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Abstract 

Background  Pheromones play a key role in regulating sexual behavior throughout the animal kingdom. In Dros-
ophila and other insects, many cuticular hydrocarbons (CHCs) are sexually dimorphic, and some are known to per-
form pheromonal functions. However, the genetic control of sex-specific CHC production is poorly understood 
outside of the model species D. melanogaster. A recent evolutionary change is found in D. prolongata, which, com-
pared to its closest relatives, shows greatly increased sexual dimorphism in both CHCs and the chemosensory system 
responsible for their perception. A key transition involves a male-specific increase in the proportion of long-chain 
CHCs.

Results  Perfuming D. prolongata females with the male-biased long-chain CHCs reduces copulation success, sug-
gesting that these compounds function as sex pheromones. The evolutionary change in CHC profiles correlates 
with a male-specific increase in the expression of multiple genes involved in CHC biosynthesis, including fatty acid 
elongases, reductases and other key enzymes. In particular, elongase F, which is responsible for producing female-
specific pheromones in D. melanogaster, is strongly upregulated in D. prolongata males compared both to females 
and to males of the sibling species. Mutations in eloF reduce the amount of long-chain CHCs, resulting in a partial 
feminization of pheromone profiles in D. prolongata males. Transgenic experiments show that sex-biased expression 
of eloF is caused in part by a putative transposable element honghaier insertion in its regulatory region.

Conclusions  These results show that cis-regulatory changes in the eloF gene, along with other changes in the CHC 
synthesis pathway, contribute to the evolution of sexual communication.
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Background
Communication, both between and within the sexes, 
plays a pivotal role in sexual selection and the evolution 
of sexual dimorphism [7, 26, 27, 121, 153]. However, 
our understanding of the genetic control of both signal-
ing and signal perception remains limited outside tradi-
tional model systems. In insects, as well as other animals, 
pheromones are one of the key methods of communi-
cation [27, 134, 135, 159]. Among the most common 
insect pheromones are cuticular hydrocarbons (CHCs), 
which affect a wide range of social and non-social func-
tions including maintaining water balance [34, 35, 150], 
resource acquisition [10], social aggregation [138], cohort 
recognition [143], mate choice [35, 87, 132], aggression 
[148, 161], and signaling fecundity [105] and immuno-
competence [89].

Much of our understanding of pheromone communi-
cation comes from Drosophila, where several chemicals 
have been confirmed to have pheromonal effects [21, 
49, 73, 159]. In D. melanogaster, the male-specific com-
pounds cis-Vaccenyl Acetate (cVA) and 7-Tricosene (7 
T) promote aggression when perceived by males and 
increase receptivity when perceived by females [42, 60, 
82, 120, 149]. In contrast, the female-specific 7,11-hep-
tacosadiene (7,11-HD) functions as an aphrodisiac 
[53]. 7,11-HD initiates a neural cascade that flows from 
peripheral chemoreceptors to the central nervous sys-
tem to stimulate male courtship behavior, whereas the 
perception of 7  T inhibits the courtship circuitry in 
males and regulates reproductive functions in females 
[25, 124, 144].

The importance of CHCs in mating behavior can con-
tribute to the evolution of reproductive barriers [38, 47]. 
The best-studied example is found in D. melanogaster 
and its sibling species D. simulans, where interspecific 
differences in the processing of the 7 T and 7,11-HD sig-
nals contribute to pre-mating isolation [38, 47]. Within 
D. melanogaster, a higher abundance of female-specific 
5,9-heptacosadiene in African populations contributes 
to the partial isolation between African and non-African 
strains [48, 50, 61, 158]. Divergent pheromone profiles 
also contribute to reproductive isolation in other Dros-
ophila species, including the 9-pentacosene between 
different populations of D. elegans [67], 2-methyl hexa-
cosane between D. serrata and D. birchii [35, 66], and 
10-heptadecen-2-yl acetate between different subspecies 
of D. mojavensis [72].

Understanding the genetic basis of pheromone evolu-
tion has been facilitated by a well-characterized pathway 
for CHC biosynthesis. In insects, key steps in this pro-
cess, including fatty acid synthesis, desaturation, elonga-
tion, and decarboxylation, are highly conserved [19, 155]. 
These reactions take place mainly in adult oenocytes, 

a specialized cell type located beneath the abdominal 
epidermis [16, 52, 100]. Dietary lipids, such as palmitic 
and stearic acids, are CoA-activated by fatty acyl syn-
thases, followed by the introduction of position-specific 
double bonds catalyzed by desaturases. Elongation pro-
ceeds with the incorporation of malonyl-CoA, adding 
two carbons at a time to the growing precursor chain. 
The synthesis of very-long-chain CHCs is catalyzed by 
fatty acid elongases (FAEs), with the additional involve-
ment of three other categories of enzymes: 3-keto-acyl-
CoA-reductase (KAR), 3-hydroxy-acyl-CoA dehydratase 
(HACD), and trans-enoyl-CoA-reductase (TER) [31, 155, 
159]. Fatty acyl-CoA reductases (FARs) act on the very 
long chain fatty acyl-CoAs produced by the elongation 
process, reducing them to aldehydes. From these alde-
hydes, mature CHCs are produced by oxidative decar-
boxylation catalyzed by insect-specific cytochrome P450 
[114]. The multi-stage chemistry that creates the final 
structure of CHCs offers multiple points at which the 
end products can be modified. Variation in CHC profiles 
has been attributed to genes controlling the positions of 
double bonds [32, 41], methyl branches [35], and chain 
length [31, 38, 110, 119].

Sexually dimorphic CHCs have been observed in most 
Drosophila species that have been examined (81/99) [73], 
but our understanding of how sex-specific pheromones 
are produced continues to be based on genetic studies 
in  D. melanogaster. A complete feminization of phero-
mone profiles can be achieved by targeted expression of 
the female sex determiner, transformer (tra), in adult male 
oenocytes [52]. Downstream, at least two key enzymes 
are under the control of the sex differentiation pathway: 
elongase F  (eloF) and desaturase F  (desatF, also known 
as Fad2), which control carbon chain elongation and the 
production of alkadienes, respectively [31, 32]. Female-
specific expression of these enzymes contributes to the 
production of 7,11-HD, the critical female pheromone 
in D. melanogaster, as well as to the higher abundance 
of very long chain CHCs in females. However, a com-
parative analysis has shown that the female-restricted 
expression of desatF has evolved relatively recently, in the 
common ancestor of D. melanogaster and D. erecta, and 
that more distantly related Drosophila species  express 
desatF in a sexually monomorphic manner that correlates 
with sexually monomorphic diene abundance [128]. The 
evolution of sex-biased desatF expression in the D. mela-
nogaster lineage was associated with the gain of binding 
sites for doublesex (dsx), the key transcription factor that 
acts downstream of tra to direct the sexual differentia-
tion of somatic cells, in the oenocyte enhancer of desatF 
[128]. Outside of D. melanogaster and its closest relatives, 
the genetic basis of sex-specific pheromone production, 
and especially the synthesis of male-specific pheromones 
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that are found in many Drosophila species [73], is largely 
unknown.

In this report, we examine the genetic basis and evolu-
tionary origin of male-biased pheromones in D. prolon-
gata. This species exhibits multiple derived sex-specific 
traits compared to its close relatives [131], making it an 
attractive model for investigating coevolution between 
signals and receptors that mediate sexual communica-
tion. Along with many species-specific features of mat-
ing behavior and male-male aggression [6, 104, 127], D. 
prolongata has strongly diverged from its relatives both 
in the chemical signals and in their receptors. On the 
sensory perception side, this species shows a dramatic, 
sex-specific increase in the number of gustatory organs 
on the front legs of males [96]. Leg gustatory organs have 
a well-characterized role in sex-specific pheromone per-
ception in D. melanogaster [25, 124, 144], and D. pro-
longata males use their front legs extensively in both 
courtship and male-male aggression [6, 104, 126, 127, 
160], suggesting that this morphological change may have 
important behavioral consequences. And on the signal-
ing side, D. prolongata shows a recently evolved, strongly 
sex-biased CHC profile [98]. Specifically, the difference 
involves the relative amounts of three serial chemical 
homologs, 9-tricosene (9T), 9-pentacosene (9P), and 
9-heptacosene (9H). These molecules differ only in the 
length of the carbon backbone, and are likely to share 
common biosynthetic origin. While its closest relatives 
such as D. rhopaloa and D. carrolli are sexually mono-
morphic in the abundance of these CHCs, D. prolongata 
males show a dramatic increase in the amounts of 9P and 
9H, and a concomitant reduction in the amount of 9T, 
compared to females.

To identify the genetic changes responsible for the 
evolutionary transition from sexually monomorphic to 
sexually dimorphic CHC profiles, we compared gene 
expression in pheromone-producing tissues between 
D. prolongata and D. carrolli. We find that D. prolon-
gata males show increased expression of many enzymes 
involved in CHC synthesis, including multiple fatty 
acyl elongases and reductases. We show that eloF, 
which is responsible for the female-biased abundance 
of long-chain CHCs in D. melanogaster, is expressed 

in a male-specific manner in D. prolongata, due in part 
to changes in its cis-regulatory sequences, and is partly 
responsible for the increased abundance of 9P and 9H in 
D. prolongata males. Finally, we confirm that these CHCs 
affect sexual behavior. Together, our results reveal one of 
the genetic mechanisms responsible for a recent evolu-
tionary change in sexual communication.

Results
Perfuming with male‑specific pheromones reduces female 
mating success
Male-biased chemical cues are often used in a reproduc-
tive context, for example as inhibitory signals against 
female remating that function as chemical mate-guarding 
strategy [53, 69, 86, 108]. We previously showed that D. 
prolongata exhibits a male-specific increase in the abun-
dance of two long-chain CHCs, 9-pentacosene (9P) and 
9-heptacosene (9H) [98]. To investigate the role of these 
hydrocarbons in mating behavior, we examined male–
female interactions by pairing single virgin males with 
single virgin females perfumed with synthetic 9P or 9H. 
On average, each female received ~ 350 ng of extra 9P in 
the 9P treatment and ~ 90 ng of additional 9H in the 9H 
treatment, as shown by GC–MS (Fig. 1 A’, B’). Perfumed 
females, therefore, had a masculinized pheromone profile 
with an abundance of male-biased hydrocarbons inter-
mediate between those observed in normal D. prolongata 
males and females (Fig. 1A, B).

In mating trials, nearly all males encountered their 
female partners at the mating arena (Additional file  1: 
Fig. S1 A). Males rarely showed threatening behavior 
toward the perfumed females, a stereotypical aggressive 
behavior displayed towards other males (Additional file 1: 
Fig. S1B), suggesting that males could still recognize the 
sex identities of females with modified CHC profiles by 
using other chemical or non-chemical cues. In the 9H 
treatment, we observed a non-significant decrease in the 
rate of courtship initialization (N = 32, logistic regression 
z-test, p = 0.25, Additional file 1: Fig. S1 C) and leg vibra-
tion (p = 0.066, Additional file  1: Fig. S1D), which may 
suggest reduced motivation in males. Despite the non-
significant effects on the individual elements of court-
ship behavior, we found a strong decrease in copulation 

(See figure on next page.)
Fig. 1  Perfuming male-biased long-chain hydrocarbons on virgin females reduces copulation success in D. prolongata. (A, A’) Boxplots showing 
the total abundance of 9P (A) and change in the abundance of 9P (A’) in ng/fly after the perfuming treatment indicated on the X axis. Female flies 
were perfumed with blank hexane (control), synthetic 9P, synthetic 9H, or 9P + 9H; untreated males are shown for comparison. Each dot represents 
a pool of 4 females or a single male. Dots and dashed lines are point estimates and 95% confidence for each treatment based on the regression 
approach described in Methods. The significance of changes was determined by ANOVA, followed by pairwise comparison using Tukey’s method. 
(B, B’) Total abundance of 9H (B) and change in the abundance of 9H (B’) after the perfuming treatment indicated on the X axis. C Stacked bar plots 
of copulation success after the perfuming treatment indicated on the X axis (N = 32 for each). Z-tests were performed on coefficients from logistic 
regression to determine the p-value for each perfuming treatment. P values are as follows: *** p < 0.001, ** p < 0.01, *, p < 0.05, ⋅ p < 0.1
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Fig. 1  (See legend on previous page.)
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success when females were perfumed with either 9P (N = 
32, p = 0.0475) or 9H (p = 0.023, Fig. 1 C) compared with 
the hexane control (59%, N = 32). The proportion of pairs 
that mated in the 9H treatment (28% mated) was reduced 
by half compared to the hexane control (59% mated). The 
success rate was reduced less in the 9P treatment (34% 
mated), even though a larger amount of the synthetic 
CHC was introduced. This disparity may suggest that 9H 
was perceived as a stronger masculinity cue than 9P, and 
therefore outweighed 9P in mate evaluation and deci-
sion-making during courtship. Simultaneous perfuming 
with both 9P and 9H did not result in further inhibition 
of courtship and copulation (Fig. 1; Additional file 1: Fig. 
S1). It is possible, however, that higher concentrations of 
9P and/or 9H would induce stronger behavioral changes.

A key Drosophila pheromone, cis-vaccenyl-acetate 
(cVA), is transferred from males to females during mat-
ing and subsequently inhibits courtship by rival males 
[46, 53, 69, 108]. Male-biased CHCs are also transferred 
to females in many other Drosophila species [73]. We 
therefore tested whether D. prolongata males transferred 
9P or 9H to females during mating. However, no trans-
fer was observed (Additional file  2: Fig. S2), suggesting 
that while these CHCs reduce female attractiveness, they 
are unlikely to be involved in chemical mate guarding or 
male-male competition in a manner similar to cVA.

Gene expression shows stronger sexual dimorphism in D. 
prolongata than in D. carrolli
We previously showed that sexually dimorphic phero-
mone profiles, with an increased abundance of 9P and 
9H in males, have evolved in D. prolongata from a sexu-
ally monomorphic ancestor [98]. To identify the genes 
responsible for this evolutionary transition, we per-
formed RNA sequencing on dissected oenocyte-enriched 
tissues (abbreviated as oenocyte dissections) in sexually 
mature adults of both sexes of D. prolongata and D. car-
rolli, followed by differential gene expression analysis. We 
defined our candidate genes as those that show (1) dif-
ferential expression between males and females in D. pro-
longata (Fig. 2A) and (2) differential expression between 
males of D. prolongata and D. carrolli (Fig. 2B). To also 
account for the possibility that both D. prolongata and D. 
carrolli are sexually dimorphic, but the extent or direc-
tion of sex bias differs between the two species, we also 
required that the differentially expressed genes show 
interaction effects between species and sex (Fig. 2C).

In the comparison between male and female D. prolon-
gata, 526 genes were identified as differentially expressed 
(Fig.  2A). Differentially expressed genes (DEGs) are 
almost equally likely to be female-biased (262 genes) as 
male-biased (264 genes). We found many more genes 
(2812) that were differentially expressed between males of 

D. prolongata and D. carrolli (Fig. 2B). These genes were 
slightly more likely to be enriched in D. carrolli (Binomial 
test, p = 2.4e-3), with 46.7% (1325 genes) having higher 
expression in D. prolongata. 91 genes showed significant 
interaction between species and sex (Fig. 2C). Consistent 
with D. prolongata being more sexually dimorphic in var-
ious phenotypes, the latter DEGs are more likely to show 
stronger sexual dimorphism in D. prolongata than in D. 
carrolli (Binomial test, p = 2.6e-10), with only 17.6% (16 
genes) showing stronger dimorphism in D. carrolli.

Sexually dimorphic and species‑biased genes are enriched 
for lipid metabolism functions
The sexually dimorphic pheromone profile of D. prolon-
gata is mainly attributable to a lower abundance of the 
shorter-chain 9T, and a higher abundance of the longer-
chain 9P and 9H, in males [98]. These compounds dif-
fer only in the number of carbons, suggesting a simple 
chemical basis for their differences – namely, a higher 
carbon chain elongation activity in males compared to 
females. To identify the molecular pathways that may 
underlie male–female differences in CHC profiles, we 
performed Gene Ontology (GO) enrichment analysis of 
the genes that show sex-biased expression in D. prolon-
gata and oenocyte expression in D. melanogaster. We 
found 26 significantly enriched GO terms, of which the 
top 6 categories are all associated with lipid metabolism 
(Table 1,Fig. 3; Additional file 3: Fig. S3).

Long-chain fatty acyl CoA metabolic process 
(GO:0035336) shows particular enrichment in D. prolon-
gata males compared to females (Table  1; Fig.  3; Addi-
tional file  3: Fig. S3). These genes include seven fatty 
acyl reductases (FARs): CG17560, CG17562, CG14893, 
CG4020, CG5065, CG8306, and CG30427 [33, 54] and 
six fatty acid elongases (FAEs), including elongase F 
(eloF), CG9458, CG16904, CG9459, CG33110, and bond. 
Some members of both FAR and FAE gene families have 
been shown to affect the production and relative ratios 
of long-chain and short-chain pheromones [31, 43, 110, 
119]. We also found an enrichment of genes associated 
with transmembrane transport (26 genes, GO:0055085) 
(Table 1; Additional file 3: Fig. S3). This may reflect the 
need for CHCs to be transported from the oenocytes to 
the cuticle, which likely involves crossing the intervening 
epithelium and several layers of cell membrane [19]. As 
expected, we also found an enrichment of genes involved 
in somatic sex differentiation (GO:0007548), including 
Sex-lethal (Sxl), transformer (tra), doublesex (dsx), and 
yolk proteins yp1, yp2, and yp3, which are known molec-
ular targets of Dsx [64, 77, 157].

In the GO enrichment analysis of genes that show dif-
ferential expression between D. prolongata and D. car-
rolli males and oenocyte expression in D. melanogaster, 
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we identified 32 overrepresented and 7 underrepre-
sented GO terms (Additional file 4: Table S1; Additional 
file 5: Fig. S4). As in the sex bias analysis, the enriched 
GO terms include terminal lipid metabolism processes, 
such as fatty acid elongation (GO: 0030497, see child 
GO terms GO:0034625, GO:0034626 and GO:0019367 
in Additional file  5: Fig. S4). A closely related process 

is the very-long-chain fatty acid biosynthetic process 
(GO:0042761), which contains the 3-hydroxy-acyl-
CoA-dehydratase (HACD) Hacd2 and the trans-enoyl-
CoA-reductase (TER) Sc2, which exhibits extremely 
D. carrolli-biased expression (> 12,000-fold change) 
and is sexually monomorphic in D. prolongata. Both 
HACDs and TERs are required for the elongation step 

Fig. 2  Differential expression analysis reveals strongly male-biased expression of eloF in D. prolongata. Volcano plots showing genes with differential 
expression between D. prolongata males and females (A), differential expression between D. prolongata and D. carrolli males, and interaction 
effects between species and sex (C). The interaction effects in (C) indicate that either the magnitude of sex differences varies between species, 
or the direction of sex bias is flipped between species. The x-axis is the log2 fold difference, and the y-axis is the negative log10 of FDR-adjusted P 
values. Numbers of genes that pass the FDR < 0.05 cutoff for biased expression in either direction are indicated in boxes. D Venn diagram showing 
candidate gene selection criteria, with 53 final candidates. Numbers of differentially expressed genes (FDR < 0.05) are labeled in parentheses 
for each one-way comparison
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during the synthesis of very-long-chain fatty acids, 
as is another enzyme class, 3-keto-acyl-CoA-reduc-
tases (KAR, [155]). Among predicted KARs, CG13284 
showed differential expression between D. prolongata 
and D. carrolli. The long-chain fatty acyl CoA metabolic 
process (GO:0035336 also showed strong enrichment 
in this analysis (Additional file  4: Table  S1; Additional 
file  5: Fig. S4. In addition to the 5 FARs identified in 
the male–female comparison, we detected significant 

differential expression of CG18031, a FAR that was pre-
viously shown to function in larval oenocytes [37].

Beyond the genes immediately related to the phero-
mone synthesis pathway, we also observed wider differ-
ences in lipid metabolism. The lipid catabolic process 
(GO:0016042), in addition to being male-biased in D. 
prolongata, also shows higher expression in D. prolon-
gata compared to D. carrolli (Fig.  3, Additional file  5: 
Fig. S4). This GO term contains 74 species-biased 

Table 1  Significant GO terms in the comparison between D. prolongata males and females

Fisher: raw p-values from Fisher’s exact test

KS: raw p-values from the Kolmogorov–Smirnov test

GO.ID Term Annotated Significant Expected Fisher KS Rank in KS Rank in Fisher Mean rank

GO:0035336 long-chain fatty-acyl-CoA meta-
bolic process

11 7 0.59 3.30E-07 7.00E-05 3 1 2

GO:0016042 lipid catabolic process 74 14 3.98 1.40E-06 0.00068 6 2 4

GO:0019367 fatty acid elongation, saturated 
fatty acid

11 6 0.59 8.40E-06 0.00221 13 3 8

GO:0034625 fatty acid elongation, monoun-
saturated fatty acid

11 6 0.59 8.40E-06 0.00221 14 4 9

GO:0034626 fatty acid elongation, polyun-
saturated fatty acid

11 6 0.59 8.40E-06 0.00221 15 5 10

GO:0042761 very long-chain fatty acid 
biosynthetic process

14 6 0.75 4.80E-05 0.00895 30 6 18

GO:0007548 sex differentiation 58 8 3.12 0.00025 0.01291 39 7 23

GO:0055085 transmembrane transport 283 26 15.23 0.00035 1.00E-04 4 8 6

GO:0070887 cellular response to chemical 
stimulus

306 21 16.47 0.00039 0.01185 36 9 22.5

GO:0006836 neurotransmitter transport 79 5 4.25 0.00087 0.00393 19 11 15

GO:0007530 sex determination 18 5 0.97 0.00208 0.03854 78 13 45.5

GO:0035725 sodium ion transmembrane 
transport

19 5 1.02 0.0027 0.02581 62 14 38

GO:0008284 positive regulation of cell popu-
lation proliferation

57 9 3.07 0.00546 0.00172 11 17 14

GO:0007472 wing disc morphogenesis 213 20 11.46 0.00656 0.02081 52 18 35

GO:0044248 cellular catabolic process 618 36 33.26 0.00667 0.00114 9 19 14

GO:0009063 cellular amino acid catabolic 
process

33 6 1.78 0.00742 0.00049 5 20 12.5

GO:0015849 organic acid transport 37 7 1.99 0.00814 0.00692 26 21 23.5

GO:1901606 alpha-amino acid catabolic 
process

25 5 1.35 0.00949 0.00782 28 24 26

GO:0014019 neuroblast development 10 3 0.54 0.01394 0.01152 35 27 31

GO:1901361 organic cyclic compound 
catabolic process

100 5 5.38 0.01437 0.04982 96 31 63.5

GO:0006835 dicarboxylic acid transport 12 3 0.65 0.02359 0.03147 70 37 53.5

GO:0008610 lipid biosynthetic process 142 17 7.64 0.02438 0.00522 23 39 31

GO:0006629 lipid metabolic process 283 35 15.23 0.02957 0.03956 81 45 63

GO:0044249 cellular biosynthetic process 1306 66 70.28 0.03223 0.02261 55 46 50.5

GO:0006869 lipid transport 47 6 2.53 0.03681 0.0108 33 52 42.5

GO:0048871 multicellular organismal 
homeostasis

51 6 2.74 0.03703 0.04385 86 53 69.5

GO:0050795 regulation of behavior 56 9 3.01 0.04932 0.01687 43 62 52.5
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genes, many of which have annotated or predicted 
function in lipid storage, mobilization, and transport. 
Representative examples include the medium-chain 
acyl-CoA dehydrogenase Mcad [39], hormone-sensitive 
lipase Hsl [15], juvenile hormone epoxide hydrolases 
Jheh1 [28] and Jheh2 [55], ABC-type fatty-acyl-CoA 
transporter ABCD [56], long-chain-3-hydroxyacyl-CoA 
dehydrogenase Mtpα [76], and predicted acetyl-CoA 
C-acetyltransferase yip2 [84].

In summary, GO enrichment analyses indicate that, 
consistent with the lipidic nature of CHCs, a dispro-
portionately high number of genes involved in lipid 
metabolism are differentially expressed between males 
and females and between D. prolongata and D. carrolli. 
These genes, in particular fatty acid elongases and fatty 

acyl reductases, could underlie the evolution of sexually 
dimorphic pheromone profiles in D. prolongata.

Candidate genes show increased male bias in D. prolongata
By intersecting the three selection criteria (male vs. 
female D. prolongata (Fig. 2A), male D. prolongata vs. D. 
carrolli (Fig.  2B), and interaction effects of species and 
sex (Fig. 2C)), we reduced the number of top candidate 
genes to 53, most of which show their highest expression 
in D. prolongata males (Fig.  2D). To test for correlated 
expression among these genes, we performed hierarchi-
cal clustering of genes and samples. The samples of D. 
prolongata males showed the greatest differences from 
the other samples (Fig. 4, left). We identified four major 
clusters of genes with distinct expression patterns (Fig. 4, 

Fig. 3  Terminal processes of lipid metabolism show differential gene expression between males and females of D. prolongata. Directed Acyclic 
Graph (DAG) of significant biological process GO terms and their parent terms. Significant (p < 0.05) and non-significant GO terms are color-coded 
and represented by ellipses and rectangular boxes, respectively. Significant GO terms can be underrepresented (blue) or overrepresented (red) 
based on Fisher’s exact test. Arrows indicate hierarchical relationships. GO terms at the same hierarchical level are placed at the same vertical 
position. GO terms under the lipid metabolic process (GO:0006629) are connected by green arrows and have green borders. Significant GO terms 
that are also enriched between males and females of D. carrolli have dashed borders
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top). The largest two clusters (red and purple) consist of 
39 genes that show higher expression in D. prolongata 
males compared both to D. carrolli and to conspecific 
females. Most of these genes do not show significant sex 
differences in D. carrolli. Compared to the monomorphic 
D. carrolli, genes in the red cluster (24 genes) are strongly 
upregulated in D. prolongata males, while those in the 
purple cluster (15 genes) are downregulated in D. prolon-
gata females (Fig. 4).

In principle, the evolution of male-biased pheromone 
profiles in D. prolongata could be explained either by 
species-specific increase or by species-specific reduction 
in the expression of genes in the pheromone biosynthesis 

pathway. The former pattern appears to dominate. In 
the third-largest cluster (blue in Fig.  4, 12 genes), most 
genes have mildly dimorphic expression in D. carrolli and 
increased dimorphism in D. prolongata, while fewer have 
overall lower expression in D. prolongata. The last and 
smallest cluster (orange, 3 genes) shows generally higher 
expression in D. prolongata, especially in females (Fig. 4).

In summary, D. prolongata males show a distinc-
tive gene expression profile due mainly to male-specific 
upregulation of multiple genes. While the genes show-
ing monomorphic or female-biased expression in D. pro-
longata (orange and blue clusters) may be necessary for 
the synthesis of species-specific pheromones, the genes 

Fig. 4  Candidate genes that show sex- and species-biased expression are involved in fatty acid biosynthesis and are arranged in gene clusters. 
Heatmap showing expression levels, standardized across samples, of 53 candidate genes (Fig. 2) + CG9459 (a member of the 5-elongase cluster), 
with red for relatively high expression and blue for low expression. UPGMA was used to perform hierarchical clustering on columns (genes) 
and rows (samples) based on pairwise Euclidean distances. The dendrogram of genes was cut into four clusters based on distinct co-expression 
profiles (e.g., red branches showing upregulation in D. prolongata males). FDR-adjusted p values from the 3-way comparison are annotated 
from light green (less significant) to dark green (more significant). Genes expressed in D. melanogaster oenocytes (Dmel oe expressors) [90] are 
colored in light pink. Gene Ontology (GO) terms for enriched biological processes and candidates that fall in the same genome block (10 kb 
neighborhood) are annotated by color as shown. Dashed lines indicate relationships between GO annotation and genomic clusters
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directly responsible for the male-biased pheromone pro-
file are more likely to be part of the male-enriched red 
and orange clusters. These clusters contain a number of 
fatty acid elongases and other genes involved in fatty acid 
metabolism (Fig.  4), whose increased expression may 
account for the evolution of male-specific CHC profile in 
D. prolongata.

Functionally related genes are distributed in local genomic 
blocks
Genes involved in CHC metabolism are likely to be 
expressed in the oenocytes of other Drosophila spe-
cies, including the well-studied model D. melanogaster. 
We intersected the 53 candidate genes identified above 
with the oenocyte-expressed genes from the D. mela-
nogaster Fly Cell Atlas data [90]. For genes that do not 
have gene-level annotations, we inferred their functions 
from the associated GO terms. Most functionally related 
candidates, including genes from the very-long-chain 
fatty-acyl-CoA metabolic process (CG17560, CG17562, 
CG8306, CG5065) and fatty acid elongation (eloF, 
CG9458, CG9459, CG16904) show oenocyte expression 
in D. melanogaster (Fig. 4). We cannot rule out that some 
of the other genes are not detected in the Fly Cell Atlas 
due to the gene drop-out typical of single-nucleus data, 
and or that some genes are expressed in oenocytes in D. 
prolongata but not in D. melanogaster or vice versa.

We found that many candidate genes are spatially 
clustered in the genome (Fig.  4). In particular, the fatty 
acid elongases eloF, CG8534, CG9458, CG9459, and 
CG16904 are all located in a ~ 10 kb genomic neighbor-
hood (Fig. 4). Except for CG16904, which shows reduced 
expression in D. prolongata females compared to D. car-
rolli, the other four genes in this cluster have increased 
expression in D. prolongata males. Between D. pro-
longata males and females, eloF is 217-fold enriched in 
males, CG8534 156-fold, CG16904 87-fold, CG9458 148-
fold, and CG9459 54-fold (Fig.  5A). This combination 
of spatial clustering and common sex bias suggests that 
these genes may share some cis-regulatory elements.

The best-studied elongase gene is eloF, which encodes 
a bona fide fatty acid elongase. Oenocyte-specific knock-
down of eloF in D. melanogaster leads to a reduction in 
the abundance of long-chain hydrocarbons, which are 
female-specific in that species [31]. On the other hand, 
oenocyte-specific knockdown of CG9458 is not sufficient 
to change the balance between long- and short-chain 
CHCs in D. melanogaster [43].

Another example of spatial clustering is found among 5 
fatty acyl reductases. CG8303, CG8306, and CG5065 are 
tandemly arranged in the genome (Fig.  4). These FARs 
are likely to be involved in essential lipid metabolism 
as RNAi knockdown leads to lethality [54]. Two other 

FARs, CG17560 and CG17562, are located in a sepa-
rate genomic cluster. Oenocyte-specific knockdown of 
CG17562 affects the production of short-chain mono alk-
enes and long-chain alkanes in D. melanogaster females 
[33]. Lastly, a local cluster is formed by three genes 
involved in ecdysteroid metabolism (CG9519, CG9522, 
and CG12539). Ecdysone regulates pheromone biosyn-
thesis in D. melanogaster [9, 33] and houseflies [2, 17, 
18, 20]. Interestingly, hormone receptor 4 (Hr4), which 
encodes a nuclear receptor responding to ecdysone 
[75], is also among the 53 candidate genes. All 4 genes 
(CG9519, CG9522, CG12539, and Hr4) show strongly 
sexually dimorphic expression in D. prolongata while 
being sexually monomorphic in D. carrolli (Fig.  4). In 
conclusion, it is possible that correlated changes in the 
expression of genes involved in CHC synthesis were facil-
itated in part by their clustered genomic arrangement.

Fatty‑acid elongase eloF shows extremely male‑biased 
expression in D. prolongata
Among the 53 candidate genes, we identified elongase 
F (eloF) as the top candidate underlying the observed 
sexual dimorphism of CHC profiles in D. prolongata 
(p = 7.29e-10, Fig. 2A-C, Fig. 4). Expression of this gene 
is strongly male-biased in D. prolongata, with a 217-fold 
difference between males and females based on RNA-
seq data, but is not sexually dimorphic in D. carrolli (p = 
0.80, Fig. 5). The only other gene with a comparable sex 
bias is roX1, a long non-coding RNA involved in X-chro-
mosome dosage compensation. Moreover, eloF shows 
79-fold higher expression in D. prolongata males com-
pared to D. carrolli males.

To validate these results, we used quantitative PCR 
(qPCR) to amplify eloF transcripts from an independ-
ent set of oenocyte dissections. qPCR results support 
the strong male bias in D. prolongata (3413-fold enrich-
ment, Fig. 6A) and higher expression level in males of D. 
prolongata over D. carrolli (82-fold enrichment, Fig. 6A). 
Contrary to the RNA-seq results, qPCR results sug-
gest a modest (fourfold) but significant male-biased eloF 
expression in D. carrolli (Fig. 6A). This is consistent with 
previously described CHC phenotypes, where longer-
chain hydrocarbons are slightly more enriched in males 
than females of D. carrolli [98]. Despite this discrepancy 
between RNA-seq and qPCR, it is clear that sex differ-
ences are far less pronounced in D. carrolli, suggesting 
that a transition toward a strongly sexually dimorphic 
expression of eloF has occurred in D. prolongata.

To test whether the evolution of sexual dimorphism in 
eloF expression was tissue-specific, we also included in 
our qPCR study the heads of the same flies from which 
oenocyte samples were collected. In the brain, eloF shows 
little, if any, expression in either sex [79]. We found 
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Fig. 5  Structure and expression of the 5-elongase cluster. A All 5 elongases show a concerted expression increase in D. prolongata males. Dot plots 
showing normalized expression levels of each gene (RNA-seq data in log2 cpm). For each group, four biological replicates are represented by jitter 
points, color-coded by species. Males are in filled symbols; females are in open symbols. *** P < 0.001, ** P < 0.01, * P < 0.05. The structure of the ~ 14 
kb genomic neighborhood is displayed on top. Numbers above the consensus sequence constructed from the reference genomes of D. prolongata 
and D. carrolli are coordinates showing the alignment length. Feature annotations are shown with green boxes representing genes, yellow boxes 
representing CDS, and the orange box representing a predicted ORF in the honghaier insertion, a TE-like repetitive sequence colored in red. The 
direction of all features is indicated. B The genomic organization of the 5-elongase cluster is conserved. Multiple alignment of DNA sequence 
across seven species, with species phylogeny on the left and consensus sequence at the bottom. Numbers above all sequences are coordinates 
showing the length of the consensus (12,702 bp) or alignment (20,139 bp). For each species, site-wise disagreement with the consensus 
is represented in a vertical gray line for nucleotide substitutions, a vertical black line for nucleotide insertions, and a horizontal line for nucleotide 
deletions. Feature annotations are displayed as in (A), with the additional purple box representing an antisense RNA. Percent identity per nucleotide 
across all species is displayed below the consensus sequence, with green indicating perfect (100%) agreement, yellow indicating intermediate 
(30–99%) agreement, and red indicating low (< 30%) agreement
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consistently low but detectable levels of eloF transcripts 
in the heads, which were several orders of magnitude 
lower than in oenocytes (Fig. 6B) and could be due to the 
presence of fat body tissue in the head. We also found 
that eloF expression was significantly higher in D. pro-
longata male heads than in the other groups (p < 0.05), 
resulting in a sexually dimorphic pattern in D. prolongata 
(27-fold difference) and a sexually monomorphic pattern 
in D. carrolli. Therefore, male-biased eloF expression is 
not entirely limited to oenocytes, although the extent of 
sexual dimorphism is much greater in oenocytes than in 
the head.

Loss of eloF partially feminizes the pheromone profile 
of male D. prolongata
Increased expression of eloF correlates with the increased 
abundance of long-chain CHCs in male D. prolongata. 
The D. melanogaster eloF, which is a 1:1 ortholog of the 
D. prolongata gene, encodes a bona fide fatty acid elon-
gase sufficient to elongate fatty acids in yeast heterolo-
gous expression assays, whereas its RNAi knockdown 
reduces the amount of female-biased long-chain hydro-
carbons in D. melanogaster [31]. This suggests that evo-
lutionary changes in eloF expression could be responsible 
for the male-specific increase in the abundance of the 
9P and 9H pheromones in D. prolongata. To test this 
hypothesis, we generated two loss-of-function eloF 
mutants (eloF[-]) in D. prolongata using CRISPR/Cas9 
mutagenesis: an early frameshift resulting in a likely null 
allele and a 45 bp in-frame deletion, which disrupts a pre-
dicted transmembrane domain of EloF that is conserved 
with multiple mammalian fatty elongases [31] and may 
affect protein localization (Fig.  7A). Gas chromatogra-
phy and mass spectrometry (GC–MS) analysis of these 
mutants and their wild-type progenitors showed that, 
qualitatively, they contained the same CHCs that were 
previously reported in wild-type D. prolongata (Addi-
tional file  6: Table  S2). The one exception is a minor 

alka-diene constituent, x,y-tricosadiene, which is shared 
between sexes and is not fully characterized.

We observed a strong feminization of male pheromone 
profiles in both eloF[-] mutants (Fig.  7B, C; Additional 
files 7–8: Fig. S5-6). In contrast, only a subtle effect is 
seen in females (Fig.  7C). Consistent with its molecular 
function, eloF[-] flies show decreased production of long-
chain hydrocarbons, which is much more pronounced 
in males than in females (Fig.  7B; Additional files 7–8: 
Fig. S5-6). In males, we found a ~ 50% reduction in the 
amount of 9P and a near absence of 9H. Concurrently, 
eloF[-] males show increased abundance of 9T to a level 
comparable to wild-type females (Fig.  7B; Additional 
file  7: Fig. S5). Since 9T is an early terminal product 
derived from a common metabolic precursor with 9P 
and 9H during carbon chain elongation, the increased 
abundance of 9T may be a direct consequence of reduced 
9P and 9H synthesis. Notably, the total abundance 
of all CHCs as well as that of 9-monoenes remained 
unchanged (Additional file 9: Fig. S7), indicating that dis-
ruption of eloF inhibits elongation of specific male-biased 
pheromone precursors without having a general inhibi-
tory effect on CHC synthesis. While the degree of sexual 
dimorphism is reduced in eloF[-] mutants, CHC profiles 
remain dimorphic (Fig.  7C). This incomplete feminiza-
tion suggests that other FAE or FAR genes, which also 
show strongly male-biased expression in D. prolongata 
(Fig. 4; Fig. 5A) may act in parallel with eloF in the pro-
duction of long-chain CHCs.

eloF[-] mutations did not significantly affect courtship 
or copulation in single male–female pairs (Additional 
file 10: Table S3) despite reduced 9H and 9P abundance 
in males. Instead, they affected male-male interactions, 
although the effects were not consistent between the 
two eloF[-] mutants. Males with the 45 bp deletion in 
the transmembrane domain of eloF showed increased 
rate of boxing, a typical male-male aggressive behavior 
in D. prolongata (Additional file  10: Table  S3), whereas 

Fig. 6  qPCR quantification of native eloF and transgenic reporter expression. A Male-biased eloF expression in oenocytes is much stronger in D. 
prolongata than in D. carrolli. Y axis shows the relative expression of eloF with respect to the reference gene Rpl32 (measured in ΔCt). For each group, 
three biological replicates, each an average of three technical replicates, are represented by jitter points. Males are in filled symbols; females are 
in open symbols. B Head expression of eloF is also male-biased in D. prolongata, but sexually monomorphic in D. carrolli. *** P < 0.001, ** P < 0.01, * 
P < 0.05, N.S.: not significant. C Schematic illustration of the eloF locus and the “long” transgenic reporter constructs containing the entire eloF locus 
including flanking sequences. Dpro eloF WT(l) and Dcar eloF WT(l) carry wild-type eloF loci from D. prolongata and D. carrolli, respectively. The other 
two constructs were made by removing the honghaier TE insertion from the D. prolongata sequence (Dpro eloF WT(l)-TE) or adding the D. prolongata 
honghaier insertion to the D. carrolli sequence (Dcar eloF WT(l) + TE). The eloF locus is placed into the pGreenFriend vector in the forward orientation, 
so that eloF CDS is transcribed in the same direction as the GFP reporter while the honghaier insertion is in the opposite direction. D In the “long” 
reporter constructs containing the entire eloF locus, the D. prolongata allele (Dpro_eloF_WT(l)), but not the D. carrolli allele (Dcar_eloF_WT(l)), causes 
sexually dimorphic expression of the donor eloF gene in transgenic D. melanogaster. (E) Removal of the honghaier TE from the D. prolongata allele 
(Dpro_eloF_WT(l)-TE) or addition of the D. prolongata TE to the D. carrolli allele (Dcar_eloF_WT(l) + TE) eliminates sex- and species-specific differences 
in the expression of eloF. Wild-type reporter alleles are represented with circles and TE-swapped alleles with triangles

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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decapitated males with the early stop codon elicited 
higher frequency of misdirected courtship from other 
males (Additional file 10: Table S3). These results suggest 
that other signals must be involved in male-male com-
munication alongside 9H and 9P.

The elongase gene cluster including eloF is conserved
We compared the genomic neighborhood of the eloF 
locus between the rhopaloa species subgroup (D. pro-
longata, D. fuyamai, D. kurseongensis, D. rhopaloa, and 
D. carrolli), its nearest outgroup D. elegans, and D. mel-
anogaster. In D. melanogaster, eloF is part of a ~ 10 kb 
cluster with four other fatty acid elongases, which likely 
evolved by tandem duplication [139]. We found the same 
five predicted elongases, in the same order and orienta-
tion and with the same exon/intron structure, in all spe-
cies of our focal clade (Fig.  5B), indicating deep origin 
and strong conservation of the elongase cluster.

Despite the strong evidence of sex- and species-specific 
regulation of eloF (Fig. 2; Fig. 5A; Fig. 6A), it is possible 
that changes in EloF protein activity contribute to the 
derived male-specific CHC profile seen in D. prolon-
gata. To test this hypothesis, we compared the coding 
sequences of eloF between D. prolongata and the other 
four species of the rhopaloa subgroup, which are sexu-
ally monomorphic in the abundance of 9P and 9H [98]. 
There is a high overall degree of protein sequence con-
servation (> 90%) in the coding region (Additional file 11: 
Fig. S8), and the protein identity between D. prolon-
gata and D. carrolli is 96.5%. While we found 20 single 
nucleotide variants (SNVs) distinguishing the reference 
genomes of these two species, with 9 of them result-
ing in predicted amino acid substitutions, our RNA-seq 
data show that all these substitutions are polymorphic in 
one or both species and none are fixed between species 
(Additional file 11: Fig. S8, Additional file 12: Table S4). 
In the absence of fixed amino acid differences between D. 
prolongata and D. carrolli, coding sequence divergence 

in eloF is unlikely to contribute to the evolution of CHC 
profiles.

A species‑specific transposable element insertion in eloF 
in D. prolongata
Our evidence points to changes in eloF transcription as 
the main cause of sex-specific pheromone profiles in D. 
prolongata. To identify the likely cis-regulatory elements 
of eloF, we examined the flanking intergenic and intronic 
regions of eloF in the rhopaloa subgroup. The most dras-
tic difference between D. prolongata and all other species 
is a ~ 900 bp insertion in the otherwise conserved (~ 500 
bp, > 72% sequence identity) downstream region of eloF 
(Fig.  5). The inserted sequence contains two predicted 
binding sites for the doublesex (dsx) transcription factor, 
the main regulator of somatic sexual differentiation in 
Drosophila and other insects [64, 77, 157], as well as sev-
eral predicted binding sites for bric-à-brac 1 (bab1), a TF 
that regulates the development of abdominal segments 
[78, 118] (Additional file  13: Fig. S9). These sites, along 
with the rest of the insertion, are absent in the other spe-
cies. Our inspection of the single-cell Fly Cell Atlas [90] 
shows that both TFs are expressed in adult oenocytes, 
and that the upstream regions of oenocyte-biased genes 
show a significant enrichment for bab1 binding motifs 
(p = 1.75e-60). These observations suggest that the inser-
tion in the 3’ region of eloF may have contributed to the 
species- and sex-specific increase in eloF expression in D. 
prolongata.

We found hundreds of highly similar copies of this 
insertion throughout the genome of D. prolongata 
(Additional file 14: Table S5), suggesting that it may be a 
transposable elements (TE). We named this putative TE 
“honghaier” after the mythical Chinese character capa-
ble of self-duplication. honghaier is found in high copy 
numbers in all five species of the rhopaloa subgroup, but 
not in D. elegans or D. melanogaster (Additional file 14: 
Table  S5), suggesting that it originated or invaded this 
lineage relatively recently. honghaier is AT-rich (~ 60%, 

(See figure on next page.)
Fig. 7  eloF mutations cause partial feminization of pheromone profiles in male D. prolongata. A Schematic diagram of two CRISPR mutant strains: 
one strain with a 45 bp deletion (“eloF[-] Δ45”) and the other with an early stop codon (“eloF[-] early stop”). Partial eloF locus is shown in green, first 
and part of second exon are in yellow, and the positions of the two guide RNAs used to generate these mutations are in cyan. The orientation of all 
features is indicated by arrows. Nucleotide sequences and their translations are shown, with deleted (dashed lines) and surrounding sequences 
zoomed in to show the amino acid changes. B GC traces of representative (closest to ellipse center) samples for each sex * genotype combination, 
with male signals (in blue) inverted relative to female signals (in red). Three 9-Monoenes (9T, 9P, 9H) that are most sexually dimorphic in wild-type 
D. prolongata are labeled, with two corresponding external standards (nC26, nC30) labeled in gray. C PCA ordination of logarithm transformed CHC 
abundances, partitioned by genotype. Axes are the first two principal components extracted from the variance–covariance matrix of 18 consensus 
CHCs (Additional file 6: Table S2), with the % variance explained in parenthesis. The first two principal components collectively explain 90% 
of variation. Points, color-coded by genotype, represent samples, with females in open symbols and males in filled symbols. Ellipses represent 95% 
confidence regions constructed by bivariate t-distribution. Gray points representing the samples of other genotypes are embedded in each panel 
as a reference, with wild-type males and females indicated by open ellipses
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Fig. 7  (See legend on previous page.)
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Additional file  13: Fig. S9), a common feature of min-
iature inverted-repeat transposable elements (MITE), 
and has a 414 bp open reading frame (ORF), which is 
predicted to be transcribed in the direction opposite to 
eloF (Additional file 13: Fig. S9). The strongest sequence 
similarity between honghaier and known TEs is found 
with DNAREP1_DM (53%) [71] and wukong (52.5%), a 
mosquito MITE element [147]. However, honghaier is 
unlikely to be a true MITE, as these elements usually do 
not have coding potential [147]. honghaier also lacks typi-
cal hallmarks of TEs such as terminal inverted repeats 
(TIRs) and flanking short direct repeats stemming from 
target site duplication [125].

Although changes in gene expression caused by TE 
insertions are common [11, 40, 63, 137, 146], and the 
honghaier insertion in eloF correlates with its divergent 
expression profile in D. prolongata, we cannot rule out 
contributions from other cis-regulatory changes. There 
are multiple fixed SNVs between D. prolongata and D. 
carrolli in the upstream (~ 300 bp, Additional file 15: Fig. 
S10) and intronic (~ 70 bp, Additional file  16: Fig. S11) 
regions of eloF, despite overall high conservation (94.3% 
for upstream and 96.9% for intron). However, these sub-
stitutions do not affect any predicted binding motifs for 
dsx, bab1, or other TFs known to regulate abdominal 
development or sexual differentiation.

eloF downstream region drives gene expression 
in oenocytes
To test whether increased expression of eloF in D. pro-
longata is due to changes in the cis-regulatory regions of 
eloF, we generated transgenic GFP reporter strains where 
the eloF loci from D. prolongata and D. carrolli were 
transformed into D. melanogaster. First, we cloned the 
entire eloF region between the flanking genes CG16904 
and CG8534 (Dpro eloF WT(l) and Dcar eloF WT(l)). In 
these constructs, the eloF transcript is in the same orien-
tation as the GFP reporter, while the honghaier insertion 
is in the opposite orientation (Fig. 6C, Additional file 17: 
Fig. S12 A-B). To examine the effects of the honghaier 
insertion, we also made two TE-swap constructs, one 
with honghaier removed from D. prolongata (Dpro eloF 
WT(l)-TE) and the other with honghaier added to D. car-
rolli (Dcar eloF WT(l) + TE) (Fig. 6C, Additional file 17: 
Fig. S12B). We observed little, if any, GFP expression by 
qPCR (Additional file  17: Fig. S12E; Additional file  18: 
Table  S6). In females, GFP transcripts were not detect-
able (Ct > 40), while in males they were present at very 
low levels (Ct > 35). We then cloned only the downstream 
regions of eloF, generating both wild-type reporters 
(Dpro eloF WT(s) and Dcar eloF WT(s)) and TE-swap con-
structs (Dpro eloF WT(s)-TE and Dcar eloF WT(s) + TE). 
These constructs were designed so that the downstream 

eloF sequences were upstream of the GFP reporter, and 
the honghaier insertion in the forward orientation rela-
tive to the promoter (Additional file 17: Fig. S12 C-D).

In the adult dorsal abdominal epidermis of transgenic 
flies carrying short eloF reporters, we observed GFP 
expression in both sexes in stripes of tissue in the pos-
terior half of each segment (Additional file 19: Fig. S13). 
This region corresponds to the location of the phero-
mone-producing oenocytes [16], suggesting that the 
downstream region of eloF contains an oenocyte-specific 
enhancer.

eloF allele from D. prolongata drives sexually dimorphic 
expression in D. melanogaster
As both D. prolongata and D. carrolli express eloF in the 
abdomen, we expect the differences in enhancer activ-
ity to be more quantitative than qualitative. We there-
fore compared transgenic reporter activity by qPCR. In 
the long constructs, which contained the eloF coding 
sequence, we compared the eloF transcript levels. The D. 
carrolli allele was expressed at similar levels in males and 
females (Fig. 6D). The D. prolongata allele was expressed 
at a ~ 20-fold higher level than the D. carrolli allele and 
showed significant sexual dimorphism (Fig. 6D). Surpris-
ingly, the D. prolongata allele was expressed at a higher 
level in females compared to males. While this direction 
is opposite to what is observed at the endogenous eloF 
locus in D. prolongata, it matches the phenotype of D. 
melanogaster, in which eloF expression and long-chain 
CHC abundance are higher in females than in males [31]. 
This indicates that while the D. prolongata eloF allele, in 
contrast to the D. carrolli allele, encodes sex-specific reg-
ulatory information, its effect on transcription depends 
on the trans-regulatory background, which appears 
to have diverged between D. prolongata and D. mela-
nogaster. The removal of the honghaier insertion from 
the D. prolongata allele, or the addition of this inser-
tion to the D. carrolli allele, eliminated the differences 
in reporter activity both between species and between 
males and females (Fig. 6E), suggesting that this insertion 
is necessary, but not sufficient, for driving sex-specific 
expression of eloF.

We then used the short reporter constructs to com-
pare GFP transcript expression driven by the wild-type 
and TE-swapped alleles of the downstream eloF region 
that contains the honghaier insertion in D. prolongata. 
We observed a modest (twofold) but significant sexual 
dimorphism, also in the direction of females having 
higher expression (Additional file  17: Fig. S12 F). How-
ever, GFP expression was low in both sexes (~ 29 Ct), 
and there was no significant difference between the D. 
prolongata and D. carrolli alleles in either sex (Addi-
tional file 17: Fig. S12 F), suggesting that the downstream 
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region and the honghaier insertion alone are not suffi-
cient to confer species-specific transcriptional regulation, 
at least in the D. melanogaster genetic background. Alter-
natively, it is possible that eloF enhancers are sensitive 
to the sequence, position, and relative orientation of the 
interacting promoter.

Discussion
In this study, we show that sexually dimorphic phero-
mones affect mating behavior in D. prolongata and iden-
tify a key gene underlying the evolution of sex-specific 
pheromone profiles in this species (Fig. 8). A cis-regula-
tory change in the eloF gene is an important, though not 
the only, component of the genetic changes that distin-
guish D. prolongata from its close, sexually monomorphic 
relatives. Below, we discuss these findings in the context 
of our still limited but growing knowledge of the evolu-
tion and functional roles of Drosophila pheromones.

Male‑specific hydrocarbons reduce female mating success
Sex-specific visual, acoustic and chemical cues play vital 
roles in mate recognition. The divergence of communi-
cation systems helps maintain species boundaries and 
can drive the evolution of reproductive isolation, as seen 
in the coevolution of nuptial colors and color vision in 
sticklebacks [22], wing color patterns and co-evolved 
mate preferences in Heliconius butterflies [70], matching 
conspecific mating duets sung by male and female lace-
wings [152], or the divergent pheromone blends between 
two sympatric races of the European corn borer [92]. In 
Drosophila, sexually dimorphic CHCs mediate mate rec-
ognition and allow males to differentiate potential mates 
from competitors [65]. For example, in D. melanogaster, 
the male-biased 7-tricosene (7 T) evokes male-male 
aggression, whereas the female-biased 7,11-heptacosa-
diene (7,11-HD) elicits courtship behavior even when 
applied to a dummy female [53, 68].

The male-biased 9P and 9H in D. prolongata may serve 
as one of the cues that facilitate mate recognition, though 
other signals including visual cues are clearly impor-
tant [140]. Our perfuming studies show that 9H, and to 
a lesser extent 9P, reduce mating success when applied 
to females. This reduction is not due to a lack of court-
ship interest, but could instead be related to reduced leg 
vibration, a species-specific behavior performed by D. 
prolongata males that increases female receptivity [127]. 
This suggests that the lower relative amounts of 9P and 
9H in females compared to males are important for the 
proper progression of male courtship toward females. 
Although this effect is relatively subtle in the no-choice 
assays that pair a single male with a single female, it 
could be more significant in nature, where a single male 
is choosing among multiple females and vice versa. The 

neurophysiological mechanisms by which 9P and 9H 
influence male behavior remain to be identified. An obvi-
ous hypothesis is that they are perceived by gustatory 
organs that are present in unusually large numbers on the 
front legs of D. prolongata males [96].

Identifying other functions of 9P and 9H is complicated 
both by the fact that eloF mutations do not fully block 
the synthesis of these compounds, and by the complex 
mix of visual, chemical, and auditory signals that medi-
ate Drosophila mating behavior. Some pheromones, such 
as cis-vaccenyl-acetate (cVA), are transferred from males 
to females during mating, and function as a post-mating 
anti-aphrodisiac signal [46, 53, 69, 108]. However, we 
find no evidence that D. prolongata males transfer 9P or 
9H to females, suggesting that the long-chain CHCs are 
unlikely to act by reducing female re-mating. This finding 
is not surprising, since many sex-specific CHCs are not 
transferred during mating [73]. The effect of long-chain 
CHCs on male-male interactions appears to be limited. 
While we observe an increase in male-male aggression 
and misdirected courtship toward males, these effects 
are inconsistent between the two mutant alleles of eloF 
although both alleles reduce the abundance of 9H and 9P 
and increase 9T levels.

Beyond intraspecific communication, 9P and 9H could 
contribute to sexual isolation between sibling species, 
similar to the roles of 7  T and 7,11-HD in the isolation 
between D. melanogaster and D. simulans [68, 124]. Pre-
mating isolation between D. prolongata and its relatives 
is strong; we have never observed an interspecific mat-
ing. Female D. prolongata could potentially use a lack of 
9P or 9H to reject mating attempts from males of other 
species, although, as in the intraspecific communication, 
this would likely be only one of several cues. Compared 
to all of its relatives, D. prolongata has highly derived 
male mating behavior and greatly exaggerated sexual 
dimorphism in multiple traits, including reversed sexual 
size dimorphism, pigmentation, and the organization of 
the chemosensory system [96, 97, 127]. In this context, 
deciphering the behavioral and ecological roles of 9P and 
9H may elucidate why a strongly male-biased pheromone 
profile has evolved in D. prolongata but not in any of its 
close relatives.

eloF is a major gene controlling long‑chain pheromone 
production in male D. prolongata
Our results show that the evolution of sexually dimor-
phic pheromone profiles in D. prolongata is due to a large 
extent to changes at the eloF locus (Fig.  8). eloF muta-
tions have a particularly strong effect on the elongation of 
C25 to C27, and a somewhat milder effect on the elonga-
tion of C23 to C25. eloF is a well-characterized fatty acid 
elongase that has been shown to catalyze the conversion 
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Fig. 8  Proposed molecular mechanism underlying the evolution of sexually dimorphic CHCs in D. prolongata. Schematic diagram of the expression 
of eloF and the CHC biosynthetic pathway in adult oenocytes, showing quantitative differences between the sexually monomorphic D. rhopaloa 
and D. carrolli and the sexually dimorphic D. prolongata. Species phylogeny is on top. Colored arrows represent the four major steps in CHC 
synthesis. Illustrative chemical structures are shown below the substrates and products. Quantitative differences in reaction rate are indicated 
by arrow thickness, and the quantities of produced CHCs are indicated by the size of sex symbols (♀♂). The yellow shade gradient corresponds 
to the increasing carbon chain length of the metabolite. ELOF is the elongase F protein responsible for producing 9P and 9H from the shorter 9T 
precursor
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of long-chain fatty acyl CoA to very long-chain fatty 
acyl CoA in yeast assays [31]. In D. melanogaster, long-
chain hydrocarbons are enriched in females [49, 51], and 
knocking down eloF expression in D. melanogaster elicits 
a female-specific reduction in their abundance. However, 
ectopic expression of eloF in D. melanogaster males does 
not increase the abundance of long-chain CHCs, indicat-
ing that eloF is necessary but not sufficient for their syn-
thesis [31]. Unlike other genes whose disruption leads to 
an overall increase or decrease in CHC production [43, 
114, 155], we show that eloF mutations in D. prolon-
gata alter the relative abundance of short vs. long-chain 
monoenes without affecting total monoene amounts, or 
the amounts of CHC more generally.

In principle, increased EloF activity in D. prolongata 
could be due to either regulatory or coding sequence 
changes. Even small differences in protein sequence can 
have a major effect on enzyme function, with drastic phe-
notypic consequences [59, 107, 151]. However, we find 
no fixed coding sequence differences in eloF between D. 
prolongata and its sibling species D. carrolli, in which the 
amounts of 9P and 9H are nearly monomorphic. On the 
other hand, D. prolongata shows extreme sexual dimor-
phism in eloF transcript abundance as well as overall 
higher eloF expression relative to D. carrolli. In D. pro-
longata, eloF expression is > 3,000-fold higher in males 
than in females, while only a fourfold difference between 
the sexes is detected in D. carrolli. These observations 
indicate that increased 9P and 9H production in D. pro-
longata males is due to changes in eloF expression rather 
than EloF protein activity (Fig. 8).

Interaction of cis‑ and trans‑regulatory factors 
in the control of sex‑biased eloF expression
The eloF allele of D. prolongata, but not D. carrolli, drives 
sexually dimorphic gene expression in D. melanogaster, 
suggesting the presence of cis-regulatory elements that 
respond to the sexual differentiation pathway. This path-
way, including the doublesex (dsx) transcription factor 
and the transformer (tra) RNA-binding protein that con-
trols its sex-specific splicing, is the primary mediator of 
sex-specific cell differentiation in somatic tissues [64, 77, 
157]. Across a number of Drosophila species, the bind-
ing of Dsx to the regulatory region of the desatF (Fad2) 
gene is responsible for female-specific expression of that 
gene in adult oenocytes, and thus for the female-specific 
production of the 7,11-HD pheromone [128]. The D. 
melanogaster eloF ortholog, which also contributes to the 
synthesis of female-specific pheromones, has also been 
shown to be under the control of tra [31]. Overall, how-
ever, the regulatory program that controls sex-specific 
differentiation of oenocytes remains to be characterized.

Perhaps the most surprising part of our results is that 
the direction of sex bias was reversed in reporter assays. 
Instead of recapitulating the male-biased expression of 
eloF seen in D. prolongata, the D. prolongata eloF gene 
is expressed in a female-biased fashion when placed into 
the D. melanogaster genome. That is, the direction of sex 
bias replicates the pattern seen in the D. melanogaster 
host [31] and not in the D. prolongata donor. This indi-
cates that, while the eloF locus itself encodes the potential 
for sexually dimorphic expression, the realization of this 
potential depends on the trans-regulatory background, 
which has clearly diverged between D. prolongata and 
D. melanogaster. The mechanistic basis of this reversal 
is not clear. It could indicate either that the regulation of 
eloF by the sexual differentiation pathway is indirect, or 
that dsx interacts with other transcription factors whose 
expression differs between species.

The most conspicuous sequence change at the eloF 
locus is the presence of a species-specific insertion of 
the honghaier TE-like element in D. prolongata. TEs are 
a major source of cis-regulatory changes underlying the 
evolution of gene expression [5, 24, 36, 62, 99, 137, 146], 
so it is tempting to speculate that the honghaier insertion 
is at least partly responsible for the increased expression 
of eloF in D. prolongata males. Consistent with this idea, 
the honghaier element contains predicted binding sites 
for the dsx and bab1 transcription factors. However, the 
results of reporter assays defy a simple explanation, as 
the downstream eloF region that contains the honghaier 
insertion in D. prolongata is not sufficient to confer sex- 
and species-specific expression observed in the longer 
reporters. Moreover, swapping the honghaier insertion 
between the D. prolongata and D. carrolli alleles shows 
that this insertion is necessary but not sufficient for spe-
cies- and sex-specific expression. This suggests that the 
downstream region may interact with other parts of 
the eloF locus or the wider elongase cluster. Although 
enhancers are generally modular [30], numerous excep-
tions are known where interactions among several 
regions within the locus are necessary for correct gene 
expression [96, 106]. Another, not mutually exclusive 
explanation is that eloF enhancers are promoter-specific 
– that is, their activity depends on the sequence and the 
relative position and orientation of the interacting pro-
moter [14, 83, 109].

Finally, we note that eloF is part of a compact genomic 
cluster with four other elongases, and that all five genes 
show strongly male-biased expression in D. prolongata 
but not in D. carrolli. This raises the possibility that their 
expression is controlled in part by shared cis-regulatory 
elements, and that some of the enhancers that control 
eloF expression may be located outside of the immedi-
ate eloF locus. Co-regulation of clustered genes is not 
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uncommon. It contributes, for example, to the co-reg-
ulation of Hox [57] and Iroquois (Irx/iro) [142] genes in 
vertebrates, while in Drosophila shared enhancers con-
tribute to the concerted expression of bab, pdm, and 
other closely linked genes [23, 94].

Multiple genes likely contribute to sex‑specific pheromone 
profiles in D. prolongata
Disruption of eloF causes a strong, but not complete fem-
inization of the male CHC profile. In particular, while the 
longest-chain CHC, 9H, is almost absent in eloF mutants, 
the most abundant male-biased pheromone 9P shows 
only a ~ 50% reduction in mutant males, and remains 
the most abundant CHC component. Since one of the 
mutant alleles, a premature stop codon early in the first 
exon, is almost certainly a molecular null, this suggests 
that other genes must contribute to the synthesis of 9P. 
Consistent with this, eloF knockdown in D. melanogaster 
reduces the amount of very long chain CHCs, but does 
not fully eliminate them [31, 156].

RNA-seq shows that sex-specific expression of lipid 
metabolism genes in D. prolongata is not restricted to 
eloF. All four other elongases in the genomic cluster that 
contains eloF show strongly male-biased expression, as 
do many other enzymes that function in lipid metabo-
lism. Unfortunately, most of these candidate genes have 
not been characterized nearly as well as eloF. In the elon-
gase cluster, only CG9458 has been studied so far, and its 
disruption does not apparently impact the elongation of 
pheromone precursors in D. melanogaster [43]. One pos-
sibility is that there is a degree of functional redundancy 
among the five clustered elongases, so that a simul-
taneous elimination of several (or all) of them would 
be required to feminize the male CHC profile more 
completely.

Another class of genes that may contribute to the sex-
specific pheromone profiles of D. prolongata are fatty 
acid reductases (FARs). Enzymes in this large (17 genes 
in D. melanogaster) but poorly characterized gene fam-
ily control the reduction of fatty acyl CoA to aldehydes 
and alcohols before they are converted to hydrocar-
bons by decarbonylation [114, 154, 159]. In moths, 
natural variation in FAR genes is responsible for the 
divergence of pheromone blends between populations 
and species [85, 91], while in Drosophila serrata, FAR2-
B, a recently duplicated ortholog of the D. melanogaster 
CG17560, explains sexually antagonistic variation in the 
relative amounts of short-chain and long-chain hydro-
carbons [119]. In D. prolongata, the set of top candi-
date genes includes five FARs, including the ortholog 
of CG17560/FAR2-B (Fig.  4). Four of these genes are 
upregulated in D. prolongata males compared both to 
D. carrolli and to D. prolongata females, while the fifth, 

CG17562, is downregulated in D. prolongata males. The 
functional significance of these differences is unknown 
at this point. Since FAR-controlled decarboxylation com-
petes with FAE-controlled elongation in determining 
whether precursors give rise to terminal products (pher-
omones) or to longer precursors with additional carbons 
(Fig. 8), one possible explanation is that the reduction of 
CG17562 in D. prolongata males facilitates elongation of 
9T precursors to 9P/9H precursors instead of direct pro-
duction of 9T. More generally, at least some FARs appear 
to be broad-spectrum enzymes: changes in, or disrup-
tion of, a single gene can alter the relative abundance of 
multiple long- and short-chain CHCs [43, 85, 91, 119]. At 
the same time, FARs, like elongases, show some level of 
substrate specificity [34]. It is possible that the FARs with 
male-biased and female-biased expression in D. prolon-
gata have different substrate specificity (which may also 
vary among species), and that changes in their relative 
expression in males vs females contribute to the produc-
tion of sex-specific pheromone blends. Genetic and bio-
chemical evidence will be needed to test this hypothesis.

Conclusions
Our results show that cis-regulatory changes in the eloF 
gene, along with other changes in the CHC synthesis 
pathway, contribute to the evolution of sexual communi-
cation. The exchange of signals involved in mating behav-
ior is exceedingly complex. eloF is only one of the genes 
responsible for sex-specific pheromone profiles, while 
sex-specific pheromones are only one of the sensory cues 
underlying male-male and male–female communication. 
Putting together the complete puzzle will require not 
only identifying the missing pieces but also understand-
ing how they interconnect.

Methods
Fly rearing and dissection for gene expression analysis
Flies were raised on standard cornmeal media and kept 
at room temperature (20–22 °C) under natural light–
dark cycle. For behavioral experiments and CRISPR 
gene editing, we used the reference genome strain of D. 
prolongata  [95], which was derived by four generations 
of full-sib inbreeding from the SaPa strain collected by 
Dr. H. Takamori [98]. For RNA-seq and qPCR experi-
ments, we used the BaVi strain of D. prolongata and the 
reference genome strain of D. carrolli [98]. Both D. pro-
longata strains show strongly sexually dimorphic phero-
mone profiles, with females consistently distinguishable 
from males (F-type, [98]). For RNA-seq analysis, four 
biological replicates were prepared for each sex of  D. 
prolongata  and  D. carrolli, resulting in 16 libraries. For 
qPCR experiments, three biological replicates were pre-
pared for each species and sex. To obtain tissue samples 
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enriched for oenocytes, we dissected the dorsal abdomi-
nal body wall (“cuticle fillet”) as described [16]; these 
samples are referred to as oenocyte dissections hereaf-
ter. Each biological replicate contained ten cuticle fillets. 
For head dissections, each biological replicate contained 
ten heads coming from the same tissue donors as the 
oenocyte dissections. All flies used for gene expression 
analysis were isolated as virgins and aged for seven days 
(D. prolongata and D. carrolli) or five days (transgenic D. 
melanogaster). Unless noted otherwise, tissues were dis-
sected in chilled Shields and Sang M3 Insect Medium 
(Sigma-Aldrich, St. Louis, MO).

RNA extraction
Total RNA was extracted from dissected fly tissues fol-
lowing the Trizol protocol (Ambion, Carlsbad, CA). 
Purified RNA was pelleted by isopropanol overnight at 
−20 °C, washed by freshly made, pre-chilled 70% Ethanol 
(EtOH) 2 times, and dissolved in 20 µl of DEPC-treated 
water (Ambion, Carlsbad, CA). To mitigate batch effects, 
flies were collected from the same food bottle, and flies 
collected on different dates were evenly distributed to 
each Trizol-containing tube. To ensure purity (A260/
A280 > 1.9, A260/A230 > 1.5), isolated RNA was analyzed 
on a Nanodrop Spectrophotometer (ND-1000) using the 
software Nanodrop 1000 3.8.1. To ensure the integrity 
of RNA (2 sharp peaks of ribosomal RNA), gel electro-
phoresis was performed on an Agilent 2100 Bioanalyzer 
(Agilent) using RNA Nano Chips (Agilent). The concen-
tration of RNA was determined using a Qubit 2.0 Fluo-
rometer (Invitrogen) and Broad Range RNA Assay kit 
(Life Technologies). Finally, total RNA was DNase treated 
to remove carry-over genomic DNA following the rigor-
ous DNA removal recommendations of the Turbo DNA-
free kit (Invitrogen, Carlsbad, CA).

Library construction, sequencing, and read mapping
cDNA libraries for RNA-seq were made using TruSeq 
Stranded RNA kit (Illumina, San Diego, CA) following 
the low throughput (LT) procedures in the user manual. 
500 ng of total RNA was used as starting material, and 
mRNA was selected by polyT enrichment. Reverse-
transcribed cDNA was ligated with adapters uniquely 
barcoded for each library, followed by 11-cycle PCR 
amplification in an Applied Biosystems 2720 Thermal 
Cycler (Applied Biosystem, Waltham, MA). Thermocy-
cling conditions were set as follows: 98 °C for 30 s, 11 
cycles of 98 °C for 10 s, 60 °C for 30 s, 72 °C for 30 s, and a 
final 72 °C for 5 min. Amplified fragments were analyzed 
on an Agilent 2100 Bioanalyzer (Agilent) using High Sen-
sitivity DNA Chips (Agilent). Unimodal fragment size 
distribution was consistently observed in all libraries, 
with a median fragment size of ~ 300 bp. The resulting 

cDNA libraries were initially quantified by Qubit 2.0 
Fluorometer (Invitrogen) using the DNA High Sensitivity 
kit (Life Technologies) and further quantified by qPCR 
using the KAPA Library Quantification kit (Roche, Cape 
Town, South Africa). Barcoded cDNA libraries were sub-
sequently pooled in equal molar ratios. To mitigate batch 
effects, all 16 libraries were prepared on two consecutive 
days, and within each day, two biological replicates of 
each group were processed.

Multiplexed libraries were sequenced on HiSeq4000 
on PE-150 mode by Novogene (https://​www.​novog​ene.​
com). Reads were preprocessed (quality trimmed and 
deduplicated) by HTStream [111]. Cleaned reads were 
aligned to species-specific reference genomes [74, 95] 
using STAR (version 2.7.3a, [44]) with the following flags: 
–sjdbOverhang 149 –genomeSAindexNbases 13 –geno-
meChrBinNbits 18 –quantMode GeneCounts. Feature 
annotations were predicted by combining MAKER pipe-
lines [29] and Liftoff [129] from existing genomic features 
of D. melanogaster (release 6.36) and D. elegans (Gnome 
annotation version 101). RNA-seq data and alignment 
statistics are summarized in (Additional files 20–21: 
Tables S7 and S8).

Differential gene expression analysis
Paired-end fragments data were extracted from concord-
ant read pairs. R packages"limma"[115] and"edgeR"[116] 
were used to detect differentially expressed genes. To 
account for variations in sequence depth and RNA com-
positions between samples, sample-specific normaliza-
tion factors were calculated using the Trimmed Mean of 
M-values (TMM) method [117]. For each gene, counts 
per million (cpm) were computed. To remove genes with 
low expression, those with less than 2 cpm across all sam-
ples were excluded. Genes that could not be identified 
in both D. prolongata and D. carrolli (~ 400 genes) were 
also excluded, resulting in a set of 9143 genes. To obtain 
normalized expression data, TMM-based normalization 
factors were applied, followed by calculating the log2 cpm 
of these genes. To account for the mean–variance trend 
associated with each gene (e.g., genes with low mean 
expression tend to have larger variances), voom transfor-
mation was applied to estimate the weights of genes [88]. 
These weights were then used to fit a weighted linear 
model on normalized expression data (log2 cpm), using 
groups (sex x species) as predictors.

Three one-way comparisons were defined to identify 
candidate genes for pheromone divergence: (1) contrast-
ing D. prolongata males with D. prolongata females; (2) 
contrasting D. prolongata males with D. carrolli males 
and (3) comparing the magnitude of the male–female 
difference between D. prolongata and D. carrolli. This 
last test helps to identify changes that result either from 

https://www.novogene.com
https://www.novogene.com
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differences in the magnitude of sexual dimorphism in 
each species (i.e., which one shows greater male–female 
difference?) or the direction of sexual dimorphism in 
each species (i.e., is the direction of sex-biasedness the 
same?). Linear contrasts were made for each one-way 
comparison. To account for variance that comes from 
random factors (not low expression), we used empirical 
Bayes smoothing [133]. To adjust for multiple testing, 
false discovery rate (FDR) corrections were applied to 
raw p values [12], and significant differentially expressed 
genes (DEGs) were reported with FDR < 0.05 (Additional 
files 22–27: Data Files 1–6).

To be considered candidates, genes had to be reported 
as significantly different in all three one-way comparisons 
(referred to as the three-way comparison hereafter). P 
values for the three-way comparison were constructed by 
taking the maximum of p values from the one-way com-
parisons, resulting in 53 candidate genes (p < 0.05, Fig. 2). 
To visualize the expression profiles of top candidates, 
hierarchical clustering was performed on their standard-
ized expression levels. Euclidean distances were calcu-
lated, and UPGMA (i.e., average linkage) was used for 
the hierarchical clustering. The same metrics were used 
to cluster both samples and genes. Volcano plots (Fig. 2) 
were generated by the"ggplot2"package, and heatmaps 
(Fig.  3) by the"stats"package, both of which were subse-
quently polished by the Inkscape software (https://​inksc​
ape.​org).

Gene Ontology (GO) enrichment analysis
GO enrichment analysis was performed for DEGs identi-
fied from each one-way comparison (i.e., male vs. female 
in D. prolongata, males of D. prolongata vs. D. carrolli, 
and the magnitude and direction of sexual dimorphism 
in D. prolongata vs. D. carrolli). To determine whether 
these DEGs were expressed in oenocytes ancestrally, we 
consulted the single-cell Fly Cell Atlas data from D. mela-
nogaster [90]. ~ 3000 cells annotated as adult oenocytes 
(FBbt:00003185) were retrieved from the"10 × relaxed 
dataset"on SCope (https://​scope.​aerts​lab.​org/#/​FlyCe​
llAtl​as/​FlyCe​llAtl​as%​2Fr_​fca_​biohub_​oenoc​yte_​10x.​
loom/​gene). Oenocyte expressors were defined as genes 
that were detected in at least ten cells (i.e., at least one 
transcript in each of 10 cells) and had at least 50 cumu-
lative read counts in either female or male samples. This 
produced a list of ~ 6200 oenocyte expressors (Additional 
file 28: Data File 7).

We annotated GO terms with the following crite-
ria. For genes annotated with D. melanogaster CG/CR 
numbers, their GO annotations from the R Bioconduc-
tor package"org.Dm.eg.db"(version 3.14.0) were used. 
This provided GO annotation for 7741 genes. For genes 
annotated with D. melanogaster CG/CR numbers that 

did not have GO annotations in"org.Dm.eg.db", their GO 
annotations were retrieved from orthoDB (version 10.1, 
https://​www.​ortho​db.​org). This provided GO annotation 
for another 314 genes. For genes annotated with D. ele-
gans LOC numbers, their GO annotations were retrieved 
from orthoDB (version 10.1). This provided GO annota-
tion for additional 529 genes. In this way, a gene-GO map 
was built to cover 93.8% (8584) of the entire gene set used 
in the RNA-seq analysis.

R Bioconductor package"TopGO"(version 2.46.0, [3]) 
was used to perform enrichment analysis on Biological 
Processes GO terms. To control for potential artifacts 
due to small GO categories, those with < 10 associated 
genes were excluded, as recommended by the program. 
To account for the tree topology between GO terms, the 
modified elimination algorithm weight01 [4] was used. 
By doing this, parent nodes of significant child nodes are 
less likely to be annotated unless they contain substan-
tially more significant genes not covered in their children. 
This also helps balance a low false positive rate and a high 
recall rate. P values were obtained from Fisher exact test 
[45] and the Kolmogorov–Smirnov test [1]. No p-value 
adjustment was performed as recommended by the pro-
gram developer [3]. Instead, candidate GO terms were 
defined as those with p values < 0.05 for both Fisher and 
Kolmogorov–Smirnov tests.

Quantitative polymerase chain reaction (qPCR) analysis 
of gene expression
To quantify the expression of endogenous eloF in D. pro-
longata and D. carrolli, two-step qPCR was performed 
(i.e., cDNA synthesis followed by separate qPCR analy-
sis). cDNA was synthesized from 1 µg of DNase-treated 
total RNA using Superscript III (Invitrogen) following 
kit recommendations. To prime the reverse transcription 
reaction, a volume ratio of 1:1 random hexamer (Invitro-
gen) and oligo dT (Invitrogen) was used. Reactions were 
performed in a thermal cycler (Applied Biosciences) 
with the following conditions: initial incubation at 25 °C 
for 5 min, reverse transcription at 50 °C for 50 min, and 
enzyme inactivation at 70 °C for 15 min. The resulting 
single-stranded cDNA was diluted by a factor of 100 and 
stored at −20 °C prior to qPCR.

Green Fluorescence Protein (GFP) expression in 
reporter assays (see “Design of reporter constructs” 
below) was quantified using one-step RT-qPCR (i.e., 
combining reverse transcription and PCR amplifica-
tion in the same tube). This was done because the 
reporter GFP is a single-exon gene (Additional file 17: 
Fig. S12), so that amplification of GFP transcripts could 
be confounded by even trace amounts of GFP DNA. 
The entire experiment was conducted on a clean bench 
free of DNA contaminants, and PCR-grade water (IBI 

https://inkscape.org
https://inkscape.org
https://scope.aertslab.org/#/FlyCellAtlas/FlyCellAtlas%2Fr_fca_biohub_oenocyte_10x.loom/gene
https://scope.aertslab.org/#/FlyCellAtlas/FlyCellAtlas%2Fr_fca_biohub_oenocyte_10x.loom/gene
https://scope.aertslab.org/#/FlyCellAtlas/FlyCellAtlas%2Fr_fca_biohub_oenocyte_10x.loom/gene
https://www.orthodb.org
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Scientific, Dubuque, IA) was used to assemble the reac-
tion. As GFP expression was preliminarily found to 
be low, 300 ng DNase-treated RNA was used for each 
reaction. To prepare no-reverse-transcriptase (NRT) 
controls, total RNA samples from 3 biological replicates 
were pooled in equal mass ratios and received the same 
treatment. All NRT controls showed Ct > 35 (Addi-
tional file 18: Table S6), indicating sufficient removal of 
genomic DNA.

qPCR reactions were assembled using SsoAdvanced 
SYBR Green PCR Supermix kit (Bio-Rad, Hercules, CA) 
on Bio-Rad CFX96 Real-time PCR system. Amplification 
was performed in 10 µl total volumes with a 4 µl tem-
plate (1:100 diluted cDNA or 300 ng DNase treated total 
RNA) and 100 nM of each primer in a 96-well optical 
plate (Bio-Rad). Melt-curve analysis was performed on 
the PCR products to assess the presence of unintended 
products. Thermocycling conditions are set as follows. 
For qPCR: initial denaturing at 95 °C for 1 min, followed 
by 40 cycles of 95 °C for 10 s and 60 °C for 10 s. For RT-
qPCR: Reverse transcription at 50 °C for 10 min, initial 
denaturing at 95 °C for 1  min, followed by 40 cycles of 
95 °C for 10 s and 60 °C for 10 s. For melt-curve analy-
sis: from 65 °C to 95 °C at an increment of 0.5 °C, hold 
5 s for each temperature step. For both one-step or two-
step qPCR, three biological replicates were made for each 
group, and each reaction was technically replicated three 
times to obtain an average Ct value. Technical reproduc-
ibility was consistent with standard deviations within 
0.5 Ct [123]. Ribosomal protein L32 (Rpl32) was chosen 
as a reference gene for its stable expression level [113]. 
Standard curves were built to determine primer amplifi-
cation performance (e.g., primer efficiency) (Additional 
file 29: Fig. S14). Specifically, qPCR was performed on a 
diluted DNA template covering at least 6 log range. qPCR 
amplification metrics were determined for each gene 
with the slope of a linear regression model [112]. Relative 
efficiencies were calculated according to the equation: 
E = (dilution factor − 1/slope − 1) x 100% . Primer 
sequences, design considerations, coefficient of deter-
mination (R2), and amplification efficiencies are summa-
rized in Additional file  30: Table  S9. As all primers had 
near-perfect amplification efficiency, the ΔΔCt method 
[93] was used for the relative quantification of genes of 
interest (eloF and GFP).

To model normalized expression levels, a two-way 
ANOVA with interaction effects between genotypes (spe-
cies) and sex was used, similar to the section"Statistical 
analysis of mutant CHC profiles."Statistical significance 
for genotype, sex, and their interactions was tested by 
comparing the full model with a reduced model after 
dropping the term of interest. Type III variance partition-
ing was used, and Tukey’s method was used to determine 

which construct has a significantly higher expression 
level.

Cuticular lipids extraction
Virgin D. prolongata with wild-type or mutant eloF were 
individually isolated within 12 h after eclosion. After 
aging for 7  days, individual flies were frozen at −20  °C, 
transferred to pure hexane (Sigma-Aldrich), soaked for 
5  min at room temperature, and vortexed for 30 s. To 
ensure complete CHC extraction, 40 µl of pure hexane 
was used for females and 80 µl for males, due to the large 
size difference. Crude extracts were air-dried overnight 
and stored at 4  °C before GC–MS analysis. To quantify 
the absolute amount of each analyte, hexane contain-
ing 10 ng/µl n-heneicosane (nC26, Sigma-Aldrich) and 
10 ng/µl n-triacotane (nC30, Sigma-Aldrich) as alkane 
standards was used to resolubilize crude extracts. 40 µl 
of this solvent was used for females and 80 µl for males.

Gas chromatography (GC) and mass spectrometry 
(MS) analyses.

GC–MS analysis was performed as in [98] with the 
following modifications. The oven temperature was pro-
grammed to first ramp from 160 °C to 280 °C at a rate 
of 8 C/min, hold at 280 °C for 1 min, and increase from 
280 °C to 315 °C at a rate of 15 °C/min, followed by a 
final 1  min hold at 315 °C. The flow rate of carrier gas 
(helium) was optimized to 1 ml/min. Individual chroma-
tographic peaks were first called using the built‐in Chem-
Station integrator of MSD ChemStation Enhanced Data 
Analysis Software vF.01.00 (Agilent Technologies, Santa 
Clara, CA), with initial peak width of 0.030 and an ini-
tial threshold of 16. Manual adjustments were made to 
include minor peaks and deconvolute overlapping peaks. 
Analytes were then identified (Additional file 6: Table S2) 
and quantified as described previously [98]. Briefly, all 
CHCs were normalized by alkane standards and scaled in 
units of nanograms per individual fly.

Female perfuming experiments
Synthetic (Z)−9-Pentacosene (9P) was purchased 
from Cayman Chemical (Ann Arbor, MI), and (Z)−9-
Heptacosene (9H) was kindly provided by Dr. Jocelyn 
Miller (University of California, Riverside). To prepare 
perfuming vials, batches of hexane solutions containing 
9P (9P treatment), 9H (9H treatment), or nothing (con-
trol) were added to and air-dried inside 2 mL glass vials 
(Agilent Technologies, #5182–0715, Santa Clara, CA). 50 
µg 9P and 10 µg 9H were used to ensure consistent and 
biologically reasonable perfuming (Fig. 1). Flies were per-
fumed according to a modified protocol of [16], briefly 
summarized as follows. Groups of eight virgin, 7-day 
old female flies were placed inside clean 2 mL glass vials 
(Agilent Technologies) and vortexed on medium speed 
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to capture the CHC profile before the perfuming study. 
To perfume with synthetic hydrocarbons, the same group 
of 8 flies was subsequently transferred to the perfuming 
vial prepared as described above and vortexed intermit-
tently. 4 groups of flies were prepared per day, resulting 
in a total of 8 groups containing 64 individuals. Perfumed 
flies were allowed to recover for 3  h and divided ran-
domly into two equal groups, with one group of four 
used immediately for assessing male–female interac-
tions (assay group) and the other saved for confirming 
the transfer of desired CHCs (validation group). 200 µl of 
pure hexane was used to extract CHCs from the valida-
tion group. Both pre-and post-perfuming crude extracts 
were resolubilized with alkane standards as described 
above (see"cuticular lipids extraction"), except that 20 µl 
was used for pre-perfuming samples (N = 8) and 100 µl 
for post-perfumed samples (N = 8). To quantify changes 
in the CHCs of interest, all samples were analyzed by 
GC–MS as described above.

Behavioral assays
Cameras and the behavior arena were set up as previously 
described [145]. For male–female interaction experi-
ments, a single virgin female was paired with a single 
virgin male inside a food podium. For male-male interac-
tion experiments, two virgin males of the same genotype 
were placed together without any females being present. 
For misdirected courtship experiments, a pair consist-
ing of one wild-type male and one wild-type female was 
combined with a single decapitated male, whose geno-
type was either wild-type or eloF[-]. The genotypes and 
numbers of individuals are reported separately for each 
experiment in the figure legends. The flies were vide-
otaped for 1 h, and binary metrics of previously charac-
terized behaviors, including"encounter,""threatening,""co
urtship,""leg vibration,"“wing vibration”,"copulation", and 
“boxing” were scored from the video recordings [80, 127]. 
Courtship was quantified as the proportion of males that 
continued to court the female after the initial encounter. 
Leg vibration, whereby the male vigorously shakes the 
female’s abdomen with his front legs, is a behavior spe-
cific to D. prolongata [126, 127].

To test whether male-biased hydrocarbons are trans-
ferred to females during mating, 6–8 day-old virgin 
males and females from the reference genome strain were 
placed together in single pairs (n = 16). Behavior was 
observed in the morning for 1  h to determine whether 
mating occurred. To test for quantitative changes in CHC 
profiles, whole-body pheromone extractions were per-
formed on mated and unmated females on the same day 
after the observation concluded. Socially naive females 
and males were included as controls.

Statistical analysis of behavioral changes
A logistic regression model was used for each binary 
behavior (e.g., courtship) with the genotype as the only 
explanatory variable, and an ordinary linear regression 
model for each continuous behavior (e.g., copulation 
duration). Z-tests were performed on coefficients from 
logistic regression to determine the p-value for each 
comparison between eloF[-] mutant and wild-type alleles. 
t-tests were performed on coefficients from ordinary lin-
ear regression.

Statistical estimation of hydrocarbon transfer
Hydrocarbon transfer was estimated from the increase in 
the abundance of the analyte of interest (9P or 9H) after 
perfuming. For each group of 4 females used in behav-
ioral tests, we created a parallel group of 4 females that 
were subjected to the same perfuming procedure but 
were not used in behavioral assays (see “female perfum-
ing preparation” above). This replicate group was used to 
validate the transfer of desired CHCs, in conjunction with 
pheromones extracted from the same group before per-
fuming. Instead of simply taking the difference in 9P (or 
9H) abundance before and after perfuming, we calibrated 
the post-perfuming abundance of 9P (or 9H) by a method 
analogous to standard curves to mitigate technical vari-
ation as follows. For each perfuming group of eight flies, 
a calibration curve was made by regressing the post-per-
fuming on the pre-perfuming abundances of all CHCs 
except those modified in treatment (e.g., leaving out 9P in 
9P treatment). A general agreement was found between 
pre-post pairs of endogenous CHCs, with coefficients of 
determination (R2) ranging from 0.85 to 0.98 (Additional 
file 31: Fig. S15). Leveraging this property, expected post-
perfuming abundance of 9P (or 9H) if no synthetic 9P (or 
9H) were transferred (i.e., the"counterfactual"abundance) 
was then predicted based on the sample-specific stand-
ard curve. Likewise, 95% confidence intervals were con-
structed around the expected abundance. Finally, the 
hydrocarbon transfer was estimated as the difference 
between the observed and"counterfactual"abundance.

Gene editing by CRISPR/Cas9 mutagenesis
To create null mutants for elongase F (eloF) in D. prolon-
gata, two guide RNAs were designed that target its first 
exon (Fig.  6). Guide RNA sequences were as follows: 
gRNA43: 5’-TCT​GCT​ATT​TGT​CCT​CAA​GGTGG-3’ 
and gRNA84: 5’-AGA​GTA​CCC​AGA​GCA​ACC​CATGG-
3’. Embryo injection and mutation screening were con-
ducted as described [140]. Deletion of sequences between 
two guide RNAs was confirmed by Sanger sequencing. 
Two mutant strains were obtained: one with a frameshift 
mutation resulting in an early stop codon, and the other 
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with a 45 bp in-frame deletion resulting in the loss of 15 
amino acids (Fig. 6).

Statistical analysis on mutant CHC profiles
To determine the effects of eloF on pheromone produc-
tion in D. prolongata, we examined the CHC profiles 
of both homozygous eloF mutant strains generated by 
CRISPR/Cas9 mutagenesis. The reference genome strain, 
in which these mutants were induced, was used as the 
control. Multivariate and univariate analyses were per-
formed on the absolute quantity (on a logarithmic scale) 
of 18 consensus CHCs that are shared between sexes and 
collectively account for > 98% of total CHC abundance. 
Prior to principal component analysis (PCA), CHC 
abundances were centered to zero means but not stand-
ardized to unit variance, so PCA was conducted on the 
sample covariance matrix. In the PCA scatter plot, 95% 
confidence regions for each group (genotype x sex) were 
estimated assuming underlying bivariate t-distributions. 
To determine whether (1) pheromone profiles of wild-
type and eloF mutant flies were significantly different and 
(2) whether mutation effects differed between sexes, we 
used two-way ANOVA models with interaction effects 
between sex and genotype, followed by Tukey’s range 
test for all pairwise comparisons. The ANOVA model 
was specified as follows: Log(abundance) ~ sex + geno-
type + sex * genotype. Data management (R package 
suite"tidyverse") and statistical modeling (R packages"c
ar,""multcomp,""lsmeans") were conducted by in-house 
R scripts (R Core Team 2022), with plots generated by 
the"ggplot2"package and subsequently polished by the 
Inkscape software (version 0.92.4, https://​inksc​ape.​org).

Comparative sequence analysis
Sequences surrounding the eloF locus (~ 2  kb) were 
extracted from reference genomes of each species [74, 
95]. To study sequence evolution, multiple alignments 
of DNA sequences were conducted using Clustal Omega 
(version 1.2.2 [130]) using the default parameters. To 
examine sequence divergence of eloF orthologs, single 
nucleotide variants (SNVs) in the coding sequence (CDS) 
of eloF were called (Additional file 12: Table S4) by man-
ual inspection of RNA-seq reads that mapped to a nearby 
region using the software IGV (version 2.4.11, Broad 
Institute). Open reading frames (ORFs) were predicted 
based on the standard genetic code and required a mini-
mum of 400 base pairs. To identify the genetic nature 
of"honghaier,"a putative transposable element, and its 
associated ORF, the web application BLASTn (version 
2.13.0 +) was used to search against all NCBI databases 
and the database of known transposable elements Dfam 
[136]. To visualize the phylogenetic distribution of hong-
haier and associated ORF (Additional file  14: Table  S5), 

local standalone blastn databases were made from 
genome assemblies, and command-line-based BLASTn 
(version 2.2.31 +) was used.

To assess the sequence complexity of the honghaier 
insertion, a preliminary dot plot (not shown) was made 
using the EMBOSS (version 6.5.7) tool dotmatcher, with 
a word size of 10. De novo motif discovery was sub-
sequently made to identify the repeating units using 
MEME-suite (https://​meme-​suite.​org) software MEME 
(version 5.3.2, [8]). The following command-line flags 
were used: “-dna -mod anr -nmotifs 3 -revcomp”. The 
AT content was estimated by averaging the occurrence 
of adenosine (A) and thymine (T) in a window of 50 
bp. Unless otherwise noted, sequence analysis was con-
ducted in Geneious Prime (version 2021.0.3, Biomatters, 
www.​genei​ous.​com).

Transcription factor (TF) binding motif analysis
Since the exact motif sequences that activate gene 
expression in adult oenocytes are largely unknown, we 
used de novo prediction to identify TF-binding motifs 
that are enriched in adult oenocytes. A list of genes anno-
tated as being differentially expressed in adult oenocytes 
over other tissues (referred to as oenocyte markers here-
after) in D. melanogaster was downloaded from single-
cell Fly Cell Atlas ("10X relaxed dataset", [90]). Marker 
genes were stringently filtered using log fold change 
cutoff > 1 and a p-value cutoff of 1e-10. Using R Bio-
conductor packages"org.Dm.eg.db"(feature annotation 
database, version 3.14.0),"TxDb.Dmelanogaster.UCSC.
dm6.ensGene"(transcript database, version 3.12.0), 
and"BSgenome.Dmelanogaster.UCSC.dm6"(genome 
database, version 1.4.1), genes were further filtered by the 
following criteria. Oenocyte marker genes must (1) have 
a matching FlyBase unique gene identifier and (2) map 
to chromosome X, 2, or 3. This resulted in a final set of 
956 oenocyte-enriched markers (Additional file 32: Data 
File 8). This list included the previously reported oeno-
cyte markers desaturase F (desatF, [32]) and elongase 
F (eloF, [31]). For each oenocyte marker, up to 1  kb of 
the upstream promoter region was extracted for motif 
enrichment analysis.

Motif enrichment analysis was performed on the 
retrieved upstream sequences (Additional file  33: Data 
File 9) by Meme Suite software AME (version 5.3.2, 
[102]) using the following command line flags: -control 
–shuffle– -scoring avg -method fisher. The iDMMPMM 
motif database downloaded from Meme Suite provided 
39 known motifs with well-supported DNase-I foot-
print evidence [81]. We observed significant enrichment 
for binding motifs associated with the TFs bric-a-brac 
(bab1, p = 1.75e-60) and Mothers against dpp (Mad, p = 
2.14e-21). Both these genes are expressed in the adult 

https://inkscape.org
https://meme-suite.org
http://www.geneious.com
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oenocytes of D. melanogaster (Additional file  28: Data 
File 7). Other candidates were not considered because 
their p values were several orders higher than the top 2 
candidates.

Using bab1 and Mad as candidate motifs that may 
underlie oenocyte development, motif occurrence analy-
sis was performed on non-protein-coding regions of eloF 
across 5 species in the rhopaloa subgroup using Meme 
Suite software FIMO (version 5.3.2, [58]). The following 
command line flags were used:"–parse-genomic-coord, 
–thresh 0.001". As no matches corresponding to Mad 
were found, only bab1 binding motifs were reported 
(Additional file  13: Fig. S9). In addition to tissue-spe-
cific motifs, individual motif occurrence analysis was 
performed on sex-related motifs by FIMO. The binding 
motifs of the doublesex (dsx) TF were retrieved from Shi-
rangi et al. [128], FlyReg [13], Fly Factor Survey (https://​
mccb.​umass​med.​edu/​ffs), and JASPAR (9 th release, 
https://​jaspar.​gener​eg.​net). As no match was found for 
the motif reported by Shirangi et al., sex motifs included 
three targets: dsx from JASPAR and dsx-F and dsx-M 
from FlyReg (where both proteins have identical binding 
sequences).

Design of reporter constructs
We generated transgenic D. melanogaster strains that 
carried orthologous eloF sequences from D. prolon-
gata and D. carrolli. “Long” constructs were designed to 
cover the entire eloF locus and its whole flanking region 
(between the flanking genes CG16904 on the left and 
CG8534 on the right):"Dpro eloF WT(l)"with the allele 
from D. prolongata and"Dcar eloF WT(l)"with the allele 
from D. carrolli (Additional file 17: Fig. S12). The down-
stream region of eloF contains a putative transposable 
element (TE) insertion, which we named"honghaier", in 
D. prolongata but not in D. carrolli or any other species 
at this location. Two additional constructs were therefore 
produced by a TE swap: one engineered allele had hong-
haier removed from the D. prolongata allele ("Dpro eloF 
WT(l)—TE"), and the other had honghaier inserted into 
the D. carrolli allele ("Dcar eloF WT(l) + TE,"Additional 
file 17: Fig. S12). In addition, “short” reporter constructs 
were designed with the DNA sequences of the down-
stream region of eloF (between CG16904 on the left and 
eloF on the right; note that the two genes are transcribed 
in head-to-head orientation). Similar to the “long” con-
structs, two of the short constructs were wild-type 
alleles of each species,"Dpro eloF WT(s)"and"Dcar eloF 
WT(s)", while the other two were produced by the hong-
haier swap:"Dpro eloF WT(s)—TE"and"Dcar eloF WT(s) + 
TE"(Additional file 17: Fig. S12).

To clone the reporter sequences, DNA fragments 
were amplified by SeqAmp (Takara Bio, San Jose, CA), 

a proofreading DNA polymerase (See Additional file 30: 
Table  S9 for primers used in this cloning experiment). 
PCR-amplified DNA fragments were first Gibson-cloned 
into linearized pCR8 vectors (Invitrogen, Carlsbad, CA) 
using Gibson Assembly Master Mix (New England Bio-
labs, Ipswich, MA) according to kit recommendations. 
We then conducted a Gateway reaction to transfer the 
DNA inserts into the destination vector pGreenFriend 
(Additional file 17: Fig. S12, [103]) by Gateway recombi-
nation reaction using LR Clonase II Enzyme mix (Invitro-
gen). The pGreenFriend vector has a GFP reporter driven 
by the Drosophila Synthetic Core Promoter (Additional 
file  17: Fig. S12). Final constructs were bulk-purified 
using a QIAGEN midi-prep kit (QIAGEN, Redwood 
City, CA) and confirmed by Sanger sequencing (McLab 
Sequencing, San Francisco, CA). Chemically competent 
E. coli strain NEB5alpha H2987 (New England Biolabs) 
was used for transformation.

Transgenic strains
The pGreenFriend vector has a single attB site that allows 
it to integrate into attP anchor sites in the D. mela-
nogaster genome (Additional file  17: Fig. S12). 30 µg of 
purified plasmids were sent to BestGene (https://​www.​
thebe​stgene.​com) for embryo injection. The genotype 
of injected flies was y1 w67c23; P{CaryP}attP40, with the 
attp40 landing site on the second chromosome [101]. 
Transformed G0 flies were crossed to yw flies, and the 
resulting G1 progeny were genotyped to verify success-
ful integration. Heterozygous flies carrying attP insertion 
(attP40*) were selected based on orange eye color. Con-
firmed insertions were balanced and flies homozygous for 
the attP40* site with the reporter insertion were selected 
from these balanced strains and used for antibody stain-
ing and RT-qPCR.

Tissue dissection and antibody staining
Homozygous transgenic flies were isolated as virgins 
and the dorsal abdominal body wall was dissected in 1 × 
Tris-NaCl-Triton (TNT) buffer (100 mM Tris pH7.5, 
300 mM NaCl, 0.5% Triton-X). Flies with the yw geno-
type were used as negative control to account for oeno-
cyte autofluorescence. A standard fixation protocol was 
adopted [141]. Tissues were pooled and fixed in a fixation 
buffer (100 mM Tris pH7.5, 300 mL NaCl, 4% paraform-
aldehyde (Electron Microscopy Sciences, Hatfield, PA)) 
for 20 min on a rotation platform set to a gentle speed at 
a frequency of 0.33 Hz. Fixed tissue was then washed in 
1  mL 1xTNT for 15 min three times. Post-wash tissues 
were stored in 1 mL fresh 1xTNT at 4 °C until antibody 
staining.

For GFP staining, fixed tissues were first trans-
ferred to 3 × 3 dissection plates and washed with 300 µl 

https://mccb.umassmed.edu/ffs
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1xPhosphate-Buffered Saline with Triton-X 100 (PBST 
buffer) for 15 min. To reduce non-specific antibody bind-
ing, washed tissues were blocked in 180 µl of 5% normal 
goat serum (Jackson Immunoresearch, West Grove, PA) 
for 30 min, followed by three times 1 × PBST wash (300 
µl, 15 min each). Tissues were stained using 300 µl of pri-
mary antibody at 4 °C overnight and washed three times 
in 300 µl 1 × PBST on the following day. Immediately 
after primary staining, tissues were stained using 300 µl 
of secondary antibody at 4  °C for 1 h and washed three 
times in 300 µl 1 × PBST (15 min each). Stained tissues 
were stored in 1  mL 1xPBST at 4  °C and covered with 
aluminum. All antibody staining steps were performed in 
the dark and incubated on a nutator set to gentle speed. 
The ingredients of buffers used are summarized as fol-
lows. 1xPBST buffer was prepared by adding Triton-X 
to 1xPhosphate-Buffered Saline (1 × 1xPBS, Corning, 
Manassas, VA) to a final concentration of 0.4% (v2v). 
The blocking solution was freshly made by adding goat 
serum (Jackson Immunoresearch) in 1xPBST to a final 
concentration of 5% (v2v) and stored at 4  °C upon use. 
Staining solutions were freshly made by diluting primary 
(Chicken-anti-GFP, Invitrogen) or secondary antibod-
ies (goat anti-chicken-AF488, Jackson Immunoresearch) 
in 1 × blocking solution to a final concentration of 1:200. 
At least four dissected cuticle filets were studied for each 
short construct.

To facilitate mounting, fully stained dorsal cuticles 
were flattened by trimming to an approximately rectan-
gular shape. Under the dissecting microscope, the mar-
gins of the A1 segment and A6/A7 segments were first 
removed, and the lateral sides of the remaining segments 
were trimmed by fine scissors. After flattening, the dorsal 
cuticle was placed on a cover slide (22 × 22 mm, thick-
ness 1.5, Corning) with the interior facing up. A 20 µl of 
antifade FluromountG reagent (Electron Microscopy Sci-
ences) was added and spread evenly to reduce the forma-
tion of air bubbles. The mounting slide (3’’× 1’’x 1  mm, 
Fisher Scientific, Pittsburgh, PA) was placed on top of the 
cover slide to finish preparation. Mounted slides were 
stored in a slide binder at 4 °C before imaging.

Confocal microscopy
Mounted tissues were imaged using a Leica SP8 confo-
cal microscope. The 488 nm laser was used to visualize 
GFP. Images were taken every 5  µm using a 20X objec-
tive and digital zoom. Images were further processed in 
Fiji ImageJ [122] to project everything on a z-stack with 
maximum intensity.
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TIRs	� Terminal inverted repeats
MITE	� miniature inverted-repeat transposable elements
ORF	� Open reading frame
CDS	� Coding DNA sequence
TF	� Transcription factor
TNT	� Tris-NaCl-Triton
PBST	� Phosphate-Buffered Saline with Triton-X 100

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12915-​025-​02220-z.

Additional file 1: Figure S1.  Variable effect of perfuming on male-female 
interactions.  Stacked bar plots showing success rates of (A) Encounter, (B) 
Threatening, (C) Courtship (defined as the proportion of males that con-
tinued to court the female after the initial encounter), and (D) Leg vibra-
tion (where the male vigorously shakes the female’s abdomen with his 
front legs) across three perfuming conditions (N = 32 for each treatment).  
N.S., nonsignificant results based on comparison between treatment 
and control in a logistic regression model.  P values are as follows: *** p < 
0.001, ** p < 0.01, *, p < 0.05, p < 0.1.

Additional file 2: Figure S2.  Male-biased long-chain CHCs are not trans-
ferred to females during mating.  Boxplots showing the abundance of 9T, 
9P and 9H, with cis-vaccenyl-acetate (cVA) as a positive control.  Shown 
are control wild-type females, WT females that did not mate with a WT 
male, WT females that mated with a WT male, and control WT males.  
Pheromone abundance is measured in nanograms per fly and shown 
on log10 scale.  Overlayed jitter points are samples of each sex * mating 
status combination, color-coded by genotype.  Significance results of all 
pairwise comparisons (Tukey HSD test followed by significant omnibus 

https://doi.org/10.1186/s12915-025-02220-z
https://doi.org/10.1186/s12915-025-02220-z
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ANOVA F-tests) are summarized in the format of compact letter display 
(using R packages"multicomp" and "lsmeans"). 

Additional file 3: Figure S3.  Differential gene expression between males 
and females of D. prolongata.  (A) Sex differentiation and substance trans-
port.  (B)  Terminal processes of amino acid metabolism.  Directed Acyclic 
Graph (DAG) of significant GO terms and their parent terms in biological 
processes. Significant (p < 0.05) and non-significant GO terms are color-
coded and represented by ellipses and rectangular boxes, respectively.  
Significant GO terms can be underrepresented (blue) or overrepresented 
(red) based on Fisher’s exact test.  Arrows indicate hierarchical relation-
ships.  GO terms at the same hierarchical level are placed at the same 
vertical position. Significant GO terms that are also enriched between 
males and females of D. carrolli have dashed borders. 

Additional file 4: Table S1. Significant GO terms in the comparison 
between males of D. prolongata and D. carrolli.

Additional file 5: Figure S4. Differential gene expression between males 
of D. prolongata and D. carrolli.  (A) Terminal lipid metabolism processes.  
(B) Substance transport, development, and reproduction.  (C) Amino acid 
metabolism processes.  (D) Signal transduction, cell-cell adhesion, and 
aggressive behavior.  Directed Acyclic Graph (DAG) of significant GO terms 
and their parent terms in biological processes.  Significant (p < 0.05) and 
non-significant GO terms are color-coded and represented by ellipses 
and rectangular boxes, respectively.  Significant GO terms can be under-
represented (blue) or overrepresented (red) based on Fisher’s exact test.  
Arrows indicate hierarchical relationships.  GO terms at the same level 
are positioned at the same vertical position.  GO terms under the lipid 
metabolic process (GO:0006629) are connected by green arrows and have 
green borders in (A).  Significant GO terms that are also enriched between 
females of D. prolongata and D. carrolli have dashed borders.

Additional file 6: Table S2. Cuticular lipid description.

Additional file 7: Figure S5. eloF is responsible for elongating the precur-
sors of long-chain 9-monoenes.  Boxplots showing the abundance of 9H 
(A), 9P (B), 9T (C), and the aggregate 9-Monoenes (D) across genotypes in 
each sex, with abundance in nanograms shown on log10 scale.  Overlayed 
jitter points are samples of each sex * genotype combination, with color-
coded genotypes.  Significance of all pairwise comparisons (Tukey HSD 
test followed by significant omnibus ANOVA F-tests) are summarized in 
the format of compact letter display (using R packages "multicomp" and 
"lsmeans").  Note the decrease in the abundance of 9P and 9H in both 
sexes, and an increase in the abundance of 9T in males, in eloF mutants, 
while the total abundance of 9-monoenes remains approximately 
constant.

Additional file 8: Figure S6. eloF is responsible for elongating the precur-
sors of long-chain CHCs. Boxplots showing the log2 ratio of 9-monoenes 
(A-B) and other CHCs (C-D) with adjacent odd-numbered carbons across 
genotypes in each sex.

Additional file 9: Figure S7. Little effect of eloF mutations on total CHC 
abundance.  Boxplots showing the aggregate abundance of 7-Monoenes 
(A), 9-Monoenes (B), branched alkanes (C), straight-chain alkanes (D), and 
overall CHCs (E) across genotypes in each sex, with abundance in nano-
grams shown on log10 scale.

Additional file 10: Table S3.  eloF[-] mutant behavior.

Additional file 11: Figure S8. No fixed protein sequence differences 
between D. prolongata and D. carrolli eloF orthologs.  Multiple alignment 
on translated amino acid sequences across five species in the rhopaloa 
species subgroup, with species phylogeny on the left and the consensus 
sequence at the bottom.  Numbers above the consensus sequence are 
coordinates showing the consensus length (257 AA).  For the alleles of 
each species, site-wise disagreement from the consensus is represented in 
gray shade.  For D. carrolli and D. prolongata, single nucleotide polymor-
phisms (SNPs) that lead to changes in amino acids are highlighted in red.  
Polymorphic sites are represented in dashed rectangles.  In D. prolongata, 
amino acid sequences deleted in one CRISPR mutant (eloF[-] Δ45) are 
in cyan shade.  Feature annotations are displayed above the protein 
sequence, with dark gray boxes representing eloF exons.  All features have 
their direction labeled as arrowheads.

Additional file 12: Table S4.  Sites segregating in the coding region of eloF 
in D. prolongata and D. carrolli. 

Additional file 13: Figure S9. D. prolongata-specific honghaier insertion 
in the downstream region of eloF.  (A) The downstream region of eloF 
in D. prolongata, showing the insertion of the TE-like repetitive element 
honghaier.  Feature annotations are displayed below DNA sequence, 
with the red box representing the honghaier insertion, the orange box 
representing its predicted ORF, and the purple box showing the BLAST hit 
to the DNAREP_DM1 transposable element (Dfam).  The motif track shows 
putative binding sites for transcription factors including dsx (JASPAR, dark 
green), dsx (FlyReg, light green), dmrt99B (JASPAR, yellow-green), and 
bab1 (iDMMPMM, pink).  The repeat track includes short TGTC repeats 
(cyan) and three de novo motifs: MEME-1 (brown), MEME-2 (pink), and 
MEME-3 (steel blue).  (B) Alignment of the conserved downstream region 
of eloF (shaded region in A) across species, with species phylogeny on the 
left and consensus sequence at the bottom. Numbers above the DNA 
sequence are coordinates showing the length of the consensus (606 bp) 
and alignment (529 bp).  For the alleles of each species, nucleotide-wise 
disagreement from the consensus is represented in a color-coded vertical 
line for nucleotide substitutions (A: red, C: blue, G: yellow, T: green), and 
a horizontal line for nucleotide deletions.  The track of percent identity is 
color coded as follows: green for perfect (100%) agreement, yellow-green 
for intermediate (30-99%) agreement, and red for low (<30%) agreement.  
All features have their direction labeled as arrowheads when applicable.

Additional file 14: Table S5.  High fidelity honghaier sequence occurrence.

Additional file 15: Figure S10. The upstream region of eloF is conserved 
in the rhopaloa species subgroup. Multiple alignment of the upstream 
region of eloF, with schematic gene structure displayed on top.  The track 
of percent identity is color-coded as follows: green for perfect (100%) 
agreement, yellow-green for intermediate (30-99%) agreement, and red 
for low (<30%) agreement.  Numbers above the percent identity track are 
coordinates showing the length of the consensus (310 bp) and alignment 
(309 bp).  For alleles from each species, nucleotide-wise disagreement 
from the consensus is represented in a color-coded vertical line for nucle-
otide substitutions (A: red, C: blue, G: yellow, T: green), and a horizontal line 
for nucleotide deletions.  Predicted transcription factor (TF) binding motifs 
are displayed below the DNA sequence as follows: dsx (JASPAR, dark 
green); dsx (FlyReg, light green); bab1 (iDMMPMM, pink). All features have 
their direction labeled as arrowheads when applicable.

Additional file 16: Figure S11. The intron of eloF in conserved in the 
rhopaloa species subgroup.  Multiple alignment of the intronic region of 
eloF, with genomic context displayed on top.  Numbers above the DNA 
sequence are coordinates showing the consensus length (68 bp).  For 
the alleles of each species, site-wise disagreement from the consensus 
is represented in gray shade.  No sex (dsx) or tissue (bab1) motifs were 
identified.

Additional file 17: Figure S12. Design and analysis of GFP reporter con-
structs containing eloF sequences.  (A) Schematic illustration of the eloF 
locus and the two flanking genes.  (B) “Long” constructs containing the 
entire eloF locus including flanking sequences.  Dpro eloF WT(l) and Dcar 
eloF WT(l) carry wild-type eloF loci from D. prolongata and D. carrolli, respec-
tively.  The other two constructs were made by removing the honghaier TE 
insertion from the D. prolongata sequence (Dpro eloF WT(l)-TE) or adding 
the D. prolongata honghaier insertion to the D. carrolli sequence (Dcar eloF 
WT(l)+TE).  The eloF locus is placed into the pGreenFriend vector in the 
forward orientation, so that eloF is transcribed in the same direction as 
GFP while the honghaier insertion is in the opposite direction.  (C).“Short” 
constructs containing only the downstream eloF sequences.  As in the 
“long” constructs, two constructs contain the wild-type alleles from D. pro-
longata and D. carrolli, while the other two were made by TE swap.  Here, 
the downstream eloF sequences are placed into the pGreenFriend vector 
in the flipped orientation, so that the direction of the honghaier insertion 
is the same as GFP transcription.  In (B) and (C), alignment coordinates 
are displayed on top.  Black lines indicate disagreement between theD. 
prolongata and D. carrolli alleles, vertical for single nucleotide variants and 
horizontal for short indels.  Feature annotations are displayed below DNA 
sequence, with green box representing genes, yellow box representing 
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CDS, red box representing the honghaier insertion, and the orange box 
representing its predicted ORF.  All features have their direction labeled by 
arrowheads when applicable.  (D) Schematic illustration of pGreenFriend 
vector, where GFP is driven by the Drosophila synthetic core promoter 
(DSCP, yellow-green).  (E) In the “long” constructs containing the entire 
eloF locus, GFP reporter expression is low and does not differ significantly 
between genotypes.  (F) In the “short” constructs containing only the 
downstream eloF region, all eloF alleles have similar effects on GFP expres-
sion in transgenic D. melanogaster, with a slight (~2-fold) female bias (p 
<0.05).  Y axis shows the relative expression of eloF with respect to the 
reference gene Rpl32 (measured in ΔCt).  For each group, three biological 
replicates, each an average of three technical replicates, are represented 
by jitter points.  Males are in filled symbols; females are in open symbols.  
Wild-type reporter alleles are represented with circles and TE-swapped 
alleles with triangles.

Additional file 18: Table S6. qPCR analysis of GFP transcript expression 
driven by eloF “long” constructs (complete eloF locus including flanking 
regions).

Additional file 19: Figure S13. eloF downstream sequences drive GFP 
expression in adult abdominal oenocytes.  Confocal images of GFP protein 
stained with anti-GFP antibodies, showing dissected male and female dor-
sal abdominal body walls.  Non-transgenic yw flies are used as a negative 
control.  Transgenic flies carry the “short” constructs containing the eloF 
downstream region (see Additional file 17: Fig S12).

Additional file 20: Table S7.  RNA-seq data summary.

Additional file 21: Table S8.  RNA-seq read mapping statistics.

Additional file 22:  Data File 1. List of genes differentially expressed 
between D. prolongata males and D. prolongata females.

Additional file 23:  Data File 2. List of genes differentially expressed 
between D. prolongata males and D. carrolli males.

Additional file 24:  Data File 3. List of genes differentially expressed 
between D. carrolli males and D. carrolli females.

Additional file 25:  Data File 4. List of genes differentially expressed 
between D. prolongata females andD. carrolli females.

Additional file 26:  Data File 5.  Genes for which the direction or magnitude 
of male-female (MF) differences in expression levels differs between D. 
prolongata and D. carrolli.

Additional file 27:  Data File 6.  Three one-way comparisons used to 
identify candidate genes for sex-specific pheromone divergence, showing 
gene names ordered by union P values.

Additional file 28:  Data File 7.  Genes expressed in the adult oenocytes of 
D. melanogaster.

Additional file 29: Figure S14.  All primers used for quantitative PCR have 
near-perfect amplification performance.  Standard curves of Rpl32 are 
based on cDNA from mixed-sex whole-body RNA of D. prolongata (A) and 
D. carrolli (B).  Standard curves of eloF are based on cDNA from mixed-sex 
whole-body RNA of D. prolongata (C) and D. carrolli (D).  Standard curve 
of GFP is based on empty pGreenFriend vector (E). Dilution factors are 
10-fold for (A), (B) and (E); 8-fold for (C), and 3-fold for (D).  Points represent 
average values, with error bars showing standard deviations calculated 
from three technical replicates.  Lines represent the best linear fit, showing 
the estimated equation and coefficient of determination (R2).

Additional file 30: Table S9.  Primers used for cloning and qPCR. 

Additional file 31: Figure S15.  Calibration of candidate CHC transfer based 
on unperfumed CHCs.  Panels of calibration standard curves for 9H treat-
ment (A), 9P treatment (B), and hexane control (C).  Each panel represents 
CHC profiles sampled from an independent group of 8 flies subjected to 
the same experimental procedures as those used in behavioral studies.  
Within each panel, each point represents individual CHC, with its abun-
dance before perfuming procedure (pre-abundance) indicated as the x 
coordinate value, and abundance after perfuming procedure (post-abun-
dance) indicated as the y coordinate value.  CHCs other than the spiked-in 
compound (9P or 9H) were used to build the standard curve (dotted 

blue line), showing the estimated equation and coefficient of determina-
tion (R2).  Counterfactual post-perfuming abundances of 9P and 9H are 
estimated from standard curves (light green point for 9P and orange point 
for 9H) as if no synthetic compounds were added, along with their 95% 
confidence interval (error bars).  Abundance is measured in nanograms 
and standardized to abundance per individual fly. 

Additional file 32:  Data File 8.  Oenocyte-specific marker genes in D. 
melanogaster, showing log fold changes (oenocytes vs. other tissues) and 
associated P values. 

Additional file 33:  Data File 9.  1kb upstream DNA sequences of the oeno-
cyte marker genes listed in Data File 8.
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