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Abstract

Most eukaryotic genes have been vertically transmitted to the present from distant ancestors. However, variable gene number across spe-
cies indicates that gene gain and loss also occurs. While new genes typically originate as products of duplications and rearrangements of
preexisting genes, putative de novo genes—genes born out of ancestrally nongenic sequence—have been identified. Previous studies of
de novo genes in Drosophila have provided evidence that expression in male reproductive tissues is common. However, no studies have
focused on female reproductive tissues. Here we begin addressing this gap in the literature by analyzing the transcriptomes of 3 female
reproductive tract organs (spermatheca, seminal receptacle, and parovaria) in 3 species—our focal species, Drosophila melanogaster—
and 2 closely related species, Drosophila simulans and Drosophila yakuba, with the goal of identifying putative D. melanogaster-specific
de novo genes expressed in these tissues. We discovered several candidate genes, located in sequence annotated as intergenic.
Consistent with the literature, these genes tend to be short, single exon, and lowly expressed. We also find evidence that some of these
genes are expressed in other D. melanogaster tissues and both sexes. The relatively small number of intergenic candidate genes discov-

ered here is similar to that observed in the accessory gland, but substantially fewer than that observed in the testis.
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Introduction

While the majority of new genes arise through various forms of
gene duplication (Long et al. 2003), new genes may also arise
from ancestrally nongenic DNA (Begun et al. 2006; Levine et al.
2006). Here we define these de novo genes as sequences producing
transcripts that are located in ancestrally intergenic DNA and for
which there is no evidence of transcription in outgroups. Such
transcripts may be coding or noncoding. While putative de novo
genes have been found in a variety of taxa, including Drosophila
(Begun et al. 2006, 2007; Levine et al. 2006; Zhou, Zhang, et al.
2008), fish (Baalsrud et al. 2018; Zhuang and Cheng 2021), rodents
(Heinen et al. 2009; Murphy and McLysaght 2012; Neme and Tautz
2013; Casola 2018), plants (Zhang et al. 2019; Jin et al. 2021), and
fungi (Cai et al. 2008; Li et al. 2010; Carvunis et al. 2012; Vakirlis
et al. 2018), our understanding of their possible evolutionary and
functional importance remains rudimentary.

Early investigations of de novo genes in the melanogaster sub-
group of Drosophila provided circumstantial evidence that they
may often be expressed in male reproductive tract tissues
(Begun et al. 2006, Levine et al. 2006). That conclusion was sup-
ported by subsequent work in Drosophila melanogaster (Zhou,
Zhang, et al. 2008; Zhao et al. 2014; Heames et al. 2020). Orphan
genes found in the obscura group of Drosophila, some of which

may have de novo origin, were more likely to be retained if they
were highly expressed and male-biased (Palmieri et al. 2014).
Population level analysis of intergenic testis-expressed candidate
de novo genes in D. melanogaster found a total of 142 segregating
and 106 fixed genes (Zhao et al. 2014). While more conservative
criteria reduced the number of candidates (Cridland et al. 2022),
there were still over 100 polymorphic and 50 fixed genes. A recent
investigation of intergenic and intronic candidate de novo genes
expressed in the accessory gland +ejaculatory duct (a somatic
male reproductive tissue) of D. melanogaster revealed 133 candi-
dates, (84 intronic and 49 intergenic). Compared with intergenic
testis-expressed de novo gene candidates from the same geno-
types, intergenic AG-expressed genes tended to be fewer in num-
ber and expressed less consistently across genotypes (Cridland
et al. 2022).

While the genetic and population level phenomena that might
promote or facilitate expression of candidate de novo genes in
male reproductive tract tissues remain obscure, the coevolution-
ary interactions between male and female reproduction raise
interesting questions about whether the evolution of male-
expressed genetic novelties is correlated with similar processes
operating in female reproductive tract (FRT) transcriptomes.
Here we begin addressing this question in an analysis of 3 somatic
tissues of the Drosophila female reproductive tract, the parovaria,
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the seminal receptacle, and the spermatheca. These tissues are all
crucial to female reproduction, including ovulation, fertilization,
and sperm storage. The parovaria, or female accessory glands,
have secretory functions required for fertilization and ovulation
(Sun and Spradling 2012). The seminal receptacle is responsible
for short term sperm storage (Fowler 1973); given the D. melanoga-
ster mating system, the seminal receptacle may contain the sperm
of multiple males (Manier et al. 2010). Spermathecae also serve as
sperm storage organs, but are biased toward long-term storage
specifically (Pitnick et al. 1999). The spermathecae also have se-
cretory cells that participate in fertilization and ovulation path-
ways (Schnakenberg et al. 2011; Sun and Spradling 2013).

We chose these tissues because the potential for direct inter-
action of male products, including those produced by novel genes,
with the female reproductive tract might generate selection favor-
ing female-expressed genetic novelties. Because these female or-
gans are small and poorly studied, and because de novo genes
tend to be expressed at low levels, they are unlikely to have been dis-
covered in previous work based on annotations or transcriptome
analysis of whole animals or bulk female reproductive tracts. To be-
gin to identify these potentially overlooked de novo genes, we char-
acterized the transcriptomes of parovaria, spermatheca, and
seminal receptacle from mated females from our focal species, D.
melanogaster, and from 2 closely related species, Drosophila simulans
and Drosophila yakuba. Using these data in combination with existing
genomic resources, we identified putative D. melanogaster de novo
genes expressed in these tissues and compared their attributes
with those of candidate de novo genes previously identified from
the study of male D. melanogaster reproductive tissues.

Materials and methods

Fly strains, data sets used, sequencing, and data
processing

Drosophila melanogaster DGRP (Drosophila genetic reference panel)
inbred strains from Raleigh, NC ((Mackay et al. 2012); RAL 304,
307,360, 399, and 517) were raised at 25°Cin a 12:12 light:dark cy-
cle. In addition to these inbred lines, an F1 female genotype de-
rived from crossing RAL 304 females x RAL 307 males was also
used. Individual 3-5-day-old virgin females from lines RAL 304,
RAL 307, RAL 360, RAL 399, or RAL 304/307 heterozygotes were
placed in a vial with 2 RAL 517 males. Vials were observed, and
the time of copulation recorded. Males were removed immediate-
ly after mating, with female reproductive tract tissues dissected
within 3-5 h after the end of copulation, by which time the sperm
storage organs are expected to be full (Fowler 1973). The dissected
tissues were the parovaria, spermatheca, and seminal receptacle.
Dissections were carried out 1 genotype at a time in a 9-well (3 x 3)
depression plate. Wells were filled with ~1-mlice-cold phosphate-
buffered saline (PBS). The initial dissection occurred in the middle
well. First, the parovaria was removed from the rest of the repro-
ductive tract and then transferred to a new well, where extra fat or
other connecting tissue was removed; the parovaria were then
moved to Trizol on ice. Forceps were checked for tissue contamin-
ation under the dissecting scope and then rinsed in ethanol. The
spermathecae were then removed, rinsed in PBS, and transferred
to Trizol on ice. Finally, the seminal receptacle was removed,
rinsed in PBS, and then transferred to Trizol on ice. Dissections
from ~10 females were used for each organ and genotype. RNA
was extracted from tissues using Trizol, and a cDNA library was
produced using a SMART-Seq(R) v4 Ultra(R) Low Input RNA Kit
for Sequencing (cat. 634896). Paired-end libraries were generated
using the Nextera XT DNA Library Preparation Kit (FC-131-1024)

and the Nextera XT Index Kit (FX-131-1001). These libraries were
sequenced using 150bp paired-end reads on an Illumina
HiSeq4000 machine at the UC Davis Genome Center. The D. simu-
lans and D. yakuba experiments were carried out as above, using
lines Lara 10 (D. simulans, Sedghifar et al. 2016) and Tail8E2 (D. ya-
kuba, Begun et al. 2007), respectively, with the exception being
that females and males were derived from the same strain.
Trinity (Grabherr et al. 2011) was used to assemble transcripts
from all reads, left and right, in FASTQ format, from each library.
Reads from a total of 12 D. melanogaster libraries distributed across
5 genotypes and 3 tissues (not all genotypes were assayed for all 3
tissues) were pooled together and assembled (Supplementary
Table 3). Default parameters were used. Raw reads were not
trimmed prior to assembly, butinstead, rigid downstream filtering
(described below) was used to remove poor quality or repetitive se-
quence. This process aims to retain as much potentially useful
data as possible. BLAST was also used to ensure that adapters
had been properly removed from candidate de novo genes by
searching for Illumina Nextera adapter sequences. Several candi-
date gene transcripts had adapter sequences appended to 1 end,;
these were manually trimmed. Trinity was also used at default
parameters to assemble transcripts from RNA-seq reads from 8
tissue types (whole organism, reproductive tract, gonad, termina-
lia, thorax, abdomen, viscera, and head) from each of both sexes
for 8 Drosophila species: D. yakuba, D. ananassae, D. pseudoobscura,
D. persimilis, D. willistoni, D. mojavensis, D. virilis, and D. grimshawi
(Yang et al. 2018). Additional details regarding these samples
and reads can be accessed at the Gene Expression Omnibus
(Edgar et al. 2002) under accession numbers GSE99574 and
GSE80124. The resulting Trinity transcripts were used to create
BLAST databases used to investigate the possibility that outgroup
transcripts were homologous to D. melanogaster de novo gene can-
didates, thus falsifying the de novo gene hypothesis (see below).

Criteria for identifying de novo gene candidates

While a small fraction of annotated D. melanogaster genes might
have de novo origins, here we focus on currently unannotated
candidate genes, as the properties of de novo genes—low expres-
sion levels, small size, and, by definition, absence from related
species, makes them much less likely to be annotated. The pro-
cedure for identifying candidate de novo genes closely follows
Cridland et al. (2022). Each of the Perl scripts utilized in the pipe-
line (Supplementary Fig. 1), as well as several intermediate steps
that called external software or bash procedures, were called
from a Python wrapper. Individual Perl scripts and Python wrap-
per are housed in a GitHub repository (https:/github.com/
kaelom/Dmel_DNG_Pipeline_2023).

All assembled transcripts were passed through a series of fil-
ters. First, we sought evidence for homology between our as-
sembled transcripts and existing gene annotations or
transcripts. To do this, we used BLAST (v. 2.10.1+, Altschul et
al. 1990) to identify matches to existing gene annotations against
reference genomes from D. melanogaster (v. 6.41), D. yakuba
(v. 1.05), D. simulans (v. 2.02), and D. ananassae (v. 1.06) from the pub-
lished Flybase reference (Gramates et al. 2022). Corresponding
FASTA files contained records for 3'UTR, 5'UTR, intergenic, in-
tronic, miRNA, miscRNA, ncRNA, pseudogene, transposon,
tRNA, and CDS [Flybase; http:/ftp.flybase.net/releases/FB2020_
04/, all downloaded 2020 July 23, with the exception of D. melano-
gaster, http:/ftp.flybase.net/releases/FB2021_04/dmel_r6.41/,
downloaded 2021 August 16; (Thurmond et al. 2019)]. Databases
created from these resources include the following: D.
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melanogaster chromosome and intergenic sequence, to ensure that
transcripts are mapped to the reference sequence. To identify
transcripts that correspond to existing genic annotations, we
used BLAST against 3'-UTR, 5'-UTR, intronic, miRNA, miscRNA,
ncRNA, pseudogene, transposon, tRNA, and CDS databases for
every species available (see Supplementary Table 6 for the com-
plete list). In all cases, a BLAST match was defined as 80% identity
over at least 100 bp. Transcripts that matched any of these gene
annotations in any of the 4 species were removed from further
consideration.

To reduce the probability that the surviving D. melanogaster
transcripts correspond to unannotated outgroup transcripts, we
then compared them with a database of de novo assembled tran-
scripts created from RNA-seq reads derived from 8 tissues (whole
organism, gonad, reproductive tract, terminalia, thorax, viscera,
head, and abdomen) from both sexes from each of the 8 afore-
mentioned Drosophila species (Yang et al. 2018). All unannotated
D. melanogaster FRT transcripts that returned a BLAST match, as
defined above, to any of these resources, were removed.

The remaining D. melanogaster candidates were retained only
if the transcript sequence was >300bp long, the distance to
the nearest exon annotation was >250bp, and were intergenic
(did not reside within annotated D. melanogaster introns).
Additionally, candidates were required to be expressed at tran-
scripts per million (TPM) > 1in at least 1 FRT library. TPMs were es-
timated using HISAT?2 and StringTie [v2.2.1 (Kim et al. 2019); v2.1.4,
(Pertea et al. 2015)]. First, HISAT2 was used to produce SAM files for
each library by aligning our FRT raw reads with databases made
from the D. melanogaster reference genome (v. 6.41), which were
then converted to sorted BAM files with Samtools (v1.9, (H. Li et al.
2009). These BAM files, along with a D. melanogaster reference GTF
(Flybase; http:/ftp.flybase.net/releases/FB2020_04/dmel_r6.35/gtt/;
downloaded 2021 August 16), updated to include Cridland et al.
(2022) accessory gland candidates as well as our FRT de novo candi-
dates, were used to create new GTF and abundance files for each li-
brary with StringTie, resulting in species and tissue expression
estimates for each candidate transcript. For candidates with mul-
tiple isoforms, all isoforms were retained as long as all of these cri-
teria were met for at least 1 isoform.

Finally, to provide further support for de novo origination and re-
duce the probability that incomplete and/or erroneous genome as-
semblies lead to errors in de novo gene identification, we
performed a microsynteny analysis so that sequence homologous
to the region corresponding to a de novo gene candidate could be
identified in the orthologous regions of D. simulans and D. yakuba.
To do so, we identified the annotated genes immediately upstream
or downstream of each candidate. Then, the Flybase 2021 ortholog
database  (Flybase;  http:/ftp.flybase.net/releases/FB2021_02/
precomputed._files/orthologs/; downloaded 2021 May 12) was used
to identify the orthologs in the outgroups. A FASTA file containing
those genes, the candidate, and 5 kb downstream and upstream of
the region were then produced. BLAST analysis of these regions
was then performed to identify these micro-syntenic regions in
the reference chromosome databases for D. simulans and D. yakuba.
A file was produced that contained the positions of orthologous
matches, if they existed. Because of the small number of candidate
genes identified here, we retain as weaker candidates those genes
that failed this final synteny step with D. simulans or D. yakuba.
Candidates that did not show positive evidence of syntenic regions
in 1 or both outgroups were checked for upstream and downstream
orthologs manually over larger genomic regions in the UCSC
GenomeBrowser (Karolchik et al. 2003) to seek evidence of larger
physical-scale candidate gene region orthology.

Expression in existing transcriptome resources

Toinvestigate evidence of candidate expression in other data sets,
we focused on 3 resources: (1) a previously published transcrip-
tome analysis of the female reproductive tract, (2) a community
gene expression resource, and (3) our own collection of putative
de novo genes expressed in the male accessory gland. First, we in-
vestigated expression of our candidate genes in RNA-seq data
(McDonough-Goldstein et al. 2021) derived from 6 tissues from un-
mated and mated females: bursa, oviduct, seminal receptacle,
spermathecae, parovaria, and the FRT-associated fat body.
Tissues from mated females were collected 6 and 24 h post-
mating. The D. melanogaster reference GTF (v6.41) was updated
to include our de novo gene candidates. We then used StringTie
(Pertea et al. 2015) with default parameters to estimate TPMs of
the identified FRT candidate genes using the reads from
McDonough-Goldstein et al. 2021. Second, we used reads from
FlyAtlas2 (Leader et al. 2018; Krause et al. 2022), using the
StringTie methods described above, to estimate expression of
our candidate genes in a variety of D. melanogaster tissues.
Finally, we used the same approach to investigate expression in
our female data of previously identified candidate de novo genes
expressed in the accessory gland + anterior ejaculatory duct of
Raleigh inbred lines (Cridland et al. 2022).

Coding potential

Coding potential of putative de novo genes was assessed with 2
different methods, coding potential calculator 2 (CPC2) and coding
potential assessment tool (CPAT) (Wang et al. 2013; Kang et al.
2017). CPAT provides specific default parameters depending on
the query species, therefore the default parameters for
Drosophila were used. Settings for CPC2 are not dependent on the
species being investigated. Browser versions of each tool were
used at default parameters. CPAT and CPC2 each had their own
proprietary coding potential cutoff of 0.39 and 0.5, respectively.
CPAT’s default minimum ORF length is 75 nucleotides, while
CPC2 does not enforce a minimum.

Protein translations of these transcripts were run through SignalP
6.0, at default settings to investigate evidence of predicted signal se-
quences (Teufel et al. 2022), as strongly predicted signal sequences
would provide support for the hypothesis that these transcripts
are coding and have potential functions related to secretion.

Results
De novo genes identified and basic characteristics

We identified 61 candidate de novo transcripts (Supplementary
File 1) associated with 35 de novo gene candidates (Table 1), which
were expressed in D. melanogaster but for which we found no evi-
dence of expression in D. simulans or D. yakuba. None of these can-
didates exhibited evidence of homology with transcripts observed
from any tissue in any of the additional 7 Drosophila species exam-
ined (Methods). Of these 35 candidates, 32 had validated micro-
synteny with D. simulans, and 29 of those also had confirmed
microsynteny with D. yakuba. This supports the proposition that
generally the absence of mappable transcripts from D. simulans
and D. yakuba cannot be explained by assembly gaps or errors, or
by extremely high nucleotide divergence.

Most transcripts (44/61, 72%) had a simple structure, contain-
ing only 1 exon, though some contained up to 3. Similarly, most
candidate genes were associated with a single isoform, though
14 had at least 2, and 1, TRINITY_DN4410, had as many as 7.
Candidate transcript lengths, considering the longest isoform of
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Table 1. Summarized candidate expression across data sets and tissues.

ID Number of Number of Number FRT tissue FlyAtlas2 average TPMs Max TPM
libraries  tissue x mating of tissues expression this
expressed status expressed expressed (This report, report
this report McDonough etal. FlyAtlas2  this report and Male Female 3rd
McDonough et al., instar
McDonough et al.) larvae
TRINITY_DN18465_c0_g4 5 2 15 SR, ST, Bursa Brain (7,11), crop Brain (7.00), crop Larval 2.05
(1.46), eye (4.80), (1.36), eye (4.41), CNS
head (2.72), TG head (2.95), (9.86),
(5.30) ovary (1.46), TG  larval
(5.56), whole  trachea
(1.49), carcass  (1.56)
(1.02)
TRINITY_DN58663_c0_g1” 1 10 4 SR, ST, Bursa, Whole (1.40), MG TG (1.40) — 1.06
Oviduct (1.00), TG (1.10)
TRINITY_DN2173_c0_g1 3 3 2 ST Eye (3.72) Eye (1.07) — 7.00
TRINITY_DN52147_cO_g1 4 3 — SR — — — 1.24
TRINITY_DNS0_cO_g3 5 — — ST, PV — — — 1.59
TRINITY_DN16805_c0_g2 2 3 — ST — — — 1.81
TRINITY_DN65427_c0_g1 1 — 3 ST Brain (2.22) Brain (1.66), TG — 1.09
(1.21)
TRINITY_DN40913_c0_g1 1 — 3 ST Brain (1.22), TG TG (2.29) — 1.23
(2.89)
TRINITY_DN7862_c0_g3 3 — — SR — — — 3.29
TRINITY_DN5611_c0_g1 2 1 — ST — — — 2.47
TRINITY_DN4094_CO_g1b 2 1 — SR — — — 1.09
TRINITY_DN66768_c0_gl 1 — 2 ST Anal Pad (6.27) Anal Pad (5.38) — 1.43
TRINITY_DN7830_c0_g1 1 — 2 ST Anal Pad (3.93) Anal Pad (8.41) — 3.19
TRINITY_DN2143_c0_g2 1 — 2 ST — VST (1.81), MST — 1.63
(1.69)
TRINITY_DN3265_c1_gl 1 2 — SR — — — 1.26
TRINITY_DN72444_cO_gl 2 — — ST — — — 1.68
TRINITY_DN7278_c0_gl 1 — 1 ST AG (1.96) — — 1.07
TRINITY_DN24046_cO_g1 1 — 1 PV — Brain (1.03) — 121
TRINITY_DN4410_c0_g1 2 — — SR, ST — — — 1.22
TRINITY_DN4173_c1_gl 2 — — SR — — — 1.50
TRINITY_DN11963_cO_g1 1 — 1 ST Hindgut (1.18) — — 1.59
TRINITY_DN47998_c0_g1 2 — — SR — — — 1.99
TRINITY_DNG6533_c0_g1* 2 — — SR — — — 1.81
TRINITY_DN22183_c0_g1 2 — — SR — — — 1.65
TRINITY_DN41677_cO_gl 1 — — PV — — — 1.01
TRINITY_DN15918_c0_g3 1 — — ST — — — 1.27
TRINITY_DN22384_cO_gl 1 — — ST — — — 1.45
TRINITY_DN13179_c1_gl 1 — — ST — — — 1.40
TRINITY_DN43648_c0O_g1* 1 — — SR — — — 1.40
TRINITY_DN27150_cO_g4 1 — — SR — — — 1.25
TRINITY_DN55991_cO_g1 1 — — SR — — — 1.48
TRINITY_DN12518_c0_g2° 1 — — SR — — — 1.03
"1"RINITY7DN653667C07g1b 1 — — SR — — — 1.20
TRINITY_DN10735_c0_g1 1 — — SR — — — 1.15
TRINITY_DN5533_c0_g1 1 — — ST — — — 1.88

FlyAtlas2: numbers beside tissue label indicate the average TPM for all replica

tes of that tissue and sex. FRT Expression: it is important to note that for each

candidate that was significantly expressed in a certain FRT tissue across our 12 libraries, that candidate was also significantly expressed in only the corresponding
tissue(s) in the McDonough et al. FRT data set. FlyAtlas2 tissue abbreviation key: TG, thoracicoabdominal ganglion; MG, midgut, larval; CNS, larval central nervous

system; VST, virgin spermatheca; MST, mated spermatheca; AG, accessory gland.
¢ indicates microsynteny in D. simulans only.
indicates lack of microsynteny in both D. simulans and D. yakuba.

each, range from 302 to 3477 bp, with an average length of 810 bp,
similar to the mean length for previously published AG-expressed
intergenic candidate genes (701bp; Cridland et al. 2022) and
testis-expressed candidate genes (935 bp; Zhao et al. 2014). These
FRT-expressed candidate genes were distributed roughly homoge-
neously across chromosome arms (Supplementary Table 1).

Quantification of expression of candidates in the
FRT in DGRP strains

Per our filtering criteria, each candidate was expressed at a TPM > 1
inatleast 1 of the 12 tissue/genotype Raleigh inbred line combina-
tions, though several (14/35, 40%) were expressed above this

threshold in 2-5 libraries (Supplementary Table 1). Consistent
with previous reports that de novo genes tend to be lowly ex-
pressed, the mean TPM of expressed candidate genes (including
only observations of TPM > 1) was only 1.57. Thus, many candi-
dates were expressed at only slightly higher levels than the min-
imum TPM criterion for expression and only in 1 library. The
maximum observed TPM was 7 (Table 1, Supplementary
Table 1). All de novo gene candidates had nonzero TPMs in mul-
tiple libraries, 5 on average. To further summarize candidate de
novo gene expression relative to expression levels of annotated
genes, we calculated, per library, the number of annotated genes
that were expressed over the maximum TPM observed among our
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candidates for that library. We found that, per library, 43% (in the
RAL 307 spermatheca library) to 71% (in the RAL 304 parovaria li-
brary) of annotated genes exhibited TPMs greater than the max-
imum TPM of the most highly expressed candidate de novo gene
observed in that library, providing further support for generally
low expression of these candidate genes.

Candidate expression in other female
reproductive tract tissues

We took advantage of 2 existing RNA-seq resources to seek further
evidence of expression of our 35 candidate genes. We used a pub-
lished transcriptome analysis of the D. melanogaster female repro-
ductive tract (McDonough-Goldstein et al. 2021), which included
data from virgin and mated females (2 postcopulation time points,
6 h and 24 h) for the same 3 organs used here, as well as for the
bursa, oviduct, and fat body.

In the female reproductive tract data from McDonough et al., we
observed expression (mean TPM > 1 across biological replicates for
each tissue/mating status) for 8 of 35 (23%) de novo gene candidates
(Table 1). The maximum TPM of our candidates in any one of these
libraries was 5.44. Most TPM > 1 estimates were from either the
spermatheca or seminal receptacle, and in many cases, these can-
didates also showed significant expression in those same tissues in
our FRT data (Table 1). Often, expression in these tissues included
numerous mating statuses (Supplementary Table 4). The corre-
lated expression patterns between our data and those of
McDonough et al. provide some additional support that these can-
didates are not simple technical artifacts.

Expression of candidate de novo genes in FlyAtlas
2 data

To investigate evidence of broader candidate de novo gene expres-
sion in publicly available transcriptome data, we used the RNA-seq
reads from FlyAtlas2 (Leader et al. 2018), which includes data from
several adult male and female tissues, and 3rd instar larval tissues.
Expression analysis was as described above, where TPM estimates
for replicates and isoforms were pooled and averaged for each candi-
date. Genes were categorized as expressed in a tissue if mean TPM
was >1. Eleven of 35 (31%) FRT-expressed candidates exhibited
TPM >1 in at least 1 tissue in FlyAtlas2, with the maximum TPM
from any 1 library being 12.63. Ten candidates were expressed in 1-
4 of these tissues, but 1 candidate, TRINITY_DN18465_cO_g4, was ex-
pressed in 15 different tissues (Table 1, Supplementary Table 5).

Expression of accessory gland expressed de novo
genes in female reproductive tissues

Two of the organs used in our experiments, the spermatheca and
parovaria, contain secretory cells (Allen and Spradling 2008;
Mayhew and Merritt 2013). Because the male accessory gland is
composed primarily of secretory cells (Wilson et al. 2017), we inves-
tigated whether previously identified accessory gland-expressed de
novo gene candidates (Cridland et al. 2022) are expressed (TPM > 1)
in our FRT data. Twelve of the 133 AG-expressed candidates (~9%)
were also expressed in at least 1 FRT library (Supplementary
Table 2). This supports the conclusion from the analysis of the
McDonough et al. and FlyAtlas2 data that the FRT-expressed candi-
date de novo genes are not always tissue-specific, or even sex-
specific in their expression. Whether or not the candidates ex-
pressed in FRT are biased toward secretory cell expression is an
open question. Two of these 12 AG-expressed de novo genes that
were also identified from our female tissues, TRINITY_DN4679_
cO0_g1 and TRINITY_DN42840_c0_g1, were also expressed (TPM > 1)
in the FRT data from McDonough-Goldstein et al. 2021.

Overall, of the 35 candidates pre-microsynteny validation, 24
(69%) were observed as expressed twice across our FRT data and
that of McDonough et al. (Table 1). Of the 29 candidates genes
with confirmed synteny to both outgroups, 12 (41%) were ex-
pressed at TPM > 1 in more than 1 FRT library (Table 1), and 14
(48%) were expressed at mean TPM > 1, in atleast 1 of 2 previously
published RNA-seq data sets (FlyAtlas 2 and McDonough-
Goldstein et al. 2021; Table 1).

Given the heterogeneous genotypes, experimental conditions,
and RNA-seq data production methods across these resources,
this should be viewed as a lower bound on the repeatability of can-
didate gene transcript production in D. melanogaster.

Coding potential

Two methods, CPAT and CPC2, were used to investigate coding po-
tential of candidate transcripts. CPAT analysis revealed that while
all 61 candidate transcripts had ORFs that exceeded the length
minimum of 30 nucleotides, 2 transcripts, both isoforms of
TRINITY_DN7862_c0_g3_(i1,12) were identified as potentially cod-
ing. Isoform 1 of TRINITY_DN7862_c0_g3 was 428 bp long and sin-
gle exon, while isoform 2 was 390 bp long and consisted of 2 exons.
In our data, this gene was expressed only in the seminal recep-
tacle of multiple lines: the RAL 304 (3.29 TPM), RAL 307 (2.94
TPM), and RAL 360 (1.18 TPM) (Supplementary Table 1).

CPC?2 identified 4 candidate transcripts as potentially coding: 2
isoforms of TRINITY_DN16805_cO_g2 (i1, i3), TRINITY_DN47998_
c0_g1_iland TRINITY_DNOS0_cO_g3_i1. TRINITY_DN16805is a single
exon candidate that has 3 isoforms overall. One of these isoforms is
only 250 bp long; however, the other 2 isoforms, which were the 2
rated as potentially coding, are 1,105 and 1,147 bp long. This candi-
date is expressed at TPM >1in the spermatheca of RAL 307 and RAL
307xRAL 304 F1 (1.81 TPM, 1.18 TPM). Both other potentially coding
candidates are single isoform and single exon. TRINITY_DN47998
has a length of 617 bp and was expressed in 2 FRT libraries: RAL
307 x 304 F1 seminal receptacle (2 TPM) and RAL 360 seminal recep-
tacle (1.37 TPM). TRINITY_DN90 is 486 bp long and was expressed at
TPM >11in 5 of our FRT libraries: RAL 304 spermatheca (1.14 TPM),
RAL 304xRAL 307 F1 parovaria (1.40 TPM), RAL 304xRAL 307 F1
spermatheca (1.05 TPM), RAL 307 parovaria (1.58 TPM) and RAL
307 spermatheca (1.40 TPM) (Supplementary Table 1).

Two to 4 candidate transcripts (~3-7%) had coding potential as
indicated by 1 of the 2 programs. This is consistent with the low
coding potential ratio observed in Cridland et al. (2022), where
163/165 (1%) of transcripts were called as potentially coding by
CPAT. None of the ORFs associated with any candidates were pre-
dicted by SignalP to have a signal sequence, which is unsurprising
considering the low number of potentially coding candidates.

Discussion

Our investigation of putative de novo genes expressed in 3 organs
of the D. melanogaster female reproductive tract, the parovaria,
seminal receptacle, and spermatheca, revealed multiple similar-
ities to candidate de novo genes expressed in the accessory gland
+ anterior ejaculatory duct (Cridland et al. 2022) of the same popu-
lation. For example, the number of intergenic de novo gene candi-
datesidentified here (n = 35) is comparable with that for intergenic
candidates observed in the accessory gland + anterior ejaculatory
duct (n=49) from a similar sample of the same population,
though direct quantitative comparison is difficult due to differ-
ences between studies in the number of distinct organs sampled
(2 in Cridland et al. (2022) and 3 here) and number of genotypes
used (6 inbred genotypes in Cridland et al. 2022 vs 4 inbred
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genotypes and 1 heterozygous genotype here). Also similar to ob-
servations from the intergenic candidates expressed in the acces-
sory gland +ejaculatory duct, none were expressed in all
genotypes examined. Further similarities include their short
length, simple organization, and low expression levels (Table 1,
Supplementary Table 1), features shared more generally by candi-
date de novo genes in multiple taxa (reviewed in Van Oss and
Carvunis 2019). While D. melanogaster testis-expressed candidate
de novo genes share similarities with those expressed in the ac-
cessory gland and female reproductive tract, including their
size, simplicity, and relatively low expression, they are much
more abundant, and are expressed in a greater proportion of gen-
otypes (Zhao et al. 2014, Cridland et al. 2022); 30% of testis candi-
dates expressed in 1 genotype, compared with 60% of FRT
candidates expressed in 1 genotype. While estimates of de novo
gene number may be compromised by both false positives and
false negatives, the similar material and approaches used across
these tissues implies that observed similarities and differences
between tissues are real. Whether the Drosophila female germline
exhibits patterns of de novo gene expression similar to that of the
male germline is an important unanswered question.

The expression of candidate genes in different female repro-
ductive tract organs and in other tissues suggests that they are
frequently not tissue- or organ-specific. Several are not sex-
limited in expression, as in addition to expression in the parovaria,
spermatheca, or seminal receptacle, where their transcripts are
present in the male accessory gland and multiple tissues in both
sexes. Whether this is a general property of D. melanogaster-
specific de novo gene candidates is an open question. While com-
putational analysis of the putative de novo genes identified here
provides little support that most are protein-coding, firmer con-
clusions on this point await analysis of proteomic or ribo-profiling
data (Zheng and Zhao 2022), or transgenic analysis of epitope-
tagged individual candidates.

Finally, given their generally low expression levels and the fact
they are not reliably expressed in all D. melanogaster genotypes, it
remains to be seen whether genetic analysis will provide robust
conclusions regarding the functions of these genes. Recent work
on the transcriptional behavior of “naive” human DNA in yeast
has suggested that eukaryotic DNA has inherent properties asso-
ciated with the production of mature mRNAs (Luthra et al. 2022).
Though the relevance of such observations to the attributes of en-
dogenous intergenic DNA in Drosophila is unclear, this finding has
potential relevance to the evolution of de novo genes. De novo
genes, especially those that have low population frequencies,
may be enriched for the products of some form of background
(i.e. spurious) transcription (Begun et al. 2006), and if so, their
presence and ability to be properly processed by the cell is not par-
ticularly informative about the probability that they have specific
biological functions. Second, the properties of ancestrally inter-
genic DNA must necessarily lead to occasional production of
spurious transcripts, a small subset of which may have or acquire
functions that drive their spread through populations under dir-
ectional selection (Begun et al. 2006, Zhao et al. 2014). Genetic
and/or population genetic data (e.g. Zhao et al. 2014) will be neces-
sary to elucidate the possible evolutionary and/or biological sig-
nificance of these very young Drosophila genes.

Data availability

Female reproductive tract sequences available at https:/www.
ncbinlm.nih.gov/sra under BioProject accession number
PRJNA924827. Pipeline scripts and information can be found at

https://github.com/kaelom/Dmel_DNG_Pipeline_2023.
Supplementary File 1 contains the trimmed transcripts associated
with the putative de novo gene candidates, as described above, in
FASTA format.

Supplemental material available at G3 online.
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