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Abstract

Ovaries play key roles in fitness and evolution: they are essential female reproductive structures that develop and house the 
eggs in sexually reproducing animals. In Drosophila, the mature ovary contains multiple tubular egg-producing structures 
known as ovarioles. Ovarioles arise from somatic cellular structures in the larval ovary called terminal filaments (TFs), formed 
by TF cells and subsequently enclosed by sheath (SH) cells. As in many other insects, ovariole number per female varies ex-
tensively in Drosophila. At present, however, there is a striking gap of information on genetic mechanisms and evolutionary 
forces that shape the well-documented rapid interspecies divergence of ovariole numbers. To address this gap, here we stud-
ied genes associated with Drosophila melanogaster ovariole number or functions based on recent experimental and tran-
scriptional datasets from larval ovaries, including TFs and SH cells, and assessed their rates and patterns of molecular 
evolution in five closely related species of the melanogaster subgroup that exhibit species-specific differences in ovariole 
numbers. From comprehensive analyses of protein sequence evolution (dN/dS), branch-site positive selection, expression spe-
cificity (tau), and phylogenetic regressions (phylogenetic generalized least squares), we report evidence of 42 genes that 
showed signs of playing roles in the genetic basis of interspecies evolutionary change of Drosophila ovariole number. 
These included the signaling genes upd2 and Ilp5 and extracellular matrix genes vkg and Col4a1, whose dN/dS predicted 
ovariole numbers among species. Together, we propose a model whereby a set of ovariole-involved gene proteins have 
an enhanced evolvability, including adaptive evolution, facilitating rapid shifts in ovariole number among Drosophila species.
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Significance
Ovaries in Drosophila, like in other insects, contain egg-producing structures, known as ovarioles. The number of ovar-
ioles per female varies among Drosophila species, but little is known about the genes and evolutionary dynamics that 
may shape interspecies changes in ovariole numbers. Here, we used a priori experimental and transcriptome data from 
Drosophila melanogaster to identify genes involved in ovariole formation and functions and studied their molecular evo-
lution among its closely related species within the melanogaster subgroup. Using a multilayered analysis consisting of 
protein sequence divergence (dN/dS), adaptive evolution, expression breadth, and phylogenetic regressions, we identi-
fied 42 genes whose molecular evolution patterns were well linked to ovariole number divergence. Further, gene protein 
sequence divergence was often predictive of species ovariole numbers.

© The Author(s) 2024. Published by Oxford University Press on behalf of Society for Molecular Biology and Evolution. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, 
distribution, and reproduction in any medium, provided the original work is properly cited.

GBE

Genome Biol. Evol. 16(7) https://doi.org/10.1093/gbe/evae118 Advance Access publication 7 June 2024                                          1

https://orcid.org/0000-0002-9331-0520
https://orcid.org/0000-0003-2922-5855
mailto:extavour@oeb.harvard.edu
https://creativecommons.org/licenses/by/4.0/


Introduction
Ovarian development is a process that is poised to play key 
roles in organismal evolutionary biology, as the female go-
nads form and house the oocytes and/or eggs that are central 
to fertility and reproductive success of a species, and thus af-
fect their fitness (Miller et al. 2014; Macagno et al. 2015). In 
insects, the most well-studied model with respect to ovarian 
development and genetics is the fruit fly Drosophila melano-
gaster (Dansereau and Lasko 2008; Eliazer and Buszczak 
2011; Li et al. 2014; Slaidina, Gupta et al. 2020; Lebo and 
McCall 2021). The mature ovary in D. melanogaster, as 
in other species of insects, is comprised of tubular egg- 
producing structures known as ovarioles (King et al. 1968; 
Dansereau and Lasko 2008; Lebo and McCall 2021), which 
are a central factor shaping organismal reproductive output 
(Montague et al. 1981; Starmer et al. 2003; Church et al. 
2021). The number of ovarioles contained in the ovaries is 
highly variable within the genus Drosophila (Kambysellis 
and Heed 1971; Hodin and Riddiford 2000; Starmer et al. 
2003; Markow et al. 2009; Sarikaya et al. 2019; Church 
et al. 2021). As an example, within the melanogaster 
subgroup, D. melanogaster has typically about 19 ovarioles 
per ovary, while its closely related sister species Drosophila 
sechellia has only about 8 to 9 ovarioles per ovary (Hodin 
and Riddiford 2000). A broad range of ovariole numbers 
has been observed across the family Drosophilidae, from 
one to more than 50 per ovary across the genus Drosophila 
(Sarikaya et al. 2019; Church et al. 2021). At present, how-
ever, we know little about the genetic basis of the evolution 
of ovariole number within insects (Hodin and Riddiford 2000; 
Markow et al. 2009; Sarikaya et al. 2019).

A central factor that may underlie the rapid interspecies 
transitions in ovariole numbers in Drosophila is the evolvability 
of ovariole-related protein-coding genes, that is, the tendency 
of the proteins encoded by these genes to diverge and/or 
undergo adaptive sequence changes (Wagner and Zhang 
2011; Cutter and Bundus 2020). Functional amino acid 
changes in protein-coding DNA and associated selection pres-
sures (measured as nonsynonymous to synonymous changes, 
or dN/ds; Bielawski and Yang 2005; Cutter and Bundus 2020; 
Yang 1997) can play a significant role in shaping interspecies 
divergence of developmental processes and other key pheno-
types (Hoekstra and Coyne 2007). For instance, dN/dS of spe-
cific genes or sets of genes has been correlated with the 
divergence of sperm length in Drosophila (Chebbo et al. 
2021), sperm head size (Luke et al. 2014) and testis size 
(Ramm et al. 2008) in rodents, plumage color in toucans 
(Corso et al. 2016), and brain mass in primates 
(Montgomery et al. 2011), as well as other species traits 
(Swanson and Vacquier 2002; Hoekstra and Coyne 2007; 
Clark et al. 2009; Cutter and Bundus 2020). Several lines of 
evidence indicate that ovariole number may also be a pheno-
type whose interspecies evolution in Drosophila is shaped by 

gene protein sequence changes and associated selection pres-
sures (dN/dS; Yang and Nielsen 2002; Bielawski and Yang 
2005; Yang 2007). Specifically, ovariole number is highly 
heritable and polygenic (Coyne et al. 1991; Wayne and 
McIntyre 2002; Bergland et al. 2008; Green and Extavour 
2012; Sarikaya and Extavour 2015; Lobell et al. 2017; 
Kumar et al. 2020), and thus, genetic mechanisms exist 
wherein changes in ovariole-related gene protein products 
could lead to interspecies differences in ovariole numbers. 
Further, in Drosophila, sexual (positive) selection pressures 
have been commonly observed and mating behaviors are vari-
able among taxa (Kaneshiro and Boake 1987; Singh et al. 
2002; Singh and Singh 2014; Lupold et al. 2016; Wigby 
et al. 2020). These factors have been linked to accelerated in-
terspecies protein sequence evolution in reproduction-related 
gene proteins and reproductive characteristics (Markow 
2002; Swanson et al. 2004; Jagadeeshan and Singh 2005; 
Haerty et al. 2007; Kang et al. 2016), which may potentially 
include ovariole numbers. Natural adaptive selection may 
also influence ovariole number evolution in Drosophila. For ex-
ample, ovariole numbers and/or functions among species 
have been correlated with local environmental conditions 
and with oviposition and larval substrates in the melanogaster 
subgroup as well as in the Hawaiian Drosophila (Kambysellis 
and Heed 1971; Kambysellis et al. 1995; Sarikaya et al. 
2019). Finally, species-specific ovariole number may also be 
partly influenced by neutral protein sequence changes via ran-
dom genetic drift (Kimura 1989; Kambysellis et al. 1995). For 
these reasons, we sought to investigate whether evolutionary 
pressures on changes in proteins (dN/dS) involved in ovariole 
formation and function, especially in those genes that exhibit 
signs of evolvability and adaptive evolution, could underlie or 
even predict interspecies divergence in ovariole number, as is 
the case for certain other fitness-related phenotypes in ani-
mals (Montgomery et al. 2011; Wagner and Zhang 2011; 
Luke et al. 2014; Corso et al. 2016; Chebbo et al. 2021).

The most crucial developmental period that determines 
ovariole number in D. melanogaster is the larval stage (Fig. 1) 
(King et al. 1968; Godt and Laski 1995; Hodin and Riddiford 
2000; Sarikaya et al. 2012; Sarikaya and Extavour 2015; 
Slaidina, Gupta et al. 2020). Somatic gonad precursors speci-
fied during embryogenesis give rise to many different somatic 
ovarian cell types in the larval stage, and the numbers and be-
haviors of these somatic cells largely determine final ovariole 
number (Extavour and Akam 2003; Clark et al. 2007; 
Dansereau and Lasko 2008). Specifically, the number of ter-
minal filaments (TFs; Fig. 1a), which are stacks of flattened in-
tercalated TF cells in the anterior ovary at the late third larval 
instar stage (LL3), determines adult ovariole number (King 
et al. 1968; Godt and Laski 1995; Dansereau and Lasko 
2008; Sarikaya et al. 2012; Sarikaya and Extavour 2015). 
Each TF is the starting point for formation of a single ovariole 
(Fig. 1b; Sahut-Barnola et al. 1996; Sarikaya et al. 2012), which 
contains an anterior germarium housing germ line stem cells 
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and egg chambers that form the oocytes in an anterior-to- 
posterior pattern of oocyte maturation (Sahut-Barnola et al. 
1996; Eliazer and Buszczak 2011; Sarikaya et al. 2012; Lebo 
and McCall 2021; Slaidina et al. 2021). Single-celled RNA se-
quencing (sc-RNA-seq) data (Slaidina, Banisch et al. 2020) sug-
gest that LL3 TFs have anterior (TFa) and posterior (TFp) 
subgroups with distinct transcriptional profiles (Fig. 1a). 
Another key somatic cell type are the sheath (SH) cells, also lo-
cated at the anterior of the LL3 ovary (Fig. 1a), and are sub- 
categorized based on sc-RNA-seq into anterior sheath cells 
(SHa) and migrating sheath cells (SHm) (Slaidina, Gupta et al. 
2020). The latter cells migrate in an anterior-to-posterior direc-
tion between the TFs, depositing basement membrane that 
partitions the remaining cells of the ovary (germ cells [GC] 
and posterior somatic cells) into the developing ovarioles 
(King et al. 1968; King 1970; Slaidina, Gupta et al. 2020). 
Additional somatic cells in the LL3 ovary include intermingled 
cells (IC), which are interspersed between the GC and are in-
volved in their proliferation (Gilboa and Lehmann 2006), cap 
cells (CC), which form the adult germ line stem cell niche 
(Song et al. 2002), follicle stem cell precursors (FSCP), which 
give rise to adult follicle stem cells (Slaidina, Gupta et al. 
2020; Slaidina et al. 2021), and swarm (SW) cells, whose pre-
cise functions largely remain to be ascertained (Slaidina, Gupta 
et al. 2020) (Fig. 1a). In this regard, understanding the interspe-
cies evolution of ovariole number in Drosophila requires con-
sideration of the genes and proteins regulating cell behavior 
in the larval ovary, and particularly the behaviors of the TF 
and SH cells, which are instrumental to determining ovariole 
numbers in D. melanogaster.

Until recently, research on the relationships between di-
vergence in gene sequences and ovariole numbers in 
Drosophila was challenged by the lack of data on the iden-
tity of protein-coding genes expressed in somatic cells of 
the larval ovary that regulate ovariole number (Sarikaya 
et al. 2012; Sarikaya and Extavour 2015). Recently available 
large-scale functional genetic and cell type-specific expres-
sion data from D. melanogaster, however, now provide a 
means to systematically identify genes linked to ovariole 
numbers, and, in turn, assess their molecular evolution 
across species. A large-scale RNAi screen of 463 signaling 
genes from 14 conserved animal signaling pathways re-
vealed that TF-mediated ovariole number determination is 
regulated by all conserved animal signaling pathways, 
and identified a specific set of genes affecting ovariole 
numbers and functions (Kumar et al. 2020). Another study 
using bulk RNA-seq expression data from GC and somatic 
cells separated by fluorescence-activated cell sorting 
(FACS) revealed additional genes differentially expressed 
throughout TF formation, suggesting their potential in-
volvement in ovariole number regulation (Tarikere et al. 
2022). In addition to those studies, a recent sc-RNA-seq 
study yielded unique transcriptional profiles for all of the 
known cell types in the D. melanogaster LL3 ovaries 
(Fig. 1), providing a novel resource to identify and study 
the evolution of genes transcribed in TF and SH cells, the 
two crucial cell types in determining ovariole number 
(Slaidina, Gupta et al. 2020).

Collectively, these datasets provide valuable empirical 
data from which to a priori identify sets of genes that 

FIG. 1.—A schematic diagram of a) the late third-instar larval ovary with its germ cells and various somatic cell types and b) an external view of an adult 
ovary showing the ovarioles in each of the two ovaries that converge to the common oviduct in D. melanogaster. The relative cell positioning of cells in (a) is as 
denoted by Slaidina et al. (2020). For orientation, anterior is up in both panels.
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regulate ovariole numbers or functions in Drosophila, and, 
in turn, to evaluate which of these genes exhibit elevated or 
otherwise unusual rates of interspecies protein sequence 
evolution, including adaptive evolution, suggesting them 
as candidates for driving interspecies divergence of ovariole 
numbers in Drosophila. For example, by assessing dN/dS, 
we may ask whether ovariole-related gene protein se-
quences typically have been under strict purifying selection, 
which could mean that phenotypes regulated by these 
genes are likely to show high pleiotropy and low evolvability 
and to have minimal potential to diverge neutrally or adap-
tively (Fisher 1930; Otto 2004; Wagner and Zhang 2011; 
Cutter and Bundus 2020; Munds et al. 2021). If, in contrast, 
some ovariole-related genes have been subjected to relaxed 
selection and/or have commonly experienced adaptive 
changes, we might expect high phenotypic evolvability 
and adaptability (Otto 2004; Larracuente et al. 2008; 
Clark et al. 2009; Mank and Ellegren 2009; Montgomery 
et al. 2011; Luke et al. 2014; Corso et al. 2016; Chebbo 
et al. 2021). In this regard, the study of the evolution of 
protein-coding genes (from dN/dS) that are prescreened 
for likely roles in ovariole numbers and/or functions by stud-
ies like the ones described above (Kumar et al. 2020; 
Slaidina, Gupta et al. 2020; Tarikere et al. 2022) provides 
a novel pathway to advance our understanding of the gen-
etic factors and evolutionary forces that shape rapid inter-
species divergence in ovariole numbers.

In the present study, we rigorously assess the molecular 
evolutionary patterns of genes that regulate ovariole num-
bers and/or functions that were identified a priori based on 
one or both of functional genetic evidence (Kumar et al. 
2020) or transcriptional activity (Slaidina, Gupta et al. 
2020; Tarikere et al. 2022). We focus on the molecular evo-
lution of ovariole-related genes within five species of the 
melanogaster subgroup of Drosophila, which is a closely re-
lated species clade that includes D. melanogaster, diverged 
from a common ancestor about 13 Mya (Tamura et al. 
2004), and exhibits substantial interspecies variation in 
ovariole numbers (Hodin and Riddiford 2000; Starmer 
et al. 2003; Markow et al. 2009). From our assessments, 
we identify 42 genes that are high-confidence candidates 
for contributing to the genetic basis of interspecies diver-
gence in ovariole numbers. We hypothesize that evolved 
changes in these genes are apt to underlie ovariole number 
divergence among taxa given that they exhibit an 
ovariole-related function (Kumar et al. 2020; Slaidina, 
Gupta et al. 2020; Tarikere et al. 2022), have a propensity 
to diverge in protein sequence, or high evolvability, show 
a high frequency of adaptive sequence evolution events 
in branches of the phylogeny, and are often associated 
with low pleiotropy (Yanai et al. 2005). Further, phylogenetic 
regressions show gene dN/dS has predictive associations to 
ovariole numbers. Collectively, our findings provide a genetic 
framework to explain the rapid interspecies divergence of 

ovariole numbers in Drosophila, which we propose is 
largely mediated by selection pressures shaping the evolu-
tion of functional protein sequences, and thus ovariole 
numbers.

Results

The Clade Under Study, the melanogaster Subgroup

For our study, we focused on a multilayered analysis of the 
molecular evolution of ovariole-related genes across five spe-
cies from the melanogaster subgroup of Drosophila: 
Drosophila simulans (Dsim), D. sechellia (Dsec), D. melanoga-
ster (Dmel), Drosophila yakuba (Dyak), and Drosophila erecta 
(Dere) (Fig. 2; Drosophila ananassae of the melanogaster 
group was used as an outgroup for phylogeny construction, 
see “Drosophila Phylogeny” section; the abbreviated names 
are used in tables and figures). Using this closely related spe-
cies clade, we hypothesize that if genes with demonstrated 
roles in regulating ovariole numbers or formation are in-
volved in the interspecies divergence of ovariole numbers, 
then they will exhibit relatively rapid evolution (dN/dS) as 
compared to the genome, as well as interspecies variation 
in dN/dS, signs of positive selection, and low pleiotropy (as in-
ferred by high tau across tissues, supplementary table S1, 

FIG. 2.—The phylogeny showing the five-species melanogaster sub-
group under study that was based on a ML tree generated in MEGA v. 11 
(Tamura, et al. 2021) and DNA sequence data from DrosoPhyla (Finet, 
et al. 2021). The five species of the melanogaster subgroup are shown. 
The relatively distantly related D. ananassae (Dana) was used as an out-
group for tree construction. Ovariole numbers are shown and are for 
two ovaries per female and from the following sources: D. melanogaster 
(Dmel), D. sechellia (Dsec), and D. yakuba (Dyak) (Hodin and Riddiford 
2000), D. simulans (Dsim) (averaged, (Hodin and Riddiford 2000; 
Starmer, et al. 2003), and D. erecta (Dere) (Markow, et al. 2009) (see re-
spective articles for variation). All nodes had 100/100 bootstrap support. 
ON, ovariole numbers.
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Supplementary Material online). We further hypothesize that 
if evolutionary variation in these genes contributes to the 
genetic basis of evolved shifts in ovariole number, that dN/ 
dS values for these genes may predict species ovariole 
numbers.

The five-species clade of melanogaster subgroup had 
the following advantages for our study: (i) all species 
within the clade are very closely related to D. melanoga-
ster (Tamura et al. 2004; Obbard et al. 2012), the species 
for which experimental and transcriptome data on genes 
associated with ovariole numbers or functions are avail-
able (Kumar et al. 2020; Slaidina, Gupta et al. 2020; 
Tarikere et al. 2022), and thus, we hypothesize they are 
likely to share similarities in the genetic pathways affect-
ing ovariole numbers, more so than we would be ex-
pected for distantly related species; (ii) the clade 
exhibits substantial variation in ovariole numbers among 
species, typically about 39.2 (per female) for D. melano-
gaster and 17.0 for D. sechellia and intermediate values 
for D. simulans (33.9), D. yakuba (25.8), and D. erecta 
(27.0) (Fig. 2; see values and variability; Hodin and 
Riddiford 2000; Starmer et al. 2003; Markow et al. 
2009), and includes some species with similar ovariole 
numbers and others that markedly differ; (iii) the phyl-
ogeny is highly resolved (Fig. 2 (Cutter 2008; Obbard 
et al. 2012), unlike some other Drosophila clades and 
branches (Finet et al. 2021), and all five species are very 
closely related to each other (Tamura et al. 2004; 
Cutter 2008). We made this choice to minimize biological 
differences other than ovariole numbers among taxa and 
to facilitate the detection of putative cause–effect rela-
tionships (here, dN/dS and ovariole number; Felsenstein 
1985; Bromham et al. 1996; Whittle and Johnston 
2003; Thomas et al. 2010; Symonds and Blomberg 
2014). The close relatedness of species is more conducive 
to accurate alignments and retains a larger set of ortho-
logous genes, including rapidly evolving genes, for study, 
than when studying more divergent species, which often 
skews toward the identification of fewer and more slowly 
evolving orthologous gene sets (cf. Stanley and 
Kulathinal 2016; Bubnell et al. 2022), and may exclude 
some rapidly evolving genes of interest.; (iv) each species 
has a whole-genome sequence available (Gramates et al. 
2022); and (v) the dN and dS values among the species in 
this subgroup have substantially diverged, yet are also 
unsaturated in the frequency of substitutions, and thus 
are within the ideal range for dN/dS analysis 
(Castillo-Davis et al. 2004; Larracuente et al. 2008; 
Treangen and Rocha 2011) (for example, from M0 dN/ 
dS values [that is, the single clade-wide measure of dN/ 
dS; Stanley and Kulathinal 2016], we found the 95th per-
centile for M0 dN = 0.235 and M0 dS = 0.791 for the 
9,232 genes that had orthologs in all five species and 
M0 values). In sum, this closely related taxonomic group 

has multiple benefits for the study of the evolution of 
ovariole-related genes.

Identification of Rapidly Evolving Ovariole-Related 
Genes for Follow-Up Study

To identify genes associated with ovariole numbers or func-
tions for study, we focused on three recently available 
datasets from D. melanogaster. The first gene set we desig-
nate as the SIGNALC dataset, defined here as the signaling 
and connector genes (connectors identified by protein 
interaction networks) that were identified as affecting ovar-
iole or egg numbers in a hpo[RNAi] and/or a hpo[ + ] back-
ground (Kumar et al. 2020). Among 463 signaling genes 
and additional connector genes studied, the authors 
reported 67 genes that affected ovariole number in a 
hpo[RNAi] background (named therein hpo[RNAi] 
Ovariole Number), 59 and 49 genes that affected egg lay-
ing in a hpo[RNAi] background (hpo[RNAi] Egg Laying) 
and a wild-type (wt) background (Egg Laying [wt]), respect-
ively, and 17 connector genes that altered ovariole or egg 
laying phenotypes (and passed screening of z > 1; note 
that genes may belong to more than one category) 
(Kumar et al. 2020). The second is the BULKSG dataset, 
based on bulk RNA-seq data obtained from pooled larval 
ovarian somatic cells or GC from the early (72 h after egg 
laying [AEL]), mid (96 h AEL), and late (120 h AEL) TF devel-
opmental stages (Tarikere et al. 2022) and identified differ-
entially expressed genes (P-values were from DeSeq2; 
Love et al. 2014). The third is the SINGLEC dataset 
(Slaidina, Gupta et al. 2020), a sc-RNA-seq dataset that 
provided expression data for each of the cell types of the 
D. melanogaster LL3 larval ovary (Fig. 1) (Slaidina, Gupta 
et al. 2020). The SINGLEC study assessed average standar-
dized expression to identify differentially expressed genes 
among cell types (P-values from Seurat v.2; some genes 
were upregulated in more than one cell type using the cri-
teria therein; Slaidina, Gupta et al. 2020).

The SIGNALC, BULKSG, and SINGLEC gene sets were 
screened for further study using their clade-wide M0 
dN/dS values (Yang 2007) that reflects the rate of protein 
divergence and the potential types of selective pressures 
that may have affected a gene (Yang 2007, 1997). Values 
of dN/dS <1 suggest a history of purifying selection on pro-
tein sequences,  = 1 infer neutral evolution, and >1 suggest 
a history of positive selection (Yang 2007, 1997); however, 
even when dN/dS <1 across an entire gene (Yang 2007), 
elevated dN/dS values in one gene relative to another 
suggest an enhanced degree of positive selection and/or 
neutral evolution (Buschiazzo et al. 2012; Ho and Smith 
2016; Mitterboeck et al. 2017; Whittle et al. 2021; Yang 
1998, 2007). We identified those ovariole-related genes 
with an M0 dN/dS value at least 1.5-fold (SIGNALC; lower 
cut-off due to conserved nature of signaling genes, see 
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Materials and Methods) or 2-fold (BULKSG and SINGLEC) 
higher than the genome-wide medians, and we then con-
ducted a thorough follow-up analysis that included the 
M1 free-ratio species branch dN/dS (e.g. Dorus et al. 
2004; Nadeau et al. 2007; Clark et al. 2009; Wlasiuk and 
Nachman 2010; Mensch et al. 2013; Borges et al. 2019; 
Kong et al. 2019; LaBella et al. 2021), branch-site tests 
of positive selection (Yang 2007; Zhang et al. 2005), 
tau (Yanai et al. 2005), and phylogenetic regressions 
(R-Core-Team 2022) (see Materials and Methods).

Some Signaling Pathway Genes that Regulate Ovariole 
Number Have Evolved Rapidly

We report that for the ovariole-related SIGNALC gene set 
(Kumar et al. 2020), which included signaling genes that af-
fected ovariole number and/or egg laying, many genes ex-
hibited very low M0 dN/dS (Mann-Whitney U (MWU) tests 
had P < 0.05 vs. the genome-wide values; Fig. 3a). This sug-
gests a history of strong purifying selection on these highly 
conserved signaling genes, which may be partly due to their 
high pleiotropy, given that all of these signaling pathways 
play multiple roles in development and homeostasis 
(Kumar et al. 2020). Consistent with this hypothesis, the 
tau values for these genes were statistically significantly 
lower than the genome-wide values (MWU tests had P <  
0.05; Fig. 3b), suggesting that broad expression breadth 

may have acted to slow molecular evolution (Otto 2004; 
Kim et al. 2007; Cui et al. 2009; Mank and Ellegren 
2009; Meisel 2011; Assis et al. 2012; Masalia et al. 2017; 
Whittle et al. 2021).

Importantly, however, our main goal herein was to iden-
tify whether any ovariole-related SIGNALC genes evolved 
unusually rapidly and showed signs of evolvability that could 
underlie interspecies ovariole number divergence. As shown 
in supplementary table S2, Supplementary Material online, 
we indeed identified 27 SIGNALC genes that had elevated 
M0 dN/dS in at least one of the studied Drosophila taxon 
groups (≥1.5-fold higher than the genome-wide median; 
Table 1, supplementary table S2, Supplementary Material
online, see also supplementary Text File S1 Results, 
Supplementary Material online, and Table 1 Notes for 
Paris). The signaling pathways and example functions of 
each of these genes are provided in supplementary table 
S3, Supplementary Material online: we found they were 
preferentially involved in developmental and cytoskeletal 
roles. Thus, it is apparent that while most of the ovariole 
number-related signaling genes evolved under strong purify-
ing selection (Fig. 3a), a subset of them exhibited a high rate 
of amino acid sequence changes, well above the genome- 
wide median, in the melanogaster subgroup of Drosophila. 
This pattern shares similarities to the previous finding that 
while most D. melanogaster developmental genes expressed 
at the phylotypic stage of embryogenesis evolved under 

FIG. 3.—Box plots of a) M0 dN/dS of genes with five-species orthologs in the melanogaster subgroup for each of four groups of signaling/connector genes 
that affected ovariole/egg numbers using RNAi in D. melanogaster (Kumar, et al. 2020) and for the genome-wide values and b) tau for all genes in each of the 
four groups of ovariole number/egg laying affecting genes and the genome-wide values. Different letters (a. b) below bars indicate a statistically significant 
difference (MWU tests P < 0.05) between the genome-wide values and each group of genes. The median and 25th percentiles are shown for dN/dS and tau as 
reference points for the genome-wide values (i.e. across all 9,232 genes with known dN/dS and five-species orthologs).
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strong purifying selection (low dN/dS), a subset of genes ex-
pressed at this stage exhibited a history of positive selection 
(Mensch et al. 2013).

Rapid and Adaptive Evolution of Specific Signaling 
Genes Coincides with Ovariole Number Evolution

To examine potential lineage-specific patterns of molecular 
evolution and pleiotropy of the 27 rapidly evolving 
ovariole-related genes, we assessed dN/dS per species 
branch (Table 1), branch-site positive selection (Table 1), 
and tau (supplementary table S3, Supplementary Material
online). We found that these 27 genes showed marked dif-
ferences in dN/dS values per gene among the five species 
terminal branches in the melanogaster subgroup (the distri-
bution of dN/dS for all genome-wide genes per species 
branch is shown in box plots in supplementary fig. S1, 
Supplementary Material online). In addition, we observed 
branch-site positive selection in at least one species branch 
for 19 of the 27 genes (Table 1), which is consistent with 
potential high adaptability of these genes. Of particular 
note is the D. sechellia branch, as this species evolved a 
very low ovariole number (17 ovarioles per female, Fig. 2), 
only half that of its most closely related sister species 
D. simulans (33.9 ovarioles per female, Fig. 2), since diver-
ging from their recent common ancestor. Among the five 
species terminal branches, the D. sechellia terminal branch 
had the highest dN/dS values for nine genes (Table 1), 
namely Zyx, elB, CG5504, CG3630, upd2, RpS6, Pdk1, 
Pyr, and tefu, with values ranging from 0.191 to >1. 
Further, five of these genes exhibited branch-site positive 
selection on amino acids in the D. sechellia branch (elB, 
CG5504, unp2, RpS6, Pdk1, branch-site P < 0.05 for all 
genes; Zhang et al. 2005; Yang 2007), explicitly showing 
a propensity for adaptive evolution in this species branch. 
In total, six of the 27 genes (22.2%) exhibited branch-site 
positive selection in the D. sechellia terminal branch. This 
was nearly double the genome-wide frequency for this spe-
cies, which was 12.0% of 9,232 genes (one-tailed χ2 P =  
0.05). Thus, the D. sechellia lineage, with the lowest ovar-
iole numbers (Fig. 2), has a dynamic molecular evolutionary 
history of ovariole number-regulating genes, consisting of 
rapid gene-wide evolution (dN/dS), combined with a perva-
siveness of positive selection events on such genes in that 
species branch. The evolution of unusually low ovariole 
numbers in D. sechellia, which corresponded to gene se-
quence changes (relative to its close sister species) observed 
here, shares parallels to prior findings of a rapid shift from a 
“hairy” (with many larval cuticular bristles) phenotype in 
first-instar larvae in multiple melanogaster species (includ-
ing D. melanogaster) to hairlessness within D. sechellia. In 
that case, the transition to hairlessness was shown to be 
caused by interspecies evolution at the ovoD/shaven baby 
locus (Sucena and Stern 2000), thus also demonstrating 

an association between gene changes and phenotype di-
vergence within the D. sechellia lineage.

In D. sechellia’s sister species D. simulans (Fig. 2), eight 
genes had the highest dN/dS values in the D. simulans ter-
minal branch (Table 1), five of which also exhibited statistic-
ally significant branch-site positive selection (Su(var)2 to 10, 
CkIIbeta, Gug, aPKC, CtBP, P < 0.05, Table 1). In total, six of 
the studied 27 SIGNALC genes (22.2%) presented branch- 
site positive selection in the D. simulans branch, which was 
more than 4-fold higher than the genome-wide frequency 
for the species (5.4%, χ2 P < 0.05). In turn, four of 27 genes 
had the highest dN/dS in the D. melanogaster branch, and 
four genes had branch-site positive selection in D. melano-
gaster (14.8%), which was more than triple its genome- 
wide frequency (4.1%; χ2 P < 0.05). D. yakuba and D. erec-
ta had the highest dN/dS for three and two genes, respect-
ively, and had branch-site positive selection in three and 
four genes, respectively (Table 1). In sum, for the melanoga-
ster subgroup, all five species terminal branches showed 
signs of having the highest dN/dS values for at least two 
(D. erecta) and up to nine (D. sechellia) genes, exhibited sig-
nals of branch-site positive selection, and had particularly 
high rates of protein sequence divergence.

The patterns in Table 1 support the hypothesis that pro-
tein sequence changes, including adaptive changes, in 
these ovariole-related genes may underlie the genetic basis 
for the marked divergence in interspecies ovariole numbers 
(Fig. 2). For many of these genes, their known molecular 
and genetic mechanisms of action in tissue morphogenesis 
make them prime candidates for future analyses of how 
their diverged functions between species may have contrib-
uted to species-specific ovariole number evolution. For ex-
ample, Zyx (Zyxin) is an actin cytoskeleton regulator and a 
signal transducer in the Hippo pathway, and mis-regulation 
of either actin cytoskeleton function (Li et al. 2003) or 
Hippo signaling function (Sarikaya and Extavour 2015; 
Kumar et al. 2020) during ovariole morphogenesis can alter 
ovariole number. We provide further discussion of some of 
these ovariole-related signaling genes in Table 1 in the 
supplementary Text File S1, Supplementary Material online.

Most of the Rapidly Evolving Signaling Genes were 
Differentially Expressed in Larval Ovary Cells

We identified genes whose high differential expression in 
the D. melanogaster larval ovary suggested a role in ovariole 
number regulation using the BULKSG RNA-seq datasets 
using pooled larval ovarian somatic versus pooled GC from 
different stages of TF formation (Tarikere et al. 2022). First, 
we asked whether the 27 rapidly evolving ovariole-related 
SIGNALC genes in Table 1 exhibited statistically significant 
differential expression between somatic and GC during TF 
formation (therein P < 0.01; Love et al. 2014; Tarikere 
et al. 2022). Remarkably, as shown in supplementary table 
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S4, Supplementary Material online, we report that 25 of the 
27 rapidly evolving SIGNALC ovariole-related genes showed 
up- or downregulation in the soma (vs. GC; each cell type 
pooled across stages) or among the three different TF forma-
tion stages. Thus, this affirms that the SIGNALC genes in 
Table 1 that experimentally affected ovariole numbers or 
functions using RNAi (Kumar et al. 2020), and that showed 
signals of enhanced evolvability herein (Table 1), also exhib-
ited differential expression in the larval somatic ovary cells, 
based on an independent approach of bulk RNA-seq 
(Tarikere et al. 2022). These two lines of evidence suggest 
that these genes are apt to have contributed toward the gen-
etic basis of evolved ovariole number divergence.

Rapidly Evolving Genes are Highly Transcribed in the 
Larval Ovary Somatic Cells

We aimed to further identify any rapidly evolving genes that 
were highly differentially expressed in the larval ovarian soma 
during TF formation and thus potentially involved in the evolu-
tion of ovariole number using the BULKSG datasets. For this, 
we identified genes that were upregulated in the soma versus 
the GC, ranked them by log2fold upregulation, and, in that 
subset, screened for genes that were rapidly evolving in the 
melanogaster subgroup as compared to the genome-wide va-
lues (see Materials and Methods, M0 dN/dS > 0.20). The top 
ten genes matching these criteria are shown in Table 2, with 
the highest log2fold values ranging from 5.1 to 10.0, which in-
cludes the branch dN/dS, branch-site positive selection tests for 
each species of the melanogaster subgroup, and tau values 
(see supplementary Text File S1, Supplementary Material
online for analysis of genes highly upregulated in GC, 
supplementary table S5, Supplementary Material online).

Remarkably, eight of the ten most highly upregulated 
and rapidly evolving somatic genes had extremely elevated 
tau values >0.90, and six had values above 0.94, indicating 
very narrow expression breadth (as compared to genome- 
wide values in supplementary fig. S2, Supplementary 
Material online). This low pleiotropy may facilitate their ra-
pid evolution, via neutral evolution, and/or by adaptive se-
quence evolution (Otto 2004; Larracuente et al. 2008; 
Mank and Ellegren 2009). For the D. sechellia branch, five 
of the ten genes had the highest dN/dS in this species 
terminal branch, including Ilp5 (insulin-like peptide 5, 
dN/dS = 0.5843, discussed in supplementary Text File S1, 
Supplementary Material online) and four unnamed genes 
(CG identifiers only, CG32581, CG31157, CG10232, 
CG30281). Two of these, CG31157 and CG10232, exhib-
ited gene-wide positive selection with dN/dS values larger 
than 1, and the latter gene also had dN/dS >1 in D. simulans 
(Table 2). Further, CG31904 exhibited branch-site positive 
selection in D. sechellia (Table 2). These patterns are con-
sistent with a prevalent history of rapid protein evolution 
coupled with the ovariole number decline within the 
D. sechellia branch, as also observed for multiple SIGNALC 
genes (Table 1). Further, three of the ten genes also showed 
branch-site positive selection in D. melanogaster, and one 
displayed this pattern in D. erecta (Table 2), suggesting 
that many of these genes experienced a history of adaptive 
evolution across multiple lineages of the phylogeny.

TF Cells and SH Cells Express Rapidly Evolving Genes

The SINGLEC dataset was based on sc-RNA-seq data gener-
ated from the late third-instar D. melanogaster ovary 
(Slaidina, Gupta et al. 2020) and includes expression data 

Table 2 
Genes that were highly upregulated in the larval ovary somatic cells relative to germ cells when pooled across three larval stages (Tarikere, et al. 2022) and 
that exhibited rapid protein sequence divergence in the melanogaster subgroup (M0 dN/dS > 0.20)

Fbgn ID Log2fold 
change

Gene name Gene 
symbol

M0 dN/ 
dS

Branch dN/dS BR-S pos. sel. 
P < 0.05

tau

… … … … … Dsim Dsec Dmel Dyak Dere … …

FBgn0052581 10.012 CG32581 CG32581 0.3052 0.1647 0.6899 0.5668 0.2455 0.1672 Dmel 0.7378
FBgn0051157 9.389 CG31157 CG31157 0.2962 0.1163 1.3228 0.1967 0.3405 0.1777 … 0.9010
FBgn0039108 7.526 CG10232 CG10232 0.7202 >1 2.0881 0.4894 0.6514 0.5914 Dere 0.9260
FBgn0039598 7.217 Aquarius aqrs 0.2305 0.1183 0.1097 0.1265 0.3029 0.1972 … 0.9946
FBgn0260479 5.373 CG31904 CG31904 0.3038 0.0001 0.4808 0.6401 0.0556 0.1363 Dsec, Dmel 0.9466
FBgn0044048 5.343 Insulin-like 

peptide 5
Ilp5 0.3776 0.2932 0.5843 0.0001 0.4907 0.5501 … 0.8485

FBgn0031900 5.308 CG13786 CG13786 0.2487 0.1709 0.2778 0.2748 0.2362 0.3271 … 0.9483
FBgn0050281 5.216 CG30281 CG30281 0.2155 0.4796 0.613 0.1951 0.1806 0.249 … 0.9820
FBgn0031646 5.146 Snustorr snarlik snsl 0.2672 0.1571 0.0635 0.1566 0.2317 0.585 … 0.9408
FBgn0051815 5.070 CG31815 CG31815 0.3745 0.1725 0.3185 0.3421 0.4465 0.3695 Dmel 0.9519

The dN/dS per species terminal branch, branch-site positive selection (P < 0.05), and tau values are shown for each gene. The genes with the top 10 log2fold change 
values matching these criteria are shown. 

Notes: The species branch per gene with the highest dN/dS is in bold. A name for FBgn0052581 as suppression of retinal degeneration disease 1 upon overexpression 2 
(sordd2) has been recently added/proposed at FlyBase. One gene, CG10232, showed positive selection using McDonald and Kreitman (1991) tests of Dmel–Dsim.
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for all the cell types shown in Fig. 1 (the GC and eight som-
atic cell types, namely the CC, FSCP, IC, SHa cells, SHm cells, 
SW cells, anterior TF cells [TFa], and posterior TF cells [TFp]). 
Using hierarchical clustering of average standardized gene 
expression per gene, across all genes (supplementary fig. 
S3, Supplementary Material online), we found that the 
germ cells exhibited the most unique transcriptome of all 
studied cell types and formed an outgroup to all somatic 
cells. Among the somatic cells, the two types of TF cells, 
TFa and TFp, formed their own cluster, as did the two types 
of SH cells, SHm and SHa; each of these clusters was separ-
ate from all other somatic cell types (supplementary fig. S3, 
Supplementary Material online). The FSCP and SW cells had 
highly similar transcription profiles, as did the IC and CC. 
Thus, the TFs and SH cells had more distinctive transcrip-
tomes than the other LL3 ovarian somatic cell types.

Rapidly Evolving Genes Identified in Both the BULKSG 
and SINGLEC Datasets

To identify genes with roles in specific ovarian cell types that 
were putatively involved in interspecies ovariole number di-
vergence, we first extracted those SINGLEC genes that were 
upregulated in one cell type relative to all others (P < 0.05, 
analyzed in Seurat v. 2; genes could be upregulated in 
more than one cell type; Satija et al. 2015; Slaidina, Gupta 
et al. 2020) and that also had M0 dN/dS more than 2-fold 
above the genome-wide median (dN/dS > 0.20) within the 
melanogaster subgroup. We then compared this SINGLEC 
gene set to the 30 most highly differentially expressed 
and rapidly evolving genes identified from the somatic 
larval ovary cells at three different stages of development 
for TF formation (listed in supplementary table S6, 
Supplementary Material online, extracted from BULKSG da-
taset) and determined whether any genes were upregu-
lated in both datasets. We identified five genes that 
matched these criteria: Drip, CG3713, MtnA, vkg, and 
Col4a1 (Table 3). Among the various somatic cell types 
(Fig. 1), these genes were nearly exclusively upregulated in 
the TFs (TFa or TFp, or both) and/or the SHm cells. We 
note that vkg and Col4a1 play roles in basement membrane 
formation (Yasothornsrikul et al. 1997; Kiss et al. 2019) and 
that SHm cells lay the membrane that separates the TFs for 
ovariole development (King 1970; Slaidina, Gupta et al. 
2020). Given the crucial roles of these cell types in determin-
ing ovariole number (King, Aggarwal et al. 1968, Sarikaya 
and Extavour 2015), the rapid evolution of these five genes 
may partially underlie ovariole number divergence between 
species (King et al. 1968; Sarikaya and Extavour 2015) in the 
melanogaster subgroup (Table 3).

In terms of molecular evolution per terminal species 
branch, the five genes in Table 3 exhibited a striking pro-
pensity for adaptive evolution. Four of the five genes 
showed a gene-wide level of positive selection (terminal Ta
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branch dN/dS values >1) in at least one species branch 
(Table 3). Moreover, Drip, vkg, and Col4a1 each exhibited 
branch-site positive selection in three different species 
branches (P < 0.05), suggesting a profound history of adap-
tive changes across multiple lineages. In addition, 
McDonald and Kreitman (1991) tests also showed positive 
selection for vkg and Col4a1 (P < 0.05, Table 3 Notes). All 
five genes exhibited tau values above 0.875 with Drip hav-
ing a value of 0.979, suggesting especially high expression 
specificity (see Materials and Methods, supplementary fig. 
S2, Supplementary Material online), which may facilitate 
the observed adaptive evolution of the protein sequences 
(Otto 2004; Mank and Ellegren 2009; Whittle et al. 
2021). In sum, these five genes were identified from two 
distinct expression datasets (Slaidina, Gupta et al. 2020; 
Tarikere et al. 2022), were upregulated in two of the 
most crucial cell types for ovariole number determination, 
namely TFs and SH cells (supplementary table S6, 
Supplementary Material online, Table 3), and exhibited ra-
pid protein changes, positive selection, and narrow expres-
sion breadth (Table 3). Thus, multiple lines of evidence 
point toward these genes as having a central role in the in-
terspecies divergence of ovariole number.

Genes Upregulated in TF and SH Cells Frequently Display 
Branch-Site Positive Selection

We assessed the frequency of genes that exhibited branch- 
site positive selection (P < 0.05) per species terminal branch 
for the rapidly evolving genes that were upregulated in 
each of the nine cell types in the SINGLEC dataset 
(P < 0.05). The results for D. simulans, D. sechellia, and 
D. melanogaster (a very closely related species group with 
substantial differences in ovariole numbers; Fig. 2) are shown 
in Fig. 4 and for all five species in supplementary fig. S4, 
Supplementary Material online. The genes with the highest 
percent branch-site positive selection were those upregu-
lated in the SH and TF cells (Fig. 4; the TF and SH genes are 
listed in supplementary table S7, Supplementary Material
online). Specifically, positive selection was most commonly 
observed for genes up-regulated in the SHm cells for the 
D. sechellia branch (45%), from the TFa (34.1%) and TFp 
(36.7%) cells in the D. sechellia branch, and for SHa cells in 
the D. sechellia (33.33%) and D. simulans (33.33%) branches 
(all values were statistically significantly higher than the 
genome-wide percentages of genes with branch-site positive 
selection per species, which were 5.4% for D. simulans and 
12.0% for D. sechellia; χ2 P < 0.05, Fig. 4). Thus, the most im-
portant somatic cell types for ovariole number determination 
(TF and SH cells) (King et al. 1968; Godt and Laski 1995; 
Sarikaya et al. 2012; Sarikaya and Extavour 2015; Slaidina, 
Gupta et al. 2020) are also those in which highly upregulated 
genes most commonly exhibited branch-site positive selec-
tion, particularly in D. sechellia.

The genes identified above as highly expressed in TF and 
SH cells could also be highly expressed in additional cell 
types (Slaidina, Gupta et al. 2020). Indeed, on average we 
found that differentially expressed genes were upregulated 
in 1.9 ± 0.02 cell types. Thus, for additional stringency we 
isolated the subset of rapidly evolving genes (with M0 dN/ 
dS > 0.20) that were upregulated in only one cell type. 
While most somatic cell types had very few genes matching 
this stringent criterion (N ≤ 4 per cell type), by pooling the 
two types of SH cells (SHa and/or SHm) and TF cells 
(TFa and/or TFb) we found 8 and 26 such genes in these 
cell types, respectively (provided in supplementary table 
S7 Notes, Supplementary Material online). We found that 
D. simulans, D. sechellia, and D. melanogaster showed 
branch-site positive selection in 25.0%, 25.0%, and 0% 
of these genes, respectively, for SH cells and in 11.5%, 
23.1%, and 7.7% of these genes, respectively, for TF cells. 
These values were well above the genome-wide frequency 
for D. sechellia and D. simulans (although tests were 
conservative due to sample size, χ2 P values for SH for 
D. simulans = 0.047 and TF for D. sechellia = 0.077 relative 
to the genome-wide values). In sum, interpreting the results 
in Fig. 4 conservatively, we observe that upregulation of a 

FIG. 4.—The percentage of the genes that were both upregulated in a 
particular cell type and rapidly evolving in the melanogaster subgroup 
(M0 dN/dS > 0.20) that exhibited branch-site positive selection in the 
D. simulans (Dsim), D. sechellia (Dsec), and D. melanogaster (Dmel) 
branches (P < 0.05). The number of genes per category was as follows: 
CC (28), FSCP (17), GC (112), IC (17), SHa (9), SHm (11), TFa (44), and 
TFp (30). SW cells were excluded as too few genes were rapidly evolving 
for study (SW: 4). Note that a gene could be upregulated in more than 
one cell type. The genome-wide values are for all genes with five-species 
orthologs in the melanogaster subgroup.
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gene in TF or SH cells is correlated with enhanced rates of 
positive selection in the D. sechellia and/or D. simulans 
lineages, regardless of whether the genes were also upre-
gulated in another cell type (Fig. 4; supplementary table 
S7, Supplementary Material online).

While we focused on the three-species clade in Fig. 4, 
the results for all five melanogaster subgroup species 
are provided in supplementary fig. S4, Supplementary 
Material online. Of particular note, those results showed 
that 45.5% of the genes that were upregulated in the 
SHm cells also exhibited positive selection in the D. yakuba 
and in the D. erecta terminal branches (similar to D. sechellia 
in Fig. 4, supplementary table S7, Supplementary Material
online). This suggests a history of branch-site positive selec-
tion for genes expressed in the SHm cells across outgroup 
branches of the phylogeny, potentially partly contributing 
to the divergence in ovariole numbers or functions in the 
two outgroup species from the three ingroup species 
(Fig. 2).

Functional Predictions for Upregulated TF and SH Genes

The studied molecular evolutionary parameters for all rapidly 
evolving genes studied in Fig. 4 that were upregulated in SHa, 
SHm, TFa, and TFp are provided in supplementary table S7, 
Supplementary Material online. Analysis of GO-predicted 
functions using DAVID (Huang et al. 2009) showed that 
the genes expressed in SHa and SHm cells, such as Jupiter 
and Timp (supplementary table S7, Supplementary Material
online), were preferentially involved in microtubule formation 
and basement membranes (Huang et al. 2009), consistent 
with roles in TF formation (Slaidina, Gupta et al. 2020). The 
highly upregulated and rapidly evolving TF genes in Fig. 4
and supplementary table S7, Supplementary Material online 
were more than 3-fold more common than the SH cell genes 
and thus allowed us to perform functional clustering (Huang 
et al. 2009). As shown in supplementary table S8, 
Supplementary Material online, the TF genes were preferen-
tially associated with extracellular matrix (20.5% and 23.3% 
of genes from TFa and TFp, respectively) and basement mem-
branes (6.8% and 10%), and 40% of genes from TFp were 
an integral component of membranes.

The TF and SH cells types in Fig. 4 have been experimen-
tally shown to regulate the formation and number of ovar-
ioles in D. melanogaster larvae (King et al. 1968; King 
1970; Godt and Laski 1995; Dansereau and Lasko 2008; 
Sarikaya et al. 2012; Sarikaya and Extavour 2015; Slaidina, 
Gupta et al. 2020). Thus, that fact the genes (in Fig. 4) 
were highly expressed in these specific cell types, exhibited 
rapid sequence evolution and had signals of adaptive evolu-
tion (Fig. 4, supplementary table S7, Supplementary Material
online), suggests that they have the potential to directly 
cause the interspecies shifts in ovariole numbers (Fig. 2). In 
turn, it may also be the case that the protein sequence 

changes observed in some of these genes may be in re-
sponse to evolved shifts in ovariole numbers (potentially 
mediated by other ovariole-involved genes identified herein) 
and thus that the adaptive gene changes that we report here 
reflect responses to the physiological intracellular changes in 
TFs and SH cells needed to support ovariole number 
changes.

Molecular Evolutionary Rates of Key Genes Predict 
Ovariole Number

Finally, we conducted follow-up assessments of the main 
genes identified throughout our study that showed signs 
of high evolvability, positive selection, and involvement in 
Drosophila ovariole number divergence, to determine to 
what extent the molecular evolutionary characteristics of 
these genes were predictive of ovariole numbers in the con-
text of Drosophila phylogeny. Specifically, for all genes 
identified from SIGNALC (N = 27; Table 1), from BULKSG 
(N = 10; Table 2), and from BULKSG and SINGLEC com-
bined (N = 5; Table 3), we conducted a phylogenetic gener-
alized least square (PGLS) assessment of the relationship 
between ovariole number and the dN/dS values for the 
41 of these 42 genes that were testable (MtnA was untest-
able due to infinity dN/dS [near zero dS, dN > 0] in several 
branches; Table 4; a summary of McDonald and Kreitman 
(1991) test values for all genes is shown in supplementary 
table S9, Supplementary Material online). We found that 
17 of the 41 testable genes (41.5%) showed a statistically 
significant relationship between ovariole number and dN/ 
dS value (Table 4; P < 0.05, CG3630 had P < 0.07 and 
was noted in the list), indicating that dN/dS values of these 
genes can be a predictive factor for ovariole number per 
species. This further demonstrates the high effectiveness 
of utilizing protein sequence analysis to identify genes pu-
tatively involved in the evolution of phenotypes, similar to 
suggestions for other diverse traits across multiple taxa 
(Dorus et al. 2004; Nadeau et al. 2007; Ramm et al. 
2008; Wlasiuk and Nachman 2010; Luke et al. 2014; 
Corso et al. 2016; Chebbo et al. 2021).

Supplementary Analysis of a Three-Species Clade of 
Hawaiian Drosophila

While we focused on the melanogaster subgroup for our 
core analyses, as a supplementary assessment, we considered 
a three-species clade of Hawaiian Drosophila that matched 
our strict criteria for study (very closely related species, 
genome-wide data, known [and variable] ovariole numbers). 
We note, however, that these species are relatively distantly 
related to D. melanogaster, the species used to identify 
ovariole-involved genes on the basis of function and/or ex-
pression (the SIGNALC, BULKSG, and SINGLESC datasets). 
Hawaiian Drosophila are paraphyletic to the melanogaster 
subgroup (Suvorov et al. 2022), and estimates of divergence 
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time since the last common ancestor of extant species from 
the two taxon groups exceed 60 Mya (Tamura et al. 2004; 
Goldman-Huertas et al. 2015). We chose the species 
Drosophila sproati (mean 65.6 ovarioles), Drosophila murphyi 
(mean 41.6 ovarioles), and Drosophila grimshawi (mean 
47.8 ovarioles) for study, with a phylogeny of: (D. sproati, 
D. murphyi), D. grimshawi shown in supplementary fig. S5, 
Supplementary Material online, from Kim et al. (2021) and 
Suvorov et al. (2022) and ovariole numbers from Starmer 
et al. (2003), Sarikaya et al. (2012), and Sarikaya et al. 
(2019). For dN/dS analysis, we focused on the 
ovariole-involved SIGNALC genes identified in Table 1, as 
these signaling proteins are functionally confirmed to regu-
late ovariole number (Srivastava et al. 2010; Kumar et al. 
2020). Thus, among the studied gene sets (SIGNALC, 
BULKSG, SINGLEC), we considered them the most appropri-
ate for dN/dS analysis in a divergent group. We found that 21 
of the 27 rapidly evolving ovariole-related genes in Table 1, 
which were identified from study of the melanogaster sub-
group, had a high-confidence three-species orthologous 
gene set in the Hawaiian Drosophila clade (supplementary 
table S10, Supplementary Material online). Our evaluation 
of branch dN/dS values revealed that ten of the 21 genes 
evolved especially rapidly, with dN/dS > 0.33 in at least one 
species terminal branch in the Hawaiian clade, which was 
more than 2-fold higher than the genome-wide dN/dS values 
for the species under study (13 of 21 genes evolved rapidly 
using a criterion of 1.5-fold higher than the genome-wide 

medians; genome-wide dN/dS median values = 0.152, 
0.164, and 0.160 for D. murphyi, D. sproati, and D. grimshawi, 
respectively; supplementary table S10 and supplementary Text 
File S1, Supplementary Material online). Moreover, D. sproati, 
the ingroup species with highest ovariole number per female 
of all three Hawaiian species (supplementary fig. S5, 
Supplementary Material online), had eight of the ten genes 
with dN/dS > 0.33 (supplementary table S10, Supplementary 
Material online). The ten most rapidly evolving genes included 
upd2, CG2199, vn, elB, bun, CG3630, aPKC, H, Su(var)205, 
and E(spl)m2-BFM, six of which also exhibited branch-site 
positive selection in at least one branch. For upd2, we 
observed branch (dN/dS > 1) and branch-site positive 
selection (P < 0.05) for all three species branches 
(supplementary table S10, Supplementary Material online), 
suggesting that it may have a putative role in ovariole number 
divergence in all three species. Nonetheless, it is notable that in 
supplementary table S10, Supplementary Material online, 
eight of the 21 genes had branch dN/dS below the aforemen-
tioned thresholds (were not 2-fold or 1.5-fold higher than the 
genome median) in all three Hawaiian species branches 
(supplementary table S10, Supplementary Material online). 
This suggests that while these genes may be involved in ovar-
iole functions in those taxa (as they are in D. melanogaster; 
Kumar et al. 2020), their protein sequence divergence may 
be less apt to shape interspecies shifts in ovariole numbers in 
these Hawaiian Drosophila species (supplementary table 
S10, Supplementary Material online). Together, the data 

Table 4 
PGLS analysis of the relationship between ovariole number and dN/dS for genes putatively involved in ovariole number evolution from Tables 1, 3, and 4
(42 genes total)

FBgn ID Symbol Dataset Table with  
gene

PGLS  
P-value

Intercept Slope Predicted ovariole no. Under PGLS 
model

… … … … … … … Dsim Dsec Dmel Dyak Dere

FBgn0011274 Dif SIGNALC Table 1 0.0189 38.0298 −25.8738 38.03 22.55 38.03 19.32 27.30
FBgn0003612 Su(var)2-10 SIGNALC Table 1 0.0115 22.0048 28.8688 38.53 22.01 37.83 23.92 22.36
FBgn0011642 Zyx SIGNALC Table 1 0.0205 35.9756 −14.2358 31.56 14.62 31.88 32.18 31.39
FBgn0004858 elB SIGNALC Table 1 0.0170 32.7685 −28.2679 32.77 15.36 31.93 30.90 31.02
FBgn0259176 bun SIGNALC Table 1 0.0316 43.5717 −83.9484 38.02 22.01 35.10 28.34 20.77
FBgn0023540 CG3630a SIGNALC Table 1 0.0689 41.6675 −46.7838 24.90 13.89 35.83 30.49 36.39
FBgn0030904 upd2 SIGNALC Table 1 0.0143 34.3707 −42.2274 34.37 16.77 32.91 31.02 27.33
FBgn0003607 Su(var)205 SIGNALC Table 1 0.0092 18.0230 120.0788 31.26 18.04 43.32 24.99 25.64
FBgn0261592 RpS6 SIGNALC Table 1 0.0261 31.9450 −55.4869 31.94 15.01 30.95 31.94 31.94
FBgn0032006 Pvr SIGNALC Table 1 0.0162 38.4848 −71.3851 37.94 20.64 34.67 26.96 23.76
FBgn0045035 tefu SIGNALC Table 1 0.0520 49.0222 −158.1686 35.29 18.84 29.69 32.40 26.70
FBgn0051157 CG31157 BULKSG Table 2 0.0175 34.6446 −14.4238 32.97 15.56 31.81 29.73 32.08
FBgn0044048 Ilp5 BULKSG Table 2 0.0225 44.4030 −40.6225 32.49 20.67 44.40 24.47 22.06
FBgn0015872 Drip BULKSG and SINGLEC Table 3 0.0474 38.3688 −16.6128 27.99 13.45 31.49 32.14 36.19
FBgn0040343 CG3713 BULKSG and SINGLEC Table 3 0.0470 22.8789 10.9136 39.25 22.88 31.86 24.52 26.40
FBgn0016075 vkg BULKSG and SINGLEC Table 3 0.0171 45.3114 −37.1647 34.02 17.23 34.29 32.27 24.60
FBgn0000299 Col4a1 BULKSG and SINGLEC Table 3 0.0053 39.2022 −18.3941 33.62 16.17 35.39 30.51 26.55

The 17 genes that showed a relationship using PGLS are shown (P < 0.05), and the intercept, the slope, and the predicted ovariole numbers using the model are included. 
In addition, the dataset that each gene was identified from and the table it is presented in are provided. 

aIncluded as close to cut-off and P = 0.069. The phylogeny is shown in Fig. 2.
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suggest that a substantial number of the rapidly evolving 
ovariole-involved genes in Table 1 also evolved very rapidly 
in the Hawaiian clade and thus may have possibly contributed 
to its interspecies divergence in ovariole numbers.

We also examined the Hawaiian Drosophila species ortho-
logs of some of the rapidly and adaptively evolving genes in 
the melanogaster subgroup, which we identified from the 
SINGLEC transcription dataset (Slaidina, Gupta et al. 2020) 
shown in Fig. 4 (and supplementary fig. S4, Supplementary 
Material online, N values per cell type shown therein; the 
TF and SH cell genes are in supplementary table S7, 
Supplementary Material online, which include certain genes 
from BULKSG in Table 3). We hypothesized that for these 
genes, identified as candidate ovariole number regulators 
based on D. melanogaster expression profiles alone, it might 
be harder to confidently assume conservation of function in 
ovariole number regulation in a clade as distantly related as 
the Hawaiian Drosophila (Ranz et al. 2003; Whittle and 
Extavour 2019). We therefore adopted a prudent approach, 
based on evaluation of the rate of high-confidence ortholog 
detection in the Hawaiian group (see Methods and Results in 
supplementary Text File S1, Supplementary Material online). 
As shown in supplementary fig. S6, Supplementary Material
online, we found that genes in the TF and SH cells (Fig. 4, 
supplementary fig. S4, Supplementary Material online) had 
the fewest high-confidence Hawaiian orthologous gene 
sets, as compared to genes highly expressed in the other 
ovarian cell types (orthologs were defined as having an 
ortholog found in all three Hawaiian species and between 
D. melanogaster and D. grimshawi for gene identification). 
Specifically, genes upregulated in the SHa cells and those 
in the TFp cells (supplementary fig. S6, Supplementary 
Material online) each had 66.6% of genes with an ortholo-
gous Hawaiian three-species orthologous gene set. In con-
trast, genes upregulated in CC had 85.7% and FSCP and 
IC each had 82.4% (supplementary fig. S6, Supplementary 
Material online). We speculate that genes expressed in the 
TF and SH cells may have evolved at a relatively higher rate 
(Fig. 4, supplementary fig. S4 and table S7, Supplementary 
Material online) than those expressed in other ovarian cell 
types, making orthologs more frequently unrecognizable be-
tween D. melanogaster and the Hawaiian clade and/or 
among the three species in the Hawaiian clade (Tautz and 
Domazet-Loso 2011; Tautz et al. 2013) (discussed further 
in Results in supplementary Text File S1, Supplementary 
Material online). This rapid evolution could potentially be 
due to adaptive sequence changes associated with ovariole 
number divergence in the genus (Fig. 4). It is also possible 
that there has been a greater propensity of genes directly in-
volved in ovariole formation (TF and SH cells) to undergo 
gains and/or losses over evolutionary time (Tautz and 
Domazet-Loso 2011; Tautz et al. 2013) than genes involved 
in regulating the other ovarian cell types. While our central 
focus herein was on the interspecies divergence of ovariole 

number and protein sequences of orthologous genes within 
the very closely related D. melanogaster subgroup (Tables 1
to 4, Fig. 4), these supplementary analyses in a Hawaiian 
clade provide insights into the dynamics that may contribute 
to ovariole number divergence over extended time scales.

Discussion
While insects exhibit a diverse number of ovarioles, including 
across two orders of magnitude in the genus Drosophila 
alone (Hodin and Riddiford 2000; Starmer et al. 2003; 
Markow et al. 2009; Sarikaya et al. 2019; Church et al. 
2021), little has been known about the genetic basis of rapid 
interspecies divergence of this fundamental female repro-
ductive trait. Here, we directly tackled this issue by compre-
hensively determining a priori genes with experimental and/ 
or transcriptional evidence for roles in determining ovariole 
numbers or functions in D. melanogaster (Kumar et al. 
2020; Slaidina, Gupta et al. 2020; Tarikere et al. 2022) and 
then assessing their molecular evolutionary characteristics 
within very closely related species in the melanogaster sub-
group. The results revealed a highly evolvable set of 
ovariole-related genes that exhibited high gene-wide dN/dS 
and/or branch-site positive selection in patterns consistent 
with a role in the evolution of ovariole number divergence 
(Tables 1 to 4, supplementary table S7, Supplementary 
Material online). Moreover, PGLS analyses supported a pre-
dictive relationship between ovariole number per species 
and dN/dS for many of the identified rapidly evolving 
ovariole-related genes (Table 4). From these collective results, 
we propose that the rapid interspecies ovariole number diver-
gence in Drosophila (Fig. 2) has been facilitated by a group of 
highly evolvable genes with ovariole-related functions (42 
identified and of focus herein; Kumar et al. 2020; Slaidina, 
Gupta et al. 2020; Tarikere et al. 2022) that exhibit a propen-
sity for rapid evolution (gene-wide dN/dS) and adaptive pro-
tein sequence changes (Tables 1 to 3, supplementary table 
S7, Supplementary Material online, Fig. 4, supplementary 
fig. S4, Supplementary Material online). This hypothesis is fur-
ther supported by the fact that all of the ovariole-related 
genes revealed herein have been explicitly demonstrated to 
regulate ovariole number (Kumar et al. 2020) and/or are 
highly and/or exclusively expressed in somatic ovarian cells 
whose behavior determines ovariole number (King et al. 
1968; King 1970; Sarikaya et al. 2012; 2019; Slaidina, 
Gupta et al. 2020; Tarikere et al. 2022).

Evolvability of Ovariole-Related Genes and tau

The evolvability, defined here as the propensity of traits or gene 
sequences to diverge (Wagner and Zhang 2011; Cutter and 
Bundus 2020), including adaptive evolution, for the 
ovariole-related genes identified herein for the melanogaster 
subgroup (Tables 1 to 3; and for the rapidly evolving ovariole 
genes for Hawaiian Drosophila, supplementary table S10, 
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Supplementary Material online), may potentially reflect fitness 
advantages of the fixed ovariole-related mutations and/or may 
have been influenced by relaxed purifying selection. Previous 
studies have found that genes with high values of tau (Yanai 
et al. 2005), which suggests low pleiotropy (Mank and 
Ellegren 2009; Meisel 2011; Dean and Mank 2016), may ex-
hibit relaxed purifying selection, thereby allowing both ele-
vated neutral protein sequence changes (and thus elevated 
dN/dS) and greater potential for adaptive evolution (Otto 
2004; Larracuente et al. 2008; Mank et al. 2008; Mank and 
Ellegren 2009; Meisel 2011; Whittle et al. 2021). Consistent 
with this pattern, we found that many of the rapidly evolving 
ovariole-associated genes, including those with explicit 
evidence of adaptive evolution from gene-wide dN/dS values 
larger than 1 or from branch-site positive selection tests 
(P < 0.05), also exhibited relatively high tau (Tables 2 and 3, 
supplementary table S3, Supplementary Material online).

Furthermore, with respect to pleiotropy, we found that 
high tau (low pleiotropy) was nearly universal in the rapidly 
and adaptively evolving ovariole-related genes identified 
from the BULKSG and SINGLEC datasets (Tables 2 and 3), 
which are expressed in the larval cells that give rise to ovar-
ioles (tau ≥0.85, and most had values >0.90). The one excep-
tion to this had tau = 0.73 (CG32581) (Table 2). Thus, low 
pleiotropy is associated with high evolvability, and enhanced 
adaptive potential, in those gene sets. Nonetheless, it is 
notable that the rapidly evolving ovariole-related signaling 
genes (Table 1), which are involved in core cellular pathways 
(supplementary table S3, Supplementary Material online), 
included some genes with lower tau values (tau values ran-
ged between 0.57 and 0.96, supplementary table S3, 
Supplementary Material online; see also Fig. 3B). Thus, it is 
evident that a subset of the rapidly evolving signaling genes 
had relatively wide expression breadth (see, for example, 
those below the median in table <0.72, supplementary 
table S3, Supplementary Material online). It may be specu-
lated that while wide expression breadth may typically slow 
protein sequence evolution (Mank and Ellegren 2009; 
Meisel 2011; Assis et al. 2012; Whittle et al. 2021), these 
are tendencies rather than laws and thus have exceptions. 
Given that the signaling genes in Table 1 have been shown 
to play key roles in regulating ovariole numbers and functions 
(Kumar et al. 2020), they are apt to directly affect reproduct-
ive success and fitness. It may therefore be speculated that 
highly beneficial mutations in these particular genes 
(Table 1, supplementary table S3, Supplementary Material
online) may be prone to reach fixation, even under wide ex-
pression breadth, given their roles in female reproductive 
output. While positive selection for broadly transcribed sig-
naling genes could arise due to a gene’s function in other 
nonovarian/ovariole tissues, which could then lead to the ap-
pearance of adaption from its role in ovarioles, a fitness bene-
fit strong enough to override high pleiotropy appears less 
likely for nonsexual gene functions. We therefore suggest 

that the rapid and adaptive evolution of the signaling genes 
with low tau is likely best explained by their reproductive roles 
(Kumar et al. 2020). Nevertheless, irrespective of the roles of 
pleiotropy, the rapid protein sequence evolution and positive 
selection observed for the ovariole-related genes (Tables 1 to 
3, Fig. 4) suggest a pervasive history of adaptive evolution 
events, which may have arisen from natural selection for 
adaption to changes in environment or oviposition substrates 
(Jagadeeshan and Singh 2007). It is also possible that these 
evolved changes may have resulted from sexual selection, gi-
ven the dynamic sexual behaviors of Drosophila, as described 
below.

Putative Roles of Sexual Selection on Ovariole Number 
Evolution

Sexual selection may contribute to the adaptive evolution of 
reproductive characteristics and genes in animals (Swanson 
and Vacquier 2002; Clark et al. 2009), including in 
Drosophila (Civetta and Singh 1998; Swanson et al. 2004; 
Proschel et al. 2006). Thus, one possibility is that this phenom-
enon may shape the evolution of ovariole-related genes ob-
served herein (Tables 1 to 3, Fig. 4). Different species of 
Drosophila exhibit wide variation in their reproductive beha-
viors (Markow and O’Grady 2005), and examples of sexual se-
lection in the genus include intrasexual selection from sperm 
competition (Singh et al. 2002; Singh and Singh 2014) and 
male–male (Singh and Singh 2014) and female–female com-
petition (Bath et al. 2018). In addition, there is evidence of 
intersexual selection including female- and male-mate choice 
(Friberg and Arnqvist 2003; LeVasseur-Viens et al. 2015). In 
the latter case, if males favor larger females, a choice that 
may correlate with female fecundity in species where body 
size correlates positively with ovariole number (Bonduriansky 
2001; Byrne and Rice 2006; Sinclair et al. 2021), then this 
could result in positive selection on amino acid changes favor-
ing increased ovariole numbers. Moreover, Drosophila exhi-
bits sexual antagonism, which could also potentially shape 
female (and male) reproductive characteristics and their 
underlying genes (Arnqvist and Rock 1995; Rice 1996; 
Swanson et al. 2004; Innocenti and Morrow 2010). For ex-
ample, in D. melanogaster, some male reproductive traits 
and behaviors (e.g. seminal fluid toxicity, aggressive male re- 
mating behaviors) may be harmful to female reproduction 
and/or survival (Civetta and Clark 2000; Chapman et al. 
2001; Sirot et al. 2014). Some studies have suggested that 
this could prompt female adaptive responses and give rise to 
adaptive changes in the D. melanogaster ovaries or eggs 
and in the protein sequences of genes expressed in the ovaries 
(Civetta and Clark 2000; Jagadeeshan and Singh 2005; Sirot 
et al. 2014). If this phenomenon also occurs across other 
members of the melanogaster subgroup, it may contribute 
to positive selection on ovariole numbers and thus on ovariole 
genes observed here. Significantly, sexual selection may affect 
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reproductive phenotypes and genes (Swanson and Vacquier 
2002; Proschel et al. 2006) in a polygenic manner (Lande 
1981; Coyne and Charlesworth 1997; Singh et al. 2001; 
Markow and O’Grady 2005; Singh and Singh 2014), which 
is relevant to ovariole number evolution as this is a highly poly-
genic trait (Coyne et al. 1991; Wayne and McIntyre 2002; 
Bergland et al. 2008; Green and Extavour 2012; Sarikaya 
and Extavour 2015; Lobell et al. 2017; Kumar et al. 2020).

Neutral Evolution and Ovariole Number

While we propose that our results could suggest an import-
ant role for adaptive evolution in ovariole-related genes in 
the interspecies divergence of ovariole numbers, it is worth-
while to consider the potential, and possibly complementary, 
roles of neutral evolution. Relaxed purifying selection in itself 
may lead to accelerated evolution and protein sequence 
changes (Kimura 1983; Mank and Ellegren 2009; 
Gossmann et al. 2012) and to an elevated gene-wide dN/ 
dS in a particular branch. Thus, it may be possible that 
some selectively neutral amino acids in ovariole-related genes 
were fixed via random genetic drift and affected ovariole 
numbers, possibly facilitated by low pleiotropy (high tau) 
(Meisel 2011; Assis et al. 2012; Whittle et al. 2021; Fisher 
1930). Crucially, however, such neutral (nondirectional) 
changes would not be expected to yield the striking patterns 
we found for gene-wide dN/dS per species in ovariole-related 
genes and ovariole numbers (across species; Tables 1 to 3), 
nor to give rise to the observed predictive relationships be-
tween dN/dS and ovariole numbers using PGLS (Table 4). 
Moreover, our explicit evidence of adaptive evolution across 
many ovariole-related genes, by gene-wide dN/dS values lar-
ger than 1, branch-site positive selection analysis and 
McDonald and Kreitman (1991) tests (P < 0.05, Tables 1 to 
3, supplementary table S9, Supplementary Material online, 
Fig. 4, supplementary fig. S4, Supplementary Material
online), is unlikely to be explained by neutral evolution alone. 
Thus, the present data suggest that neutral evolution has not 
been the only or main driving factor shaping amino acid 
changes in ovariole-related genes in the melanogaster group, 
which we propose instead are best explained by a history of 
adaptive evolution.

Another factor in addition to narrow expression breadth (a 
factor that affects individual genes) that could in theory lead 
to relaxed purifying selection on nonsynonymous mutations 
in ovariole genes is small population size, which may affect 
entire genomes (Kimura 1962; Strasburg et al. 2011; 
Gossmann et al. 2012). As an example, under this scenario, 
relaxed selection may be expected to be more common in 
the D. sechellia lineage (Fig. 2), in which the extant species 
has been suggested to have a smaller population size than 
other closely related Drosophila species such as D. simulans 
(Legrand et al. 2009). Thus, we do not exclude the possibility 
that certain gene-wide nonsynonymous changes (dN in 

dN/dS) in that species branch may have contributed to its al-
tered ovariole numbers, under an assumption that some 
slightly deleterious mutations may behave as selectively neu-
tral mutations (as effective population size (Ne) and selection 
coefficient (s) may yield, Nes < 1) and be fixed by random 
genetic drift (Strasburg et al. 2011; Gossmann et al. 2012). 
However, as outlined above, the analyses showed affirmative 
branch-site positive selection tests here and the findings of 
gene-wide dN/dS values larger than 1 each control for neutral 
evolution (Zhang et al. 2005; Yang 2007) and showed that 
positive selection was common in the D. sechellia branch 
(Tables 1 and 2, supplementary table S7, Supplementary 
Material online, Fig. 4). Furthermore, the results revealed a 
heightened frequency of positive selection in genes upregu-
lated in the TFs and SH cells in D. sechellia (Table 3, Fig. 4, 
supplementary table S7, Supplementary Material online), a 
pattern not explainable by neutral evolution (relaxed selec-
tion) due to population size. Collectively, the evidence sug-
gests that relaxed purifying selection, while potentially 
accelerating divergence rates of some ovariole-related genes 
studied here (Duret and Mouchiroud 2000; Mank and 
Ellegren 2009; Meisel 2011; Whittle et al. 2021), may have 
its most significant role in the evolvability of ovariole-related 
genes (e.g. under high tau), enhancing the potential for 
adaptive evolution of protein sequences (Otto 2004; 
Larracuente et al. 2008; Mank and Ellegren 2009; Whittle 
et al. 2021) and in that manner potentially affecting interspe-
cies ovariole number evolution.

Evolution of Multiple Developmental Processes via Rapid 
Divergence of Genes that Regulate Ovariole Number

Generating the right number of ovarioles for a given species 
relies on multiple developmental processes that begin during 
embryogenesis and are not completed until puparium forma-
tion. These include establishment of a specific number of 
somatic gonad precursor cells in the embryonic primordial 
gonad, proliferation at a specific rate and to a specific degree 
during larval stages, morphogenetic movements including 
intercalation and migration to establish TFs, and extracellular 
matrix deposition to separate ovarioles from each other with-
in the gonad (King 1970). Any of these developmental pro-
cesses could in principle be the target of evolutionary 
change in interspecies ovariole number divergence. Indeed, 
we previously showed that evolution of different develop-
mental mechanisms underlies convergent evolution of similar 
ovariole numbers between or within species (Green and 
Extavour 2012). Accordingly, we would expect that the genes 
underlying these evolutionary changes might play roles in 
multiple different developmental processes, and this predic-
tion is supported by our findings herein. The genes that we 
have identified here as not only rapidly evolving in the 
melanogaster subgroup (Tables 1 to 3), but also with 
molecular evolutionary rates that are highly predictive of 
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lineage-specific ovariole numbers (Table 4), have known 
functional roles in cell–cell signaling, cell proliferation, cell 
shape change, cell migration, and extracellular matrix com-
position and function (Table 3, supplementary table S8, 
Supplementary Material online; see gene descriptions in 
supplementary Text File S1, Supplementary Material online), 
including in but not limited to ovariole formation in 
D. melanogaster. Further, the distinct patterns of branch-site 
positive selection in different lineages suggest that ovariole 
number evolution involved modification of distinct develop-
mental processes in different lineages. For example, the rapid 
evolution of Zyx, vkg, col4a1, Ilp5, and CG3630 in the lineage 
leading to D. sechellia (Tables 1 to 3) suggests that alteration 
of the TF morphogenesis program was an important mech-
anism through which this species evolved its unusually low 
ovariole number (relative both to the other extant subgroup 
members and to its hypothesized last common ancestor; 
Green and Extavour 2012). In contrast, evolutionary changes 
in pathways such as JAK/STAT, Wnt, EGF, and Notch signal-
ing pathways may have played a comparatively larger role in 
the evolution of more ovarioles in D. simulans, given the rapid 
evolution of Su(var)2, CKIIbeta, vn, Gug, and E(spl)m2-BFM 
along this branch (Table 1, supplementary table S3, 
Supplementary Material online).

Strengths and Limitations

The present study is strengthened by the fact that we assessed 
very closely related species within melanogaster subgroup, a 
clade that has been well defined phenotypically (including 
ovariole numbers), genetically, and phylogenetically (Hodin 
and Riddiford 2000; Starmer et al. 2003; Tamura et al. 
2004; Markow et al. 2009; Obbard et al. 2012; Gramates 
et al. 2022; Fig. 2; and followed up with three Hawaiian spe-
cies). We chose these closely related species to try to minimize 
the differences among species other than protein sequence 
divergence that may explain interspecies ovariole number 
evolution (Felsenstein 1985; Bromham et al. 1996; Whittle 
and Johnston 2003; Thomas et al. 2010; Symonds and 
Blomberg 2014). Moreover, the closely related species al-
lowed us to study a high number of interspecies orthologs 
(as we had to contend with fewer gene gains/losses and few-
er genes with orthologs too divergent to identify, than would 
have been the case with more divergent systems; Stanley and 
Kulathinal 2016), and ensured that dN and dS were each un-
saturated (see Materials and Methods), such that dN/dS 
(supplementary fig. S1, Supplementary Material online) 
would be more likely to accurately reflect selection pressures 
(Yang and Nielsen 2002; Yang 2007). Further, by using a tar-
geted approach whereby ovariole-related genes were pre-
screened in one species (D. melanogaster) using functional 
genetic and single-cell-resolution expression methods 
(Kumar et al. 2020; Slaidina, Gupta et al. 2020; Tarikere 
et al. 2022), it strengthens the inference that the rapidly 

evolving ovariole-related genes (Tables to 3) are associated 
with evolved changes in ovariole numbers. This targeted ap-
proach may allow a more cost-efficient, time-efficient, and 
effective means to identify genes putatively involved in 
phenotype evolution than methods that broadly scan entire 
genomes across many highly divergent species, and provide 
a set of high-confidence gene sets for follow-up analyses.

In terms of limitations, we note that the 42 ovariole- 
related genes that were identified as strong candidates for 
shaping ovariole number divergence are limited to the specif-
ic species of the melanogaster subgroup studied here (Fig. 2; 
with notably, some inferences ascertained for the Hawaiian 
clade; supplementary fig. S6, Supplementary Material
online). It will be valuable in the future to assess the general-
izability of these patterns by investigating other closely 
related species’ clades of Drosophila, or of other insects, 
and/or using other approaches including phylogenetically in-
dependent contrasts (Whittle and Johnston 2003; Whittle 
and Extavour 2016; Dunn et al. 2018) as more data become 
available on the genetic regulation of ovariole number, spe-
cies genomes, and ovariole numbers per species. This may 
provide insights into whether the same or different genes 
underlie ovariole number evolution in diverse taxa.

Another caveat is that we studied only those genes with 
orthologs identifiable in all five melanogaster subgroup spe-
cies, and thus excluded genes with gains or losses and with ex-
treme sequence divergence (Tautz and Domazet-Loso 2011; 
Tautz et al. 2013), that may also have substantially contributed 
toward interspecies changes in ovariole numbers. Further, it is 
worth noting that while the melanogaster subgroup species 
studied here were all very closely related to D. melanogaster, 
which was the species used for experimental and transcrip-
tional analysis to identify ovariole-involved genes (RNAi and 
sc-RNA-seq data), we do not exclude the possibility that there 
may be differences in the expression of these genes among 
species. In fact, for the 42 ovariole-related genes of interest, 
the observed rapid functional protein sequence changes 
(dN/dS) and their association with interspecies shifts in ovariole 
numbers suggest that there has been modification of their 
function within the ovarioles among species (and was a goal 
of this study to identify genes matching these criteria). In 
turn, a gene may require fewer or more cellular transcripts un-
der its modified function, and this may lead to the evolution of 
expression levels among species. Protein sequence divergence 
among species has been correlated with gene expression 
changes in various systems (Khaitovich et al. 2005; 
Warnefors and Kaessmann 2013; Whittle and Johannesson 
2013), suggesting that for some ovariole genes it is possible 
that both the protein sequence and transcript levels may 
have shifted at the interspecies level, in conjunction with ovar-
iole numbers. Together, our data suggest a group of ovariole 
genes for such follow-up research, including assessments of 
gene expression, gene function, and transcriptome changes 
with respect to ovariole numbers.
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Future Directions

The present study reveals a set of ovariole-involved genes, 
with established roles in ovariole numbers and functions, 
whose protein sequence divergence suggests a substantive 
link to ovariole number divergence in the D. melanogaster 
subgroup, based on a multilayered analysis of branch dN/ 
dS, branch-site analyses, tau, and PGLS. For many genes, 
the branch dN/dS value was predictive of ovariole numbers 
among species (Table 4), consistent with an interdependent 
relationship. Further, our analyses of ovariole-involved 
genes in the Hawaiian Drosophila clade suggest that pro-
tein divergence of ovariole-related genes may shape ovar-
iole number changes broadly across disparate clades of 
the Drosophila genus (supplementary table S10 and fig. 
S6, Supplementary Material online). The molecular evolu-
tionary approach used herein may provide valuable oppor-
tunities for the discovery of genes and evolutionary 
processes involved in interspecies phenotype divergence, 
particularly important for reproductive and fitness-related 
traits (Dorus et al. 2004; Nadeau et al. 2007; Ramm et al. 
2008; Wlasiuk and Nachman 2010; Luke et al. 2014; 
Corso et al. 2016; Chebbo et al. 2021), which remains a 
central challenge in evolutionary developmental biology 
(Hoekstra and Coyne 2007; Cutter and Bundus 2020).

We suggest that future examinations of the genetic basis of 
interspecies divergence in ovariole number and other related 
reproductive traits will be most fruitfully pursued along one 
or more of the following major directions: First, assessments 
of protein sequence changes in ovariole-related genes identi-
fied here at the population level using genome-wide associ-
ation studies and mutational frequency spectra (Akashi 
1997; Whittle et al. 2012; Lobell et al. 2017), combined 
with McDonald–Kreitman tests (McDonald and Kreitman 
1991; Murga-Moreno et al. 2019), for multiple Drosophila 
species, will help discern evolutionary dynamics of these genes 
at the microevolutionary scale. Second, studies of gene ex-
pression divergence and the functional roles (RNAi) of the 
42 ovariole-related genes that were identified as strong candi-
dates to shape ovariole number divergence should be con-
ducted in the melanogaster subgroup species outside of D. 
melanogaster (D. simulans, D. sechellia, D. yakuba, 
D. erecta). Such analyses will provide insights into inter- 
relationships between protein sequence evolution, gene 
expression changes, gene function modifications, and shifts 
in ovariole numbers (Tables 1 to 3). Third, further studies 
should consider the roles of gene losses and gains in 
Drosophila lineages (Coyne and Hoekstra 2007; Tautz and 
Domazet-Loso 2011; Tautz et al. 2013), as well as by genes 
that have diverged too rapidly to allow identification of ortho-
logs (supplementary fig. S6, Supplementary Material online) 
(Tautz and Domazet-Loso 2011; Tautz et al. 2013). Fourth, 
studies on the mating behaviors and sexual selection pres-
sures, including male-mate choice, female competition, and 

sexual antagonism, in species of the melanogaster subgroup 
(Bonduriansky 2001; Sirot et al. 2014; Bath et al. 2018; 
Veltsos et al. 2022), will be valuable to revealing their possible 
links to ovariole numbers. Finally, further research should in-
clude studies in the Hawaiian Drosophila, given our results 
suggest protein divergence of numerous ovariole-related 
genes may contribute to ovariole number changes in the 
three-species Hawaiian clade studied herein (supplementary 
table S10 and supplementary figs. S5 and S6, 
Supplementary Material online). The Hawaiian group is 
known for its wide phenotypic diversity in sexual characteris-
tics, ranging from behaviors to ovariole numbers (Carson 
1997; Singh and Singh 2014; Sarikaya et al. 2019). Studies 
on the relationships between protein sequence changes and 
ovariole numbers in Hawaiian Drosophila will be facilitated 
by increased collection of whole genomes and transcriptomic 
data for the larval ovaries, including TFs and SH cells, and po-
tentially by the use of expanding tools aimed to correlate gene 
and phenotype evolution (Kowalczyk et al. 2019). Such re-
search will help further decipher the genetic factors shaping 
the rapid evolution of ovariole numbers in the Drosophila 
genus, and thus in insects more broadly.

Materials and Methods

Identification of Rapidly Evolving Ovariole-Related 
Genes for Follow-Up Analyses

For the SIGNALC gene set, which was based on D. melanoga-
ster RNAi data (Kumar et al. 2020), we screened the 67 genes 
that directly affected ovariole numbers, named hpo[RNAi] 
Ovariole Number, 59 and 49 genes that affected egg laying, 
named hpo[RNAi] Egg Laying and Egg Laying [wt], and the 17 
connector genes. For these four SIGNALC genes sets, we 
identified any genes with M0 dN/dS ≥1.5 higher than the 
genome-wide median. The cut-off was marginally lower 
than the BULKSG and SINGLEC because of the innate con-
served nature of these signaling pathway genes, which are 
largely at least as old as animal divergence, in excess of 600 
million years (Srivastava et al. 2010; Kumar et al. 2020). For 
the BULKSG dataset (Tarikere et al. 2022), we screened for 
any differentially expressed genes that had M0 dN/dS ≥  
0.20 in the melanogaster subgroup for further study. This re-
presents a value ≥2.2 higher than the genome-wide median. 
With respect to the SINGLEC dataset (Slaidina, Gupta et al. 
2020), for the genes with differential expression in one cell 
type relative to the others (P < 0.05), we identified those 
with M0 dN/dS ≥ 0.20, similar to the BULKSG dataset. 
The M0 dN/dS values for the five species under study in the 
melanogaster subgroup were from FlyDivas (Stanley and 
Kulathinal 2016) that matched our own M0 dN/dS calcula-
tions in PAML (Yang 2007) (additional details on screening 
are available in supplementary Text File S1, Supplementary 
Material online).
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Follow-Up Assessments: dN/dS Per Species Terminal 
Branch, Branch-Site Positive Selection, and tau

Determining dN/dS for Each Species Terminal Branch

We calculated the M1 free ratios dN/dS per species terminal 
branch using codeml package in PAML (Yang 2007), which 
allows a separate dN/dS value for each branch, using as in-
put publicly available high-confidence genome-wide five- 
species sequence alignments from FlyDivas, which has 
data for various species groups of Drosophila (Stanley and 
Kulathinal 2016). Codeml is based on maximum likelihood 
(ML) in deriving estimates of dN/dS values, and default 
parameters were used in the assessments (Yang 2007). 
Using the dN/dS for each of the five terminal species 
branches, we assessed associations with respect to species 
transitions in ovariole numbers (terminal species branch 
analysis), an approach that has proven effective for deter-
mining relationships between dN/dS values and pheno-
types of interest (Dorus et al. 2004; Nadeau et al. 2007; 
Wlasiuk and Nachman 2010).

We assessed the distributions of dN/dS for all studied 
genes per species branch (supplementary fig. S1, 
Supplementary Material online). To affirm the suitability of 
the obtained data to determine dN/dS in each individual spe-
cies terminal branch, we examined the magnitude of dN and 
dS values. The vast majority of genes had dN and dS <1.5 per 
species terminal branch and thus were unsaturated: 99.95% 
and 99.5% of genes in D. simulans, respectively, had values 
below this threshold, and we found even higher percentages 
(up to 100%) for the four other species. Only gene branches 
that had dN or dS >0.001 were included for further assess-
ment to ensure sufficient divergence for study (Cusack and 
Wolfe 2007; Whittle et al. 2021). The minority of cases of a 
branch where dN was >0.001 and dS was at or near zero 
were denoted simply as “dN/dS > 1” (e.g. 0.2% of all 
9,232 genes studied in D. melanogaster), rather than infinity 
(see also other approaches to cases of dS near 0 and dN > 0 
(Wlasiuk and Nachman 2010), and were interpreted 
conservatively.

Branch-Site Positive Selection Analysis

Branch-site codon analysis was used to assess positive se-
lection at specific codon sites for each species terminal 
branch of the melanogaster subgroup (Fig. 2) as described 
in the PAML manual (Yang and Nielsen 2002; Zhang 
et al. 2005; Yang 2007). For all aligned genes from the 
melanogaster subgroup (N = 9,237 alignments; note 
9,232 had M0 values for study) (Stanley and Kulathinal 
2016), including for the identified rapidly evolving 
ovariole-related genes, one of the five Drosophila species 
was assigned as the foreground branch in its own individual 
branch-site analysis. Thus, a separate branch-site analysis 
was conducted for all studied genes for D. simulans, 

D. sechellia, D. melanogaster, D. yakuba, and D. erecta. 
For each gene, the ML values were compared between a 
model with and without branch-site positive selection 
(codeml model = 2, NSsites = 2, with fix_omega = 1 vs. 0, 
and P value of χ2 for 2XΔlnL). P values <0.05 for 2XΔlnL 
for any gene were interpreted as evidence of positive selec-
tion at one or more codon sites in that species branch. 
We studied the presence or absence of branch-site positive 
selection within each gene, suggested by Zhang et al. 
(2005), without including the post hoc option for BEB prob-
ability analysis per codon site that has low power (Zhang 
et al. 2005). The frequency of genes with branch-site posi-
tive selection in the ovariole-related gene sets under study 
was compared to the genome-wide frequency per species 
branch. Multiple test corrections were not applied as this 
was deemed overly conservative for our purposes of identi-
fication of ovariole-related genes with signals of positive se-
lection, and these results were combined with other 
multiple layers of analyses (branch dN/dS, tau, and PGLS). 
The input tree for branch and branch-site analysis was an 
unrooted Newick phylogeny (unrooted version of Fig. 2) 
as required by PAML (Yang 2007).

Expression Specificity Quantification Using tau

We used the index tau to measure expression specificity of the 
genes under study here (Yanai et al. 2005). For this, we ac-
cessed expression data from 59 tissue types and developmen-
tal stages from D. melanogaster (30 developmental stages 
and 29 tissues, supplementary table S1, Supplementary 
Material online). The data include gene expression levels in 
reads per kilobase million (RPKM) across development for em-
bryos (12 stages), larvae (6 stages), pupae (6 stages), and 
adults (3 stages of males/females) and for major tissue types 
of the adult males and females (including heads, gonads, 
and central nervous system). The expression data were from 
modEncode and included the RNA-seq datasets generated 
by Graveley et al. (2011) (available at: https://flybase.org/ 
commentaries/2013_05/rna-seq_bulk.html; downloaded 
March 2022; see also supplementary Text File S1, 
Supplementary Material online) which comprise among the 
widest scope of expression data available in insects (Li et al. 
2014). The tau value per gene was calculated as follows:

tau(τ) =
n

i=1 (1 − x̂i)
n − 1

; x̂i = xi/max(xi) 

where n is the number of tissues/stages studied, i is the tissue/ 
stage, xi is the expression level of gene in tissue/stage i, and 
max (xi) is the expression level in the tissue/stage type with 
maximum expression (Yanai et al. 2005).

Elevated values in one gene relative to another indicate 
greater expression specificity, such that most transcripts ori-
ginate from few tissues/stages (see supplementary fig. S2
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and supplementary Text File S1, Supplementary Material
online for an overview of the genome-wide tau values here-
in). Genes with tau values above 0.90 were considered 
highly specific in expression.

PGLS Analysis

PGLS was assessed for ovariole number (dependent param-
eter) with respect to branch dN/dS (independent parameter) 
using the five terminal species branches of the melanogaster 
subgroup (Fig. 2). PGLS was conducted using the compara-
tive analysis of phylogenetics and evolution (Caper) package 
available in R (R-Core-Team 2022) (https://cran.r-project. 
org/web/packages/caper/index.html). The covariance ma-
trix of species relationships was obtained under the assump-
tion of Brownian motion using the vcv function in caper. 
Under a five-species tree, any genes showing P < 0.05 sug-
gest a strong relationship between ovariole number and dN/ 
dS, sufficient to be detected under this sample size. In turn, 
P > 0.05 does not necessarily preclude a relationship, which 
may be inferred from our combined analysis of dN/dS, posi-
tive selection analysis, and tau. The phylogenetic tree used 
for the covariance matrix in PGLS is shown in Fig. 2.

McDonald–Kreitman Tests

We conducted McDonald and Kreitman (1991) tests for 
genes of interest using the integrative McDonald and 
Kreitman test (iMKT) database (Murga-Moreno et al. 
2019). For these tests, we examined the Raleigh NC and 
Zambia populations, and the interspecies divergence was 
conducted using D. melanogaster–D. simulans contrasts 
(Murga-Moreno et al. 2019). Thus, this analysis tests posi-
tive selection since divergence of the D. melanogaster–D. 
simulans branches only.

Drosophila Phylogeny

To obtain the phylogeny for the five-species melanogaster 
subgroup in Fig. 2, we used aligned sequence data from 
DrosoPhyla (Finet et al. 2021) that contains a prescreened 
dataset of 17 genes across 704 species of Drosophilidae 
(which were screened for quality, sufficient divergence, 
and phylogenetic informativeness). We extracted the con-
catenated aligned sequences for D. simulans, D. sechellia, 
D. melanogaster, D. yakuba, and D. erecta, included 
D. ananassae as an outgroup as a reference (for the phyl-
ogeny construction), and removed all gaps and any sites 
with unknown nucleotides, yielding a total of 9,235 nu-
cleotide sites. Using MEGA11 (Tamura et al. 2021), we gen-
erated a ML phylogenetic tree, including the tree lengths, 
based on the default parameters. We also obtained a tree 
using the neighbor-joining method, with nearly identical re-
sults. The relative relationships of the species in the ob-
tained trees matched those previously observed for these 
five species (Obbard et al. 2012; Finet et al. 2021).

Hierarchical Clustering of Expression in the SINGLEC 
Dataset

The relationships in gene expression across the nine differ-
ent cell types of the D. melanogaster LL3 ovary (Fig. 1A) 
from the SINGLEC dataset (Slaidina, Gupta et al. 2020) 
were assessed using hierarchical clustering under the aver-
age linkage method applied to the average standardized 
expression values per gene for all genes with nonzero ex-
pression (determined in Suerat v2, see Slaidina et al. 
2020). The analysis was conducted in the Morpheus pro-
gram (https://software.broadinstitute.org/morpheus).

Gene Ontology

To study inferred gene functions and the clustering of 
genes by inferred function, we used the program DAVID 
(Huang et al. 2009), which provides inferred gene function 
data for D. melanogaster using the FlyBase gene identifiers 
(Gramates et al. 2022).

Supplementary Analyses of a Three-Species Hawaiian 
Clade

We followed up on our main assessments of the melanoga-
ster subgroup, with a supplementary evaluation of ovariole 
numbers and ovariole-related gene dN/dS in a three-species 
clade from the distantly related Hawaiian Drosophila that in-
cluded D. sproati, D. murphyi, and D. grimshawi. The meth-
ods applied for CDS extraction, ortholog identification, 
gene alignments, and dN/dS analyses for that assessment 
are described in supplementary Text File S1, Supplementary 
Material online.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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