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HIGHLIGHTED ARTICLE
| INVESTIGATION

Polymorphism and Divergence of Novel Gene
Expression Patterns in Drosophila melanogaster

Julie M. Cridland,1 Alex C. Majane, Hayley K. Sheehy, and David J. Begun
Department of Evolution and Ecology, University of California, Davis, California 95616

ABSTRACT Transcriptomes may evolve by multiple mechanisms, including the evolution of novel genes, the evolution of transcript
abundance, and the evolution of cell, tissue, or organ expression patterns. Here, we focus on the last of these mechanisms in an
investigation of tissue and organ shifts in gene expression in Drosophila melanogaster. In contrast to most investigations of expression
evolution, we seek to provide a framework for understanding the mechanisms of novel expression patterns on a short population
genetic timescale. To do so, we generated population samples of D. melanogaster transcriptomes from five tissues: accessory gland,
testis, larval salivary gland, female head, and first-instar larva. We combined these data with comparable data from two outgroups to
characterize gains and losses of expression, both polymorphic and fixed, in D. melanogaster. We observed a large number of gain- or
loss-of-expression phenotypes, most of which were polymorphic within D. melanogaster. Several polymorphic, novel expression
phenotypes were strongly influenced by segregating cis-acting variants. In support of previous literature on the evolution of novelties
functioning in male reproduction, we observed many more novel expression phenotypes in the testis and accessory gland than in other
tissues. Additionally, genes showing novel expression phenotypes tend to exhibit greater tissue-specific expression. Finally, in addition
to qualitatively novel expression phenotypes, we identified genes exhibiting major quantitative expression divergence in the D.
melanogaster lineage.

KEYWORDS Drosophila; evolution; RNA-seq; polymorphism; testis; accessory gland

While there is broad agreement that qualitatively novel
phenotypes contribute to adaptation and the evolu-

tionary success of certain lineages, the diversity of mechanisms
underlying theoriginandevolutionofnovelties remainasubject
of intense investigation. One potential source of novel traits is
novel genes. Such genes may originate through a diversity of
mechanisms including gene duplication (Ohno 1970; Zhang
2003), gene fusion (Wang et al. 2004), and de novo gene evo-
lution (Begun et al. 2006). A second, and potentially more
common mechanism underlying novel phenotypes is the evo-
lution of novel gene regulatory patterns or novel domains of
gene expression of ancestral genes (e.g., True and Carroll
2002). Such novel expression domains may result from cis-act-
ing variation, such as the origin or modification of enhancers
(Wray 2007; Koshikawa et al. 2015), or from trans-acting

changes, such as cooption of ancestral pathways into new
expression domains via novel transcription factor expression
(Doniger and Fay 2007; Rebeiz et al. 2011; Glassford et al.
2015; Long et al. 2016).

Several case studies deriving from the genetic analysis of
novel phenotypes have provided evidence that such pheno-
types may often result from the deployment of ancient genes
or pathways in new developmental contexts. Some examples
include butterfly eye spots (Brakefield et al. 1996),Drosophila
wing spots (Gompel et al. 2005), Drosophila sex combs (Kopp
2011), Drosophila optic lobe expression (Rebeiz et al. 2011),
and Drosophila and mammalian pigmentation (Wittkopp
et al. 2003; Mallarino et al. 2016; Roeske et al. 2018).

An alternative line of investigation into the evolution of
novelty focuses more strongly on novel gene expression phe-
notypes per se, many of which could be favored by selection
pressures unrelated to visibly obvious phenotypes. One such
form of novel expression is gene recruitment or cooption,
whereby an ancient gene becomes expressed in an organ or
tissue where it was not expressed ancestrally (True and
Carroll 2002). A classic example of recruitment is the deploy-
ment of soluble enzymes into expression in the lens, leading
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to crystallins (Wistow and Piatigorsky 1988; Wistow 1993),
which has occurred multiple times in diverse animal clades
(Tomarev and Piatigorsky 1996). More recently, the use of
large-scale transcriptomic/genomic approaches has led to
additional examples of recruitment, including the cooption
of genes into venoms (Wong and Belov 2012;Martinson et al.
2017) and the recruitment of digestive enzymes to the female
reproductive tract of a butterfly (Meslin et al. 2015). Never-
theless, general comparative and population genetic investi-
gations of single-copy gene recruitment across tissues and
organs remain rare.

Within Drosophila there are a few studies that address
tissue-based patterns of gene expression. Dickinson (1980)
showed that in a group of 27 Hawaiian Drosophila species
for which quantitative estimates of protein abundance for five
genes and five tissueswere obtained, frequent gains and losses
of tissue expression had occurred. He later demonstrated that
the rate of evolution of tissue gains and losses of expression
was lower in the virilis group than in the Hawaiian Drosophila
(Thorpe et al. 1993), suggesting that expression evolution rate
may vary among clades. In the Drosophila melanogaster sub-
group, gains and losses of tissue expression have been ob-
served for Gld (Ross et al. 1994) and Est-6 (Oakeshott et al.
1990). Begun and Lindfors (2005) used a semiquantitative
approach to document a dramatically reduced expression of
Acp24A4 in the accessory gland of D. melanogaster relative to
D. simulans. Rebeiz et al. (2011) used in situ RNA hybridiza-
tion for 20 candidate genes in larval imaginal discs in the
D. melanogaster subgroup to describe the evolution of novel
tissue-specific expression domains.

While there is a substantial amount of comparative tran-
scriptomic work in Drosophila, it has tended to use either a
pairwise (i.e., nonphylogenetic) approach (Brown et al.
2014) or use data collected from whole males, whole fe-
males, testes, or ovaries (Ma et al. 2018). These limitations
compromise opportunities to investigate the evolution of
gene cooption and qualitative changes in tissue patterns of
expression, given that gene expression tends to vary dramat-
ically over tissues (Chintapalli et al. 2007). Our goal here is to
characterize qualitatively novel patterns of tissue expression
in D. melanogaster, including the analysis of segregating var-
iation influencing these novel patterns.

We focus on six D. melanogaster genotypes that are part of
the Drosophila Genetic Reference Panel (DGRP) lines from
Raleigh, NC (Mackay et al. 2012). Each of these genotypes
was sampled for five tissues: the testis, the accessory gland +
anterior ejaculatory duct (hereafter AG), the female head,
the third-instar salivary gland (hereafter SG), and first-instar
larvae. Our choice of tissues provides several functional com-
parisons. For example, inclusion of testis and the AG enables
a comparison of two tissues that function specifically in male
reproduction, but one tissue is primarily germline while the
other is somatic. While the rapid evolution of AG-expressed
genes has often been attributed to directional selection re-
lating to male reproduction (Begun et al. 2000; Mueller
et al. 2005), it is worth noting that any unusual evolutionary

properties of such genes could also be attributable to glandu-
lar function. Thus, the inclusion of SG enables a comparison
of two glands, one of which functions in reproduction and
one of which does not. The head and first-instar larvae are
neither primarily reproductive nor glandular, and thus serve
as potentially useful comparisons for the other sampled tis-
sues, although we acknowledge that these comparisons are
weakened by the fact that the head and first-instar larvae
represent complex mixtures of several tissue types.

Using expression data from these D. melanogaster geno-
types and their F1s, along with comparable data from out-
group species D. simulans and D. yakuba, we identify both
polymorphic and fixed gains and losses of tissue expression
that have evolved in D. melanogaster since the D. melanogaster/
D. simulans common ancestor. Our focal species represent
very recent evolutionary history—D. melanogaster diverged
from D. simulans and D. yakuba only�1.4–3.4 MYA (Obbard
et al. 2012)—thus, we address the evolution of tissue expres-
sion on short timescales, which has received little attention.
In addition to identifying recent, qualitative evolution of ex-
pression across diverse D. melanogaster tissues, we identify
the evolution of major quantitative changes within tissues
by identifying genes that show dramatic recent evolution of
transcript abundance in D. melanogaster.

Materials and Methods

Flies, tissues, RNA isolation, library construction,
and sequencing

We sequenced the transcriptomes of six D. melanogaster
strains from the DGRP population resource (Mackay et al.
2012), hereafter “RAL” lines (Table 1). In addition, we se-
quenced the transcriptomes of each of three unique F1
crosses derived from the six RAL strains with each RAL strain
contributing to one F1 cross (Supplemental Material, Table
S1). Finally, we also sequenced between one and three
strains each of D. simulans and D. yakuba per tissue, which
were used as outgroups. For each D. melanogaster genotype
we prepared libraries from five tissues, AG, female head, first-
instar larvae, wandering third-instar larva SG, and testis. For
each genotype and tissue we prepared and sequenced one
library.

Tissues from30flies per strainwereused for thehead,first-
instar larvae, and SG. Two-day-old virgin females were col-
lected in 1.5-ml centrifuge tubes and flash-frozen in liquid
nitrogen.Tubeswere scrapedacrossa tube rackmultiple times
and contentswere collected ona cleanpetri dish placedon top
of a piece of dry ice. Heads were collected using a clean paint
brush and placed in Trizol. SGs from unsexed wandering
third-instar larvae, identified as having branched anterior
spiracles and dark orange rings at the tip of the posterior
spiracles, were dissected in cold 13 PBS and then placed
directly into Trizol. Unsexed first-instar larvae were collected
by allowing females to oviposit on food for 1 hr and then
collecting larvae 24 hr later using a dissecting needle. Testis
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samples were dissected from 24-hr-old virgin males and im-
mediately placed in Trizol on ice. Between 100 and 200 testes
were collected per strain. AG samples were dissected from
48-hr-old virgin males (�50 per strain) and immediately
placed in Trizol on ice. All tissue samples were stored
at 280� until isolation of RNA.

Tissues were homogenized in 200 ml Trizol using a sterile
pestle and the volume then adjusted to 1 ml. Next, 200 ml
chloroform was added and shaken for 20 sec, followed by
room temperature incubation for 5 min. Samples were then
centrifuged at 4� and 13,000 rpm for 15 min and the upper
phase collected. After addition of 1 ml glycogen, 500 ml iso-
propanol was added and mixed by gentle inversion. Samples
were left at 220� for 1 hr, after which nucleic acids were
pelleted and then washed with 70% ethanol, followed by
drying and resuspension in nuclease-free water. All samples
were subjected to DNase digestion using the TURBO DNA-
free kit (Ambion) following the manufacturer’s protocol and
the qualities of the resulting RNAs were checked using RNA
Nano chip on a Bioanalyzer (Agilent).

Libraries were prepared using the NEBNext Ultra RNA
Library Prep Kit for Illumina (New England Biolabs, Beverly,
MA) with 1 mg total RNA as input. The manufacturer’s pro-
tocol was used with minor modifications. All AMPure bead
elution steps were performedwith PCRCleanDX beads (Aline
Biosciences). Qualities of libraries were estimated using the
High Sensitivity DNA chip on a Bioanalyzer (Agilent). Librar-
ies were sequenced on an Illumina HiSeq2000 to generate
100-bp paired-end reads.

The focal set of genes used in all expression analyses is
composed of 7356 1:1:1 orthologs (Table S2) identified in
D. melanogaster, D. simulans, and D. yakuba using MCL (van
Dongen and Abreu-Goodger 2012) which uses aMarkov clus-
ter algorithm for assigning genes into families (M. Hahn and
G. Thomas, personal communication). Di- and polycistronic
genes were omitted from the analysis, as were genes with one
or more exons that were shared perfectly with another gene.

Expression measures

Reads were initially aligned to the appropriate reference ge-
nome; D. melanogaster version 6.19, D. simulans version 2.02,
andD. yakuba version 1.05 usingHisat2 (Kim et al. 2015)with
default parameters. The D. melanogaster F1 transcriptomes
were additionally aligned to parent-specific reference ge-
nomes. We downloaded the RAL line-specific reference se-
quences available on the Drosophila NEXUS platform (Lack
et al. 2015, https://www.johnpool.net/genomes.html) and
aligned each F1 transcriptome simultaneously to both parents
of the cross, as above. We then kept reads that reported align-
ment exclusively to one parental genome, identified by having
a quality score of 60. These reads were then used to generate
new fastq files, which were then realigned to the NEXUS par-
ent-specific reference as before.

We used Stringtie (Pertea et al. 2016) to calculate tran-
scripts per million (TPM) for each gene in each transcriptome,
including in the parent-specific transcriptomes generated by

separating identifiable reads in a cross. We used the -e option
to restrict the analysis to previously identified and anno-
tated genes identified in GTF files obtained from FlyBase
(www.flybase.org) on December 1, 2018, and that were also
in our list of 1:1:1 orthologs between the three species. Dicis-
tronic and polycistronic genes were removed from the anal-
ysis, as were genes that shared one or more exons perfectly
with another gene.

We used two approaches to investigate the possible effect
of coverage variation across libraries on gene expression calls.
First, we investigated whether the number of reads was
correlated with the number of genes called as expressed at
cutoffs TPM $ 1 and TPM $ 2. We found no relationship
(linear regression, P . 0.05), either overall or in analyses of
each tissue. Second, because the range of reads per library
varied from 12 to 63 million, with most libraries having at
least 20 million reads, we downsampled higher-coverage li-
braries to both 12 million and 20 million read pairs and rees-
timated TPMs. This downsampling had a negligible effect
(�3 genes per library at 20 million reads and �17 genes
per library at 12 million reads) on the total number of genes
identified as expressed at a TPM $ 2 per library. The down-
sampled data exhibited less than one fewer neomorph per
library compared to the actual data. We conclude from these
results that coverage variation has a negligible effect on our
inferences.

Gain- and loss-of-expression phenotypes

Genes that had TPM , 0.1 in all strains for both outgroup
species for a given tissue were inferred to exhibit no expres-
sion in that tissue as the D. melanogaster ancestral state. We
further used an expression threshold of TPM$ 2 to identify a
gene as expressed. This expression cutoff is appropriate
based on previous studies (Wagner et al. 2013; Thompson
et al. 2019). We defined candidate gains of tissue expression
in D. melanogaster as genes for which at least one RAL geno-
type expressed the gene above a threshold TPM of $2, and
for which there was no evidence of expression in the out-
group species. We refer to these gain-of-expression pheno-
types as neomorphs for convenience, in spite of the fact that
we have no evidence that they behave as gain-of-function
variants/phenotypes (Figure 1A). We categorized genes
exhibiting fixed expression gains as those for which all RAL
genotypes had TPM of$2; all other neomorphs were consid-
ered polymorphic. A substantial number of such genes
exhibited at least one RAL linewith TPM=0. Using this logic,
the genes for which some RAL strains have TPM = 0 and

Table 1 Number of genotypes sequenced per tissue

Species AG Head 1st instar SG Testis

D. melanogaster 6 6 6 6 6
D. melanogaster F1s 3 3 3 3 3
D. simulans 1 2 2 2 3
D. yakuba 1 2 2 2 2

AG, accessory gland plus ejaculatory duct; SG, salivary gland.
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others have TPM $ 2 are the most conservative set of poly-
morphic neomorphs. Using the same basic approach, we
identified losses of tissue expression inD.melanogaster (here-
after, amorphs) by identifying genes for which one or more
RAL lines had TPM, 0.1 for a gene in a given tissue, and all
outgroup strain TPM estimates exceeded a threshold value of
TPM $ 2.

Tissue specificity of candidate genes

We used the FlyAtlas2 D. melanogaster gene expression data
set (Leader et al. 2018) to estimate the tissue specificity of our
candidate genes. We downloaded the data from the source in
SQL database format [motif.gla.ac.uk/downloads/FlyAtlas2_
18.05.25.sql (accessed July 2, 2018)]. We then used an R
script to estimate the index of adult tissue specificity,
t (Yanai et al. 2005), separately for male and female tissues
for every gene/transcript. Expression enrichment in each tis-
sue for each gene/transcript was estimated by dividing the

fragments per kilobase of transcript permillionmapped reads
(FPKM) for that tissue by the FPKM for the whole-body sam-
ples of adult males or females. We used a threshold of FPKM
$ 2 to call a gene expressed in a particular tissue; in the event
of a whole-body FPKM, 2, we set it equal to 2 for enrichment
estimates to avoid large values of t in very lowly expressed
genes (David Leader, personal communication).

To investigate whether ancestral tissue patterns of expres-
sion might influence the probability of gain-of-expression in a
new tissue, we identified for testis and AG neomorphs the
expression patterns in nonfocal tissues (i.e., “not-testis” and
“not-AG”), and then compared neomorph expression proper-
ties to those of other (i.e., ancestrally) AG- or testis-expressed
genes. To do so, we recorded for testis or AG neomorphs the
nonfocal tissue that showed the highest level of expression.
To determine the comparable pattern expected for ances-
trally AG- or testis-expressed genes we used a resampling
approach.We selected at random among the genes expressed

Figure 1 Gene expression polymorphism and divergence in D. melanogaster. (A) Correlations of log2 TPM (transcripts per million) estimates between
D. simulans and D. melanogaster for several tissues for 1:1:1 orthologs in D. melanogaster, D. simulans, and D. yakuba. Only genes in the 99th
percentile for D. melanogaster were used. AG, accessory gland plus ejaculatory duct (blue); head, female head (purple); first instar, first-instar larvae
(green); SG, third-instar larval salivary gland (orange; and testis (blue). (B) Parsimony was used to define polymorphic (Polym.) and fixed D. melanogaster
neomorphs and amorphs. Representation of gene expression patterns for a gene in two strains from each of three species. Filled star, expressed gene
(TPM $ 2); empty star, nonexpressed gene (TPM # 0.1). Ages of hypothetical common ancestors are from Obbard et al. (2012). (C) Numbers of
observed neomorphs and amorphs per tissue. Tissues denoted by colors used in (A).
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at FPKM $ 2 in the focal tissue in FlyAtlas2, the number of
genes equal to the number identified as neomorphs. For
each sampled gene we recorded the tissue with the greatest
expression other than the focal tissue. We repeated this
1000 times to generate an empirical distribution of the non-
focal tissues that tend to show the greatest expression.

F1 validation of parental expression in D. melanogaster

The identification of polymorphic neomorphs in D. mela-
nogaster depends fundamentally on the premise that the ob-
servations of extremely low expression values (0 , TPM
, 0.1) in RAL genotypes are real rather than technical arti-
facts. To address this issue, we used gene expression estimates
from RAL F1 genotypes. For each F1 we compared the TPM
estimates for the parental strains to the TPM estimates of the
F1 and to the number of parent-separated reads that
mapped to each parental chromosome (as described be-
low). We examined crosses that exhibited zero reads in
one of the two RAL parents used to create an F1, and which
in the F1 met our minimum number of 10 mappable parent-
separated reads. Under the assumption that a low-expression
phenotype is strictly cis-mediated and real rather than
artifactual, RAL chromosomes that exhibited zero reads
from a RAL parent should also exhibit zero reads from the
same chromosome carried in an F1 (Zhao et al. 2015). We
identified the number of such cases across all tissues and
then compared this number to the expected number of cases
under the null hypothesis that TPM = 0 observations from
RAL parents are technical artifacts. We generated this ex-
pectation by randomly assigning TPM estimates across RAL
genotypes for each tissue, and then determining how many
RAL TPM = 0 cases were recapitulated in the F1 as zero
reads deriving from the corresponding parental chromo-
some. This was done 1000 times to generate the expected
value under the null hypothesis that TPM = 0 estimates in
RAL parents are false negatives.

Comparisons with external data

Because our transcriptome data included only one replicate of
each sample, we sought support for our conclusions from
other D. melanogaster data sets. First, we compared the re-
sults of our testis neomorph and amorph analysis with an
analysis of a replicated testis transcriptome data set (four
replicates per genotype from each of two D. melanogaster
genotypes) published by Yang et al. (2018). For each of these
replicated testis transcriptomes, reads were aligned to the D.
melanogaster version 6 reference genome using HISAT2 (Kim
et al. 2015) as above, and TPM was estimated using Stringtie
(Pertea et al. 2016) as above. TPM was estimated for each
gene in each of the four replicates for each genotype. We
considered a gene expressed in a genotype if the gene had
a mean TPM$ 2 (Table S3). Second, we compared our neo-
morph and amorph expression inferences to expression
estimates from multiple tissues found in FlyAtlas2 (Leader
et al. 2018, http://flyatlas.gla.ac.uk/FlyAtlas2/index.html,
last accessed March 2020) (Table S4).

General expression changes in the D. melanogaster
lineage

Whileourmaingoalwas to identify derivedexpressionchanges
that one can reasonably classify as qualitatively discrete, we
also sought to identify the genes that showed the greatest
quantitative expression change in the D. melanogaster lineage
without conditioning on extremely low (TPM , 0.1) expres-
sion estimates from D. simulans and D. yakuba. We identified
for each tissue the genes that exhibited a$1.25-fold difference
betweenD.melanogaster andD. simulans and a fold difference
of,1.25 betweenD. simulans andD. yakuba (in all cases using
the mean TPM estimate from each species), which should
enrich for genes showing substantial changes of expression
in D. melanogaster.

Genetics of gene expression variation

We used parental RAL TPM estimates and corresponding
estimates from their F1s to partition AG and testis expres-
sion variation into cis and trans effects, generally following
McManus et al. (2010). We used a fold-change cutoff of 1.25
to call differences in (1) expression between RAL parents, (2)
between parent-specific estimates in hybrids, and (3) between
the observed overall F1 expression and the expected F1 ex-
pression assuming additivity.We also required that at least one
parent or F1 exhibit TPM$ 2 to be included in the analysis. To
identify differences between read counts derived from each
parent within an F1 we performed a binomial test followed
by Bonferroni correction. Reads from an F1 were identified as
deriving from one parent by aligning the entire transcriptome
to a combined parent-specific reference genome composed of
the two NEXUS (Lack et al. 2015) genotype-specific refer-
ences, with additional masking so that any region that was
masked in one parent was also masked in the other parent.
We compared the ratios of reads aligned uniquely to each
parent to identify any bias before using the parent-separated
reads in downstream analyses (Table S5). The RAL307 3
RAL304 AG library did not have roughly equal reads derived
from each parent and was dropped from the analysis. Once
parent-specific reads were identified, new fastq files were
generated and the parent-specific reads were realigned, as
described previously, to the D. melanogaster reference. We
categorized genes into groups using the following criteria.

Cis: fold change difference between parental TPMs, fold
change difference in parent-specific reads from the F1
in the same direction as the parents, and no fold change
difference between F1 TPM and expected F1 TPM.

Trans: fold change difference between parental TPMs, no
difference in F1, and observed F1 TPM is different from
expected F1 TPM (either lower or higher).

Cis + trans: fold change difference between parental TPMs,
fold change in the F1 in the same direction as the parents,
and observed F1 TPM is higher than expected F1 TPM.

Cis 2 Trans: fold change difference between parental TPMs,
fold change in the F1 in the same direction as the parents,
and observed F1 TPM is lower than expected F1 TPM.
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Cis * Trans: fold change difference between parental TPMs,
fold change in the F1 in the opposite direction as the
parents, and observed F1 TPM is different from expected
F1 TPM.

Compensatory: no fold change difference between parental
TPMs, fold change in the F1, and observed F1 TPM does
not differ from expected F1 TPM.

Conserved: no fold change difference between parental
TPMs, no fold change in the F1, and observed F1 TPM
does not differ from expected F1 TPM.

Ambiguous: all other patterns of expression between paren-
tal TPMs and F1s.

Data availability

The supplementalmaterial are as follows: TableS1 (sequenced
tissues) contains the number of reads sequenced for eachRNA-
sequencing (RNA-seq) experiment; Table S2, FBgn list of all
orthologs; Table S3, TPMs of neomorphs and amorphs in Yang
et al. (2018) testis data; Table S4, FPKM in neomorphs mea-
sured in FlyAtalas2; Table S5, parent-specific read-pair counts
for allele specific expression (ASE) analysis; Table S6, TPMs in
all 1:1:1 orthologs (this table contains the expression means
and medians for all 7356 genes; Table S7, number of genes
expressed in each tissue (this table includes the number of
genes expressed in each tissue or group of tissues; Table S8,
R2 comparing mean TPMs in D . simulans vs. D. melanogaster;
Table S9, regulatory mechanisms for neomorphs and amorphs
(this table contains expression levels for parental lines and
crosses as well as the predicted regulatory mechanisms); Table
S10, neomorphs (this table contains expression measurements
for all candidate neomorphs); Table S11, amorphs (this table
contains expression measurements for all candidate amorphs);
Table S12, AG/testis top-expressing gene list [gene ontology
(GO) analysis for genes expressed most highly in the AG and
testis based on FlyAtlas2 data; and Table S13, genes showing
quantitative expression differences inD.melanogaster (this table
contains the set of genes with increases or decreases in D. mel-
anogaster expression relative to D. simulans and D. yakuba).
Raw sequence data for all experiments is available from the
Sequence Read Archive, PRJNA575046 and PRJNA210329.
Supplemental material available at figshare: https://figshare.
com/s/1bf8cf2433db8dacfe0c.

Results

General patterns of gene expression

Our analysis included 7356 single-copy ortholog sets in the
three species. We estimated expression of these genes in
D.melanogaster,D. simulans, andD. yakuba (Table S6) for five
tissues: AG, female head, first-instar larvae, SG, and testis.
Expression patterns within tissues were generally similar be-
tween species (Table 2 and Table S7). For example, when
comparing orthologs with a mean TPM $ 2 in a given tissue
across genotypes for a species, a large proportion of 1:1:1

orthologs were expressed in all five tissues studied: D. mela-
nogaster 48%, D. simulans 49%, and D. yakuba 39%. While
fewer genes were detected in all five tissues in D. yakuba at a
TPM $ 2, we observe greater similarity in the proportions
across species using either genes expressed in four or five tis-
sues, or if we use a cutoff of TPM$ 1. Additionally, most genes
(59% at TPM$ 2 and 64% at TPM$ 1) were expressed in the
same set of tissues across the three species. Aminority of genes
(20% in D. melanogaster, 18% in D. simulans, and 18% in
D. yakuba) were expressed in only one tissue. This pattern
is consistent with those from FlyAtlas2 data (Leader et al.
2018), in which 10.5% of D. melanogaster genes exhibited
FPKM$ 2 in only one tissue and 41% of genes were expressed
in all 30 tissues measured, including adult and larval tissues.
As observed in previous studies (Graveley et al. 2011), the
testis is highly unusual in that the vast majority of genes
expressed in only one tissue are expressed in the testis for all
three species (�13%). Both glandular tissues exhibit very few
tissue-specific genes for all three species.

To characterize general patterns of expression divergence
across tissues we estimated the D. melanogaster vs. D. simulans
log2mean TPM correlation. We initially examined all genes in
the bottom99th percentile ofD.melanogaster expression, with
expression $1 (Figure 1A). The top 1% of D. melanogaster
genes were excluded to avoid inflating R2 values due to ex-
treme expression values. The variation in TPMs at the tail of
the distribution prompted us to then further separate our
genes into the bottom 95% and top 95–99% percentiles of
expressed genes in D. melanogaster (Table S8). We found that
similar to the,99% set of genes, for the bottom 95% of genes,
R2 values were lower for the testis, AG, and SG (0.76, 0.7, and
0.74, respectively) than for the other tissues (0.86 for head
and 0.88 for first-instar larvae). Thus, while previous studies
have provided evidence of unusually rapid expression diver-
gence for male-biased genes, which tend to be testis-biased
(Meiklejohn et al. 2003; Parisi et al. 2004; Graveley et al.
2011), the fact that we observe similar interspecific expres-
sion correlations for male reproductive tissue and the SG sug-
gest the possibility that several tissues may evolve quickly in
Drosophila. The 95–99%percentileD.melanogaster genes gen-
erally exhibited weaker correlations of between-species TPM
relative to the bottom 95% of genes, with the testis exhibiting
the biggest difference (R2 = 0.76 vs. R2 = 0.26).

F1 validation of absence of D. melanogaster expression

Inferences of polymorphic gains of tissue expression may be
subject to error because this categorization requires reliable
observations of very low expression, TPM , 0.1, in some D.
melanogaster strains and higher levels, TPM $ 2, in other
strains. To investigate whether observed TPMs # 0.1 in RAL
strains may be artifactual, we compared the expression mea-
sures for RAL strains to the expression data from the F1 animals.
We find that expression in the F1s corresponds well to the
expression in the parental strains, even under the simplifying
assumption of additivity, deviations fromwhichwill weaken the
correlations between parental and F1 expression phenotypes.
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In the set of 10,730 observations (pooled across genes, F1s,
and tissues) for which both parents in a cross exhibit TPM= 0,
the vast majority (10,130 or 94.4%) of F1 observations also
exhibit TPM , 0.1, supporting the conclusion that lack of
expression in a tissue reflects real variation. The small propor-
tion of cases that deviate from this pattern may be false neg-
atives in the RAL parents or may be a consequence of cis 3
trans interaction effects in the F1, suggesting that our estimate
provides an upper bound on the false-negative rate in the RAL
parents. Moreover, focusing specifically on the subset of poly-
morphic neomorphs in which some RAL strains exhibit TPM=
0, our permutation test (Materials and Methods) indicates that
these cases of zero expression in one parent are not artifacts
but instead, as a group, reflect real extreme expression differ-
ence between parental chromosomes (binomial test, P =
4.31e28). Because RAL chromosomes may exhibit true TPM
=0 in the parental strains and true nonzero TPM in the F1 due
to trans (or cis 3 trans interaction) effects in the F1, our bi-
nomial tests are conservative with respect to the biological
reality of TPM , 0.1 observations in the RAL parents. Addi-
tional results, described below, support the idea that many
polymorphic neomorphs are explained by major cis effects,
providing further support for the reality of the parental RAL
lack-of-expression calls. Table S9 shows 39/132 instances of
F1 crosses that support cis effects that contribute to a novel
expression phenotype. This accounts for 20 neomorphs and
9 amorphs, with one or more crosses having evidence of cis
effects, including 10 of 31 AG neomorphs and 10 of 17 testis
neomorphs. Pure cis effects are found in nine neomorphs, in-
cluding three where one parent has a TPM ¼ 0 (Table S9).

Identification and expression of neomorphs
and amorphs

We identified 85 neomorphs in D. melanogaster, six (7%) of
which were classified as fixed (expressed at TPM $ 2 in all
RAL lines) yet showed no expression in outgroup strains
(Figure 1B and Table S10). The majority of these fixed neo-
morphs were expressed either in the AG (two genes) or testis
(three genes), and had expression means well above our
cutoffs (Table 3). The remaining neomorphs (n = 79) were
classified as polymorphic (Figure 1C). Fifty of these 79 genes
(63%) exhibited a novel tissue expression domain in a single
RAL genotype at TPM $ 2. We compared expression of neo-
morphs in the RAL lines to expression in the F1 crosses. For
118 of 136 observations for which either one or both RAL
parents expressed at TPM $ 2, we observed neomorph ex-
pression at TPM $ 2 in the F1.

Overall, of the five tissues examined, the AG exhibited the
greatest number of neomorphs (31), while the first-instar
larva exhibited the fewest (4) (Figure 1C). Testis neomorphs
were expressed at TPM $ 2 in an average of 3.3 RAL geno-
types, while other tissue neomorphs were expressed in an
average of 1.2–1.9 RAL genotypes. In general then, male re-
productive tissues exhibited more novel expression patterns
(AG) or expressed such novel phenotypes more consistently
(testis) across D. melanogaster genotypes. For all tissues,

neomorphs were expressed at lower median TPMs than other
genes expressed ancestrally in that tissue (Student’s t-test, P
, 0.01 for all comparisons) (Table 4).

We observed 83 amorphs exhibiting lack of expression in a
single tissue,mostofwhich (80)werepolymorphic (TableS11).
An additional six amorphs exhibited lack of expression in twoor
more tissues. Fifty-sevenamorphs (69%)were identified inonly
one of the six RAL genotypes.Whilewe chose a cutoff of TPM,
0.1 to identify a candidate gene as not expressed in a given
strain, we found that for 66%of candidates, one ormore strains
had TPM = 0. Indeed, 26 amorphs (31%) were expressed at
TPM, 2 in all six RAL lines, and expression of amorphs in the
RAL lines that retained expression was lower than that of an-
cestrally expressed genes in the testis and AG (Student’s t-test,
P , 1.7 e25 for both tests). Similar to neomorphs, amorphs
identified in the RAL strains generally showed reduced expres-
sion in the F1s. For 32 of 63 instances where one RAL parent
exhibited TPM = 0, expression in the F1 was reduced relative
to the expressing parent. Of the 17 cases where both RAL par-
ents had TPM = 0, 13 F1s exhibited TPM = 0.

As we observed for the polymorphic neomorphs, the testis
and theAGdiffer from the other three tissues in the number of
polymorphic amorphs. Indeed, the testis exhibits 67% of all
polymorphic loss-of-expression phenotypes, with another
25% in the AG. Moreover, a large proportion of the poly-
morphic testis expression losses derived from a single line,
RAL360. The testis RNA-seq data from this genotype do not
differ from those of other genotypeswith respect to number of
reads or overall alignment statistics. The RAL360 chromo-
somes express typically in the testis when heterozygous
against RAL517, which suggests that the genetic basis of
the loss-of-expression phenotypes for RAL360 is not generally
additive (Glaser-Schmitt et al. 2018), consistent with previ-
ous observations of frequent nonadditivity of expression in
Drosophila (Gibson et al. 2004; Wayne et al. 2004; Massouras
et al. 2012). The first-instar larvae exhibited only three
amorphs, one of which was fixed.

Table 2 Mean number of genes expressed by tissue

D. melanogaster D. simulans D. yakuba

Genes expressed only
in tissue
AG 31 16 11
Head 133 104 117
1st Instar 172 167 174
SG 24 25 24
Testis 941 857 848
All Tissues 3277 3274 2610
Total 6806 6638 6673

All Genes Expressed
in Tissue
AG 4040 4121 3775
Head 5338 5268 5318
1st Instar 5380 5360 5383
SG 3699 3657 2984
Testis 5713 5620 5496

AG, accessory gland plus ejaculatory duct; SG, salivary gland.
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Comparisons with other data sets

Many polymorphic neomorphs are expressed at relatively
low levels in the tissues where they are detected and most
(63%) were expressed in only one line. Similarly, most
amorphs are polymorphic and are also expressed at low
levels in the genotypes where they are expressed. To seek
additional support for the novel expression patterns of these
genes in the appropriate tissues, we investigated the expres-
sion of our candidate neomorphs and amorphs in both
FlyAtlas2 (Leader et al. 2018) and in the Yang et al. (2018)
testis data set.

For 11 of 17 testis neomorphs we observed mean expres-
sion at TPM$ 2 in at least one of the D. melanogaster strains
used by Yang et al. (2018) (Table S3). For seven testis neo-
morphswe observedmean TPM$ 2 in both genotypes. These
neomorphs were generally expressed at moderate levels in
the Yang et al. (2018) data set with mean TPM = 14.2. For
testis amorphs we found that 30 of 51 had a mean TPM of
, 0.1 in both strains from Yang et al. (2018), and an addi-
tional 6 had a mean TPM , 0.1 in one strain.

Similarly, we found that 10 of 17 testis neomorphs
exhibited expression at FPKM$ 1 in the FlyAtlas2 testis data
(Table S4). For 18 out of 31 AG neomorphs the FlyAtlas2
FPKM estimates were $1. In the same database we found
evidence of expression for only 2 out of 21 head neomorphs
and 1 out of 12 SG neomorphs, though this is not surprising
given that many were expressed in only one RAL line. For
amorphs, we found that 29 of 83 have an FPKM, 1 in FlyAt-
las2, including 16 out of 22 AG amorphs. Overall, the results
from external data sets strongly support the conclusions from
analysis of our own data.

To address the possibility that we have erroneously in-
ferred instances of parallel loss-of-tissue expression in D.
yakuba andD. simulans as testis or AG gains, we used existing
testis RNA-seq data from D. ananassae (Yang et al. 2018;
GSE99574) to determine whether our parsimony-based cri-
terion for inferring D. melanogaster gains in our three-species
analysis was consistent with data from an additional out-
group. The existing D. ananassae testis data included repli-
cated FPKM estimates for 15 of the 18 testis neomorphs. Of
the six fixed neomorphs for which D. ananassae data were
available, all had mean TPM , 0.1, strongly supporting our
inference that these genes were not expressed in the testis of
the D. melanogaster–D. simulans ancestor.

Biological attributes of neomorphs

GO analysis of neomorphs and amorphs revealed no enrich-
ments, which is not unexpected for such short gene lists.
However, we do find a number of interesting gene features.

Multiple AGneomorphs have potential transcription factor
activity. Two polymorphic AG neomorphs, CG34026 and
CG30413, are predicted to have multifactor bridgin protein
2 transcription activator domains, while a third, kumgang, is
also a transcription factor. CG34244, which is polymorphi-
cally expressed in the AG, contains a Kazal domain, which
is found in several genes ancestrally expressed in the AG that
are also thought to be accessory gland proteins (Begun et al.
2006; Dottorini et al. 2007; Sirot et al. 2008). The predicted
protein of CG34244 has a strongly predicted signal sequence
(Nielsen 2017) and thus is likely secreted, raising the possi-
bility that it represents a transition from a secreted function in
other tissues [e.g., it is expressed in the prepupal SG (FlyBase)]
to a secreted function in the AG. Consistent with FlyBase,
we observed low levels of SG expression (0.1 , TPM , 2)
in four of six RAL lines. The gene Ejaculatory bulb protein II
(EpbII) is, despite its name, expressed at a very high level in
the accessory gland of RAL399 (TPM = 1395), as well as at
low-to-intermediate levels in the AGs of two other RAL lines
and all three F1 crosses. Thus, the range of TPM estimates for
this gene across RAL strains is 0–1395. The substantial AG
expression of this gene in our data, in at least some strains, is
consistent with expression estimates from the modENCODE
(model organism ENCyclopedia Of DNA Elements) tissue ex-
pression data (The modENCODE Consortium et al. 2010;
Graveley et al. 2011; Brown et al. 2014).

Our interest in the evolution of the AG transcriptome,
including the component that codes for secreted proteins
(von Heijne 1990), motivated us to investigate the possible
general role of secretion in neomorph evolution. We used
SignalP version 4.1 (Nielsen 2017) to identify predicted signal
sequences for all neomorphs for each tissue and compared the
relative abundances of predicted signal sequences to those of
all expressed orthologs. Given their glandular function, we
had hypothesized that we would find enrichment of predicted
signal sequences in the AG and SG, but were surprised to find
enrichment among neomorphs in each of the five tissues
(Table 5). However, the two fixed AG neomorphs have no

Table 4 Median expression of neomorphs and amorphs

All orthologs Neomorphs Amorphs

Tissue n Median n Median n Median

AG 4495 7.71 31 4.07 12 4.09
Head 5525 23.43 21 4.92 2 4.62
1st instar 5561 19.27 4 3.32 2 44.87
SG 4224 6.86 12 4.71 1 4.1
Testis 6074 16.78 17 5.49 40 10.62

For each gene expressed at TPM $ 2 in one or more RAL strain, the median value of
the expressing strains was calculated. The median of all expressed genes per tissue
was then calculated. AG, accessory gland plus ejaculatory duct; SG, salivary gland;
TPM, transcripts per million.

Table 3 Mean TPM of top candidate fixed neomorphs

Gene Ch Tissue D. melanogaster F1s D. simulans D. yakuba

Marf1 2L AG 14.28 8.69 0.02 0.01
CG32816 X AG 9.80 5.41 0.05 0.00
CG15824 2L Head 8.07 5.30 0.01 0.00
CG44227 3R Testis 83.76 76.22 0.00 0.00
CG14662 3R Testis 10.20 10.97 0.04 0.05
lmd 3R Testis 5.67 7.76 0.07 0.03

AG, accessory gland plus ejaculatory duct; Ch, chromosome.
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predicted signal sequences, suggesting they are unlikely to be
transferred to females in the seminal fluid. This raises inter-
esting questions about what their functional effects might be
and how they might influence fitness.

The fixed testis neomorphs are the transcription factor
lame duck and two genes of unknown function, CG44227
and CG14662; all three genes are germline expressed (Witt
et al. 2019). These genes all express at a consistently high
level across all six RAL strains (with mean RAL TPMs for the
three genes of 5.7, 83.8, and 10.2, respectively), and yet
show no evidence of outgroup testis expression. Among the
strongest polymorphic testis neomorphs, defined as exhibit-
ing at least one RAL strain with TPM = 0 and expressing at
TPM . 2 in multiple RAL strains, are CG43315, phyllopod,
CG44037, Osi14, Osi23, CG7031, ppk25, and CG8960. Most
of these genes have no known function, with the exception of
phyllopod and ppk25. Phyllopod plays a role in ubiquitina-
tion, regulates Notch, Wnt, and sevenless signaling pathways
(Dickson 1995; Nagaraj and Banerjee 2009), and is germline
expressed (Witt et al. 2019). Interestingly, although the func-
tion of CG8960 is unknown, it physically interacts with
CG5289 (Guruharsha et al. 2011), which also plays a role
in ubiquitin-related proteolysis (Wójcik and DeMartino
2002). The gene ppk25 is a sodium channel that is important
in male courtship behavior (Lin et al. 2005).

The appearance of six polymorphic chorion protein genes
(whose known functions are to contribute to the structure of
the egg) in the head is unexpected and deserving of further
attention. Four of these genes are expressed in RAL304, with
three of the four genes exhibiting TPM . 10 and low-to-
modest expression (TPM , 2) in some other RAL lines.
Two of the four genes, Cp16 and Cp19, are located in tandem
on 3L while two others, Cp36 and Cp38, are arranged tan-
demly on the X chromosome. The other two head-expressed
chorion protein genes are Cp7Fc and Cp7Fb, both expressed
in RAL360 and again, located tandemly on the X chromo-
some. To investigate whether there is independent evidence
of polymorphic expression of chorion protein genes in female
heads we used the data from Osada et al. 2017. Their results,
obtained by crossing 18 RAL strains to a standard reference
strain, followed by RNA-seq analysis of female heads, also
provided repeatable support for expression in chorion protein
genes in the heads of significant numbers of genotypes, in
some cases at levels similar to those observed here. Finally,
we point out that one gene, Reepl1, which plays a role in
male-germline cyst formation (Yang et al. 2017), exhibited
TPM = 30.8 in the head of one line, but TPM near 0.1 in the
other five lines (and TPM = 0 in outgroup strains); the bi-
ological significance, if any, of such rare, high-expression phe-
notypes remains to be determined.

Tissue specificity in neomorphs and amorphs

Both neomorphs and amorphs exhibit significantly higher
tissue specificity bias, t (Yanai et al. 2005) (Table 6), than
one-to-one orthologs expressed in the same tissue. This dif-
ference persists when we examine the differences in t in each

sex separately. For example, the male t estimate for both
testis-expressed neomorphs and testis amorphs were signifi-
cantly higher than for all testis-expressed orthologs (Stu-
dent’s t-tests, P = 1.56e27 for neomorphs and P = 2.84e29

for amorphs). A similar pattern of higher t for neomorphs and
amorphswas observed for the AG (Student’s t-test, neomorphs
P = 8.38e218 and amorphs P = 1.33e29). Female heads
showed a significantly elevated t for neomorphs vs. orthologs
(Student’s t-test P= 2.87e211), but no difference for amorphs
(Student’s t-test, P = 0.165). We did not observe a difference
in t for SG neomorphs vs. orthologs expressed in the SG (Stu-
dent’s t-test, P = 0.064). We did not perform comparisons for
the SG amorphs or the first-instar larvae due to small sample
sizes. Overall, we conclude that genes with narrower ancestral
tissue expression patterns appear to be more likely to evolve
neomorphic and amorphic expression.

To investigate whether expression in ancestral tissues is
predictive of expression gains in a novel tissue, we identified
for each testis and AGneomorph (both fixed and polymorphic)
a ranked descending list of expression in each tissue as esti-
mated from FlyAtlas2 (Leader et al. 2018), other than the
tissue in which the neomorph was expressed in our data. We
compared these observed ranked tissue FPKMs to an empirical
distribution of ranked tissue FPKMs generated by resampling
genes from the set of orthologs expressed in that same tissue in
FlyAtlas2 (Leader et al. 2018). We found that only 3 of the
26 AG neomorphs with FlyAtlas2 data showed the testis as the
tissue (AG excluded) with the highest level of expression,
fewer than expected when compared to the resampled genes
expressed in the AG (binomial test, P = 0.035). None of the
testis neomorphs showed the AG as the tissue with the highest
expression. Indeed, four of eight testis neomorphs with FlyAt-
las2 expression showed expression only in the testis in the
FlyAtlas2 data set. These genes also either showed no or very
low expression in D. simulans and D. yakuba for all tissues; for
these genes, we have no insight into their ancestral expression
pattern. Overall, there appears to be no strong relationship
between AG and testis regarding neomorph expression. We
also find that for four AG neomorphs and one testis neomorph,
the tissue with the second highest level of expression is the
brain. Themidgut is the tissue with the second highest expres-
sion for four AG neomorphs.

Table 5 Predicted signal sequence in neomorphs

Tissue

Neomorphs with
predicted signal
sequence/total
neomorphs

Orthologs with
predicted signal
sequence/total

orthologs P-value

AG 17/31 435/4040 1.05E209
Head 13/21 734/5338 4.03E208
1st Instar 4/4 796/5380 0.00E+00
SG 10/12 385/3699 1.67E210
Testis 8/17 636/5713 2.69E205

P-values represent the probability that the proportion of neomorphs with predicted
signal sequences is the same as the proportion of all neomorphs with predicted
signal sequences. AG, accessory gland plus ejaculatory duct; SG, salivary gland.
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To determine whether these features of AG and testis
neomorphs differ from those of all orthologs, we used expres-
sion data from 12 male tissues from FlyAtlas2 to identify the
genes showing the highest expression level in the AG, and
the second highest in the testis and vice versa in all male-
expressed genes. For genes expressed at the highest level in
the testis, 22.4% have their second highest expression in the
AG. Similarly, for genes expressed at the highest level in AG,
26% have their second highest expression in the testis. Thus,
for all orthologs the correlation between these two tissues is
quite strong and highly significant against the null hypothesis
that gene expression in the two tissues is uncorrelated (P =
2.29e256 for testis and P = 5.76e251 for AG). We performed
GO analysis (Huang et al. 2009a,b) and found that this com-
bined set of genes is enriched for several terms including
multicellular organism reproduction, extracellular space,
and proteasome complex (Table S12). The fact that the cor-
relation between testis and AG is stronger for all orthologs
than for neomorphs suggests that neomorphic male repro-
ductive expression is likely not strongly related to ancestral
male reproductive function. Other patterns of association be-
tween tissues were also identified. For the genes expressing
at the highest level in testis, 16% exhibited their second high-
est expression in male brain, while 15% had their second
highest expression in the malpighian tubules. For the 30%
of genes most highly expressed in the AG, their second high-
est expression was in the adult male SG, suggesting corre-
lated functions of these two glandular tissues.

Genetics underlying expression differences

To characterize the regulatory genetics of neomorphs and
amorphs, we used data from six RAL parents and their three
distinct F1s to partition expression variation into cis-acting
components vs. trans-acting components in testis and AG tis-
sues following McManus et al. (2010), with some differences
due to experimental design (see Materials and Methods). We
had sufficient information (see Materials and Methods) to
make calls about the regulatory genetics for one or more
crosses in 31 of 48 (65%) of neomorphs and 41 of 73
(56%) of amorphs (Table S9). We found that observations
indicating both cis and trans effects as contributing to novel
expression phenotypes were common: 43% of AG neomorph
and 34% of testis neomorph observations exhibited both cis
and trans effects. Purely cis effects accounted for a smaller
proportion of neomorph observations, representing 14% of
AG and 24% of testis observations. One candidate neomorph
exhibiting strong cis-effects is phyl (Figure 2), the data from
which suggest that it is associated with novel, polymorphic

testis enhancer. In total, we find that 57% of AG neomorphs
exhibit evidence of cis effects in one or more crosses, as do
58% of testis neomorphs. Thus, neomorphic expression ap-
pears to be influenced by both substantial cis and substantial
trans effects. Amorphs in both the AG and testis showed
much higher proportions of pure trans effects; 54% of AG
observations and 58% of testis observations. The low popu-
lation frequencies of amorphic expression patterns along
with the larger trans component of regulatory variation rel-
ative to neomorphs could be consistent with the idea that
trans-mediated drivers of novel expression may be more del-
eterious, on average, than novel cis effects.

Major interspecific quantitative expression divergence
within tissues

Expanding our analysis to reveal genes exhibiting major D.
melanogaster-specific quantitative within-tissue expression
variation, but that did not necessarily represent qualitatively
novel phenotypes, we identified all genes exhibiting a D.
simulans vs. D. melanogaster fold difference $1.25 and a D.
simulans vs. D. yakuba fold difference , 1.25. We identified
64 such genes (Table S13), only nine of which showed evo-
lution of lower expression in D. melanogaster, many fewer
than expected under the null hypothesis that major up- and
downregulation was equally likely (P = 1.77e29). Of these
64 genes, three were candidate neomorphs. For 55 genes,
expression was at least 3.3 times higher in D. melanogaster
than D. simulans, with a maximum fold difference of 378.
Using a more conservative criterion of TPM . 2 in all RAL
lines preserved 39 out of 55 major expression increase can-
didates in D. melanogaster. Twenty-one of the 55 candidate
genes (38%) exhibited the major D. melanogaster-specific
expression increase in the testis (binomial test, P = 0.006),
consistent with previous results suggesting that testis-related
phenotypes have unusual evolutionary properties (Parisi
et al. 2004; Graveley et al. 2011).

Of the 18 genes showing at least 10-fold greatermeanTPM
in D. melanogaster than in D. simulans, and that were not
among our neomorphs, seven showed expression divergence
in the testis, seven in the AG, 2 in the head, and 3 in the first-
instar larva. Thus, the broad patterns of major quantitative
tissue expression evolution are comparable to patterns of
candidate neomorphs. While some of the 55 candidate genes
exhibit very low expression in D. simulans/D. yakuba and
modest expression in D. melanogaster, 28 exhibited mean ex-
pression in D. melanogaster of TPM$ 10, around the median
expression of all genes (Table S6). A good example of such a
gene is CG6106, which is annotated as metal-dependent hy-
drolase (www.flybase.org) and shows very lowD. melanogaster
expression across multiple tissues in the modENCODE and
FlyAtlas2 data. However, in our data this gene was expressed
in the AG at amean TPMof 24.2 across the sixD.melanogaster
genotypes, a 158-fold increase relative to D. simulans. The
lack of significant D. melanogaster AG expression for this
gene in modENCODE and FlyAtlas2 likely reflects the high
within-species expression variance for this gene: TPM ranged

Table 6 Tissue specificity (t) in candidate gene sets

Neomorph Amorph

Sex Orthologs Mean t P-value Mean t P-value

Female 0.67 0.90 3.11E229 0.89 5.99E217
Male 0.72 0.93 1.43E237 0.90 2.82E213
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from 0.2 to 41 across the six RAL genotypes. Thus, we spec-
ulate that the strains used to generate the data used for the
public databases happened to be low-expressing genotypes.
Other genes with highly unusual AG expression increases in
D. melanogaster were CG43210 (92-fold greater than D. sim-
ulans), CG43678 (65-fold greater than D. simulans), and
CG6793 (43-fold greater than D. simulans).

The genes showing the greatest D. melanogaster testis
fold changes wereHr51(21-fold), CG43470 (20-fold), fs(1)N
(16-fold), and CG43402 (15-fold), which happens to be located
15 kb downstream of one of the testis candidate neomorphs
(CG43401). While fs(1)N is named based on its maternal ef-
fect sterile phenotype, our results are consistent with FlyAtlas2,
which also shows moderate enrichment of the gene in the
testis. Also notable is CG43402, due to its high mean TPM
estimate of 89.4 compared to roughly TPM=6 inD. simulans
and D. yakuba. Among the other genes showing substantially
increased expression in D. melanogaster are Vps28, which
codes for a ubiquitin-dependent protein that plays a role in
sperm individualization; maelstrom, which plays a role in
piwi-interacting RNA transposon silencing and stem cell reg-
ulation; the nuclear pore protein, Nup160; and ppk6, which
codes for a cation channel.

The fact that testis neomorph phyl and testis upregulation
candidate Vps28 both function in ubiquitination (Figure 2),
and the fact that CG8960, also a testis neomorph, physically
interacts with a partner implicated in ubiquitin-related catabo-
lism, suggests the possibility that ubiquitin-mediated processes
have experienced recent selection favoring novelty in the D.
melanogaster testis.

Discussion

While understanding the evolutionary mechanisms underly-
ing organ expression evolution requires building connections
between variation observed within species and differences
that accumulate between species, population level investiga-
tion of organ expression is rare for any organism, including
Drosophila, with the notable exception of Dickinson (1975),
who observed changes in developmental expression patterns
in aldehyde oxidase via evolution of a polymorphic cis-regu-
latory element in D. melanogaster. Here, we have sought to
contribute to this literature using population transcriptome
data from five D. melanogaster tissues along with outgroup
data fromD. simulans andD. yakuba to investigate how tissue
expression in a collection of 1:1:1 orthologs has evolved spe-
cifically in the D. melanogaster lineage, or roughly in the
order of 1.4–3.4 million years (or less in the case of poly-
morphism) (Obbard et al. 2012).

Weobserveda largenumberofnovel expressionphenotypes
with several notable properties. First, most are polymorphic.
While many polymorphic neomorphs are expressed in only a
single RAL genotype and thus may be rare in natural popula-
tions, 33% are expressed in at least two lines at a TPM$ 2 and
thus may be common phenotypes in D. melanogaster popula-
tions. While replicated RNA-seq libraries would increase our

confidence in identifying polymorphic novel expression phe-
notypes, the use of conservative cutoffs and validation in or-
thogonal RNA-seq data from F1 animals strongly supports the
biological reality of our observations. Also strongly supporting
our general findings, for 32 out of 85 neomorphs we identified
expression in the appropriate tissue in FlyAtlas2 (Leader et al.
2018) and observed expression of 11 out of 17 testis neo-
morphs in independent, previously published D. melanogaster
testis transcriptome data (Yang et al. 2018). Second, a major-
ity of novel expression phenotypes are influenced by cis-acting
variation, though trans effects are also common. Third, neo-
morphic expression tends to arise from genes that are ances-
trally more tissue-biased in their expression. Fourth, and not
surprisingly based on previous literature (Parisi et al. 2004;
Graveley et al. 2011), male reproductive tract tissues exhibited
the greatest number of novel expression phenotypes.

Phenotypic and fitness consequences of
expression novelties

Among the outstanding questions that remain to be addressed
are the possible role of selection in generating the novel
expression phenotypes, and the related question of how or
whether most of the expression variation observed here re-
lates to intermediate and organismal phenotypes. The ques-
tion of selection requires additional work. Our sample size of
fixed neomorphs was small and several of these fixed neo-
morphs were located in regions of low recombination, where
signatures of selection on these genes would be hard to
disentangle from other properties of those genomic regions.

The issue of the selective spread of segregating neomorphs
cannot be addressed incisively given the existing data or
analyses for two main reasons. First, the complexity of the
genetics of regulation of the observed neomorphs suggests
that looking for evidence of recent selection near such genes
resulting from fitness differences of regulatory elements will
be challenging, as the targets of any selection may be widely
distributed in the genome, and accordingly, several distinct
genotypes may generate the same (or similar) polymorphic
neomorphic phenotype. Second, because we observed rela-
tively few intermediate frequency polymorphic neomorphs in
our sample of six RAL strains, and because the expression
phenotypes of additional chromosomes not studied here can-
not be predicted from the sequences in or near candidate
genes (given our limited understanding of the expression
genetics), we cannot carry out proper population genetic tests
for ongoing sweeps favoring expressing chromosomes in
larger samples of RAL chromosomes. Moreover, there are
no published whole-genome summaries of such sweep statis-
tics available for D. melanogaster.

Are there other properties of the variation observed here
that may shed additional light on evolutionary mechanisms?
Because the average fitness effects of rare, common, or fixed
variationmay be heterogeneous, even our sample size of only
six D. melanogaster genotypes may be informative. For exam-
ple, many polymorphic neomorphs were observed only once
in the six RAL genotypes.While the frequency of the observed
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phenotypes cannot be used to estimate the frequencies of
genetic variants underlying those phenotypes, one interpre-
tation of the large number of singleton neomorphs is that
they tend to reduce fitness. If this is the case, why would
natural selection tolerate such abundant incidental gene ex-
pression? One possibility, for which there is some support in
our data, is that neomorphs may in some cases result from
epistatic (e.g., cis 3 trans) interactions. If incidental, delete-
rious expression phenotypes often result from epistatic inter-
actions among a substantial collection of low-frequency
variants that have small main effects, such variants would
not effectively be removed from populations as they would
rarely be exposed to selection.

It is also worth noting that for the singleton chromosomes
whose novel phenotypes are not recapitulated in the F1 as
strong allelic imbalance, we should entertain the possibility
that each inbred line likely harbors deleterious mutations, at
least a fraction of which are likely strongly recessive. This too,
may explain some of the rarely observed novel phenotypes.
For example, RAL360 is the line in which testis amorphs
are identified for 27 genes, which constitutes 63% of all
the polymorphic loss-of-testis-expression phenotypes among
the RAL strains. However, the RAL360 genome generally

expresses normally in the testis of the F1. A plausible expla-
nation for this observation is the presence of one or more
recessive deleterious mutations that influence expression
levels of several testis expressed genes in this strain. In
contrast to rare, novel expression phenotypes, common novel
phenotypesare less likely tobedeleterious, thoughwhetheror
how they might influence fitness is an open question.

Conclusions

The data and analytical approaches we have used here raise
interesting questions regarding the difficulties of trying to
understand the connectionbetween tissue-basedgeneexpres-
sion and population genetic and evolutionary mechanisms.
For example, we used arbitrary criteria applied uniformly
across genes, tissues, and species to identify candidate genes
that may have evolved novel expression phenotypes. Our
approach has a number of drawbacks.

First, it is unlikely that the arbitrary cutoffs used here are
optimal for all genes and tissues, and the biological implica-
tions of a given expression level for a given gene are both
unknown, and likely vary substantially between both genes
and the cellular environment. However, the expression crite-
ria we used seem conservative, and an exploration of other

Figure 2 Expression genetics of phyllopod, a testis-expressed polymorphic neomorph. (A–C) Transcripts per million (TPM) estimates for phyl in parental
genotypes and associated F1 genotypes. (D–F) Counts of parent-specific read-pairs identified for each of three F1 genotypes.
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expression cutoffs for identifying qualitatively novel pheno-
types did not meaningfully change our conclusions.

Second, and related, while there is no doubt that data from
dissectedanimals arebetter thanwholeanimaldata, thenature
of some of our samples complicates some interpretations. For
example, we noted differences in the properties of expression
variation in female heads and first-instar larvae vs. testis, AG,
and SG. While our data are a worthwhile contribution to the
literature (Huylmans and Parsch 2014; Sanfilippo et al. 2017;
Glaser-Schmitt et al. 2018), our comparisons are potentially
weakened because the head and first-instar larvae are com-
prised of many different tissue types compared to the testis,
AG, and SG. Indeed, heterogeneity in the biological complexity
of our defined tissues may be driving a significant amount of
the variation across “tissues” observed in our samples.

This raises themoregeneralquestionof the levelor levels of
biological organization at which expression interacts with
downstream phenotypes and natural selection, and thus
the level(s) of organization at which such phenomena should
be studied. For example, there are two possible explanations
for why a gene may be expressed at the whole-organ level in
one genotype or species and not another. A gene may be
expressed in a similarmanner across tissue or cell typeswithin
an organ across species, but at different expression levels.
Alternatively, a gene may be expressed at a similar level for a
given tissue type or cell type across genotypes, but genotypes
may differ in the proportion of cells or tissue types present in
an organ. These different phenotypes are biologically and
developmentally distinct, and may interact in different ways
with downstream biology and natural selection; thus our lack
of knowledge on such issues is a major obstacle. More gen-
erally, the fascinating question as to whether most of the
details of where in the organism a gene is expressed are the
direct result of natural selection remains open.

The recent introduction of single-cell transcriptome anal-
ysis holds much promise as a tool to begin attacking these
difficult problems. However, even single-cell transcriptomics
will not be a panacea, as questions about protein abundance
and activity, as well as cell- or tissue-specific phenotypes, will
remain. The analysis of tissue- or cell type-specific knock-
downsorknockouts,which is accessible inmodel systems such
as D. melanogaster (Wheeler et al. 2004; Poe et al. 2019), will
be vital for future advances.

Finally, our use of parsimony, while likely effective on the
short timescales investigated here, is suboptimal and likely
inappropriate for longer timescales or very rapid evolutionary
change associated with the important investigation of re-
peated evolution of novel expression phenotypes. More so-
phisticated phylogenetic and statistical approaches will be
preferable in such situations.
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