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Abstract

Early work on de novo gene discovery in Drosophila was consistent with the idea that many such genes have male-biased pattems of ex-
pression, including a large number expressed in the testis. However, there has been little formal analysis of variation in the abundance and
properties of de novo genes expressed in different tissues. Here, we investigate the population biology of recently evolved de novo genes
expressed in the Drosophila melanogaster accessory gland, a somatic male tissue that plays an important role in male and female fertility
and the post mating response of females, using the same collection of inbred lines used previously to identify testis-expressed de novo
genes, thus allowing for direct cross tissue comparisons of these genes in two tissues of male reproduction. Using RNA-seq data, we iden-
tify candidate de novo genes located in annotated intergenic and intronic sequence and determine the properties of these genes including
chromosomal location, expression, abundance, and coding capacity. Generally, we find major differences between the tissues in terms of
gene abundance and expression, though other properties such as transcript length and chromosomal distribution are more similar. We
also explore differences between regulatory mechanisms of de novo genes in the two tissues and how such differences may interact with

selection to produce differences in D. melanogaster de novo genes expressed in the two tissues.
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Introduction

The especially rapid divergence of male-limited behavioral and
morphological phenotypes in many animal lineages, presumed
to be a consequence of various forms of sexual selection, is mir-
rored in the genome, most conspicuously in the portion function-
ing specifically in male-specific reproductive tissues. This rapid
divergence of genes exhibiting male-biased or male-specific ex-
pression applies to several evolutionary phenomena observed in
Drosophila, including protein sequence evolution (e.g., Coulthart
and Singh 1988; Swanson et al. 2001; Wagstaff and Begun 2005;
Haerty et al. 2007), the evolution of canonical gene duplications
(e.g., Wagstaff and Begun, 2005; Mikhaylova et al. 2008; Belote and
Zhong 2009; Sorourian et al. 2014), gene expression divergence
(e.g., Meiklejohn et al. 2003; Zhang et al. 2007), and the origination
of genetic novelties, such as retrogene duplications (Long and
Langley 1993; Betran et al. 2002) and de novo genes (e.g., Begun
et al. 2006; Levine et al. 2006), the last of which is the focus of this
report.

We define de novo genes here as DNA sequences producing de-
rived transcripts, coding or noncoding, that are independent of
mature ancestral transcripts and located in ancestrally intergenic
or intronic DNA. Such genes have been found in several taxa, in-
cluding Drosophila (Begun et al. 2006, 2007; Levine et al. 2006; Zhou
et al. 2008; Zhao et al. 2014), rodents (Heinen et al. 2009; Murphy

and McLysaght 2012; Neme and Tautz 2013; Casola 2018), pri-
mates (Knowles and McLysaght 2009), plants (Zhang et al. 2019),
and fungi (Cai et al. 2008; Li et al. 2010; Carvunis et al. 2012;
Vakirlis et al. 2018). Nevertheless, the abundance (Casola 2018),
persistence times (Palmieri et al. 2014), and functions of de novo
genes (e.g., Cai et al. 2008; Heinen et al. 2009; Li et al. 2010) remain
unclear. While the identification of de novo genes could be viewed
operationally as an annotation problem, it is challenging for sev-
eral reasons, some of which may derive from the properties of de
novo genes themselves (e.g., low expression levels; Zhao et al.
2014) and others of which derive from the fact that identification
of de novo genes relies upon marshaling evidence in support of
gene absence in orthologous DNA of nonfocal species (reviewed
in Van Oss and Carvunis 2019).

The first experimental investigation of de novo gene evolution
(Begun et al. 2006) took place in the context of the accessory gland
(AG), which produces among other molecules, secreted proteins
that are transferred to the female along with sperm during mat-
ing. These molecules are required for fertility, mediate a number
of female postmating physiological responses, and may also in-
fluence female sperm storage and sperm competition (reviewed
in Wilson et al. 2017; Wigby et al. 2020). In that work, early
Drosophila genome assemblies from the melanogaster subgroup
(Begun et al. 2007; Clark et al. 2007) and AG-derived expressed se-
quence tags from cDNA libraries were used to reveal evidence of
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several small, AG-expressed genes in Drosophila yakuba or
Drosophila erecta that appeared to be unexpressed in related spe-
cies, but for which orthologous, syntenic sequence could be iden-
tified (Begun et al. 2006). Those genes were hypothesized to have
recently originated de novo from ancestral intergenic DNA in D.
yakuba, D. erecta, or their common ancestor.

An early annotation-based phylogenetic investigation of de
novo gene evolution in the melanogaster subgroup (Levine et al.
2006) found that de novo genes often exhibit testis-biased or
testis-specific expression, thereby providing the first clue that
D. melanogaster de novo genes may be biased toward male repro-
ductive functions. A similar pattern was observed in the obscura
group of Drosophila (Palmieri et al. 2014). To investigate the youn-
gest class of de novo genes, Zhao et al. (2014) carried out a detailed
population level investigation of testis transcriptomes in a sam-
ple of six D. melanogaster inbred genotypes, which detected 106
putative de novo genes that had fixed since the split from com-
mon ancestor with Drosophila simulans, and 142 that were segre-
gating in D. melanogaster (Zhao et al. 2014). Many of the
polymorphic testis-expressed de novo genes occurred at interme-
diate or high frequency, and population genetic evidence sug-
gested that these genes had been influenced by directional
selection. Nevertheless, because that study investigated only the
testis it could not speak to the question of whether the abun-
dance and population biology properties of de novo genes in the
testis are typical or atypical. Thus, while the Drosophila data point
overall to a role for de novo genes in the evolution of genetic nov-
elty in both testis and AG transcriptomes, comparison of the
abundance and properties of de novo genes expressed in these
two organs awaits more thorough investigation of the D. mela-
nogaster AG.

Several functional or evolutionary attributes of AG function
could facilitate the origin and spread of AG-expressed de novo
genes. First, AG-specific proteins tend to be small (e.g., Findlay
et al. 2009). If de novo genes are protein-coding and often originate
from ancestrally noncoding DNA carrying latent open reading
frames (ORFs), shorter de novo genes would be more common
than longer ones simply because ceteris paribus, shorter latent
ORFs are more abundant than longer latent ORFs in noncoding
eukaryotic DNA. Second, while the majority of secreted seminal
fluid proteins require a signal peptide, the protein sequence con-
straints for signal peptides are fairly lax (Nielsen et al. 1997),
which might also lead to high origination rates of novel proteins
competent for secretion (Begun et al. 2006). Third, while many
protein functional domains are widely shared among seminal
fluid proteins, several Drosophila seminal fluid proteins have no
known functional domains (Findlay et al. 2008). Genes coding for
such proteins may be more likely than many functional gene
classes to have atypical structures or functions, and thus, more
likely to arise de novo. Finally, regardless of whether most de novo
evolved genes are coding vs noncoding (see below), strong selec-
tion favoring novelty in male-male or male-female interactions
could facilitate the spread of de novo AG-expressed genes. Thus,
while the fixation rate of de novo genes will always depend on the
cellular processes underlying the expression of noncoding or
nongenic DNA (Begun et al. 2006), the breadth of properties of
novel proteins or RNAs capable of functioning in a particular tis-
sue or cell type, and the strength of selection acting on evolution-
ary novelties in a given tissue or cell type, the investigation of
how these factors may interact to influence de novo gene origina-
tion and fixation is still in its infancy.

One possibility is that the phenomena promoting the spread
of Drosophila de novo genes are relatively homogeneous across

tissues relating to male-specific reproductive functions. In that
case, we would expect roughly similar contributions of de novo
genes to testis and AG transcriptomes, and roughly similar dy-
namics (selected or neutral) of de novo gene spread. Alternatively,
differences between the tissues could reflect the strength and/or
nature of selection. For example, greater fixation rates of AG-
expressed de novo genes might indicate stronger selection on nov-
elty associated with male-male or male-female postcopulatory
phenotypes, while greater fixation rates of testis-expressed de
novo genes could be indicative of greater selection favoring nov-
elty in germline phenomena, perhaps due to genomic conflicts
associated with sex-ratio X chromosomes (Levine et al. 2006) or
transposable elements. Differences between the regulatory envi-
ronments of AG vs testis cells could affect the rate at which novel
transcripts originate. Finally, functional differences between cells
and tissues in the testis us AG could lead to differences in the uni-
verse of novel proteins or RNAs that are not strongly deleterious
and thus could be exposed to positive selection in different cellu-
lar milieus. Here, we begin addressing some of these questions
through an investigation of young AG-expressed de novo genes
that originated in D. melanogaster since the split from its sibling
species, D. simulans.

Materials and methods

Fly strains, datasets, and sequencing

Most of the data used here are described in detail in Cridland
et al. (2020). Briefly, we dissected AG + anterior ejaculatory duct
(referred to throughout as AG) of 2-day-old virgin males from six
highly inbred D. melanogaster strains established by the Drosophila
Genetic Reference Panel (DGRP; Mackay et al. 2012): RAL-304,
RAL-307, RAL-357, RAL-360, RAL-399, and RAL-517. We carried
out an allelic imbalance assay using F1 flies generated from
crosses among DGRP lines (RAL-307 male x RAL-304 female,
RAL-357 male x RAL-399 female, RAL-360 male x RAL-517 fe-
male). Two inbred strains of D. simulans were used. One strain,
w*%?, was the strain used for the D. simulans reference sequence
(Begun et al. 2007); a second strain, Laral0, was established from
flies collected September 2011 in Homestead, FL, and was sib-
mated for 10 generations in our laboratory (Zhao et al. 2014). We
used the D. yakuba reference sequence strain, Tail8E2 (Begun
et al. 2007) as our second outgroup for most analyses (existing
data from a third outgroup, Drosophila ananassae strain 14021-
0371.13, was also used for some analyses—Yang et al. 2018). All
flies were reared on standard cornmeal medium at 25°C under a
12:12 light/dark cycle. RNA was extracted using Trizol
(Invitrogen). RNA-seq libraries were made and sequenced as de-
scribed in Cridland et al. (2020), resulting in paired-end, 100bp
reads.

De novo transcriptome assemblies

Trinity (Grabherr et al. 2011; v2.11) was used to create de novo
transcriptome assemblies for each species, using both individual
strains and pooled data across strains from each species
(Supplementary Table S1). Based on the k-mer distribution gener-
ated by Jellyfish V1.1.5, a k-mer of 25 was used for assembly. We
also used Trinity using default parameters to carry out de novo
transcriptome assemblies for eight tissues and both sexes for
D. yakuba and D. ananassae (Yang et al. 2018).
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Criteria for calling D. melanogaster AG-expressed
de novo genes

We used BLAST (v. 2.10.14, Altschul et al. 1990) to screen all tran-
scripts from our D. melanogaster AG de novo transcriptome assem-
blies that were greater than 300bp long for matches to known
genes or transcripts from D. melanogaster (v. 6.34), D. simulans (v.
2.02), and D. yakuba (v. 1.05). The files used for screening were
fasta files from each species containing records for CDS, exon,
5'UTR, miRNA, miscRNA, ncRNA, pseudogene, transcript, trans-
poson, tRNA, and 3'UTR (downloaded from www.flybase.org, July
23, 2020; Thurmond et al. 2019). To consider a transcript, a match
we required 80% identity over at least 100 bp. We also separately
aligned transcripts to D. melanogaster introns to identify potential
intronic de novo gene candidates. Transcripts that matched only
intronic or intergenic sequences were retained for further analy-
sis. To further reduce the likelihood of erroneously inferring de
novo gene status for ancestral genes unannotated in D. mela-
nogaster we also screened our D. melanogaster AG transcripts
against Trinity-generated de novo transcriptome assemblies from
our outgroup AG RNA-seq data, as well as against Trinity-
generated de novo assemblies derived from D. yakuba and D. ana-
nassae libraries from eight different tissues (Yang et al. 2018, files
downloaded from SRA January 2021). Thus, all D. melanogaster
transcripts matching existing D. melanogaster or outgroup gene
annotations, or any outgroup transcripts we assembled, were re-
moved from further consideration.

To reduce the likelihood of mistaking an unannotated D. mela-
nogaster exon of an ancestral gene for a de novo gene we required
each candidate, intergenic or intronic, to be at least 500bp from
any annotated exon boundary. We then generated a GTF file for
this set of candidates, including all transcripts of each candidate
de novo gene, combined these new records with the D. mela-
nogaster v6.34 GTF file, and estimated TPMs for each of the six in-
bred RAL lines separately. Candidates with a TPM > 1 in one or
more RAL lines were retained.

To confirm that the remaining de novo gene candidates reside
in orthologous DNA in all three main species we performed a
microsynteny analysis by identifying the nearest neighbor genes
of each candidate and identified their orthologs in D. simulans
and D. yakuba. The location of these orthologs in the outgroup
genomes was used to confirm that the candidate gene plus 5kb
upstream and downstream of the transcript start and stop
aligned to the syntenic region. Most synteny analyses were car-
ried out using a perl script to compare the positions of the candi-
date to the syntenic region. The remainder were checked
manually, largely due to small deletions in the outgroup(s) in the
syntenic region that resulted in the perl script flagging the candi-
date for a manual check.

The final list of D. melanogaster candidates have the following
attributes: they do not overlap existing exon annotations in
D. melanogaster, D. simulans, or D. yakuba and are at least 500bp
from known exons, they are expressed at TPM > 1 in at least one
inbred D. melanogaster genotype, they reside in orthologous
regions of all three species, and they exhibit no evidence of ex-
pression in any tissue of any of the three outgroup species (D. sim-
ulans, D. yakuba, or D. ananassae). Notably, this approach is
expected to be more conservative than the one previously used
for our analysis of the testis (Zhao et al. 2014), as we impose no
minimum expression level on outgroup TPM estimates and we
include a substantial amount of new outgroup transcriptome
data. Segregating genes are defined as those for which at least
one line expresses at TPM > 1 and at least one expresses at TPM

< 1 (Cridland et al. 2020). “Fixed” genes are those expressed at
TPM > 1 in all six Raleigh inbred lines. Once a final list of de novo
genes was generated, we estimated TPMs in the three Raleigh
Fls.

Sequence alignments, variant calling, and allelic
imbalance

Our methods closely follow Cridland et al. (2020) which generally
follows McManus et al. (2010). Briefly, parental RAL TPM esti-
mates and corresponding estimates from their Fls were used to
partition variation into cis and trans effects. 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 expression assuming additivity. To reduce the influ-
ence of noise on inferring cis- and trans-effects we restricted the
analysis to genes for which at least one parent expressed at TPM
> 1 and the other parent expressed at TPM < 0.2. We further re-
quired at least 10 unique fragments from the F1s to include the
observation. Genes were categorized as exhibiting cis- or trans-
effects as described in Cridland et al. (2020).

Coding potential and signal peptide prediction

We used the Coding Potential Assessment Tool (CPAT; Wang et al.
2013) to estimate the probability that a transcript was derived
from a protein-coding gene vs noncoding gene, generating sets of
the top five ORFs per transcript. We used SignalP 5.0 (Armenteros
et al. 2019) to determine the probability of a signal sequence for
each of the most likely ORFs predicted by CPAT.

Ancestral AG-biased genes

To identify ancestral AG-biased genes, we used the male data for
several tissues from FlyAtlas 2 (Leader et al. 2018). We defined
AG-biased genes as those that: (1) had FPKM > 1 in the AG, (2)
exhibited the highest expression in the AG relative to other male
tissues, and (3) exhibited strong AG bias, with estimated tau
(Yanai et al. 2005) > 0.9.

Physical distribution of de novo genes

We investigated the physical distribution of de novo genes at sev-
eral scales, ranging from entire chromosome arms to regions of a
few kilobases. To determine whether de novo genes tend to be co-
localized with ancestral AG-biased genes we segmented the ge-
nome into 500- and 100-kb nonoverlapping windows and asked
whether de novo genes are more likely than expected to fall in
windows harboring ancestral AG-biased genes. Some de novo
genes are tandemly located, defined here as being adjacent and
<10kb apart. To ascertain whether such de novo genes tend to
show correlated expression across genotypes, we compared the
frequency with which genes in clusters tend to be expressed or
not expressed together across genotypes. We first converted the
TPMs of each de novo gene in a cluster to 0 (if TPM < 1) or 1 (if
TPM > 1). We then permuted the expression of each gene over
the six RAL lines to generate 1000 sets of de novo genes with ex-
pression randomized over lines but with the number of lines
expressing each de novo gene preserved. We then calculated an
index for each gene cluster that summarized the number of RAL
lines that had the same expression value, 0 for not expressed or 1
for expressed, for all the genes within a given cluster. The mean
for this index was then calculated across all de novo gene clusters
for observed and permuted data. To further examine if expressed
genes in a cluster were more likely to be expressed in the same
RAL line(s) than would be expected, we calculated a second index
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where we determined the number of RAL lines per cluster for
which all de novo genes were expressed and then compared the
mean across all clusters to the distribution of means from the
permuted data.

Comparison to testis de novo genes

To compare AG de novo genes to previously identified testis-
expressed de novo genes from the same inbred lines (Zhao et al.
2014) we applied the methods described above to the previously
reported data from the testis (Zhao et al. 2014), which enables di-
rect comparison of the putative de novo genes expressed in the
two tissues. We used BLAST to compare the testis candidates to
D. simulans and D. yakuba annotations to transcript assemblies
made from our D. simulans and D. yakuba AG + ejaculatory duct li-
braries, and to outgroup de novo transcript assemblies made from
RNA-seq data from several D. yakuba and D. ananassae tissues
(Yang et al. 2018), as described above. To enable direct compari-
sons of cis- and trans- effects on de novo gene expression for testis
and AG, we subjected the set of previously identified testis-
expressed de novo gene candidates to the same pipeline described
above used for candidate AG-expressed de novo genes.

Results
Basic attributes of AG-expressed de novo genes

We identified a total of 133 candidate de novo genes (49 intergenic
and 84 intronic; Supplementary Table S2) in the six DGRP strains,
of which 131 were segregating and two (both intronic) were
“fixed” (expressed at TPM >1 in all six Raleigh inbred lines); 99
genes were expressed in only one strain, while 34 were expressed
in more than one strain. For convenience, we sometimes refer to
these genes as “de novo genes” rather than “candidate de novo
genes,” despite the absence of evidence for genic function. While
ancestral genes nested in introns of annotated genes are strongly
biased (71.3%) toward being on the opposite strand in Drosophila
(Lee and Chang 2013), multiexonic candidate de novo genes lo-
cated in introns of ancestral genes were roughly equally likely to
be on the same strand vs opposite strand (n=10 and 9, respec-
tively), which is significantly different from ancestral genes (bino-
mial probability, P=0.025). The mean (median) number of AG-
expressed de novo genes per line across the six inbred lines was
33.5 (32.5). The greatest and least number of candidates were
expressed in line RAL 517 (54 expressed genes) and RAL 307 (21
expressed genes), respectively. We observed no significant corre-
lation between the mean TPM of ancestral AG-biased genes for
each line and the number of candidate de novo genes it expressed.

To compare the number of AG-expressed de novo genes to that
observed in the testis we first reassessed the candidate genes
reported in Zhao et al. (2014), all of which were intergenic as con-
strained by the filtering process used. Of the 106 fixed and 142
segregating genes reported in Zhao et al. (2014) we discovered ap-
parently homologous transcripts, defined as BLAST matches to
outgroup databases of >80% over >100bp in one or more out-
groups, for 53 fixed and 27 segregating candidates
(Supplementary Table S3). Therefore, for the same strains used
here for the AG, our current conservative estimate for fixed and
segregating testis-expressed de novo genes are 53 and 115, respec-
tively. Comparing the number of intergenic de novo genes
expressed in the two tissues relative to the total number of anno-
tated genes expressed in those tissues at TPM > 1 reveals greater
than twofold more testis-expressed than AG-expressed de novo
genes. We observed a median/mean of 10/12 intergenic AG-
expressed genes per strain, while the median number of

intergenic testis-expressed de novo genes expressed per strain (in
the same six RAL strains) was 99. Testis-expressed de novo genes
were more likely to be expressed in more than one RAL strain
(70% of candidates) than AG de novo genes (26% of candidates;
Fisher’s exact test; P=7.6 x e’ls). Overall then, it seems safe to
conclude that intergenic de novo genes make a substantially
smaller contribution to AG transcriptome complexity than to tes-
tis transcriptome complexity.

The mean length of the longest transcript for AG intergenic
candidate genes, 701 bp, was shorter than the mean for intergenic
testis-expressed de novo genes (935bp, Zhao et al. 2014; t-test,
P=0.001). Nineteen AG-expressed genes were associated with a
transcript > 1000 bp; the longest observed transcript was 2214 bp.
There was no significant difference in the length of the longest
transcript per gene for intergenic vs intronic candidates
(Wilcoxon test; P=0.52). Most genes (106/133, 80%) were single-
exon; the maximum exon-number for any transcript was three.
While the majority (94%) of intron splice junctions were canoni-
cal GT/AG, this proportion is significantly smaller than that ob-
served for ancestral genes (binomial; P < 0.001; Crosby et al. 2015).
Twenty-eight genes (including six single-exon genes) exhibited
multiple transcripts, while the maximum number of transcripts
for any gene was four. The maximum number of transcripts/
gene and exons/gene were both positively, though weakly corre-
lated with expression levels (mean of expressing RAL line TPM
estimates; P=3.5 x e *and P=9.4 x e~>, respectively), similar to
Zhao et al. (2014).

As expected, the expression of many candidate genes (TPMs:
expressed mean 2.67, median 1.39) is low relative to that of an-
cestrally expressed genes (TPMs: mean 106, median 6.2).
However, Supplementary Figure S1, which shows the distribution
of max TPM across strains for all candidates, reveals that a con-
siderable number of genes show relatively high maximum
across-strain TPMs. For example, 18 genes exhibited a maximum
TPM > 5, with the most highly expressed gene expressed at maxi-
mum TPM = 53 (though this gene is only expressed in two
strains). Genes expressed at a higher level (mean of nonzero TPM
estimates) tended to be expressed in more lines (Kruskal-Wallis
test, P=1.6 x e~°). Comparing singleton genes (expressed in only
one genotype) us nonsingleton genes, we find that nonsingletons
have a greater median longest transcript (696 vs 485, P=1.36 x
e7% and greater median maximum TPM (3.26 vs 1.25, P=4.46 x
e7®). Thus, the overall picture is consistent with the literature—
candidate de novo genes tend to be short, simple, and lowly
expressed, some candidate genes, nevertheless, exhibit high ex-
pression and multiple transcripts, and there is a general trend for
longer transcripts and greater expression to be associated with
genes expressed in more genotypes (Zhao et al. 2014).

Coding potential

Using CPAT with default settings based on a D. melanogaster train-
ing set (Wang et al. 2013) we identified the top five ORFs for each
of the 170 de novo transcripts (corresponding to 133 genes) and for
each ORF determined the coding vs noncoding likelihood. An ORF
was identified by CPAT for 165 of 170 transcripts. This analysis
revealed that 98% of genes (131 of 133) and 99% of transcripts
(163/165) were predicted to be noncoding. Both predicted coding
transcripts were X-linked and expressed in more than one RAL
strain. To investigate whether the unusually short transcript
length of de novo gene candidates relative to the lengths of ances-
tral annotated protein-coding genes used to train CPAT was po-
tentially biasing this conclusion, we used CPAT to categorize all
annotated D. melanogaster protein-coding transcripts as either
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coding or noncoding, and then binned these annotated protein-
coding genes by transcript length in 100-bp increments up to 2kb
(Supplementary Figure S2). Assuming that annotated protein-
coding status in Flybase is correct, this analysis revealed that
very short protein-coding genes are more likely than other
protein-coding genes to be predicted by CPAT to be noncoding. To
determine whether this possible bias could influence our conclu-
sion about de novo gene coding probability, we used a resampling
procedure. We made random draws without replacement from
annotated D. melanogaster transcripts to generate sets of 165 tran-
scripts with the same length distribution (based on length bins in
100-bp increments) as the observed de novo gene candidates, and
repeated this 1000 times. We then compared the predicted coding
probability of the highest scoring ORF for each annotated tran-
script to that of each de novo gene transcript. In none of the 1000
permutations did we observe a fraction of coding genes as small
or smaller than the observed value, with the most extreme per-
mutation still exhibiting 112/165 transcripts as compared to only
2/165 observed. On average 130/165 transcripts from these draws
exhibited a coding probability score >0.39 (the cutoff for calling a
D. melanogaster gene as coding), yielding a binomial test P<1 x
e’ This suggests that the finding that a substantial proportion
of candidate de novo genes is likely noncoding is probably not at-
tributable solely to artifacts or biases associated with CPAT.

The five most likely ORFs predicted for each transcript by CPAT
were also used to determine the probability that the corresponding
predicted proteins harbored a signal sequence (SignalP 5.0;
Armenteros et al. 2019). Only six were predicted to be secreted; none
of the predicted proteins showed similarity to known proteins.
Thus, if these genes are in fact protein coding, it seems unlikely for
most that their products are transferred to females during mating.
Using male data from FlyAtlas 2 and a cutoff of tau > 0.9 (Yanai
et al. 2005) revealed 538 ancestral strongly AG-biased genes. Of
these, 324 were identified as coding based on the FlyBase annota-
tion, 239 of which (73.8%) contained predicted signal sequences
(Armenteros et al. 2019). In contrast, 209 ancestral AG-biased genes
were annotated as noncoding in FlyBase. To investigate the possibil-
ity that some of these putatively noncoding genes are actually cod-
ing genes producing secreted proteins we used CPAT to identify
associated ORFs. For those genes for which CPAT identified at least
one ORF, we used SignalP to determine whether the most likely ORF
contained a predicted signal sequence. Of the 209 AG-biased genes
annotated as noncoding, 38 (18%) contained predicted signal
sequences (Supplementary Tables S4 and S5). It is quite plausible
that these noncoding genes are misannotated and in reality code
for seminal fluid proteins. In addition, ORFs of 12 AG-biased
ncRNAs match FlyBase polypeptide sequences (Supplementary
Tables S4 and S5), including three of the 38 with predicted signal
sequences. Thus, we speculate that 47 of the 209 AG-biased genes
annotated as noncoding are likely to be coding. Nevertheless, the
proportion of candidate de novo genes predicted to be noncoding
(0.98) is much greater than the proportion of ancestral AG-biased
genes likely to be noncoding (162/538=0.30; binomial

Table 1 AG de novo candidate genes

P=145 x e ®). Thus, AG-expressed de novo genes appear much
more likely to be noncoding relative to ancestral AG-biased genes.

Physical distribution of candidate genes at
different scales

To investigate the genomic distribution of de novo genes we first
asked whether the proportion of genes on each chromosome arm
differs from that observed for all ancestral AG-biased genes.
Consistent with previous reports for male-biased genes in general
(Sturgill et al. 2007) and seminal fluid protein genes and AG-
biased genes specifically (Findlay et al. 2008; Meisel et al. 2012),
ancestral AG-biased genes are underrepresented on the X (n=33)
relative to the major autosomes (n =504, or 126 per major autoso-
mal arm; Fisher's exact test P=3.2 x e’lO)A Across autosomes,
arm 2L (n=159 genes) is significantly enriched for these genes,
also consistent with the literature (Findlay et al. 2008; Table 1).
Candidate de novo genes exhibit similar chromosomal patterns;
relatively few are located on the X, while 2L harbors the greatest
number. There is no significant deficit of AG-expressed X-linked
de novo genes relative to the expected value based on the fraction
of all annotated genes that are X-linked. However, direct compar-
ison of de novo genes and ancestral AG-biased genes on the X
chromosome vs autosomes reveals that the X/A ratio for de novo
genes (16/117=0.14) is about twice that of ancestral genes (33/
505=0.065; Fisher’'s exact test; P=0.025). Thus, whatever pro-
cesses lead to the strong autosomal bias of ancestral AG-biased
genes (Meisel et al. 2012) are weaker for de novo genes. Because
these de novo genes are polymorphic and expressed at a low level,
reduced expression constraints associated with X-linkage and
dosage compensation (Meisel et al. 2012) might contribute to this
pattern. We then determined the X/A ratio for testis-expressed de
novo genes (Zhao et al. 2014) and ancestral testis-biased genes
(tau > 0.9 and highest male expression in the testis in male
FlyAtlas 2 data). For testis-expressed de novo genes the X/A ratio
(14/154=0.09) is smaller than the ratio for ancestral testis-biased
genes (411/2580 =0.16; Fisher’s exact test, P=0.048). Thus, while
the two classes of de novo genes, AG- and testis-expressed, are
very similar in their X/A distributions (Fisher's exact test;
P=0.33), deviations from comparable ancestral-biased genes
X/A distributions are very different, with testis-biased candidate
de novo genes showing X underrepresentation and AG-biased can-
didate genes showing X overrepresentation. Interestingly, while
both testis- and AG-biased ancestral genes are underrepresented
on the X, the effect is roughly twofold greater for AG-biased genes
(cf. Meisel et al. 2012).

To investigate within chromosome-arm heterogeneity and the
possible connection between the locations of AG-expressed de
novo genes and ancestral AG-biased genes, we segmented each
chromosome arm into 500-kb windows and then asked whether
windows harboring an ancestral AG-biased gene were also more
likely to harbor a de novo gene. We found that consistently across
all arms (genome-wide Fisher's exact test; P=2.6 x e %), de novo
genes were much more likely to reside in windows containing an

AG-biased genes AG-biased enrichment Total genes

Chromosome AG de novo genes De novo enrichment
2L 43 (32.3%) 7.14E-04
2R 20 (15%) 1.33E-01
3L 15 (11.3%) 1.58E-02
3R 37 (27.8%) 3.09E-01
X 16 (12%) 3.97E-01
4 2 (1.5%) 2.15E-01

159 (29.6%) 3.32E-08 3559 (20%)
92 (17.1%) 2.18E-02 3673 (20.6%)
119 (22.1%) 7 41E-02 3501 (19.6%)
134 (24.9%) 2.71E-01 4262 (23.9%)
33 (6.1%) 5.70E—11 2706 (15.2%)

1(0.2%) 8.62E-01 116 (0.6%)




6 | GENETICS, 2022, Vol. 220, No. 1

Table 2 AG-biased vs de novo genes in 500-kb windows

Chromosome AG-Dbiased genes absent AG-biased genes present AG de novo AG de novo Fisher’s exact test
genes/AG-biased genes/AG-biased

De novo De novo De novo De novo genes absent (%) genes present (%)

genes genes genes genes

absent present absent present
All 104 19 84 73 5.45 46.50 2.60E-08
2L 9 1 19 19 10.00 50.00 3.10E-02
2R 19 4 15 13 17.39 46.43 3.90E-02
3L 19 1 26 11 5.00 29.73 4.10E-02
3R 22 6 15 22 21.43 59.46 2.60E-03
X 26 6 9 7 18.75 43.75 9.00E-02
4 1 1 0 1 50.00 100.00 1.00E+00
Y 8 0 0 0 NA NA NA

ancestral AG-biased gene, with enrichments ranging from about
two to fivefold (Table 2). This pattern remained when we consid-
ered only ancestral AG-biased genes annotated as noncoding
(Supplementary Table S6). Thus, there is strong evidence of chro-
mosomal domains of correlated expression for de novo genes and
ancestral AG-biased genes, consistent with previous studies of
correlated patterns of gene expression along Drosophila chromo-
somes (Spellman and Rubin 2002; Boutanaev et al. 2002; Parisi
et al. 2004).

At a smaller scale, we observed 14 clusters (six in intergenic
regions, eight in intronic regions) of either two or three adjacent
de novo genes exhibiting less than 10kb between genes. To inves-
tigate whether these very tightly linked de novo genes tend to be
expressed in a correlated manner across genotypes (ie., if the
first gene in a cluster is expressed in a line it is likely the second
gene is also expressed in that line) we compared the observed ex-
pression of clustered de novo genes to that expected under the
null hypothesis that the de novo genes in each cluster are inde-
pendently expressed. We found that for the mean cluster, 4.86
out of six lines exhibited consistent expression of genes in that
cluster—that is, across lines either all genes in the cluster were
expressed or all were unexpressed. This was substantially more
consistent than the permuted data, which exhibited a mean con-
sistency of 3.57 out of 6 (z-score 6.4, P 9.9 x e~*1). Focusing just on
the correlation for expression (omitting nonexpression as an ob-
servation), we found that across all clusters, 0.86 out of six lines
on average express all genes in a cluster, which was substantially
higher than the correlation in the permuted data, 0.27 out of six
lines (z-score 6.1, P 4.9 x e~'9). These data support the notion that
the regulatory processes underlying the expression of de novo
genes in the AG are spatially heterogeneous on multiple scales,
ranging from a few kilobases to entire chromosome arms, and
contribute to the physical distribution of candidate de novo genes
across chromosome arms.

To compare the genomic distribution of AG-expressed de novo
genes to testis-expressed de novo genes we repeated the window-
ing analysis for the testis-expressed de novo genes identified in
Zhao et al. (2014; modified as described above) and strongly
testis-biased ancestral genes (as described above; Supplementary
Table S7). Because the number of testis-biased genes on the ma-
jor chromosome arms is much higher than the number of AG-
biased genes, 3049 vs 538, we compared the tissues using 100-kb
windows so that for both tissues we had a sufficient number of
windows in each of two categories (with one or more ancestral
tissue-biased genes and with zero ancestral tissue-biased genes)
for a reasonably powered analysis. At the whole genome level, we
see a consistent pattern for both tissues—windows that contain

de novo genes tend also to harbor ancestral genes exhibiting that
tissue bias (Fisher’s exact test; P=1.1 x e~* for AG; P=3.9 x e”’
for testis). The degree of this enrichment at the 100kb scale dif-
fered between tissues for the X chromosome, however, with a
much smaller percentage of windows with testis-biased genes
also containing testis de novo genes (6.4%) compared to the AG
(18%), even though the total number of windows with testis-
biased genes is substantially greater. Thus, it appears that what-
ever local regulatory phenomena are facilitating or driving de
novo gene expression on the X chromosome, these effects are
weaker for the testis than the AG, consistent with the greater un-
derrepresentation of X-linked testis-expressed de novo genes.
Finally, to investigate the possible correlation between AG-
and testis-expressed genes we first compared the number of an-
cestral testis-biased genes in windows with vs without ancestral
AG-biased genes. We found that windows with AG-biased genes
had significantly more testis-biased genes (mean = 3.2) than win-
dows without AG-biased genes (mean=2; Wilcoxon rank sum
test; P=1.4 x e %), which supports the notion that our previous
observation of correlated expression in the testis and AG
(Cridland et al. 2020) could be explained in part by correlated
chromosomal gene locations. Similarly, we found that windows
with AG-expressed de novo genes contained more testis-
expressed de novo genes (mean = 0.3) than windows without AG-
expressed de novo genes (mean = 0.1; Wilcoxon rank sum test;
P=1.6 x e~), suggesting that the de novo gene origination process
is physically correlated across the genome for these two tissues.

Regulatory mechanism

We investigated the mechanisms of de novo gene expression using
allelic imbalance experiments following Cridland et al. (2020). We
had sufficient numbers of observations for only 13 genes. Of
these, nine (69%) exhibit both cis and trans effects, three (23%) ex-
hibit only trans effects, and one (7.6%) exhibits only cis effects
(Table 3 and Supplementary Table S8). To compare these pat-
terns to those of testis-expressed de novo genes, we reanalyzed 47
segregating testis-expressed de novo genes (Zhao et al. 2014) using
the same pipeline and found that 30 (64%) exhibited both cis- and
trans-effects, three (6%) exhibited only trans-effects, and 14 (30%)
exhibited only cis-effects (Supplementary Table S8). While the
proportion of cis-only testis-expressed de novo genes is smaller
here than reported in Zhao et al. (2014) as a result of methodologi-
cal differences, the important point is that for the candidate de
novo genes subjected to the same allelic imbalance analysis,
those expressed in the AG exhibit dramatically less cis-only regu-
lation compared to those expressed in the testis (Fisher’'s Exact
test; P=1.6 x e™%).
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Table 3 Regulation of de novo genes

Regulatory mechanism AG Testis
Cis 1 14
Cis and trans 9 30
Trans 3 3

Expression in different cell types

We used AG single-nucleus RNA-seq data from RAL 517 (Majane
et al. 2021) to investigate expression of de novo genes in the three
major cell types of our dissected bulk tissue: main cells, second-
ary cells, and ejaculatory duct cells. Of the 13 candidate genes
called as expressed (TPM > 1) in RAL 517, 10 were also called as
expressed in single-nucleus data. This independent validation of
our de novo gene candidates in a different experiment using dif-
ferent technology suggests that our approach for identifying such
genes is robust. Imposing a much lower cutoff of TPM > 0.1 to
categorize a de novo gene as expressed in bulk transcriptome data
from RAL 517 results in 86 expressed genes, of which 39 were also
expressed in the single-nucleus data, strongly suggesting that the
TPM > 1 criterion is quite conservative. The conservative nature
of de novo gene TPM criterion would be especially pronounced for
genes that tend to be expressed at a higher level in secondary or
ejaculatory duct cells, as those cells are considerably less abun-
dant than main cells in bulk tissue used in the experiment
(Majane et al. 2021). It also suggests that we may have underesti-
mated the proportion of RAL strains expressing a given de novo
gene candidate.

Majane et al. (2021) used the single-nucleus data to identify
marker de novo genes—those that exhibited biased expression
across the three major cell types. Of the 43 total de novo gene can-
didates identified here that were defined as expressed in the
single-cell data from RAL 517 (Majane et al. 2021), five were classi-
fied as marker genes, all of which showed ejaculatory duct biased
expression. This represents a significant enrichment of de novo
genes expressed at a high level in this cell type relative to the
other two types (hypergeometric, P <0.0005). Interestingly, four
of the five ejaculatory duct marker de novo genes are nonsingle-
tons, which represents a significant enrichment of higher fre-
quency genes (hypergeometric, P=0.016), though the small
sample size precludes strong conclusions about this pattern.
Majane et al. (2021) reported that ejaculatory duct-cell transcrip-
tomes tend to evolve more quickly than main cell and secondary
cell transcriptomes. Our finding that expression-biased de novo in
the AG tends to be ejaculatory duct-biased is consistent with the
notion that this cell type may be prone to higher rates of tran-
scriptome turnover compared to main and secondary cells.

Discussion

Our comparisons of de novo gene candidates expressed in the AG
and testis revealed several differences that illuminate variation
in the processes underlying their origin and evolution. While
there were minor differences between the starting material and
analyses used in our investigation here of the AG and our previ-
ous investigation of the testis, such methodological differences
cannot plausibly explain the stark differences between the two
tissues in the abundance, chromosomal distributions, regulatory
mechanisms, and population frequencies of de novo genes.

The AG expresses many fewer intergenic de novo genes than
the testis, often at lower levels. Moreover, most AG-expressed de
novo genes are expressed in only one genotype, and only two

were fixed in our sample. The testis, in contrast, expresses many
more intermediate and high frequency/fixed genes (Zhao et al.
2014), most of which are germline expressed (Witt et al. 2019).
Thus, at the population level, the contribution of de novo genes to
the somatic male reproductive tissue transcriptome appears
much smaller than their contribution to the germline transcrip-
tome.

There are also apparent differences between the two tissues in
the way de novo gene candidates are regulated. While strictly cis-
acting variation is common for testis-expressed de novo genes, the
AG tends to exhibit more complex regulatory variation, including
a more substantial trans-acting component. The selective spread
or removal of a de novo gene would be more efficient if its expres-
sion resulted from a novel, tightly linked cis-regulatory element
that co-opted existing trans-acting regulatory factors, as appears
to be the case for testis (Zhao et al. 2014), compared to a situation
where the underlying genetics of novel expression is more com-
plex, as appears to be the case for the AG. This difference may
contribute to the lower fixation rate for AG- vs testis-biased de
novo genes and the relative paucity of singleton testis-expressed
de novo genes. Larger samples from both tissues would shed light
on their potential differences in the relative proportion of rarely
expressed de novo genes.

The physical distribution of de novo gene candidates expressed
in the AG or testis show some similarities, but also important dif-
ferences. Both types of de novo genes tend to be found in chromo-
somal regions harboring ancestral genes exhibiting the same
tissue-biased expression, and the locations of testis- and AG-
expressed ancestral and de novo genes are correlated.
Furthermore, very tightly linked AG-expressed de novo genes,
which show no evidence of origination by duplication, show
strongly correlated expression patterns across genotypes, also
supporting a physically correlated origination process. The fact
that ancient genes and young de novo genes show correlated
physical distributions for both testis and AG suggests that regula-
tory phenomena underlying the origination process and/or the
selective retention of such genes during evolution play a role in
generating the distribution. However, this effect is diminished for
X-linked testis-expressed de novo genes, which could contribute
to the lower (though not significantly so) X/A ratio for testis- than
for AG-expressed de novo genes. Both testis- and AG-expressed de
novo genes are underrepresented on the X chromosome, as
expected for strongly male-biased genes (Sturgill et al. 2007;
Meisel et al. 2012). However, relative to the X/A distributions for
their corresponding ancestral tissue-biased genes, AG-expressed
de novo genes are roughly twice as likely to be X-linked, while
testis-expressed de novo genes are roughly twice as likely to be au-
tosomal. The disparate deviations of young de novo gene X/A dis-
tributions from that of their ancestral counterparts could result
from effects of heterogeneous origin processes and/or heteroge-
neous selective processes. For example, X-chromosome inactiva-
tion in the male germline (Lifschytz and Lindsley 1972; Kemkemer
et al. 2011; Landeen et al. 2016; Mahadevaraju et al. 2021) could lead
to reduced birth-rates for X-linked testis-expressed de novo genes.
Alternatively, assuming the very strong autosomal enrichment of
ancestral AG-biased genes is shaped by selection, the relative en-
richment of X-linkage for AG-expressed de novo genes is consistent
with a weaker selective effect on their chromosomal distribution,
consistent with their very young age. The increased proportion of
noncanonical splice junctions in these genes also supports the
view that for at least some, their properties have not been opti-
mized by natural selection. The observation that ancestral and de
novo testis- and AG-biased genes reside in shared chromosomal
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domains of expression yet differ in the importance of cis-acting
regulatory variation is suggestive of underlying hetergeneous
processes, but the relative contributions of differences in origina-
tion processes Us selective effects are difficult to discern with exist-
ing data.

The general question of how frequently de novo genes originate
as coding vs noncoding is of great importance, but currently
unresolved (e.g., Ruiz-Orera and Alba 2019), and cannot be
addressed using bioinformatic approaches that start with the
premise that these genes are coding. Our computational analyses
suggest that most young AG-expressed de novo genes are noncod-
ing, though direct inferences from proteomic or ribo-profiling
data would be required to put this conclusion on firmer ground.
Similarly, the testis-expressed de novo candidates discussed here
are also predicted by CPAT to be noncoding. Even if the small
ORFs associated with these AG-expressed transcripts are trans-
lated, the vast majority of potential predicted proteins do not
carry signal sequences. Thus, if several of the novelties described
here have functions, they are unlikely to be directly related to
processes requiring conventional protein secretion, though it
remains possible that noncoding RNAs derived from de novo
genes are transferred to females during mating (Bono et al. 2011;
Ahmed-Braimah et al. 2021). Nevertheless, it follows from their
properties that if AG-expressed de novo gene products have bio-
logical functions, they are likely biased toward those occurring
inside the gland.

The complex regulatory variation influencing expression of de
novo genes in the AG, the small sample of genotypes investigated
here, the fact that many candidate genes are expressed in only
one or a few genotypes, and the likelihood that most candidates
are predicted to be noncoding, all conspire to compromise popu-
lation genetic investigation into the possible influence of selec-
tion on these sequences. For example, approaches that seek
evidence for protein functional constraint would have no value
for noncoding genes. Moreover, the observation that the majority
of candidates, which are predicted to be noncoding, are not asso-
ciated with homologous ORFs in D. simulans (not shown) would
not speak to the possible existence of a D. melanogaster-specific
ORF, and in any case would also be entirely consistent with the
hypothesis that a gene was D. melanogaster specific and noncod-
ing. Similarly, the complex regulation and expression in one or a
few genotypes for most candidates make it challenging to seek
evidence of hitchhiking effects. Under the premise that trans-act-
ing variants are likely to be more strongly deleterious than cis-
acting variants, the influence of trans-acting variation on de novo
gene expression in the AG would be consistent with the appar-
ently low frequency of these genes in the population. However,
without information on the population genetics of the trans-act-
ing variants themselves, this idea cannot be evaluated. Thus, it
seems to us that the question of the influence of selection on
these candidate genes, while vitally important, cannot be ade-
quately addressed with existing data.

Nevertheless, the relationships between gene frequency, size
and expression may provide some information about evolutionary
mechanisms. If AG-expressed de novo genes were on average delete-
rious, either due to the cost of transcription and/or translation, or
because of deleterious interactions of their products (RNAs or pro-
teins) in the cell, then we might expect singletons to be longer and
expressed at a higher level than nonsingletons (Zhao et al. 2014), as
deleterious genes should be overrepresented in the singleton class.
Instead, we observe that singletons are shorter and expressed at
lower levels than nonsingletons. This pattern provides no support
for the idea that the genes described here are, on average,

deleterious or strictly neutral (in which case there would be no ex-
pectation of heterogeneity of their attributes across frequency clas-
ses). The observed differences between singleton and nonsingleton
genes, which is similar to that observed for testis-expressed de novo
genes, would be consistent with an influence of positive selection
(Zhao et al. 2014). However, the observation that very few AG-
expressed de novo genes occur at high frequency does not support
the simple hypothesis that simple directional selection plays an im-
portant role in their dynamics, as in this case, several would have
fixed. Moreover, their overrepresentation on the X chromosome rel-
ative to ancestral AG-biased genes does not support the idea that di-
rectional selection is playing an important role. This does not
imply, however, that these genes are uninfluenced by positive selec-
tion, as various forms of balancing selection acting on AG function
could generate substantial polymorphism but relatively low fixation
rates (e.g., Hughes 1997; Brisson 2018). That the molecular biology
of the AG also appears to be highly variable in terms of amino acid
polymorphism (Coulthart and Singh 1987; Begun et al. 2001), pres-
ence/absence of intact gene copies (Begun and Lindfors 1995), and
gene expression or lack thereof in the organ (Cridland et al. 2020), is
consistent with this possibility. Testing models of drift or selection
acting on novel AG variation would be greatly facilitated by detailed
information on the genetic variants underlying the gain of genes
(Zhao et al. 2014) or gene expression (Cridland et al. 2020).
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