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Abstract 24 

When females mate with multiple males, ejaculates from different partners compete within 25 

the female reproductive tract. Males gain a competitive advantage by transferring seminal 26 

fluid proteins (Sfps) that manipulate female post-mating responses, such as reducing female 27 

propensity to remate. But in monandrous species, where females typically mate only once, 28 

post-mating sexual selection is absent, raising questions about the complexity and identity of 29 

Sfps in monandrous seminal proteomes. To address this, we characterised the seminal 30 

proteome of the monandrous fly Drosophila subobscura. Using a label-free quantitative 31 

proteomics approach, we identified 172 Sfps, comparable in number to the 153 Sfps 32 

previously reported in polyandrous D. melanogaster using a similar approach. The D. 33 

subobscura seminal proteome contains all the D. melanogaster sex peptide network – 34 

proteins that control the female post-mating response – and many proteins known to be 35 

involved in post-copulatory sexual selection. We also found a surprising over-abundance of 36 

proteins previously shown to be down-regulated under monogamy selection in D. 37 

melanogaster. Collectively, the patterns suggest that the D. subobscura seminal proteome is 38 

characterised more by conflict than cooperation, and despite differences in mating systems, 39 

is compositionally similar to that of D. melanogaster, with a complex proteome rich in 40 

receptivity-inhibiting Sfps.  41 
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Introduction 42 

When females are polyandrous, a male’s ejaculate faces competition with sperm from rival 43 

males. A vast body of theory (1–3) and empirical work (4–8) shows that males often respond 44 

to heightened competition by increasing the number of sperm in an ejaculate (9). Yet, a large 45 

proportion of the ejaculate is composed of non-sperm components, the seminal fluid. Seminal 46 

fluid allows males to maximise competitive advantage through the complex mixture of 47 

proteins transferred to females together with sperm (10). Moreover, males adjust seminal 48 

fluid components in response to the risk of sperm competition (e.g. 11–13). Seminal fluid 49 

proteins (Sfps) have myriad functions that increase male competitive advantage through 50 

reducing female remating, influencing sperm storage and usage, stimulating ovulation and 51 

interfering with rival sperm (10,14,15). The sex peptide network is a well-characterised 52 

protein group (consisting of 13 proteins) in Drosophila (16), known to control the female post-53 

mating response. Males transfer sex peptide (SP) to females to stimulate egg production and 54 

reduce female receptivity to remating (17,18). SP transfer improves male reproductive 55 

success, but can reduce female lifespan and fitness, highlighting how the SP network mediates 56 

sexual conflict (18,19, but see 20). 57 

Sfp characterisations have primarily focused on polyandrous species (11,21–23). As a result, 58 

we have some understanding of the composition of seminal proteomes in species where male 59 

reproductive success is shaped by sperm competition and cryptic female choice post-60 

copulation. Yet much less is known about the composition of the seminal proteome in 61 

monandrous species, in which these processes are absent and where monandry typically 62 

means females mate only once in their lifetime. If monandry is female-controlled, we might 63 

expect selection to favour Sfps that support female fertility, whereas proteins that function 64 
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primarily in sperm competition or in wresting control from female sperm choice are expected 65 

to be reduced or lost. Moreover, the manipulative proteins that reduce female receptivity in 66 

many insects and are associated with sexual conflict are expected to be lost from the seminal 67 

proteome of monandrous species, because females “choose” to mate only once in their 68 

lifetime. However, if monandry represents a form of conflict, with males manipulating female 69 

propensity to remate against the female’s evolutionary interests, the seminal proteome could 70 

be complex and rich in receptivity inhibiting Sfps. Understanding the composition and 71 

function of a monandrous seminal proteome would give us clues as to whether monandry 72 

represents cooperation and is under female or mutual) control, or conflict where male 73 

manipulation is driven to an extreme. 74 

Here, we test these ideas using the fly Drosophila subobscura, an ideal species to explore the 75 

characteristics of a monandrous seminal fluid proteome because it has extremely low levels 76 

of polyandry, with only 4% of females remating when sufficient sperm is received in the first 77 

mating (24). Despite low levels of female re-mating, males increase copulation duration when 78 

rival males are present (25), a behavioural response typically associated with perceived sperm 79 

competition risk (24,26,27). D. subobscura also has a gene duplication of SP, which has 80 

diverged at least partially under adaptive evolution (28). Moreover, the seminal fluid 81 

proteome of D. melanogaster – a polyandrous distantly related species that diverged from D. 82 

subobscura roughly 25 million years ago (29) – is well characterised (30), providing an 83 

informative comparative proteomic framework. By using an identical method of Sfp 84 

characterisation to that used in a study of D. melanogaster (22), we are able to make direct 85 

comparisons and test predictions about how monandry shapes seminal proteome 86 

composition relative to polyandry.  87 
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Under the assumption that monandry aligns female and male interests, we predict that: 88 

1. There will be fewer Sfps in D. subobscura than in D. melanogaster. If a monandrous 89 

seminal proteome has fewer functional requirements, fewer proteins are needed. 90 

2. Sfps involved in post-copulatory sexual selection will be lower in abundance or absent 91 

in D. subobscura because post-copulatory sexual selection is absent. 92 

3. Sfps within the sex peptide network will be lower in abundance or missing from the D. 93 

subobscura seminal proteome because males do not need to transfer receptivity-94 

inhibiting Sfps, such as SP, in a monandrous species. 95 

4. There will be differences in the molecular functions of the seminal proteome in D. 96 

subobscura and D. melanogaster. If monandry has a cooperative basis, fewer proteins 97 

that regulate the onset of the female post-mating response (e.g. peptidases) are 98 

required.  99 

5. Sfps with a promiscuity role will be lower in abundance or absent in D. subobscura. 100 

Proteins with a promiscuity role have previously been identified using an experimental 101 

evolution experiment in D. melanogaster, which identified genes with reduced 102 

expression in selection lines with monogamous mating  (31).  103 

However, if these predictions are not met, this would support the alternative hypothesis 104 

that monandry represents conflict between the sexes, such that males force monandry 105 

against female fitness interests. Under this scenario, protein groups controlling female 106 

remating and post-copulatory sexual selection are expected to remain in the Sfps of a 107 

monandrous species. We test these predictions using a proteogenomic approach by 108 

identifying and characterising the seminal proteome of D. subobscura (Supplementary 109 

Figure 1). 110 
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 111 

Materials and Methods 112 

Stock and fly maintenance 113 

We used mixed Morocco populations (32) of Drosophila subobscura maintained at 18°C on a 114 

12:12 light: dark cycle. Adult flies were fed ASG double yeast medium (10g agar, 85g sucrose, 115 

40g yeast extract, 60g maize, 1000ml H2O, 25ml 10% nipagin) (33). Laying flies were kept at a 116 

density of 25 males and 25 females on 200ml of food in glass Drosophila bottles. A total of 5-117 

6 bottles were kept and flipped every 3-4 days, yielding a total population size of 250-300 118 

flies. Experimental flies for matings were collected from bottles every 24 hours to ensure they 119 

were unmated (34). Females and males were initially aged to 6 days in groups of 10 single-120 

sex individuals. Females and males were then housed individually for 24 hours to avoid the 121 

adverse effects previously observed of keeping males together prior to mating (35). All mating 122 

trials were carried out at 23°C. 123 

 124 

RNA-seq on male reproductive tracts 125 

Sample collection and preparation 126 

Seven-day-old D. subobscura males were allowed to mate freely with females for 2 days 127 

(Supplementary Figure 1A). Males were removed from mating vials, frozen and stored at -128 

80°C. AGs and EDs were dissected in Trizol into three batches of 10 males. RNA was extracted 129 

using phenol-chloroform method. Samples were made DNA-free, converted to cDNA, and 130 

processed for library preparation and PacBio Sequencing (for further details see 131 

Supplementary methods).  132 
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Reference protein database for D. subobscura 133 

To create a reference protein database for D. subobscura, the mRNA sequence (ISO-seq) data 134 

were translated into protein sequences via three-frame translation using the BioPython 135 

package (36).  Protein sequences with a length of > 50 amino acids were retained in the list. 136 

The translated transcriptome was merged with the published protein reference for D. 137 

subobscura (GCF_008121235.1) (37) and was used as a reference for the proteomic analysis. 138 

To cross-validate our new protein database, the public reference protein sequences 139 

(GCF_008121235.1) were searched against the translated transcriptome using BLASTP (38). 140 

73% of the reference proteins were detected in our transcriptomic sample, confirming that a 141 

large proportion of expressed genes were captured.  142 

 143 

Quantitative proteomics 144 

Experimental design  145 

Our experiment to identify the D. subobscura seminal proteome was designed to mimic the 146 

approach used by Sepil et al (2019) for D. melanogaster, to allow for comparisons between 147 

these species. Virgin males, at one week old, were randomly assigned to the “mated” or 148 

“unmated” treatment. For males in the “mated” treatment, a single male was introduced to 149 

a vial containing a female. During mating experiments, pairs were monitored and mating was 150 

recorded if it occurred within 2 hours (mean % successfully mated = 47% ± 2.7 SE). Once 151 

mating finished, the male was aspirated from the vial and flash frozen in liquid nitrogen within 152 

5 minutes. A male assigned to the unmated treatment was also flash frozen at a similar time 153 

point to each mated male. Males were flash-frozen until at least 20 individuals from each 154 
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treatment were collected, providing surplus samples to ensure ten successful dissections of 155 

the AGs and EDs. The experiment was repeated four more times, resulting in 5 independent 156 

biological replicates for mated and unmated samples (Supplementary Figure 1B).  157 

We thawed males and dissected the AGs and ED in PBS buffer. Ten males from each treatment 158 

and replicate were dissected, and the AGs were pooled in 40l PBS buffer on ice, in 159 

preparation for proteomic analysis. In total, this yielded five replicates of 10x mated and 10x 160 

unmated male AGs and EDs. All samples were stored at -80°C until preparation for proteomic 161 

analysis. 162 

Proteomic data processing and protein annotation 163 

For proteomic analysis, cells were disrupted, and proteins quantified and digested in solution 164 

(see Supplementary methods for details on proteomic data acquisition and analysis). 165 

Resulting peptides were separated by liquid chromatography and analysed by mass 166 

spectrometry (LC–MS).  167 

MS/MS spectra were searched using Mascot (via PEAKS Studio) and MaxQuant (version 168 

2.4.2.0) (39) against the D. subobscura reference proteome (GCF_008121235.1), 169 

supplemented with the translated transcriptome. Searches were performed with trypsin as 170 

the specified enzyme, allowing up to two missed cleavages. Carbamidomethylation of 171 

cysteine was set as a fixed modification and oxidation of methionine as a variable 172 

modification. The precursor and fragment ion mass tolerances were set to ±10 ppm and ±0.01 173 

Da, respectively. The false discovery rate (FDR) was controlled at 1% at both the peptide and 174 

protein levels.  175 
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We excluded sparsely quantified proteins – having zero values in more than two samples (out 176 

of 10). The remaining missing values (0) were imputed using the missForest package (40). 177 

Label-free quantification (LFQ) values were normalised using variance-stabilising 178 

normalisation (VSN). 1389 proteins were identified and given a unique ID from either the 179 

reference genome or transcriptome. Mapping to both the official annotation and the 180 

translated transcriptome increased the number of proteins detected by 7.7% (1389 vs 1290 181 

using the official annotation alone). 182 

 183 

Statistical analysis  184 

All analyses were conducted using R v 4.4.1. Briefly, we first identified D.subobscura Sfps and 185 

then annotated proteins using D. melanogaster homology. We next identified Sfp content and 186 

abundance and compared the seminal proteomes of D. subobscura with those of D. 187 

melanogaster.  188 

Identification of D. subobscura seminal fluid proteins 189 

To identify sample outliers and to test for overall protein abundance differences within and 190 

between mating treatments, we used principal component analysis using the prcomp 191 

function and hierarchical cluster analysis using the pvclust package (41). Differential 192 

expression of protein abundance was calculated using the limma package (42), contrasting 193 

unmated and mated samples. A linear model was applied with empirical bayes to smooth 194 

standard errors (Supplementary Figure 2). Proteins with differential abundance between 195 

mating treatments were identified using Benjamini-Hochberg false discovery rate (FDR) 196 

correction, and those with FDR < 0.05 were considered significantly different (n = 256). Among 197 
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these, 172 proteins had higher abundance in unmated males than mated males (log2 fold 198 

change > 0) and were categorised as proteins transferred during mating. These are the 199 

candidate seminal fluid proteins in D. subobscura.  200 

To visualise the characteristics of the transferred proteins, we plotted the log2 fold change of 201 

the difference between unmated and mated males and the negative log10 of the fdr-corrected 202 

p-value in a volcano plot. To visualise protein abundance for the 1389 proteins in the AG and 203 

ED of mated and unmated males, we used a heatmap generated with the pheatmap package 204 

(43), annotating candidate Sfps across rows. Proteins were ranked based on their mean 205 

abundance across unmated samples, with rank 1 representing the most abundant protein and 206 

rank 1389 the least abundant protein, and each of the five unmated samples were plotted 207 

according to this rank order. The ranked abundance of transferred proteins compared to 208 

proteins with no differential abundance or proteins with higher abundance in mated samples 209 

was assessed using a Kruskal-Wallis rank sum test and post-hoc Dunn tests. 210 

Protein annotations of SPs and SPRs in D. subobscura  211 

Each candidate seminal fluid protein was annotated using the D. subobscura genome (XP_ 212 

protein IDs) or transcriptome (IDs beginning “28271_HQ_transcript”) and assigned a unique 213 

protein identifier. To identify homologs in D. melanogaster, we used BLASTP, or if no hit was 214 

found, we used tBLASTN.  Among the 172 candidate D. subobscura seminal fluid proteins, 23 215 

lacked one-to-one blast matches and shared a D. melanogaster annotation with at least one 216 

other D. subobscura protein. This resulted in some D. subobscura proteins sharing the same 217 

protein name (e.g. CG9997 occurs twice in D. subobscura). Six D. subobscura proteins had no 218 

homology to D. melanogaster. 219 
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To search for the sex peptide (SP) and sex peptide receptor (SPR) homologues in D. 220 

subobscura, the DNA and protein sequences of the two SPs (44) and SPR (FlyBase) from D. 221 

melanogaster were searched against the DNA and protein references of the official 222 

annotation (GCF_008121235.1) and our newly generated protein database using TBLASTN, 223 

BLASTP, BLASTP-short, BLASTN and BLASTN-short (45). 224 

A heatmap was used to visualise protein abundance levels of the 172 transferred proteins (i.e. 225 

the candidate Sfps, hereafter referred to as Sfps) in mated and unmated males. Proteins 226 

belonging to the SP network and those involved in post-copulatory sexual selection (as 227 

collated by (30)) were annotated across rows. 228 

Comparison of Drosophila seminal fluid proteomes 229 

To understand the features of the seminal fluid proteome of D. subobscura, we compared the 230 

172 Sfps that we identified to the predicted homologues of other Drosophila species with 231 

characterised seminal proteomes: D. melanogaster, D. montana and D. pseudoobscura (21–232 

23). To provide a “fair” comparison to the D. melanogaster seminal proteome, we focused on 233 

Sfps that had been identified using the same quantitative proteomics approach, totalling 153 234 

(22), as opposed to more extensive Sfp lists collated over a range of approaches (292 Sfps, 235 

(30), 220 Sfps (46)). The number of core Drosophila Sfps (those shared between pairs of 236 

species), and the number of species-specific proteins, were identified using Venn diagrams. 237 

D. pseudoobscura and D. montana Sfps were identified using a quantitative proteomics and 238 

bioinformatics approach, and D. melanogaster orthologs were identified via Flybase (21,23). 239 

D. melanogaster and D. subobscura Sfps were identified by comparing the quantitative 240 

proteomics of virgin and mated accessory glands (22). The D. melanogaster dataset identified 241 

1333 high-confidence proteins, similar to the 1389 identified in D. subobscura. Since the 242 
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seminal fluid proteome of D. melanogaster is well characterised (30) and the methods for 243 

identifying seminal fluid proteins are comparable with this study (22), the following analyses 244 

focus solely on comparisons between D. subobscura and D. melanogaster seminal fluid 245 

proteomes.  246 

 247 

Presence of SP network and post-copulatory sexual selection proteins 248 

The presence of Sfps known to be associated with post-copulatory sexual selection (n = 11) 249 

(30) and Sfps within the SP network (n = 9) (17) were identified within the shared proteins of 250 

D. subobscura and D. melanogaster. The over- or under-representation of these protein 251 

groups within the shared proteins of D. melanogaster and D. subobscura was assessed using 252 

hypergeometric tests comparing the number present in the shared proteins compared to the 253 

numbers present in D. melanogaster. 254 

 255 

Seminal fluid proteome abundance  256 

To facilitate comparisons between species, the abundance of the Sfps within each species was 257 

ranked. In D. subobscura, the average abundance level for each transferred protein was 258 

calculated from samples of unmated males. For D. melanogaster (22), ranks were calculated 259 

from average abundance levels for 1-week-old unmated males that were housed in groups of 260 

12 males. Proteins were ranked in descending order, such that rank 1 refers to the most 261 

abundant protein. Proteins common to both species were identified, and the abundance of 262 

shared proteins vs species-specific proteins was compared within each species using Kruskal-263 

Wallis rank sum tests. Next, the rank order of seminal fluid proteins found in both D. 264 
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subobscura and D. melanogaster (n = 55) was correlated, and the significance of the 265 

relationship was calculated using Spearman’s rho. Some D. melanogaster proteins had a best 266 

blast hit to more than one protein in D. subobscura, so although 42 proteins overlap between 267 

species, we have abundance data for 55 proteins in D. subobscura that are shared with D. 268 

melanogaster. We also tested whether proteins within the sex peptide network (n = 9) (17) 269 

and those thought to be involved in post-copulatory sexual selection (n = 11) (30) had a higher 270 

rank than other proteins within the D. melanogaster and D. subobscura seminal fluid 271 

proteome, using Kruskal-Wallis rank sum tests.  272 

 273 

GO term Molecular Function 274 

We compared the molecular functions of Sfps in D. subobscura and D. melanogaster using 275 

Gene Ontology term analysis with Flybase (release FB2025_02). The seminal fluid proteins of 276 

D. subobscura (n = 172) and D. melanogaster (n = 153) (22) were uploaded to Flybase to find 277 

information on GO Molecular Function. Some proteins had more than one GO term, and all 278 

the GO terms listed per protein were included in the analysis. 213 GO terms were returned 279 

for D. subobscura and 223 for D. melanogaster. GO terms with more than four proteins 280 

associated per species were filtered (nGo terms = 12), and the proportion of proteins for each of 281 

these 12 GO terms within each species was calculated. Chi-square tests, with fdr correction 282 

for multiple testing, were used to test for differences in the proportion of proteins associated 283 

with each GO term for each species (i.e. number of proteins per GO term divided by the total 284 

number of proteins for that species).  285 

 286 
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Number and abundance of “promiscuity proteins” 287 

A previous study in D. melanogaster used experimental evolution to establish monogamous 288 

and polygynandrous (control) mating lines. They identified Sfp genes that had reduced 289 

expression after more than 160 generations of enforced monogamous mating (31). We refer 290 

to the proteins that are translated from these genes as “promiscuity proteins” because their 291 

expression was maintained in polygynandrous lines but downregulated in monogamous lines. 292 

To test the idea that D. subobscura, as a monandrous species, would lose or de-prioritise 293 

promiscuity-linked Sfps, we identified the number and abundance of these D. melanogaster 294 

promiscuity proteins in D. subobscura.  295 

First, we identified proteins in the Hollis et al. (31) dataset that are Sfps, using the overlap 296 

with the Sfps identified by Sepil et al. (22). This comparison yielded 133 Sfps, with abundance 297 

fold change levels between polygynandry and monogamy selection lines. From this set, 51 298 

proteins had reduced abundance in the monogamy lines compared to the polygynandry lines, 299 

using a threshold of logFC < -0.35 48 hours post-eclosion (see supplementary information for 300 

analyses using thresholds of logFC < -0.25 and logFC < -0.15). This list was used to estimate 301 

the expected proportion of promiscuity proteins in D. subobscura seminal fluid, under the null 302 

hypothesis that selection did not act differently on protein composition under monogamy.  303 

The distribution of the null hypothesis was calculated by sampling with replacement from this 304 

list (D. melanogaster total seminal fluid proteins, n = 133; number of promiscuity proteins, n 305 

= 51) a total of 53 times – the number of D. subobscura seminal fluid proteins that are also 306 

found in the D. melanogaster proteome. This overlap in proteins between the two datasets 307 

was used to avoid bias in the proteins that can be identified as “promiscuity proteins”. The 308 

proportion of promiscuity proteins in each bootstrap sample was recorded, and the resulting 309 
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distribution was used to calculate 95% confidence intervals. This bootstrapped distribution 310 

was then compared to the observed proportion in D. subobscura, calculated as the number 311 

of promiscuity proteins (n = 37) divided by the number of D. subobscura seminal fluid proteins 312 

shared with D. melanogaster (n = 53). Bootstrap p-values were calculated using a permutation 313 

test by summing the number of null values that were equal to or more extreme than the 314 

observed value. The abundance of promiscuity proteins in D. subobscura was compared to 315 

the abundance of other proteins that are shared between the D. subobscura and Hollis et al 316 

(31) seminal fluid proteins using Kruskal-Wallis tests. 317 

 318 

Results and Discussion 319 

Identification of D. subobscura seminal fluid proteins 320 

To identify proteins that have lower abundance in mated than unmated males, we first 321 

verified that mating changes the abundance of Sfps in the AGs and ED. Mated and unmated 322 

samples clustered separately within a Principal Component Analysis (Supplementary Fig. 3A). 323 

Hierarchical cluster analysis, which can be used to test overall protein abundance similarity 324 

across samples, clustered samples from the same mating treatment together, and p-values 325 

computed by bootstrapping strongly supported clusters by mating treatment (Supplementary 326 

Fig. 3B, bootstrap probability for mating treatment, bp = 100 %). Of the 1389 proteins 327 

identified in the male reproductive glands, 172 were significantly more abundant in unmated 328 

than in mated males, and were therefore predicted to be transferred during mating 329 

(Supplementary Fig 3B & C). These candidate Sfps also had significantly higher abundance in 330 

the reproductive glands of unmated males compared to other proteins (Supplementary Fig. 331 
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4, Kruskal-Wallis rank sum test = 209.79, df = 2, p < 0.0001, post-hoc comparison between 332 

candidate Sfps and proteins with higher abundance in mated males “mated up”, post-hoc 333 

Dunn tests, Z = 10.56, p.adj < 0.0001, and proteins with no difference between virgin and 334 

mated males “not different” proteins; post-hoc Dunn tests, Z = 14.02, p.adj < 0.0001). 335 

Together, these analyses show that mating alters overall protein abundance in the male 336 

reproductive glands, and that candidate Sfps are, on average, more abundant in unmated 337 

males but decline significantly during mating (Fig. 1).  338 

Although we expected to find fewer Sfps in the seminal fluid of monandrous species, the 172 339 

D. subobscura Sfps are comparable to the 153 found in D. melanogaster using a similar 340 

approach (22). Loss events are expected through redundancy or loss of benefit under 341 

different mating systems (47), and have occurred across the Drosophila genus within 342 

accessory gland proteins (48) including within the sex peptide network (49). However, instead 343 

of detecting a loss of proteins in monandrous Sfps, our finding supports the idea that many 344 

Sfps are required for core fertility roles and the post-mating female response (14,50,51).  345 

 346 

The shared seminal fluid proteins of Drosophila  347 

17 of the 79 seminal fluid proteins identified in D. montana (23), were shared with D. 348 

subobscura (Supplementary Fig. 5). 40 of the 163 seminal fluid proteins identified in D. 349 

pseudoobscura (21), were shared with D. subobscura (Supplementary Fig. 5). 42 of the 153 350 

Sfps identified in D. melanogaster (22), were shared with D. subobscura (Supplementary Fig. 351 

5). We predicted a strong phylogenetic signal, with greater protein overlap between the more 352 

closely related D. subobscura and D. pseudoobscura. However, we only see 15% overlap 353 

between these two species, compared to a 30% overlap between D. pseudoobscura and D. 354 
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montana (Supplementary Fig. 5). This suggests the method used to identify Sfps might bias 355 

results since D. pseudoobscura and D. montana Sfps were identified using a quantitative 356 

proteomics and bioinformatics approach (21,23), while D. melanogaster and D. subobscura 357 

used an approach based on comparing the quantitative proteomics of virgin and mated 358 

accessory glands (22). Our further analyses therefore focussed on comparisons between the 359 

Sfps of D. subobscura and D. melanogaster. 360 

 361 

The shared seminal fluid proteins of D. subobscura and D. melanogaster  362 

Only 42 proteins (17%) are shared between the seminal fluid proteomes of D. subobscura and 363 

D. melanogaster (Supplementary Figure 5). Within the shared proteins, we found 8 out of the 364 

9 SP network proteins (aqrs, antr, CG17575, CG9997, intr, lectin-46a, lectin-46b, sems). Two 365 

copies of the SP gene are known to be present in the D. subobscura genome (44), and we 366 

were able to verify that both are expressed in the accessory glands using the RNAseq data 367 

(Supplementary Figure 6). However, SP was filtered out of the proteomics list during data 368 

processing because only one peptide was detected. SP was therefore not included in the 369 

subsequent proteomics analyses, despite potentially being present in the seminal fluid. The 370 

presence of the SP network in the shared proteins of D. subobscura and D. melanogaster 371 

represents a significant overrepresentation (Hypergeometric cumulative probability; shared 372 

= 9/42, compared to D. melanogaster = 9/153, p < 0.0001). 373 

Out of the 11 post-copulatory sexual selection proteins found in D. melanogaster (22), eight 374 

proteins are found in both D. subobscura and D. melanogaster (including SP and lectin-46Ca, 375 

lectin-46Cb, Acp53Ea, Acp62F, Acp76A, CG17575, CG9997), representing a significant 376 

overrepresentation (Hypergeometric cumulative probability; shared = 8/42, compared to D. 377 
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melanogaster = 11/153, p = 0.0002). Two D. subobscura proteins were annotated as CG9997 378 

(also part of the sex peptide network) and two proteins annotated as Acp62F. Acp36DE and 379 

Spn28F are amongst the most highly abundant post-copulatory sexual selection proteins 380 

found in D. melanogaster but were not identified in the D. subobscura seminal fluid 381 

proteome. 382 

 383 

The abundance of D. subobscura proteins  384 

Proteins common to both D. subobscura and D. melanogaster seminal proteomes have 385 

significantly higher abundance in D. subobscura than proteins unique to D. subobscura 386 

seminal fluid (Fig. 2A & B, Kruskal-Wallis rank sum test = 4.98, df = 1, p = 0.026, n = 172). In 387 

contrast, shared proteins do not have higher abundance within the D. melanogaster seminal 388 

fluid proteome (Fig. 2C & D, Kruskal-Wallis rank sum = 0.30, df = 1, p = 0.581, n = 153). The 389 

higher abundance of shared proteins in D. subobscura could reflect their conserved or core 390 

functional role in fertility and reproduction, since this function is common to both species.  391 

We next aimed to test whether mating system affected abundance of protein groups between 392 

species. However, comparing protein abundance between two species using mass 393 

spectrometry presents methodological difficulties because sequence differences between 394 

orthologous proteins can influence peptide detectability, potentially masking true biological 395 

correlation. To partially mitigate this, we compared the ranked abundance of proteins shared 396 

between the two species. For the shared proteins, there is a weak but significant positive 397 

correlation in ranked abundance between the two species (Fig. 3A, Spearman’s rho = 0.34, p 398 

= 0.011, n = 55). This observation suggests similarity in the importance of shared Sfps in 399 

monandrous and polyandrous species. Proteins associated with post-copulatory sexual 400 
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selection had higher-ranked abundance compared to other proteins within D. melanogaster 401 

(Fig. 3B; Kruskal-Wallis rank sum test = 6.97, df = 1, p = 0.008) but not within D. subobscura 402 

(Fig. 3D; Kruskal-Wallis rank sum test = 0.187, df = 1, p = 0.666).  SP network proteins did not 403 

have greater abundance compared to other proteins within D. melanogaster (Fig. 3C; Kruskal-404 

Wallis rank sum test = 1.19, df = 1, p = 0.275) or D. subobscura (Fig. 3E; Kruskal-Wallis rank 405 

sum test = 0.671, df = 1, p = 0.413).  406 

Post-copulatory sexual selection proteins 407 

In line with our predictions, several proteins associated with post-copulatory sexual selection 408 

were absent from D. subobscura. Moreover, those that were present were not more 409 

abundant than other seminal fluid proteins (median abundance post-copulatory sexual 410 

selection proteins = 21.6, other = 20.6; Kruskal-Wallis rank sum test = 1.473, df = 1, p = 0.225). 411 

This contrasts with polyandrous D. melanogaster, where post-copulatory sexual selection 412 

proteins had higher ranked abundance than other proteins (median abundance post-413 

copulatory sexual selection proteins = 24.6, other = 21.1; Kruskal-Wallis rank sum test = 10.93, 414 

df = 1, p = 0.0009). This finding might suggest that proteins with post-copulatory function are 415 

not as important in D. subobscura, potentially due to monandrous mating. However, post-416 

copulatory sexual selection proteins were over-represented among the shared proteins, 417 

indicating that they remain functionally important. This may be because such proteins are 418 

typically identified in D. melanogaster through knockout experiments (e.g. 52), and many 419 

likely play essential roles in basic fertility, impacting postcopulatory sexual selection when 420 

their normal function is disrupted (30). Additionally, key sperm competition proteins are 421 

known to evolve rapidly, either under adaptive evolution (53,54), or relaxed purifying 422 

selection (54–56), and may therefore be replaced or have diverged beyond recognition in D. 423 



 20 

subobscura. Consequently, our ability to distinguish between a true reduction in sperm 424 

competition proteins and a failure to detect highly divergent proteins is limited. 425 

Sex peptide network proteins 426 

In D. melanogaster, the SP network plays a critical role in post-mating responses by inhibiting 427 

female receptivity to remating (16). While we expected to find fewer SP network proteins or 428 

a lower abundance in a monandrous seminal proteome, we observed little difference in the 429 

number and abundance of SP network proteins compared to D. melanogaster.  Given that 430 

females in our D. subobscura population rarely remate (24), the SP network may be 431 

particularly effective in this species, potentially mediated by greater transcription potential 432 

of the two copies of the SP gene (with the SPR sequence also identified in the genome). This 433 

genomic organization may indicate that monandry is driven by mechanisms of conflict rather 434 

than cooperation in this species, and that a single mating induces lifelong refractoriness in 435 

females through male manipulation. 436 

However, females in our population do remate, although rarely (4% of females, 24). This 4% 437 

female remating may be sufficient to provide selection for the maintenance of SP network 438 

proteins for their female receptivity inhibiting effects.  439 

Alternatively, SP network may be conserved in D. subobscura because it is ancestral in 440 

Drosophila (49) and subject to pleiotropic constraint to maintain network function (57,58). 441 

While proteins in a network are not easily lost because of shared selective pressures, there is 442 

evidence of copy number variation in SP network across Drosophila species (49). So, although 443 

there is conservation of the network, gene duplications and losses are possible (49). 444 

Furthermore, the SP network may serve a different function in D. subobscura. In D. 445 

melanogaster, SP appears to have multiple roles, as it interacts with receptors beyond SPR 446 
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(e.g. 59). Thus, the presence of an SP network in D. subobscura does not necessarily indicate 447 

involvement in suppressing female remating. Indeed, even though SP network orthologs are 448 

found across diverse Drosophila species (16), females of species outside of the melanogaster 449 

group do not respond to artificial injection of synthetic SP into the abdominal cavity of virgin 450 

females (60). The function of SPR in the wider Drosophila phylogeny is also likely to include 451 

functions unrelated to reproduction because SPR is expressed in non-reproductive tissues 452 

(60). For example, SPR is also activated by myoinhibitory peptides (MIPs), which likely 453 

function as ancestral ligands for SPR, illustrating how one receptor can respond to two 454 

functionally unrelated ligand systems (61).  In species lacking SP, post-mating responses in 455 

females can be mediated by other proteins (e.g. 62,63). Taken together, the function of the 456 

SP network in D. subobscura remains debatable and will require functional genetics, such as 457 

the knockout of male SP network proteins and the female SPR, to resolve.  458 

 459 

Molecular function of D. subobscura seminal fluid proteins 460 

We predicted a lower proportion of proteins with Molecular Functions associated with 461 

manipulative effects, such as peptidases and peptidase inhibitors, in a monandrous seminal 462 

proteome. However, the proportion of Sfps within each Molecular Function GO term is similar 463 

in D. subobscura and D. melanogaster (Supplementary Fig. 7, chi-square test, p > 0.1 for each 464 

GO term following fdr correction for multiple testing), suggesting overall molecular functions 465 

performed by the seminal proteomes in each species are broadly conserved. Moreover, only 466 

42 proteins (17%) are shared between the seminal fluid proteomes of D. subobscura and D. 467 

melanogaster, implying that different proteins may perform similar roles across species (64). 468 
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This pattern of functional conservation of the seminal proteome is also observed across very 469 

distantly related taxa, such as between Drosophila and humans (30). 470 

 471 

Promiscuity proteins identified through selection lines 472 

A previous study identified D. melanogaster Sfp genes that evolved lower expression 48 hours 473 

post-eclosion under selection for monogamous mating (31). These “promiscuity proteins” 474 

might be targets of reduced pre- or post-mating sexual selection. We therefore tested for a 475 

difference in the number and abundance of these proteins in D. subobscura seminal fluid, 476 

expecting that they might be reduced.  477 

We calculated the proportion of “promiscuity proteins” expected in D. subobscura under the 478 

null model that selection has not affected proteome composition. Bootstrapping with 479 

replacement on the Sfps of D. melanogaster gave the null prediction 95% confidence intervals 480 

for the proportion of promiscuity proteins in D. subobscura between 0.24-0.50. The actual 481 

proportion of promiscuity proteins in D. subobscura is 0.68, significantly greater than 482 

expected by chance (Fig. 4B, bootstrap p < 0.0001).  483 

Within D. subobscura, these promiscuity proteins (n = 37) had similar abundances to the 484 

proteins that did not respond to monogamy in the selection lines (Fig. 4D, Kruskal-Wallis rank 485 

sum = 0.274, df = 1, p = 0.601). These results qualitatively held when the threshold for 486 

detection of promiscuity proteins was relaxed to log2FC < -0.15 and log2FC < -0.25 487 

(Supplementary Figure 8). 488 

Contrary to our expectations, many more “promiscuity proteins” were found than expected 489 

by chance in D. subobscura. The most parsimonious explanation is that monogamy selection 490 
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in selection lines is different from selection acting within monogamous species. Females in 491 

monogamous selection lines were randomly allocated one male, and there was no 492 

opportunity for remating with rival males. The effect of this approach is to remove the 493 

potential for sexual conflict, by perfectly aligning the reproductive success of males and 494 

females (65).  However, in monandrous D. subobscura, females select males to mate with, so 495 

pre-copulatory selection exists, and females have opportunity to remate, but do so rarely. 496 

One hypothesis is that the genes that had reduced expression in monogamy selection are 497 

implicated in preventing female remating. Consistent with this idea, all the SP network 498 

proteins were down-regulated in monogamy lines. Hence, the over-representation of 499 

“promiscuity proteins” in the seminal proteome of D. subobscura might reflect strong 500 

selection on males to prevent females from ever remating via the SP network and associated 501 

proteins. 502 

However, in contrast to this hypothesis, males from experimentally evolved D. melanogaster 503 

monogamy and polygamy lines did not differ in their capacity to elicit female post-mating 504 

responses at 16 hours or 2 days post-mating (31). This finding suggests that, despite reduced 505 

expression of SP network genes in monogamy selection lines, males remained unexpectedly 506 

effective at preventing female remating. Monogamy males were less competitive under 507 

sperm competition, and five of D. subobscura’s eight post-copulatory sexual selection 508 

proteins (Acp53Ea, lectin-46Cb, lectin-46Ca, CG17575 and CG9997’s two homologs) were in 509 

the “promiscuity proteins” of D. subobscura. However, as discussed previously, these post-510 

copulatory sexual selection proteins are also likely to impact basic fertility – less fertile males 511 

also do poorly in sperm competition – and so these proteins may be present in D. subobscura 512 

for their basic fertility function.  513 
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 514 

Conclusion 515 

To summarise, despite D. subobscura exhibiting monogamy, it does not appear to have a 516 

reduced or less complex seminal proteome compared to polyandrous Drosophila 517 

melanogaster. D. subobscura retains all proteins from the SP network, as well as many 518 

proteins associated with post-copulatory sexual selection, and retains more “promiscuity 519 

proteins” than expected by chance. These proteins may function to support male fitness by 520 

promoting postcopulatory success, such as preventing female remating in D. subobscura: the 521 

4% rate of female remating (24) may be sufficient selection pressure for the maintenance of 522 

many of the types of Sfps seen in polyandrous species. Therefore, our data suggest that 523 

monandry in this species represents sexual conflict rather than cooperation. However, we 524 

cannot discount the possibility that proteins within the SP network have been maintained for 525 

some other reason or have a different function within D. subobscura (20). These data add to 526 

the growing evidence that, despite the rapid evolution of Sfps (66,67) and differences in 527 

mating systems, the seminal proteomes of different species share many core compositional 528 

characteristics. Perhaps this is not surprising, as the primary function of seminal fluid in 529 

promoting sperm transfer and fertilisation success is a fundamental feature of internal 530 

fertilisation. The mechanisms underlying this function appear to be evolutionarily conserved, 531 

even across divergent taxa. This finding adds to the idea that knowledge of the fundamental 532 

roles of Sfps in model species is likely translatable, if not in terms of homologous genes and 533 

proteins, at least in terms of principles, across broad taxa. 534 

 535 
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Data availability 536 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 537 

Consortium via the PRIDE (68) partner repository with the dataset identifier PXD072146. The 538 

data and code underlying this article are available at the Oxford University Research Archive 539 

(ORA) with the DOI (10.5287/ora-r8mqbr2o4) https://dx.doi.org/10.5287/ora-r8mqbr2o4. 540 

Supplementary material is available online. 541 
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 36 

Figure 1. Heatmaps showing abundance of 172 identified seminal fluid proteins in mated  812 

and unmated males. Both rows and columns are clustered using hierarchical clustering with 813 

average linkage. Proteins in the ‘sex peptide network’ are annotated with circles and those 814 

involved in post-copulatory sexual selection with triangles. Protein names are the best blast 815 

hit to D. melanogaster.  816 

 817 

 818 
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 819 

 820 

Figure 2. Abundance of proteins in the seminal fluid proteome in D. subobscura (A, B) and 821 

D. melanogaster (C, D). For A & C, ranked abundance for the average of all unmated 822 

samples were sorted in decreasing order with proteins common to both species shown in 823 

red. Boxplots show medians and range of the replicates for each protein. Bars along the x-824 

axis denote the ranking position of proteins involved in sex peptide network or post-825 

copulatory sexual selection. For B & D, means and SE shown as black lines and bars. * 826 

denotes significance at p < 0.05  827 
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 829 

Figure 3. Ranked abundance of seminal fluid proteins in D. subobscura and D. 830 

melanogaster (A) Correlation of ranked abundance in D. subobscura and D. melanogaster 831 

where rank 1 is a protein with highest abundance. Ranking is plotted in reverse such that 832 

proteins most abundant in D. subobscura and D. melanogaster are in the top right of the 833 

plot and proteins least abundant in both species are in the bottom left of the plot. Proteins 834 

belonging to sex peptide network (green) and involved in post-copulatory sexual selection 835 

(yellow) or both (orange) are colour coded. (B-E) Within-species comparisons of protein 836 

class ranked abundance for D. melanogaster (B & C) and D. subobscura (D & E) with medians 837 

(red) and interquartile range (bar) presented. 838 

 839 



 39 

 840 

Figure 4. The number and abundance of promiscuity proteins in the seminal fluid of D. 841 

subobscura and D. melanogaster. The actual proportion of promiscuity proteins are shown 842 

by a red line and the bootstrapped expected distribution are shown in grey for D. 843 

melanogaster (A), and D. subobscura (B). The abundance of promiscuity proteins was not 844 

significantly different to other proteins in D. melanogaster (C) or D. subobscura (D). * 845 

denotes significance at p < 0.05. 846 
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