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Significance

 How do nervous systems evolve 
to generate the extraordinary 
diversity of animal behaviors? 
We addressed this question by 
investigating how neural circuits 
evolve in fruit fly species with 
divergent sexual behaviors such 
as courtship. Using single-cell 
transcriptomics and anatomical 
mapping, we defined 84 neuron 
types and examined how their 
identities and gene expression 
have changed across species. 
We found that each neuron type 
follows a distinct evolutionary 
trajectory. While neuron types 
and core molecular properties are 
highly conserved, neuropeptide 
signaling genes—which modulate 
circuit functional connectivity 
rather than structural wiring—
exhibit striking, cell-type-specific 
evolutionary turnover. Our 
findings indicate that fine-scale 
molecular alterations within 
conserved neural architectures 
may underlie the evolutionary 
diversification of behaviors.
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Understanding how the cellular and molecular composition of neural circuits evolves to 
generate species-specific behaviors remains a major challenge in evolutionary biology 
and neuroscience. The remarkable diversity of male sexual behaviors among Drosophila 
species, despite their recent divergence, offers an excellent model for addressing this 
question. Here, by harnessing single-cell transcriptomics of the sexual circuits labeled by 
the sex determination gene doublesex (dsx) at high resolution, we delineated 84 molec-
ularly distinct dsx+ cell types, each mapped to anatomically and functionally defined 
dsx+ neural populations. Our findings revealed a largely conserved cellular architecture, 
with minimal evolutionary gain or loss of cell types across four Drosophila species. A 
detailed comparison between Drosophila melanogaster (D. melanogaster) and D. yakuba 
uncovered pervasive heterogeneity in transcriptomic divergence among dsx+ cell types. 
While core cell type identities—defined by the sex determination gene fruitless (fru), 
neurotransmitters, monoamines, and transcription factors—remain highly conserved, 
we observed striking evolutionary turnover in neuropeptide signaling pathways in a 
highly cell-type-specific manner, underscoring the role of functional reconfiguration of 
conserved circuits in behavioral evolution. Further investigation of sex differences in 
dsx+ neurons revealed that male-specific cell types are not more evolutionarily diver-
gent than sex-unbiased ones. Finally, we developed an interactive web resource for data 
access and characterized marker gene combinations enabling cell-type-specific labeling. 
Overall, our study provides insights into how neural circuits evolve to encode behavioral 
diversity and establishes a high-resolution framework for understanding the cellular 
basis of behavioral adaptation.

neural circuit evolution | behavioral evolution | single-cell transcriptomics |  
evolution of cell types | neuropeptide signaling

 Even among closely related species, behaviors may vary drastically, and this behavioral 
variation largely arises from evolutionary changes in the structure and function of the 
underlying homologous neural circuits ( 1 ,  2 ). These changes can occur through the pres-
ence and absence of specific cell types, the abundance of a particular cell type, or gene 
expression that influences neuron anatomy and physiology. Facilitated by the unprece-
dented capacity of single-cell RNA sequencing (scRNA-seq) to define molecular cell types, 
recent comparative studies have begun to shed light on conserved and divergent cell types 
across species and taxa (e.g., refs.  3     – 6 ). However, existing studies often focus on distantly 
related species and/or have limited resolution to capture fine-scale changes in cell types. 
Particularly, since the basic cellular organization of the nervous system tends to be largely 
conserved among closely related species ( 7 ), subtle changes in the nervous system may 
result in major behavioral differences but go undetected in existing datasets. With the 
exception of a few relatively simple organisms ( 8 ), it remains unclear how much neuronal 
cell types differ among related species with divergent behaviors at a fine-grained level. 
Furthermore, it is unclear whether certain cell types exhibit greater divergence across 
species and how gene expression evolves at the level of individual cell types.

﻿Drosophila  species, with their rich behavioral diversity and experimental accessibility, 
serve as a powerful system to study behavioral evolution through species comparisons ( 2 , 
 9       – 13 ). Drosophila  sexual behaviors present a unique opportunity as the genes and neural 
circuits underlying these behaviors have been well studied in the model species Drosophila 
melanogaster  ( 14 ,  15 ) and these behaviors have rapidly diversified across species ( 16   – 18 ). 
For example, Drosophila  males perform complex and diversified courtship rituals such as 
singing a species-specific courtship song by vibrating their wings ( 17 ). Species also vary 
in their responses to sensory cues that are visual, auditory, and chemosensory ( 18 ). These 
sexual behaviors are orchestrated by two key transcription factors in the sex determination D
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pathway: dsx  and fru . The dsx  gene is spliced into sex-specific 
isoforms that regulate the development and function of sexual 
circuits ( 14 ). Approximately 700 to 800 dsx + neurons, represent-
ing about 1% of the adult male central nervous system, are dis-
tributed in anatomically and functionally distinct neuronal 
clusters. For instance, the male-specific TN1 cluster in the ventral 
nerve cord (VNC) is a group of motor patterning neurons respon-
sible for generating courtship song ( 19 ); the sexually dimorphic 
pC1 cluster in the brain integrates sensory cues and contains func-
tionally heterogeneous populations that encode sexual and aggres-
sive states ( 20 ,  21 ). Given the expanding knowledge of their roles 
in sexual behaviors–which evolve rapidly across species–dsx + neu-
rons provide an excellent inroad for uncovering the cellular and 
molecular mechanisms underlying the evolution of complex 
behaviors and species-specific adaptations. Indeed, we have pre-
viously linked the lineage-specific loss of a major type of courtship 
song called sine song in Drosophila yakuba  to the loss of a neuronal 
subtype within the TN1 cluster ( 11 ).

 In this study, we overcome the common challenge of achieving 
sufficient cellular resolution in comparative scRNA-seq studies by 
profiling genetically labeled dsx + neurons across Drosophila  species. 
This effort resulted in a scRNA-seq atlas comprising 46,922 dsx + 
neurons in adult males, with each dsx + neuron represented an aver-
age of 64 times. The dataset included four species within the 
﻿D. melanogaster  subgroup: D. melanogaster , D. yakuba , D. santomea , 
and D. teissieri —a group of closely related species that exhibit a 
wide range of differences in sexual behaviors and are emerging mod-
els for comparative studies of the nervous system and behavior 
( 9   – 11 ,  22 ,  23 ). In total, we molecularly defined 84 cell types, all 
systematically mapped to and hierarchically organized by known 
﻿dsx + neuronal clusters, providing a comprehensive characterization 
of cellular diversity within this neuronal population of broad inter-
est. We found that sexual circuits evolve through widespread 
cell-type-specific gene expression changes, particularly in neuro-
peptide signaling genes, on top of a largely conserved organization 
in cell types, sex identity, and neurotransmitter properties. We also 
generated a scRNA-seq dataset in adult D. melanogaster  females to 
characterize female dsx + cell types and explore the relationship 
between species divergence and sex differences. Finally, we compiled 
a list of marker gene combinations that uniquely target each cell 
type and hosted our datasets on a Shiny app interface that allows 
user-defined tasks such as gene expression inquiries and molecular 
marker detection across cell types, species, and sexes. Altogether, 
our study offers both insights and useful resources for understanding 
and dissecting the function and evolution of neural circuits. 

Results

High-Resolution Characterization of Cell Type Diversity within 
dsx+ Neurons. We genetically labeled dsx+ neurons using 
CRISPR/Cas9-mediated genome editing (11) and fluorescently 
sorted them from adult male brains and VNCs of four Drosophila 
species that diverged within the past 12 My (24) (Fig. 1A). In 
total, we generated three replicates for D. melanogaster and D. 
yakuba, including one previously published replicate for each 
species (11). We primarily focused on the comparison of cell 
types and gene expression between these two species of common 
interest (9, 11, 22, 23). We also included one sample each for 
D. santomea and D. teissieri to provide a general perspective of 
cell type conservation across species and phylogenetic context for 
gene expression changes we identified between D. melanogaster 
and D. yakuba (Fig. 1A). The mapping rates of sequencing reads 
to parental genomes were similar across samples and species 
(SI Appendix, Table S1). Immunostaining of dsx+ neurons revealed 

an average of ~735 dsx+ neurons in adult males (D. melanogaster: 
~770; D. yakuba: ~700; see SI Appendix, Table S2), leading to an 
estimated 64× cellular coverage across the dataset of 46,922 dsx+ 
neurons (D. melanogaster: 22×; D. yakuba: 26×; D. santomea: 7×; 
D. teissieri: 9×).

 Starting with D. melanogaster  scRNA-seq data, we performed 
an initial clustering with the goal of identifying previously defined 
﻿dsx + neuronal clusters ( 25 ), which we refer to as “parental clusters” 
( Fig. 1A  ). Upon identifying unique marker genes, we used a 
split-GAL4 genetic intersectional approach, pairing dsx  hemid-
rivers with hemidrivers against marker genes for each parental 
cluster ( 26 ). This strategy, combined with previously known 
marker genes such as Hox  genes, allowed us to validate the fidelity 
of the clustering and successfully assign parental cluster identities: 
aDN (tey +); pC1 (Optix +); pC2l (TfAP-2 +, tsh −); pC2m (sv +); 
pCd-1 (unc-4 +); pCd-2 (Gad1 +); TN1 (TfAP-2 +, tsh +); TN2 
(ara +, abd-A −, Abd-B −), ANm (abd-A + and/or Abd-B +) 
(SI Appendix, Fig. S1 ). We did not identify cell clusters corre-
sponding to the single-neuron pairs pMN1, pMN3, pLN, and 
sLG and the TN2 single-neuron pairs prA, prC, msB (ara  partially 
labeled TN2), which together comprise less than 2% of all dsx + 
neurons. As these unidentified neurons exhibit larger soma, we 
speculate that they might be lost during sample preparation due 
to sensitivity to experimental procedures or cell sorting stringency. 
Based on the same marker genes, we defined the parental clusters 
in the other three species and used MetaNeighbor ( 27 ) to validate 
the assignment of homologous parental clusters across species 
( Fig. 1B   and SI Appendix, Fig. S2 ). The high degree of species 
consensus justified the further integration of data from all the four 
species into one dataset for identifying and comparing cell types 
on a common clustering space ( Fig. 1A  ). Overall, the marker genes 
for parental clusters were well conserved across species ( Fig. 1C  ). 
The majority of the top 20 markers for each parental cluster in a 
species were also marker genes for the same cluster in the other 
three species ( Fig. 1D  ).

 To resolve the cellular diversity within each parental cluster, 
we extracted each parental cluster from the integrated dataset 
for subclustering. In total, we defined 84 subclusters that we 
refer to as cell types, by iteratively subdividing each parental 
cluster until further division no longer yielded strong marker 
genes ( Fig. 2A  ). The aDN, pCd-2, and TN2 clusters resolved 
into 2, 3, and 6 subclusters, respectively, each likely representing 
a single-neuron pair, most distinguishable by a single marker 
gene ( Fig. 2B   and SI Appendix, Fig. S3 ). Larger parental clusters 
that likely derived from a single hemilineage origin, such as pC1 
and pC2 ( 28 )—whose heterogeneity is well appreciated but 
poorly understood—resolved into subclusters that typically rep-
resent a group of neurons ( Fig. 2B   and SI Appendix, Fig. S3 ). 
While some of these subclusters are distinguishable by a single 
marker (e.g., pC1_6), others are harder to define and accordingly 
display continuity in clustering space ( Fig. 2 A  and B  ). This 
continuity may reflect the biological nature of these cell types 
defined by the quantitative expression levels of multiple genes. 
As expected from its diverse hemilineage origins ( 29 ), the ANm 
cluster resolved into 50 discrete subclusters, many well-defined 
by a single marker gene (SI Appendix, Fig. S3 ). Based on 
described marker genes ( 29 ,  30 ), we were able to annotate the 
hemilineage origin for 25 ANm subclusters, spanning at least 
16 hemilineages (SI Appendix, Fig. S4 ). Overall, these subcluster 
marker genes are largely shared across species ( Fig. 2C  ), though 
to a lesser degree than those of the parental clusters ( Fig. 1D  ). 
Unless stated otherwise, all subsequent analyses were conducted 
on these subclusters that represent molecularly distinct cell types 
at a fine-grained level.          D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 T

E
M

PL
E

 U
N

IV
E

R
SI

T
Y

; G
IN

SB
U

R
G

 H
E

A
L

T
H

 S
C

IE
N

C
E

S 
L

IB
 o

n 
N

ov
em

be
r 

18
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

15
5.

24
7.

13
4.

18
7.

http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials


PNAS  2025  Vol. 122  No. 47 e2516083122� https://doi.org/10.1073/pnas.2516083122 3 of 11

Overall Conservation of Fine-Grained dsx+ Cell Types across Four 
Species. Among the 84 molecularly distinct subclusters, 82 were 
found across all four species. The remaining two included TN1_4, 
corresponding to a TN1 subtype that we previously reported to 
contribute to the lineage-specific loss of sine song in D. yakuba 
males (11), and ANm_47, a small ANm cluster absent in D. 
santomea. We further examined species differences in the relative 
abundance of cell types between D. melanogaster and D. yakuba, 
where biological replicates were available. Based on the cell number 
of each dsx+ parental cluster quantified by immunostaining in 
both species (SI Appendix, Table S2), we normalized the subcluster 
cell counts by scaling the total number of cells in each parental 
cluster to its corresponding immunostaining estimate for that 
species. Using scCODA (31), we identified 12 species-biased 
subclusters that varied in cell number by 1.3- to 6.6-fold. Of 
these, ten were in the ANm (ANm_4/8/17/18/24/25/32/33/
45/48, all D. yakuba-biased), and the other two were TN1_2 
(D. melanogaster-biased) and pC1_6 (D. yakuba-biased) (Fig. 3). 
Given the high heterogeneity of cell types within the ANm cluster 
and the difficulty of accurately quantifying neurons in this densely 
packed region, the prevalent species differences in the ANm cluster 
should be interpreted with caution. Nevertheless, these subclusters 
are potential candidates for more variable cell types across species, 
warranting future validation and functional investigation. These 

results suggest that, even with the capability to resolve molecular 
cell types of single-neuron pairs, gains and losses of these fine-
grained cell types are rare over 12 My of evolutionary divergence, 
whereas species differences in their relative abundance might be 
more prevalent.

Cell-Type-Specific Transcriptomic Conservation and Divergence 
across Species. Recent scRNA-seq comparisons suggest that the 
transcriptomes of some cell types have diverged more rapidly than 
others, potentially reflecting differences in evolutionary constraints 
and adaptive functional divergence (32, 33). For instance, 
neuronal cell types show pronounced transcriptomic divergence 
between nematode species (33). However, it remains unclear how 
transcriptomic conservation and divergence vary among individual 
neuronal cell types with similar or different functions. We addressed 
this question by comparing the transcriptomic correlations of dsx+ 
cell types between D. melanogaster and D. yakuba and examining 
technical and functional factors that may underlie these patterns. 
For each subcluster, we used Spearman rank correlation of gene 
expression to provide a continuous measure for the degree of 
transcriptomic conservation (34). Subclusters with higher scores 
indicate greater transcriptomic conservation, whereas those with 
lower scores indicate greater transcriptomic divergence. The 
correlation scores, ranging from 0.60 to 0.73, exhibit substantial 
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variation even among subclusters within the same parental cluster 
(Fig. 4A).

 We examined whether the heterogeneity in transcriptomic cor-
relation could be driven by possible technical characteristics. First, 
we tested whether the correlation score simply reflected how well 

the cell type can be molecularly defined. Cell types that are less 
well-defined might lead to misassignment of cell types, which may 
artificially lower correlation scores. To check this, we calculated 
the mean silhouette score ( 35 ), a measure of clustering quality, 
and found no association (SI Appendix, Fig. S5A﻿ ). Similarly, the 

A
pC1: 6 clusters pC2l: 6 clusters pC2m: 4 clustersaDN: 2 clusters pCd-1: 3 clusters pCd-2: 3 clusters TN1: 4 clusters

ANm: 50 clusters

TN2: 6 clusters

2

10

17

8

3

35

26

13

9

7

14

12

11

29

6
30

16
40

5

151

28

24

2546

18

43

23
20

26

34
19

42

22

4

36

31

32

48
44

33

21

37

41

38

39

49

47

50

45

1250

1000

750

500

250

0
D. melanogaster

D. yakuba

D. teissieri
D. santomea

B

2

1

1

2

3

4

5

6 1

23

4

5

6

1

2

3
4

1

2
3 1

2

3

1

2

3

4
1

2

3

4

5

6

pC1

C
G

43
68

9
Im

p
W

nt
4

sa
ls

ru
n

E
ip

93
F

Lk
r 

C
C

H
a1

-R
S

cg
de

lta
D

sc
am

3
C

G
15

53
7

ba
b1

1
2
3
4
5
6

Percent Expressed
0
25
50
75

Average Expression
2
1
0

-1

C

pCd-2

E
ip

93
F

S
cg

de
lta

N
P

FR

sN
P

F-
R

m
G

lu
R

Im
pL

2

1

2

3

Percent Expressed
25
50
75
100

Average Expression
1.0
0.5
0.0

-0.5

N
um

be
r o

f 
m

ar
ke

r g
en

es

Fig. 2.   Subclustering analyses of the parental clusters from the integrated four-species dataset. (A) UMAP representations of the subclustering of parental clusters. 
Different colors represent molecularly distinct cell types. (B) Representative dotplots showing the average expression and percentage of cells expressing two 
marker genes for each subcluster within pC1 (Top) and pCd-2 (Bottom). See SI Appendix, Fig. S3 for top marker genes for subclusters in other parental clusters. 
(C) Barplot displaying the number of marker genes conserved across species, including only the top 20 marker genes for each subcluster for each species. 
Marker genes from all subclusters are shown.

*

A
aDN pC1 pC2l pC2m pCd-1 pCd-2 ANmTN1

D. melanogaster-specific D. yakuba-biased unbiased

TN2

B

AN
m

TN
2

TN
1

pC
d-

2

pC
2 mpC

2l

pC
1

aD
N

pC
d-

1

Species-biased 
or -specific 
by scDODA

* * * * ** ** ** * *

D. melanogaster-biased 

D. melanogaster 

D. yakuba

64

16

2

0
*

 N
or

m
al

iz
ed

 n
um

be
r o

f c
el

ls
 (N

) p
er

 fl
y

8

log
2 (N

 + 1)

0
0

1

1

2

2

4

4

6

6

32

64

16

2

0

8

32

6

24 8

24

25

18

4

32
33

45

1748

Fig. 3.   Cell type number comparison between D. melanogaster and D. yakuba. (A) UMAP representations of the subclustering of parental clusters, color-coded 
by species differences in cell number within each subcluster. The identities of subclusters with significant species differences by scCODA are noted. (B) Barplot 
showing the number of cells (N) per fly in each subcluster, separated by species and grouped by parental cluster identity shown at the Bottom. For each subcluster 
in each species, cell numbers were normalized by scaling the total cell number of the corresponding parental cluster to the immunostaining estimate for that 
species (provided in SI Appendix, Table S2). Numbers are plotted on a log2 scale with an offset of 1 [log2 (N+1)] along the Y-axis to accommodate a wide range 
of values and to account for zeros.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 T

E
M

PL
E

 U
N

IV
E

R
SI

T
Y

; G
IN

SB
U

R
G

 H
E

A
L

T
H

 S
C

IE
N

C
E

S 
L

IB
 o

n 
N

ov
em

be
r 

18
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

15
5.

24
7.

13
4.

18
7.

http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials


PNAS  2025  Vol. 122  No. 47 e2516083122� https://doi.org/10.1073/pnas.2516083122 5 of 11

correlation score was not associated with the number of cells in 
the subcluster (SI Appendix, Fig. S5B﻿ ), or variability across repli-
cates (SI Appendix, Fig. S5C﻿ ). We did find a significant positive 
association with the number of genes expressed within a subcluster 
(SI Appendix, Fig. S5D﻿ ), explaining 31.8% of the variance in the 
correlation scores among subclusters based on a generalized linear 
model. Randomly downsampling the gene set to the same number 
did not alter the association (Spearman r = 0.999, P  < 0.001).

 We further examined whether the heterogeneity could be 
explained by several functional characteristics. First, we asked 
whether cell types belonging to specific parental clusters are more 
conserved or divergent. While the variance of correlation scores 
across parental clusters was not homogeneous (Bartlett test; K2 = 
16.482; P  = 0.0356), pairwise Bartlett tests revealed no significant 
differences in variance between any two parental clusters. Further 
the nonparametric Kruskal–Wallis test showed that the correlation 
scores were not different among parental clusters ( Fig. 4B  ). 
Second, the scores also did not differ between subclusters located 
in the brain versus the VNC ( Fig. 4C  ). Finally, given that fru  is a 
key transcription factor in the development and function of sexual 
circuits in males ( 14 ), we tested whether the scores varied as a 
function of fru  gene expression and again found no difference 
( Fig. 4D  ).

 Together, these analyses demonstrate that broad biological char-
acteristics, including parental cluster identity, do not well account 
for the heterogeneity in transcriptomic divergence among 
fine-grained cell types, suggesting that the selective pressures shap-
ing transcriptomic evolution are highly cell-type-specific. This sole 
correlation observed with the number of expressed genes raises 
the possibility that cell types with higher transcriptional activity 
may be more transcriptomically constrained. Additionally, these 
comparisons provided candidate circuit nodes with either con-
strained or divergent functions. The five most divergent subclus-
ters (i.e., those with the lowest correlation scores) included four 
ANm subclusters (ANm_12/19/39/40) and pC2l_3. The five 

most conserved subclusters included three ANm subclusters 
(ANm_17/23/25), pC1_6, and pC2l_6. Notably, pC1_6 also 
appeared more abundant in D. yakuba , highlighting separable 
evolutionary modes of transcriptomic gene expression and cell 
type abundance.

 Finally, we assessed how genes critical to cell identity contribute 
to transcriptomic conservation across species. Spearman rank cor-
relations using only marker genes or only transcription factors 
yielded higher correlation scores, with the highest observed when 
using only transcription factors ( Fig. 4E  ). These results suggest 
that genes essential for cell identity—particularly transcription 
factors—are subject to stronger evolutionary constraints on their 
expression.  

Differential Gene Expression across Species Is Pervasive and 
Highly Cell-Type-Specific. Defining molecular cell types at high 
resolution provides an ideal framework for characterizing gene 
expression differences across species at the cell-type level, while also 
minimizing confounders arising from potential species differences 
in cell-type composition. Here, we identified differentially expressed 
genes (DEGs) for each subcluster between D. melanogaster and D. 
yakuba. Ambient RNA in single-cell suspensions can introduce 
contamination, leading to false-positive signals that appear as 
lowly expressed genes (36), artificially inflating the breadth of 
gene expression. Since fast-acting neurotransmitters typically 
show minimal cotransmission within a given cell type (37), we 
used the coexpression of their marker genes (Gad1, VGlut, and 
VAChT) as a proxy for potential ambient RNA contamination 
(30) to explore the optimal criterion of gene expression. When 
defining gene expression as nonzero read(s) in ≥10% of cells within 
a given subcluster, 20.2% (17 of 84) of subclusters appeared 
to release more than one neurotransmitter. In these cases, one 
neurotransmitter marker was expressed at a much higher level 
than the others, suggesting contamination. Alternatively, defining 
gene expression using a Bayesian mixture model by scMarco 
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(11, 26), where a gene is considered expressed if it has >50% 
probability of being detected, yielded results that aligned more 
closely with expectations: 82 of 84 subclusters were shown to 
release at least one fast-acting neurotransmitter, with only two 
subclusters releasing more than one neurotransmitter, indicating 
limited false-negatives and false-positives. Using this approach 
to filter out genes that were not expressed in either species with 
a relatively stringent threshold of a log fold change of three and 
a corrected P-value below 0.05 to identify credible candidates, 
504 genes are DEGs in at least one subcluster (Dataset  S1). 
These genes were mostly differentially expressed in a cell-type-
specific manner, with many genes being differentially expressed 
in only a small subset of subclusters where they are expressed 
(Fig.  5A), regardless of whether they were sparsely or broadly 

expressed (Fig. 5B). To further evaluate the extent to which false 
positives from factors such as batch effect and stochastic gene 
expression may contribute to DEG identification, we performed 
DEG simulations under null and true conditions (see SI Appendix, 
Methods for details). On average, null simulations yielded only 
6.45% of the number of DEGs detected in true simulations (P = 
0.00553, SI Appendix, Fig. S6), indicating that false positives from 
these factors contribute little to the identified DEGs.

Conserved Sexual Identity Defined by fru Expression. Changes in 
the spatiotemporal regulation of sex determination genes are thought 
to be a major mechanism driving the evolution of sex-specific traits, 
with many examples reported in morphological adaptations (38–
40). How often such processes occur in the nervous system and 

pC2l

pC
2l

_2

pC
2l

_1

pC
2l

_3

pC
2l

_4

pC
2l

_5

pC
2l

_6

6

4

2

0

pC1

fru expression

6420

Pe
rc

en
t d

iff
er

en
tia

lly
 e

xp
re

ss
ed

Number of subclusters expressed

100

75

50

25

0

1-
10

11
-2

0

21
-3

0

31
-4

0

41
-5

0

51
-6

0

61
-7

0

71
-8

0

81
+

D. melanogaster D. yakubaBias None

A B

D. yakubaD. melanogasterD. yakubaD. melanogaster

D

fru expression

6420

C

pC
1_

2

pC
1_

1

pC
1_

3

pC
1_

4

pC
1_

5

pC
1_

6

6

4

2

0

1

2

3

4

5

6
1

2
3

4

5

6

80

40

0

-40

-80

N
um

be
r o

f s
ub

cl
us

te
rs

N
um

be
r o

f 
su

bc
lu

st
er

s

60

40

20

0

A
st

A

D
h3

1

D
h4

4

G
pb

5

N
pl

p1

P
ro

c

sN
P

F

sp
ab Tk

Bias

none
D. yakuba
D. melanogaster

A
st

A
-R

1

A
st

C
-R

1

A
st

C
-R

2

C
C

A
P

-R

C
C

H
a1

-R

C
C

K
LR

-1
7D

3

C
G

12
29

0

C
G

13
22

9

C
N

M
aR

C
rz

R

FM
R

Fa
R

Lg
r1 Lk
r

M
sR

1

M
sR

2

N
P

FR

P
K

2-
R

1 rk

R
Ya

-R

S
IF

aR

sN
P

F-
R

S
P

R

Tk
R

99
D

Tr
is

si
nR

Neuropeptides Neuropeptide receptors

ANm

TN1
TN2-3/4

(Antp-Ubx-)

TN2-5
 TN2-2 

(Antp+Ubx-)

TN2-1/6
(Antp-Ubx+)

F
D. melanogaster D. yakuba

TN2-5

TN2-5

dsx+ Tk- Dh31+dsx+ Tk+ Dh31-

Ex
pr

es
si

on
 le

ve
l

Ex
pr

es
si

on
 le

ve
l

E Dh31

Ex
pr

es
si

on
 le

ve
l

4

2

0

TN
2_

2

TN
2_

5

AN
m

_2
4

AN
m

_4
6

AN
m

_4
7

4

3

2

1

0

TN
2_

5

AN
m

_4
2

Tk

pC
2l

_4

Fig. 5.   DEG analyses between D. melanogaster and D. yakuba. (A) Barplot showing the number of subclusters in which a gene is expressed, color-coded by the 
number of those subclusters in which the gene is a DEG and the direction of species bias. Each bar represents a single gene. (B) Box and whisker plot showing 
the percentage of subclusters in which a gene is a DEG, binned by the number of subclusters in which the gene is expressed. (C) UMAP representations and 
violin plots showing the expression of fru in pC1 and pC2l subclusters. See fru expression in all dsx+ neurons across all four species in SI Appendix, Fig. S7. (D) 
Barplot showing DEGs of neuropeptides (Left) and neuropeptide receptors (Right), color-coded by the direction of species bias in the expressed subclusters. (E) 
Violin plots showing the expression levels of Dh31 and Tk in both D. melanogaster and D. yakuba in all the subclusters where expression levels are significantly 
different between the two species. (F) Species differences in the gene expression patterns of Dh31 and Tk in the TN2-5 cell type. Left: schematic denotes the 
cell body location of TN2-5 and the appropriate imaging region (open black box). Right: representative confocal images of in situ HCR against dsx, Dh31, and Tk 
mRNA. Images presented as maximum intensity projections of z-stacks covering the cell body of TN2-5. (Scale bar: 20 μm.) See UMAP representations of Dh31 
and Tk gene expression in TN2 neurons across all four species in SI Appendix, Fig. S10.D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 T

E
M

PL
E

 U
N

IV
E

R
SI

T
Y

; G
IN

SB
U

R
G

 H
E

A
L

T
H

 S
C

IE
N

C
E

S 
L

IB
 o

n 
N

ov
em

be
r 

18
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

15
5.

24
7.

13
4.

18
7.

http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2516083122#supplementary-materials


PNAS  2025  Vol. 122  No. 47 e2516083122� https://doi.org/10.1073/pnas.2516083122 7 of 11

contribute to behavioral evolution remains unknown. Like dsx, 
the sex determination gene fru plays a central role in defining the 
sex-specific fate of neurons and acts as a master regulator of sexual 
circuit development and function (14). The dsx+ neurons include 
both fru+ and fru- populations with known functional differences 
(9, 21). For example, fru+ and fru- populations within the parental 
cluster pC1 exhibit behavioral specialization in courtship versus 
aggression (21) and distinct sensory responses to sexual pheromones 
(9). Consistent with fru’s prominent role in specifying cell fate, fru 
is a marker gene for 25 of the 84 subclusters, well above the average 
of 9.2 subclusters for all marker genes. Additionally, fru expression, 
both in presence/absence and quantitative levels, is highly spatially 
organized in UMAP space (Fig.  5C and SI  Appendix, Fig.  S7). 
While cell-type-specific changes in fru expression might seem like 
a plausible evolutionary mechanism for functional modifications, 
fru is not differentially expressed in any subcluster between D. 
melanogaster and D. yakuba, and its expression patterns are highly 
similar across all four species (Fig. 5C and SI Appendix, Fig. S7). 
Therefore, fru-specified sexual identity within dsx+ neurons is highly 
conserved across species, suggesting that the gain or loss of fru sexual 
identity may not be a frequent mode of evolutionary change in the 
nervous system.

Conserved Fast-Acting Neurotransmitter and Monoaminergic 
Identity. We annotated and compared subclusters that release the 
fast-acting neurotransmitters acetylcholine, GABA, and glutamate. 
Except for the highly diverse ANm clusters, all subclusters within 
each parental cluster shared the same neurotransmitter identity, 
which was conserved across all four species (SI Appendix, Fig. S8). 
Consistent with previous studies (41–43), pC1, pC2l, pC2m, 
pCd-1, TN1, and TN2 are cholinergic (VAChT/VGAT+), pCd-2 is 
GABAergic (Gad1+), and aDN is glutamatergic (VGlut+). Among 
the 50 ANm subclusters, 28 are cholinergic, 13 are GABAergic, 
seven are glutamatergic, and two lack expression of marker genes 
for these fast-acting neurotransmitters. Expression levels of these 
marker genes did not differ between D. melanogaster and D. 
yakuba in any subcluster. To annotate monoaminergic neurons, 
we used Vmat, which encodes a monoamine vesicular transporter, 
as a marker gene (44). Across all four species, Vmat is expressed 
in two ANm subclusters: ANm_14 is serotonergic (SerT+) and 
did not express maker genes of fast-acting neurotransmitters; 
and ANm_20 is dopaminergic (DAT+) (SI Appendix, Fig. S9). 
The serotonergic ANm_14 corresponds to a previously described 
neuron group that is necessary for successful copulation in D. 
melanogaster males (45). Expression levels of Vmat, SerT, and DAT 
did not differ between D. melanogaster and D. yakuba.

Rapid Evolutionary Turnover of Gene Expression in Neuropeptide 
Signaling Pathways. Neuropeptide signaling pathways, along with 
multiple terms related to synaptic connectivity and axon guidance, 
are among the enriched GO terms for DEGs. Here, we specifically 
focused on the expression patterns of neuropeptides and their 
receptors, given their important roles in regulating behaviors 
including sexual behaviors (46–52). Of the 23 neuropeptide genes 
expressed in at least one subcluster, nine are differentially expressed 
between D. melanogaster and D. yakuba in at least one subcluster 
(Fig. 5D). Three of these genes–Dh31, Dh44, and Tk–have been 
implicated in sexual behaviors, including male courtship (46–48, 
52). Notably, all three genes are DEGs only in a subset of the 
subclusters where they are expressed, with expression biased toward 
D. melanogaster in some subclusters and toward D. yakuba in 
others. Of the 34 neuropeptide receptors expressed in at least one 
subcluster, 25 are differentially expressed in at least one subcluster, 
with 14 whose gene expressions are biased toward different species 

depending on the subcluster. These 25 genes include CCKLR-
17D3 and SIFaR, both of which play roles in male courtship (50, 
51) and are DEGs in a small subset of expressed subclusters.

 One notable difference is in the cell type TN2-5, which 
expresses the neuropeptide Tk  in D. melanogaster  and Dh31  in D. 
yakuba  ( Fig. 5E  ). Based on molecular markers, we registered 
TN2-5 to one of the two mesothoracic TN2 neuron pairs previ-
ously referred to as MsA ( 25 ) ( Fig. 5F   and SI Appendix, Fig. S10 ). 
Using multiplexed in situ Hybridization Chain Reaction (HCR) 
( 53 ,  54 ), we confirmed that one neuron pair was consistently Tk + 
and Dh31﻿- in D. melanogaster  and Tk﻿- and Dh31 + in D. yakuba  
( Fig. 5F  ). Further scRNA-seq comparisons across four species 
showed that D. yakuba , D. santomea , and D. teissieri  shared the 
same Tk-  and Dh31 + pattern in TN2-5 (SI Appendix, Fig. S10 ), 
suggesting that the shift in Tk  and Dh31  expression might have 
co-occurred at the divergence between D. melanogaster  and the 
common ancestor of the other three species.  

Defining Sex Differences of dsx+ Cell Types in D. melanogaster. 
While some dsx+ parental clusters are male-specific or more 
abundant in males, female D. melanogaster also has a few hundred 
dsx+ neurons (~560 neurons by our estimation; see SI Appendix, 
Table S2), many of which regulate key aspects of female sexual 
behaviors (14, 15). The diversity of dsx+ cell types in females and 
the sex differences in dsx+ cell types–particularly in the ANm, 
where the majority of dsx+ neurons are found in females, have 
not been systematically characterized. Therefore, we generated a 
scRNA-seq dataset of dsx+ neurons in adult female D. melanogaster 
to define and compare cell types between sexes. This dataset not 
only provides foundational knowledge of female sexual circuits 
and sexual dimorphism but also enables our further exploration 
of the relationship between species- and sex- differences (see next 
section).

 The female data include 3,802 high quality dsx+  cells from adult 
female D. melanogaster , resulting in ~7× coverage. To avoid clus-
tering bias due to the much larger size of male dataset, we down-
sampled male D. melanogaster  data to match the cellular coverage 
of the female dataset and then integrated them to define sex-specific 
and sex-biased cell types. Because females and males share the 
marker genes of the same parental clusters (SI Appendix, Fig. S1 ), 
we used these genes to define parental clusters in the integrated 
male/female dataset. Consistent with previous studies ( 25 ), TN1 
and TN2 are male-specific, while pC1, pC2l, and pC2m are 
male-biased ( Fig. 6A  ). We further resolved cell types by subclus-
tering and defined sex-specific and sex-biased cell types as those 
subclusters consisting of over 95% or 75% of cells from one sex, 
respectively. Among the 79 subclusters resolved, we classified 50 
as sex-unbiased, 21 as male-specific, 5 as female-specific, and 3 as 
female-biased ( Fig. 6 B  and C  ). The majority (71.43%) of 
male-specific cell types are in the brain, whereas all female-specific 
and female-biased ones are in the ANm. These labels should be 
largely conserved across the four species here given the highly 
conserved sex differences in parental clusters (SI Appendix, 
Table S2 ).          

Male-Specific dsx+ Cell Types Do Not Exhibit Greater Divergence 
between Species. Males and females may experience different 
fitness consequences from the same evolutionary changes in shared 
cell types (55). Under this model, sex-shared cell types may be more 
evolutionarily constrained than sex-specific ones. Additionally, 
male reproductive tissues may undergo faster evolutionary change 
as a result of sexual selection (6, 56). However, whether sexually 
dimorphic cell types, especially male-specific cell types, exhibit 
greater species divergence than sex-unbiased cell types has never D
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been tested in the nervous system. The presence of male-specific 
and sex-unbiased cell types within dsx+ neurons provides a system 
to address this question.

 To compare species divergence in relation to sex differences, 
first we have to transfer the “male-specific,” and “sex-unbiased” 
labels from the male/female dataset to the four-species male data-
set, by cross-referencing the cell type identities of male cells present 
in both datasets (SI Appendix, Fig. S11 ). Cells from 78 of the 84 
subclusters found in the four species dataset were exclusively 
matched to either male-specific or sex-unbiased subclusters in the 
male/female dataset, allowing us to transfer these labels across 
datasets (SI Appendix, Table S3 ).

 Upon label transfer, we tested whether male-specific cell types 
showed greater divergence between D. melanogaster  and D. yakuba  
in relative abundance or transcriptomic patterns. Among the 21 
male-specific cell types, three were either species-specific (TN1_4) 
or species-biased (pC1_6 and TN1_2), and one (pC2l_3) was 
among the five subclusters with the lowest transcriptomic corre-
lation scores across species. However, male-specific cell types were 
not significantly overrepresented among species-specific or 
species-biased cell types (Fisher’s exact test; odds ratio = 1.083; P  
= 1) or among those with the five lowest transcriptomic correla-
tions (odds ratio = 1.248; P  = 1). Furthermore, transcriptomic 
correlation scores did not differ among male-specific and 
sex-unbiased cell types ( Fig. 6D  ). Therefore, contrary to classic 

predictions, we found no clear association between sex differences 
and species divergence.  

Resources for Cell-Type-Specific Labeling and Gene Expression 
Inquiries. Gaining genetic access to discrete cell types is crucial 
for investigating the organization, function, and evolution of 
the nervous system. Exploiting our datasets across species and 
between sexes, we used scMarco–a graphical user interface that 
binarizes gene expression in scRNA-seq data using a Bayesian 
mixture model approach (26)–to identify optimal combinations 
of molecular markers for each cell type defined in the four-species 
dataset (Dataset S2). Each cell type can be uniquely defined by 
the combination of two to three marker genes including dsx. 
This approach informs genetic intersection strategies for cell-
type-specific labeling and functional manipulations, a powerful 
technique that has been demonstrated successfully (11, 26, 29). 
For D. melanogaster, users can cross-reference these marker genes 
or gene pairs with the gene-specific split-GAL4 database to 
identify existing driver lines or design new lines for targeted genetic 
manipulations (26), and many split-GAL4 lines can be generated 
by simple genetic crosses (57). Users may further intersect the 
split-GAL4 with dsxFLP (58) to achieve labeling specificity as 
needed. Furthermore, both the four-species and the male/female 
datasets are publicly accessible through a Shiny app (https://apps.
yenchungchen.com/dsx_neurons), an interactive web portal to 
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of the corresponding parental cluster to the immunostaining estimate for that sex (provided in SI Appendix, Table S2). Numbers are plotted on a log2 scale with 
an offset of 1 [log2 (N + 1)] along the Y-axis to accommodate a wide range of values and to account for zeros. (D) Box and whisker plot comparing transcriptomic 
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identify and evaluate optimal molecular markers for cell types 
of interest and to query gene expression on UMAP spaces across 
cell types, species, and sexes. These resources will facilitate the 
development of cell-type-specific tools in D. melanogaster and 
across species.

Discussion

 A prerequisite for understanding behavioral evolution is to deci-
pher how changes in the molecular identity of cell types shape 
divergent circuit properties and behaviors. In this study, we gen-
erated a comprehensive cell type atlas of male dsx + neurons across 
four species of Drosophila  ( Figs. 1  and  2 ). Our species comparison 
revealed key aspects of neural circuit evolution, including cell 
types, transcriptomic conservation, and gene expression 
( Figs. 3 – 5 ). We also generated a cell type atlas for dsx + neurons 
in female D. melanogaster , defined sex differences of dsx+  cell types, 
and tested whether male-specific cell types exhibit distinct evolu-
tionary patterns ( Fig. 6 ). Finally, we systematically identified com-
binations of molecular markers that uniquely label each cell type, 
enabling precise cell-type-specific functional characterization in 
future studies.

 Our study provided the previously lacking granularity in cell 
type evolution. We showed that the cell type composition of sexual 
circuits, neural circuits that encode some of the most rapidly evolv-
ing behaviors, is highly conserved. Among the 84 defined cell 
types, ranging from one to about 23 neurons per hemisphere, we 
identified all but two across all four Drosophila  species. Although 
this result does not preclude the importance of cell type evolution 
in behavioral adaptation, as demonstrated by many studies ( 59 ) 
and our earlier finding that the loss of a dsx + cell type contributed 
to courtship song evolution ( 11 ), our findings indicate that behav-
ioral evolution primarily proceeds through changes in the abun-
dance, morphology, and physiology of existing cell types. We note 
that the appropriate level of granularity in defining cell types is 
an open question ( 60 ,  61 ). While our dataset can resolve 
single-neuron pairs, morphologically and functionally distinct cell 
types may not be fully distinguishable at this molecular level, and 
additional cell types lacking strong marker genes may still be 
embedded in our dataset. We also note that clustering strategies, 
such as species included for data integration, may also influence 
the precise outcome of cell type identification. Regardless, our 
study provides a necessary baseline for investigating the cellular 
basis of behavioral evolution. The high-resolution datasets gener-
ated here also enable further applications tailored to specific 
research questions and cell types of interest, such as adjusting 
clustering parameters, analyzing unintegrated or differently inte-
grated datasets, combining data from different developmental 
stages, and incorporating additional neuronal modalities such as 
anatomy from high-resolution light microscopy or EM connec-
tomes ( 62 ,  63 ).

 In contrast to the overall conservation of the presence or absence 
of cell types, we identified many candidate events of species dif-
ferences in cell type abundance and widespread transcriptomic 
changes. At the transcriptional level, we observed substantial var-
iation in transcriptomic conservation even among cell types within 
the same parental cluster. This heterogeneity also aligns with the 
cell-type-specificity of DEGs, most of which were differentially 
expressed in only a small subset of cell types across species. 
Furthermore, contrary to the prediction that male-specific cell 
types may evolve more rapidly due to reduced genetic constraints 
and stronger positive selection, they do not exhibit greater diver-
gence between species compared to sex-unbiased cell types. The 
rapid evolution of male-specific cell types is likely counterbalanced 

by strong purifying selection to maintain their critical roles in 
male sexual behaviors. Moreover, evolutionary changes may be 
localized to a limited subset of these cell types, such that 
male-specific cell types as a whole do not show elevated divergence. 
Together, our findings suggest that cell types are highly modular 
evolutionary units, with selective pressures shaping their molecular 
evolution in a strongly heterogeneous manner.

 At the level of individual cell types, our study revealed conserved 
and evolvable aspects of gene expression in sexual circuits. 
Surprisingly, despite long-standing appreciation of cis﻿-regulatory 
changes of master regulators as key drivers of phenotypic evolu-
tion, fru –a central orchestrator of male sexual circuits ( 14 )–did 
not stand out as an obvious player. Both the composition of fru + 
and fru﻿- populations in dsx + neurons and the quantitative expres-
sion of fru  across cell types appear highly conserved in dsx + neu-
rons. (We note that species differences in fru  expression not 
examined here may exist). This observation aligns with recent 
work revealing a conserved functional subdivision of P1 neurons, 
a subset of pC1 neurons that acts as a core node of the male 
courtship circuit, by fru  expression ( 9 ). In addition, the similarity 
of dsx + cell types and the quantitative levels of dsx  gene expression 
across species indicate that dsx﻿-defined sexual identity is also con-
served. Other conserved features include higher transcriptomic 
conservation of genes essential for cell identity (i.e., transcriptional 
factors and marker genes) and an identical pattern of neurotrans-
mitter identity (i.e., fast-acting neurotransmitters and monoam-
ines) across all dsx+  cell types in all four species. Thus, the 
widespread gene expression differences observed between D. mel-
anogaster  and D. yakuba– accounting for 10.2% of all genes 
expressed in the dataset–should arise disproportionately from 
genes outside these core properties. Particularly, genes involved in 
neuropeptide signaling, which are implicated in behavioral evo-
lution ( 64 ), exhibit striking evolutionary turnover in their gene 
expression patterns in a cell-type-specific manner. This evolution-
ary lability converges with recent findings in nematodes ( 8 ) and 
deer mice ( 5 ), suggesting that it represents a fundamental feature 
of neural circuit evolution. Together, our study revealed a dynamic 
evolutionary landscape of widespread, cell-type-specific modifi-
cations built upon a largely conserved organization of sexual cir-
cuits in cell types, sexual identity, and neurotransmitter identity.

 The profound molecular and functional diversity among neu-
ronal cell types, combined with their highly cell-type-specific 
evolutionary trajectories, highlights the urgent need for cell-type- 
specific genetic tools. This need is especially critical for studying 
evolutionary changes, as meaningful interpretation is contingent 
on comparing truly homologous neurons or neuronal groups 
across species. While transferring GAL4 and split-GAL4 enhancer 
drivers that label specific neurons in D. melanogaster  into closely 
related species has been a fruitful approach ( 2 ), this approach can 
be constrained by factors such as species differences in enhancer 
activity and the lack of well-characterized reagents in D. melano-
gaster . Unlike enhancer-based genetic tools, gene-specific tools 
that leverage native regulatory elements have been shown to reli-
ably recapitulate the expression patterns of targeted genes ( 26 ). 
By identifying molecular markers and marker combinations that 
represent specific cell types, our efforts provide a roadmap for 
designing these essential tools within and across species.

 Finally, we have uncovered many interesting evolutionary 
changes, inviting future validation and functional characterization. 
As a proof of principle, we validated that the single-neuron cell 
type TN2-5 has undergone an evolutionary switch in neuropep-
tide identity: expressing Tk  in D. melanogaster  and Dh31  in 
﻿D. yakuba . Although the function of TN2-5 remains uncharac-
terized due to the lack of genetic tools, its male specificity and D
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mesothoracic location suggest a potential role in male-specific 
wing behaviors, such as courtship song and agonistic song ( 20 , 
 65 ). Interestingly, in D. melanogaster , Tk  signaling suppresses 
courtship and enhances aggression ( 46 ,  52 ), while gut-derived 
﻿Dh31  signaling promotes courtship ( 48 ). Future research may 
uncover the behavioral role of TN2-5 and the phenotypic conse-
quences of its evolutionary shift in neuropeptide identity, now 
made possible by identifying marker genes that enable 
cell-type-specific tools. Given the widespread evolutionary turn-
over in the neuropeptide signaling pathway, a broadly relevant 
question is whether the behavioral states associated with these 
genes have diverged across species, or whether gene–behavior asso-
ciations remain conserved, with changes in gene expression repur-
posing the same cell type to regulate distinct behaviors.

 In conclusion, by using dsx  as a molecular handle, we character-
ized the cellular and molecular diversity of sexual circuits with 
unprecedented detail. Our findings provide fundamental insights 
into the evolutionary dynamics of neural circuits at the single-cell-type 
level and the neural mechanisms of behavioral adaptation.  

Materials and Methods

Information is available in SI Appendix. Briefly, we collected dsx+ neurons by 
fluorescently sorting genetically labeled neurons (dsx-GAL4>nls::tdTomato) 
from adult males of D. melanogaster, D. yakuba, D. santomea, and D. teissieri, as 
well as adult females of D. melanogaster. The sorted neurons were subjected to 
10× Genomics sequencing. Reads were mapped to the corresponding reference 
genomes using Cell Ranger, restricted to orthologous genes shared across all four 
species, for subsequent clustering and gene expression analyses primarily con-
ducted with Seurat. We generated two integrated datasets: 1) a four-species data-
set comprising dsx+ male neurons from all four species, and 2) a male/female 
dataset containing both male and female dsx+ neurons from D. melanogaster.

Data, Materials, and Software Availability. Raw scRNA-seq data and the 
related R objects (.Rds files containing clustering results, metadata, and gene 
expression data) are available on Dryad under DOI: https://doi.org/10.5061/dryad.
f4qrfj78h (66). The shiny app can be accessed via https://apps.yenchungchen.
com/dsx_neurons/.
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