenetic corrected

level of sociality and rate of species-specific duplication, the

correlation was no longer significant (ρ = 0.5021, P = 0.1684;

phylogenetically corrected Spearman’s correlation).

DIFFERENTIAL EXPRESSION BETWEEN DUPLICATES

AND SINGLETONS IN A. MELLIFERA

We identified 116 pairs of duplicated genes and 5235 singletons

in A. mellifera. We then examined the relationship between gene
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Figure 1. Species-specific duplications and duplication rates for different bee species varying in level of sociality. Numbers on branches

represent species-specific duplication rates in duplicates/MY.

Table 1. Observed (and expected) counts of genes differentially expressed across castes for duplicated genes and singletons in three

RNAseq datasets comparing queen and worker gene expression differences in A. mellifera.

Dataset Expression Duplicates Singletons Total

Ashby et al. Queen-biased 15 (9.89) 243 (248.11) 258
NS Unbiased 186 (191.43) 4808 (4802.57) 4994

Worker-biased 3 (2.68) 67 (67.32) 70
Total 204 5118 5322

Vleurinck et al. Queen-biased 5 (0.68) 13 (17.32) 18
∗∗∗ Unbiased 177 (188.74) 4853 (4841.26) 5030

Worker-biased 18 (10.58) 264 (271.42) 282
Total 200 5130 5330

Cameron et al. Queen-biased 3 (1.17) 29 (30.83) 32
∗ Unbiased 179 (183.22) 4830 (4825.78) 5009

Worker-biased 4 (1.61) 40 (42.39) 44
Total 186 4899 5085

Chi-squared test of independence, NS = not significant,
∗
P < 0.05,

∗∗∗
P < 0.001.

duplication and differential gene expression. First, we compared

the proportions of caste-biased genes between duplicates and sin-

gletons (Table 1). Since there were a small number of duplicated

genes showing biased expression, we performed chi-squared tests

by grouping queen- and worker-biased genes into the overall cat-

egory of “biased” genes. We found that there were significant

differences in the percentage of caste-biased (i.e., queen- and

worker-biased) genes between duplicated genes and singletons for

two out of three datasets analyzed (Ashby et al.: χ2
df = 1 = 2.14,

P = 0.1435; Vleurinck et al.: χ2
df = 1 = 12.36, P = 0.0004;

Cameron et al.: χ2
df = 1 = 5.24, P = 0.0220, χ2 test of indepen-

dence). The patterns among datasets showed some similarities

in that duplicated genes tended to show biased expression more

often than expected (Table 1).

We next examined the relationship between gene duplica-

tion and differential gene expression across the sexes (worker

vs drone) (Table 2). We found that the proportion of sex-

biased genes differed significantly between duplicates and sin-

gletons for both datasets (Ashby et al.: χ2
df = 1 = 30.78,

P < 0.0001; Vleurinck et al.: χ2
df = 1 = 12.1, P = 0.0005,
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Table 2. Observed (and expected) counts of genes differentially expressed across sexes for duplicated genes and singletons in two

RNAseq datasets comparing worker and drone gene expression differences in A. mellifera.

Dataset Expression Duplicates Singletons Total

Ashby et al. Drone biased 25 (8.62) 200 (216.38) 225
∗∗∗ Unbiased 167 (188.25) 4744 (4722.75) 4911

Worker biased 12 (7.13) 174 (178.87) 186
Total 204 5118 5322

Vleurinck et al. Drone biased 4 (0.79) 17 (20.21) 21
∗∗∗ Unbiased 191 (197.19) 5064 (5057.81) 5255

Worker biased 5 (2.03) 49 (51.97) 54
Total 200 5130 5330

Chi-square test of independence,
∗∗∗

P < 0.001.

χ2 test of independence). Both analyses showed a greater

frequency of sex-biased, and associated lower frequency of

unbiased, genes among the duplicates than the singletons

(Table 2).

Next, we compared level of caste-biased expression (as

opposed to the number of caste-biased genes) between duplicate

genes and singletons (Fig. 2A–C). In this case, we found signif-

icant differences in the level of caste-biased expression between

duplicates and singletons in all three studies that examined

caste differences (Ashby et al.: W = 5.8e + 05, P = 0.0047

Vleurinck et al.: W = 6.7e + 05, P < 0.0001; Cameron et al.:

W = 5.3e + 05, P < 0.0001, Wilcoxon rank-sum test). In

particular, duplicated genes tended to display significantly higher

levels of caste-biased expression. In addition, duplicates had a

higher level of sex-biased expression compared to singletons in

the two datasets examined (Vleurinck et al.: W = 6.4e + 05,

P < 0.0001; Ashby et al.: W = 6.4e + 05, P < 0.0001, Wilcoxon

rank-sum test) (Fig. 2D–E). Duplicates also had a higher level

of differential expression in comparisons between nurses and

foragers (W = 6.9e + 05, P < 0.0001, Wilcoxon rank-sum

test) (Fig. 2F). Finally, duplicates displayed a substantially

and significantly higher level of tissue-biased expression than

singletons (W = 7.0e + 05, P < 0.0001, Wilcoxon rank-sum test)

(Fig. 2G).

We investigated the correlations of expression-bias within

pairs of duplicate genes. Specifically, we were interested in de-

termining if a gene that showed relatively high caste-biased ex-

pression, for example, also displayed high levels of sex-biased,

behavior-biased, and tissue-biased expression. We first investi-

gated the correlation of caste-biased expression using all genes

found in the analyses of Ashby et al., Vleurinck et al., and

Cameron et al. We found that the correlations ranged from 0.200

to 0.266 (all pairwise comparisons P < 0.0001). Thus there was

substantial evidence that genes that showed biased expression in

one type of analyses tended to show bias in others.

To determine the prevalence of such correlations within du-

plicated genes, we considered the partial correlation matrix de-

rived from a MANOVA (Table 3). We found that most of the partial

correlations were positive, indicating that there were associations

in expression bias for duplicate gene pairs. However, there were

two comparisons that resulted in a negative correlation. Neverthe-

less, as a whole, the partial correlations did indicate that there was

a relationship between expression bias for paralogs, revealing that

a paralog that showed expression bias in one phenotypic context

was likely to show expression bias in another.

GENE EXPRESSION CORRELATION BETWEEN

DUPLICATE PAIRS

We compared expression classes of duplicate pairs to determine

if the proportion of pairs showing discordant expression between

phenotypes differed from random expectations. We found that a

majority of the duplicate pairs displayed concordant caste-, sex-,

and behavior-biased expression patterns (Table 4). We created

a null distribution of pairs to test for the overrepresentation

of certain expression pair classes. We did not find significant

differences in the observed and expected expression pair classes

for castes (Cameron et al.: χ2
df = 1 = 0.06, P = 0.807; Vleurinck

et al.: χ2
df = 1 = 2.2, P = 0.138; Ashby et al.: χ2

df = 1 = 0.6,

P = 0.4396, χ2 test) (Table 4). In contrast, when we compared

the expression pair classes for sex-biased genes to the null

distribution, we saw a significant difference between observed

and expected classes for one out of the two datasets (Ashby et al.:

χ2
df = 1 = 6.11, P = 0.0134; Vleurinck et al.: χ2

df = 1 = 0.06,

P = 0.8051). Overall, however, paired expression classes were

generally found at the frequency expected.

We next investigated if expression divergence between

paralogs depended on relative location of genes in the genome

(Fig. 3). We found that paralogs on different linkage groups had

similar levels of expression divergence to those on the same

linkage group (Caste: Ashby et al.: W = 947, P = 0.8761;
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Figure 2. Biased gene expression calculated as the absolute value of the log2-fold change in expression for duplicated genes and

singletons. Caste-biased expression from (A) Ashby et al., (B) Vleurinck et al., and (C) Cameron et al. Sex-biased expression from (D)

Ashby et al. and (E) Vleurinck et al. Behavior-bias expression from (F) Jasper et al. (G) Tissue-biased expression (Tau) from Jasper et al.
∗∗P < 0.01; ∗∗∗P < 0.001.

Table 3. Partial correlation matrix between measures of biased expression within duplicate gene pairs.

A_Caste J_Tissue J_Behavior V_Sex V_Caste C_Caste

A_Sex 0.139 0.218 0.083 0.21 0.117 0.156
A_Caste 0.183 0.017 0.029 0.188 –0.127
J_Tissue 0.216 0.204 0.190 –0.089
J_Behavior 0.064 0.159 0.098
V_Sex 0.484 0.091
V_Caste 0.18

A = Ashby et al., V = Vleurinck et al., C = Cameron et al., J = Jasper et al.
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Table 4. Observed and expected numbers of pairs of caste-, sex-,

and behavior-biased gene expression classes showing correlations

of expression classes among duplicate genes.

Phenotype Dataset Expression Observed Expected

Caste Ashby Concordant 79 74.32
Discordant 11 15.68
Total 90 90

Vleurinck Concordant 76 67.8
Discordant 10 18.2
Total 86 86

Cameron Concordant 74 72.19
Discordant 5 6.81
Total 79 79

Sex Ashby Concordant 76 60.83
∗ Discordant 14 29.17

Total 90 90

Vleurinck Concordant 81 79.18
Discordant 5 6.82
Total 86 86

Behavior Jasper Concordant 98 98.02
Discordant 2 1.99
Total 100 100.01

Chi-squared test,
∗
P < 0.05.

“Concordant” indicates that the duplicates had the same direction of ex-

pression bias (e.g., were both queen-biased) whereas “Discordant” indicates

that the duplicate genes showed different patterns of expression bias (e.g.,

one was queen-biased and the other worker biased).

Vleurinck et al.: W = 894, P = 0.7921; Cameron et al.:

W = 879, P = 0.1479; Sex: Ashby et al.: W = 972, P = 0.7139;

Vleurinck et al.: W = 927, P = 0.5766; Behavior: Jasper et al.:

W = 0.5627, P = 0.5627, Wilcoxon rank-sum test). There were

also no significant differences in the level of tau, which defines

tissue-specific expression, between duplicates on the same or

different linkage groups (W = 1428, P = 0.0738) (Fig. 3G).

CLASSIFICATION OF EVOLUTIONARY PROCESSES

MAINTAINING DUPLICATE GENES

We investigated the evolutionary processes maintaining duplicate

genes in A. mellifera (Assis and Bachtrog 2013, 2015). We found

that there were 63 cases of conservation, 28 cases of neofunc-

tionalization (15 of D1 copy, the duplicate with higher sequence

similarity to the single copy ortholog, 13 of D2 copy, the duplicate

with lower sequence similarity to the single copy ortholog), nine

cases of specialization, and no cases of subfunctionalization.

We next investigated evolutionary constraint (dN/dS) and

relative expression across alternative phenotypes for genes that

arose through conservation. We did not find a significant differ-

ence in the level of dN/dS between the duplicate pairs that were

subject to conservation (W = 1.3+e03, P = 0.4227, Wilcoxon

rank-sum test) (Fig. 4A). Since conservation leads to duplicates

maintaining similar functions, we expected similar levels of bi-

ased gene expression across conserved genes. There was also

no significant difference in the level of caste-biased expression

(χ2
df = 2 = 4.27, P = 0.118, Kruskal–Wallis test) (Fig. 4E) and

sex-biased expression (χ2
df = 2 = 0.34, P = 0.8414) (Fig. 4I)

between single copy orthologs and the conserved duplicates.

The level of dN/dS was not significantly different between

D1 and D2 for those duplicates maintained through specialization

(W = 17, P = 0.2159, Wilcoxon rank-sum test) (Fig. 4B). Du-

plicates that have undergone specialization are expected to have

different levels of biased expression for the single copy ortholog

and both duplicates. However, we found no difference in the level

of caste- (χ2
df = 2 = 3.58, P = 0.1671, Kruskal–Wallis test) or sex-

biased gene expression (χ2
df = 2 = 0.79, P = 0.6723) between D1,

D2, and single copy orthologs (Fig. 4F and J).

Next, we examined the differences in dN/dS between

duplicates that had undergone neofunctionalization. For those

duplicates that underwent neofunctionalization of the D1 gene,

there was a significantly higher level of dN/dS for the D1 copy

(W = 29.5, P = 0.036, Wilcoxon rank-sum test) (Fig. 4C).

However, this was not the case for those duplicates in which D2

underwent neofunctionalization (W = 57, P = 0.31, Wilcoxon

rank-sum test) (Fig. 4D). We found no difference in caste-biased

expression between the single copy ortholog and both duplicates

(D1: χ2
df = 2 = 0.52, P = 0.7705, D2: χ2

df = 2 = 2.31, P = 0.3142,

Kruskal–Wallis test) (Fig. 4G and H). There was also no difference

in the level of sex-biased expression between genes that underwent

neofunctionalization of D1 (χ2
df = 2 = 1.78, P = 0.4115, Kruskal–

Wallis test) (Fig. 4K). Though, we saw that D2 had a higher level

of sex-biased expression compared the single copy ortholog and

D1 copy for those duplicates that underwent neofunctionalization

of D2 (χ2
df = 2 = 7.1, P = 0.02876, Kruskal–Wallis test)

(Fig. 4L).

Expression patterns of single copy orthologs might limit

the evolutionary processes maintaining a duplicate pair in the

genome. Therefore, we examined the level of differential ex-

pression of single copy orthologs in B. terrestris of A. mellif-

era gene duplicates to gain insight into possible constraints on

expression evolution of duplicated genes (Fig. 5). We found a

significant difference in the level of sex-biased expression be-

tween single copy orthologs in B. terrestris that have undergone

specialization, neofunctionalization, and conservation, with or-

thologs that underwent neofunctionalization of the D1 copy in A.

mellifera having the highest level (χ2
df = 3 = 9.18, P = 0.027,
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Figure 3. Divergence in biased gene expression between duplicate pairs on the same or different linkage group. Comparisons between

castes from (A) Ashby et al., (B) Vleurinck et al., and (C) Cameron et al., between sexes from (D) Ashby et al. (E) Vleurinck et al., between

worker behavioral types from (F) Jasper et al., and among tissues (Tau) from (G) Jasper et al.

Kruskal–Wallis test) (Fig. 5). However, this trend was not found

for genes displaying caste-biased expression (χ2
df = 3 = 6.48,

P = 0.9039, Kruskal–Wallis test).

Discussion
Sociality has arisen multiple times in insects. Thus social insects

have been the subject of many studies aimed at understanding

the genetic changes associated with the evolution of sociality

(Woodard et al. 2011; Harpur et al. 2014; Roux et al. 2014;

Kapheim et al. 2015). We were interested in the hypothesis that

gene duplication had facilitated the evolution of sociality and caste

differences in insect societies.

We observed a positive correlation between social complex-

ity and the rate of species-specific gene duplication. This sug-

gests that more highly social bee taxa possess higher rates of

gene duplication or lower rates of duplicate gene loss. How-

ever, this correlation was not significant with phylogenetic cor-

rection. Regardless, the number of species examined in this

study was modest and the strength of the correlation was sub-

stantial. Therefore, further investigation is needed to determine

whether gene duplication rate is correlated with the evolution of

sociality.

We hypothesized that gene duplication provided new copies

of genes that could be co-opted into the development of social in-

sect phenotypes. We thus expected an enrichment of caste-biased
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Figure 4. Comparison of metrics for duplicated genes maintained through conservation, neofunctionalization (D1 copy and D2 copy),

and specialization. D1 and D2 are the A. mellifera duplicate genes with higher and lower sequence similarity to the single copy B.

terrestris ortholog, respectively. (A–D) Mean levels of dN/dS for duplicate pairs. (E–H) Caste-biased expression, as measured by absolute

value of the log2 fold change in expression between queens and workers. (I–L) Sex-biased expression, as measured by absolute value of

the log2 fold change in expression between drones and workers.

Figure 5. Comparison of biased expression of single copy orthologs in B. terrestris that have been duplicated in A. mellifera and

been maintained through different evolutionary processes. (A) Levels of caste-biased expression of single copy orthologs in B. terrestris

(χ2
df = 3 = 6.4817, P = 0.09039, Kruskal–Wallis test). (B) Sex-biased expression between males and workers (female) (χ2

df = 3 = 9.1811,

P = 0.02698, Kruskal–Wallis test). ∗P < 0.05.

genes in duplicates compared to singletons. We did, in fact, find

significantly more caste-biased and sex-biased genes in duplicated

genes when compared to singletons (Tables 1 and 2).

Our findings of significant excesses of phenotype-biased

genes among duplicates agree with previous studies performed

in D. melanogaster and C. elegans sexes (Cutter and Ward 2005;

Wyman et al. 2012). These prior studies found enrichment for du-

plicates showing phenotype-biased expression. In addition, these

investigations uncovered an excess of duplicates with male-biased

gene expression, suggesting that gene duplication is frequently

involved in the evolution of male-biased traits (Cutter and Ward

2005; Wyman et al. 2012). In our comparison of sex-biased gene
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expression between female workers and male drones, we found

more drone- and worker-biased duplicates than expected. The

datasets we used included individuals from the larval and pupal

stages. So it is possible that any strong male effects would not

have been identified because we may not have detected the full

array of differential gene expression found in adults (Morandin

et al. 2015; Ashby et al. 2016; Lockett et al. 2016; Vleurinck et al.

2016).

We expected that duplicates would display a higher level of

biased expression compared to singletons. Such a finding would

be consistent with the hypothesis that duplicate gene expression

can be co-opted into the evolution of different phenotypic forms

(Gadagkar 1997; Gallach and Betran 2011). We did find that du-

plicates tended to have higher levels of caste-, sex-, behavior-, and

tissue-biased expression compared to singletons (Fig. 2). Overall,

these results agree with past studies that found that duplicates

tended to become more specialized in their expression patterns

(Freilich et al. 2006; Farré and Albà 2010; Assis and Bachtrog

2013). Similarly, gene families of increasing size have been found

to show increasing levels of expression bias (Huminiecki and

Wolfe 2004; Tanaka et al. 2015). Our results suggest that gene

duplication permits evolution of variation in expression levels and

may allow for phenotypic diversification at multiple phenotypic

levels.

We further examined the expression patterns of pairs of du-

plicate genes to determine if they showed concordant expression

patterns between different castes, sexes, and worker behavioral

types. In general, we did not find significant enrichment of du-

plicate pairs with concordant expression relative to expectations

(Table 4). However, we did see enrichment for duplicates with

the similar expression bias for the Ashby et al. dataset when

comparing sex-biased expression (Table 4). This excess of dupli-

cate pairs with concordant expression was observed in analysis

of Drosophila sexes (Wyman et al. 2012). Thus it appears that

duplicate gene pairs may maintain similar expression profiles to

each other. This might reflect the fact that a new duplicate gene is

likely to have maintained its expression profile and function im-

mediately after duplication, and that it takes time for a discordant

expression profile to evolve. For example, there is some evidence

that duplication of a gene that is already sex-biased may allow

the gene’s paralog to become even more sex-biased (Wyman et al.

2012). The result that duplicates tend to have higher levels of

biased gene expression but tend not to differ in their directional

bias may be indicative of this mechanism.

We found that paralogs located on the same chromosome

did not necessarily have similar expression patterns compared to

paralogs located on different chromosomes (Fig. 3). This result

differs from previous studies (Mikhaylova et al. 2008) and sug-

gests that genes on the same chromosome are not necessarily

subject to similar regulatory regimes (Ibn-Salem et al. 2016; Lan

and Pritchard 2016). Therefore, a new gene duplicate may evolve

divergent expression patterns from its parent paralog, even if it is

duplicated onto the same chromosome.

We examined the correlation between caste-, sex-, behavior-,

and tissue-biased expression for individual duplicate pairs

(Table 3). A majority of correlations between these different

measures of phenotype-biased expression were positive. This in-

dicates that duplicates that are differentially expressed in one

phenotypic context tend to be differentially expressed in other

contexts (Hunt et al. 2013). Genes with higher levels of differen-

tial expression may be subjected to weakened selective constraint

on gene expression compared to genes that are more uniformly

expressed among phenotypes (Mank and Ellegren 2009; Hunt

et al. 2011; Leichty et al. 2012). Therefore, loci experiencing

weak selective constraint may be more likely to be differentially

expressed in a variety of contexts (Hunt et al. 2011; Leichty et al.

2012).

Our results suggest that gene duplication may provide genetic

material that can be co-opted in the evolution of alternative pheno-

types. However, there are other mechanisms that can potentially

explain the patterns that we observed. For example, it is possi-

ble that ancestral genes that were already differentially expressed

between phenotypes were more likely to duplicate because of

mutation bias. In addition, copy number variants of differentially

expressed genes could be less likely to be under purifying selec-

tion, leading to fixation of such genes (Cardoso-Moreira et al.

2016). Or, the genome may be more tolerant of the acquisition

of phenotype-biased genes compared to singletons, particularly

if phenotypic-biased genes are not essential (Mank and Ellegren

2009). Therefore, biased duplicates may be fixed at a higher rate

than biased singletons. Thus there are potentially several molec-

ular evolutionary mechanisms that could lead to the observation

of a correlation between phenotype-biased expression and gene

duplication.

We investigated the processes that maintained duplicate

genes within the A. mellifera genome. This analysis used gene

expression as a proxy for gene function. However, it is worth

noting that genes may diverge in function but not differ in their

expression patterns. In addition, comparisons of gene expression

patterns across species may be challenging (Montgomery and

Mank 2016; Zhang et al. 2007). Thus, the inference of the evolu-

tionary processes maintaining duplicate genes relies on assump-

tions that may not always be upheld and, therefore, the results of

this analysis should be viewed cautiously.

Our analysis suggested that conservation, neofunctionaliza-

tion, and specialization were the primary evolutionary processes

associated with gene duplication in A. mellifera. Interestingly,

we identified no cases of subfunctionalization. It is notable that

prior studies of this type also found that conservation was one

of the most common mechanisms maintaining gene duplicates
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in mammals and plants (Assis and Bachtrog 2015; Wang et al.

2016). In contrast, neofunctionalization was found to be the

most common process maintaining gene duplicates in Drosophila

(Assis and Bachtrog 2013). The difference between these find-

ings could be due to the differences in effective population size

among the studied taxa. Natural selection is less efficient in

smaller populations. Drosophila, with its large effective popu-

lation size, may have more neofunctionalized genes maintained

by selection. In contrast, natural selection will operate less ef-

ficiently in species with smaller effective population size, such

as A. mellifera, allowing potentially neofunctionalized genes to

be fixed less often (Galtier, 2016; Jensen & Bachtrog 2011;

Romiguier et al. 2014).

Interestingly, there was a notable lack of subfunctionaliza-

tion across all studied taxa (Assis and Bachtrog 2015; Lan and

Pritchard 2016). This is surprising because it has been suggested

that subfunctionalization is an important process in the retention

of duplicate genes (Lynch and Conery 2000). Subfunctionaliza-

tion requires that both duplicates start off with the same function

and are in dosage balance. Therefore, subfunctionalization is more

likely to occur for large-scale duplications like whole genome du-

plication events, which maintain the regulatory environments of

the focal genes (Casneuf et al. 2006; Fares et al. 2013). The lack

of observed subfunctionalization in our analyses could also be

due to the datasets used for classification. The analysis classify-

ing duplicates into evolutionary processes was performed using an

expression profile across whole-body A. mellifera and B. terrestris

queens, workers, and drones. This may lead to an underestimation

of potential expression differences across tissues and time, which

may obfuscate some patterns of subfunctionalization (Assis and

Bachtrog 2013, 2015).

We examined differences in the level of caste-biased ex-

pression of single copy orthologs for duplicate genes maintained

by conservation, neofunctionalization, and specialization. Du-

plicates that underwent conservation tended to arise from single

copy orthologs that had lower levels of differential expression

(Fig. 5). The low level of differential expression suggests that

duplicates that have undergone conservation are more essential

and broadly expressed than those that have undergone neofunc-

tionalization and specialization. Genes that are subject to the

latter mechanisms generally displayed biased expression among

phenotypes, leading to the development of new functions. This

suggests that the ancestral function of a pair of duplicates may

limit their evolutionary trajectory (Wang et al. 2016). We also ex-

amined evolutionary and expression characteristics of duplicates

that were maintained through the different evolutionary processes

(Assis and Bachtrog 2013, 2015). We found no significant differ-

ence in the constraint (dN/dS) between duplicate pairs involved

in conservation (Fig. 4A). However, we identified differences in

dN/dS between duplicates that underwent neofunctionalization of

the D1 copy (Fig. 4C). This is interesting, given that the duplicate

that gains the new function, D1, has higher value of dN/dS.

Recently, considerable attention has been paid to the role

of novel genes in the evolution of phenotypic diversity in so-

cial species (Johnson and Tsutsui 2011; Tautz and Domazet-Lošo

2011; Feldmeyer et al. 2014; Sumner 2014; Jasper et al. 2015).

This study provides further insight on the role of new genes, cre-

ated through the process of gene duplication, in the evolution of

insect societies. More highly social bee species may have higher

gene duplication rates. Duplicate genes seem to be preferentially

co-opted into caste- and sex-specific function. Moreover, dupli-

cated genes are apparently subject to conservation, neofunctional-

ization, and specialization in A. mellifera. Overall, this study adds

to the accumulating evidence that gene duplication has played a

substantial role in the evolution of complex societies and alterna-

tive phenotypes.

AUTHOR CONTRIBUTIONS
L.C. and M.G. conceived of the study. L.C. performed the analyses. L.C.
and M.G. wrote the manuscript.

ACKNOWLEDGMENTS
This research was partially supported by the Elizabeth Smithgall Watts
and the Bennie H. and Nelson D. Abell Endowment Fund, and the Grad-
uate Assistance in Areas of National Need (GAANN) fellowship.

DATA ARCHIVING
The doi for our data is https://doi.org/10.5061/dryad.9m5h0

LITERATURE CITED
Andrews, S. 2010. FastQC: a quality control tool for high through-

put sequence data. Available online at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc.

Ashby, R., S. Forêt, I. Searle, and R. Maleszka. 2016. MicroRNAs in honey
bee caste determination. Sci. Rep. 6:18794.

Assis, R., and D. Bachtrog. 2013. Neofunctionalization of young duplicate
genes in Drosophila. Proc. Natl. Acad. Sci. USA 110:17409–17414.

———. 2015. Rapid divergence and diversification of mammalian duplicate
gene functions. BMC Evol. Biol. 15:138.

Atallah, J., D. C. Plachetzki, W. C. Jasper, and B. R. Johnson. 2013. The utility
of shallow RNA-Seq for documenting differential gene expression in
genes with high and low levels of expression. PLoS One 8:e84160.

Benjamini, Y., and Y. Hochberg. 1995. Controlling the false discovery rate:
a practical and powerful approach to multiple testing. J. R. Stat. Soc.
57:289–300.

Bolger, A. M., M. Lohse, and B. Usadel. 2014. Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30:2114–2120.

Bonduriansky, R., and S. F. Chenoweth. 2009. Intralocus sexual conflict.
Trends Ecol. Evol. 24:280–288.

Cameron, R. C., E. J. Duncan, and P. K. Dearden. 2013. Biased gene expression
in early honeybee larval development. BMC Genom. 14:903.

Cardinal, S., and B. N. Danforth. 2013. Bees diversified in the age of eudicots.
Proc. R. Soc. B 280:20122686.

2 8 8 2 EVOLUTION DECEMBER 2017

https://doi.org/10.5061/dryad.9m5h0
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc


GENE DUPLICATION AND SOCIAL EVOLUTION

Cardoso-Moreira, M., J. R. Arguello, S. Gottipati, L. G. Harshman, J. K.
Grenier, and A. G. Clark. 2016. Evidence for the fixation of gene dupli-
cations by positive selection in Drosophila. Genome Res. 26:787–798.

Casneuf, T., S. De Bodt, J. Raes, S. Maere, and Y. Van de Peer. 2006. Non-
random divergence of gene expression following gene and genome du-
plications in the flowering plant Arabidopsis thaliana. Genome Biol.
7:R13.

Connallon, T., and A. G. Clark. 2011. The resolution of sexual antagonism by
gene duplication. Genetics 187:919–937.

Connallon, T., and L. L. Knowles. 2005. Intergenomic conflict revealed by
patterns of sex-biased gene expression. Trends Genet. 21:495–499.

Cutter, A. D., and S. Ward. 2005. Sexual and temporal dynamics of molecular
evolution in C. elegans development. Mol. Biol. Evol. 22:178–188.

Ellegren, H., and J. Parsch. 2007. The evolution of sex-biased genes and
sex-biased gene expression. Nat. Rev. Genet. 8:689–698.

Elsik, C., K. Worley, A. Bennett, M. Beye, F. Camara, C. Childers, D. de Graaf,
G. Debyser, J. Deng, B. Devreese, et al. 2014. Finding the missing honey
bee genes: lessons learned from a genome upgrade. BMC Genom. 15:86.

Fares, M. A., O. M. Keane, C. Toft, L. Carretero-Paulet, and G. W. Jones. 2013.
The roles of whole-genome and small-scale duplications in the func-
tional specialization of Saccharomyces cerevisiae genes. PLoS Genet.
9: e1003176.
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