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Abstract
Despite hoѴding a centraѴ roѴe in fertiѴizationķ reproductive traits often show eѴevated 
rates of evoѴution and diversificationĺ The rapid evoѴution of seminaѴ fѴuid proteins 
ŐSfpső within popuѴations is predicted to cause misŊsignaѴѴing between the maѴe 
ejacuѴate and the femaѴe during and after mating resuѴting in postmating prezygotic 
ŐPMPZő isoѴation between popuѴationsĺ Crosses between Drosophila montana popuѴaŊ
tions show PMPZ isoѴation in the form of reduced fertiѴization success in both nonŊ
competitive and competitive contextsĺ Here we test whether maѴe ejacuѴate proteins 
produced in the accessory gѴands or ejacuѴatory buѴb differ between popuѴations 
using Ѵiquid chromatography tandem mass spectrometryĺ We find more than ƐƔƏ 
differentiaѴѴy abundant proteins between popuѴations that may contribute to PMPZ 
isoѴationķ incѴuding a number of proteasesķ peptidases and severaѴ orthoѴogues of 
Drosophila melanogaster Sfps known to mediate fertiѴization successĺ MaѴes from the 
popuѴation that eѴicit the stronger PMPZ isoѴation after mating with foreign femaѴes 
typicaѴѴy produced greater quantities of Sfpsĺ The accessory gѴands and ejacuѴatory 
buѴb show enrichment for different gene ontoѴogy ŐGOő terms and the ejacuѴatory 
buѴb contributes more differentiaѴѴy abundant proteinsĺ Proteins with a predicted seŊ
cretory signaѴ evoѴve faster than nonsecretory proteinsĺ FinaѴѴyķ we take advantage 
of quantitative proteomics data for three Drosophila species to determine shared and 
unique GO enrichments of Sfps between taxa and which potentiaѴѴy mediate PMPZ 
isoѴationĺ Our study provides the first highŊthroughput quantitative proteomic eviŊ
dence showing divergence of reproductive proteins between popuѴations that exhibit 
PMPZ isoѴationĺ
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ƐՊ |ՊINTRODUC TION

For internaѴѴy fertiѴizing taxa the maѴe ejacuѴate and femaѴe reproŊ
ductive tract must interact during and after mating to ensure optimaѴ 
fertiѴity ŐPitnick et aѴĺķ ƑƏƏƖķ ƑƏƑƏőĺ In poѴyandrous speciesķ ejacuŊ
Ѵate × femaѴe reproductive tract interactions are subject to rapid coŊ
evoѴution and diversificationķ thought to resuѴt from postcopuѴatory 
sexuaѴ seѴection Ősperm competition and cryptic femaѴe choiceő and 
sexuaѴѴy antagonistic coevoѴution ŐBirkhead ş Pizzariķ ƑƏƏƑĸ Firman 
et aѴĺķ ƑƏƐƕĸ MesѴin et aѴĺķ ƑƏƐƕĸ Sirot et aѴĺķ ƑƏƐƔĸ but see Dapper 
ş Wadeķ ƑƏƑƏőĺ Thusķ despite hoѴding a centraѴ roѴe in fertiѴizationķ 
ejacuѴate and femaѴe reproductive tract traits often show eѴevated 
rates of moѴecuѴar and morphoѴogicaѴ evoѴution ŐAhmedŊBraimah 
et aѴĺķ ƑƏƐƕĸ McGeary ş FindѴayķ ƑƏƑƏĸ MesѴin et aѴĺķ ƑƏƐƕĸ Rowe 
et aѴĺķ ƑƏƐƔĸ Simmons ş Fitzpatrickķ ƑƏƐƖĸ VanKuren ş Longķ ƑƏƐѶőĺ 
Divergence between popuѴations in these traits is predicted to reŊ
suѴt in the earѴy emergence of reproductive isoѴation that occurs 
after mating but before fertiѴization Őpostmating prezygoticĸ PMPZő 
ŐGavriѴetsķ ƑƏƏƏĸ Landeķ ƐƖѶƐĸ Panhuis et aѴĺķ ƑƏƏƐőĺ Studies have 
increasingѴy documented PMPZ isoѴationķ incѴuding before any postŊ
zygotic isoѴation ŐBono et aѴĺķ ƑƏƐƐĸ Cramer et aѴĺķ ƑƏƐѵĸ DevigiѴi 
et aѴĺķ ƑƏƐѶĸ GarѴovsky ş Snookķ ƑƏƐѶĸ Howard et aѴĺķ ƑƏƏƖĸ Jennings 
et aѴĺķ ƑƏƐƓĸ Manier et aѴĺķ ƑƏƐƒĸ Sagga ş Civettaķ ƑƏƐƐĸ Turissini 
et aѴĺķ ƑƏƐѶőĺ In the Drosophila melanogaster subgroupķ PMPZ isoѴaŊ
tion accumuѴates quickѴyķ as measured by reѴative rates of evoѴution 
of different types of reproductive isoѴating mechanisms ŐTurissini 
et aѴĺķ ƑƏƐѶőĺ The fast evoѴution of PMPZ isoѴation suggests it is imŊ
portant in promoting new species and maintaining species barriersĺ 
Despite the increasing recognition of the importance of PMPZ isoŊ
Ѵationķ there is ѴittѴe understanding of the moѴecuѴar basis of ejacuŊ
Ѵate × femaѴe reproductive tract interactions that may generate such 
barriers ŐMcDonough et aѴĺķ ƑƏƐѵőĺ

PMPZ isoѴation can resuѴt from incompatibiѴities between the 
maѴe ejacuѴate and the femaѴe reproductive tractķ proteins on the 
gamete ceѴѴ surfacesķ andņor differences between popuѴations in 
spermŋfemaѴe reproductive tract morphoѴogy ŐHoward et aѴĺķ ƑƏƏƖőĺ 
The maѴe ejacuѴate contains a compѴex mixture incѴuding microbesķ 
gѴycoproteinsķ sugarsķ Ѵipids and seminaѴ fѴuid proteins ŐSfpső aѴong 
with sperm which can impact fertiѴization success ŐAviѴa et aѴĺķ ƑƏƐƐĸ 
Perry et aѴĺķ ƑƏƐƒĸ Rowe et aѴĺķ ƑƏƑƏĸ South ş Lewisķ ƑƏƐƐőĺ Of the 
various moѴecuѴes found in the ejacuѴateķ Sfps have received the 
most research attentionĺ Most Sfps are products of maѴe secretory 
gѴands Őeĺgĺķ in mammaѴsķ the prostate gѴand and seminaѴ vesicѴesĸ in 
arthropodsķ accessory gѴands and ejacuѴate ductsņbuѴbĸ for a reviewķ 
see Sirot et aѴĺķ ƑƏƐƔĸ Figure SƐőĺ Different secretory organs conŊ
tribute distinct sets of proteins to the ejacuѴate aѴѴowing increased 
compѴexity and moduѴation or taiѴoring of the ejacuѴate ŐBayram 
et aѴĺķ ƑƏƐƖőĺ The majority of work on insect Sfp evoѴution has been 
done on Drosophila melanogaster with over ƑƏƏ Sfps identified 
ŐFindѴay et aѴĺķ ƑƏƏѶķ ƑƏƏƖĸ MueѴѴer et aѴĺķ ƑƏƏƔőĺ Howeverķ many of 
the biochemicaѴ cѴasses of Sfps are simiѴar across animaѴsĸ for exŊ
ampѴeķ proteases and protease inhibitorsķ and those with antimicroŊ
biaѴņimmuneŊreѴated functions ŐAviѴa et aѴĺķ ƑƏƐƐĸ Sirot et aѴĺķ ƑƏƐƔőĺ 

Despite conserved protein cѴasses observed in the seminaѴ fѴuid of 
aѴѴ animaѴsķ a Ѵarge fraction of Sfps show rapid moѴecuѴar evoѴution 
andķ thereforeķ even Sfps of the same cѴasses in different species 
are not orthoѴogous ŐAviѴa et aѴĺķ ƑƏƐƐĸ Perry et aѴĺķ ƑƏƐƒĸ Sirot 
et aѴĺķ ƑƏƐƔőĺ FunctionaѴ confirmation of Sfpsķ performed mostѴy 
in D. melanogasterķ indicate they aid in sperm transfer and storageķ 
infѴuence the outcome of sperm competitionķ andņor aѴter femaѴe 
physioѴogyķ behaviour and reproductive tract morphoѴogy after matŊ
ing ŐAviѴa et aѴĺķ ƑƏƐƐĸ AviѴa ş WoѴfnerķ ƑƏƏƖĸ Fedorka et aѴĺķ ƑƏƐƐĸ 
HoѴmanķ ƑƏƏƖĸ Mattei et aѴĺķ ƑƏƐƔĸ Ravi Ram ş WoѴfnerķ ƑƏƏƕĸ 
Wigby et aѴĺķ ƑƏƏƖĸ WoѴfnerķ ƑƏƏƖĸ Wong et aѴĺķ ƑƏƏѶőĺ When genetŊ
icaѴѴy manipuѴatedķ some Sfps eѴicit PMPZŊѴike phenotypes such as 
sperm storage abnormaѴities or reduced oviposition rates ŐLaFѴamme 
et aѴĺķ ƑƏƐƑĸ Ravi Ram ş WoѴfnerķ ƑƏƏƕőĺ Moreoverķ differences in Sfp 
expression between speciesķ and abnormaѴ gene expression profiѴes 
or changes in protein abundance in the femaѴe reproductive tract 
after mating with heterospecific vsĺ conspecific maѴes are associated 
with PMPZ isoѴation ŐAhmedŊBraimah et aѴĺķ ƑƏƐƕĸ Bono et aѴĺķ ƑƏƐƐĸ 
McCuѴѴough et aѴĺķ ƑƏƑƏőĺ RecentѴyķ ectopic injection of Sfps beŊ
tween popuѴations of simuѴtaneousѴy hermaphroditic freshwater 
snaiѴsķ Lymnaea stagnalisķ that showed divergent gene expression 
patterns was shown to aѴter fecundity and sperm transfer ŐNakadera 
et aѴĺķ ƑƏƑƏőĺ These shared patterns of divergence between taxa supŊ
ports a putative roѴe of Sfps as causative agents of PMPZ isoѴationĺ

Howeverķ whiѴe studies showing divergence in gene expression 
are associated with disrupted ejacuѴate × femaѴe reproductive tract 
interactionsķ changes in gene expression may not correѴate with 
changes in protein abundance ŐWang et aѴĺķ ƑƏƐƖőķ where the moŊ
ѴecuѴar interactions causing PMPZ isoѴation take pѴaceĺ Divergence 
in protein identity or abundance between taxa couѴd disrupt ejacuŊ
Ѵate × femaѴe reproductive tract interactionsķ Ѵeading to PMPZ isoѴaŊ
tion ŐGoenaga et aѴĺķ ƑƏƐƔĸ Nakadera et aѴĺķ ƑƏƑƏőĺ HighŊthroughput 
proteomics using Ѵiquid chromatography tandem mass spectromeŊ
try ŐLCŊMSņMSő has revoѴutionized identification and quantification 
of Sfpsķ reveaѴing that the maѴe ejacuѴate often contains hundreds 
of unique proteins ŐBayram et aѴĺķ ƑƏƐƖĸ Karrķ ƑƏƐƖĸ McDonough 
et aѴĺķ ƑƏƐѵĸ Rowe et aѴĺķ ƑƏƐƖĸ Whittington et aѴĺķ ƑƏƐƖőĺ Using 
LCŊMSņMS combined with genomicsķ Sfps can be predicted by idenŊ
tifying ejacuѴate proteins with a signaѴ peptide sequenceķ sometimes 
caѴѴed the ľsecretomeķĿ and those secretome proteins that have an 
extraceѴѴuѴar signaѴ sequenceķ sometimes caѴѴed the ľexoproteomeĿ 
ŐAhmedŊBraimah et aѴĺķ ƑƏƐƕĸ AviѴa et aѴĺķ ƑƏƐƐĸ Bayram et aѴĺķ ƑƏƐƖĸ 
Karr et aѴĺķ ƑƏƐƖĸ SepiѴ et aѴĺķ ƑƏƐƖőĺ MoѴecuѴar evoѴution anaѴyŊ
ses have shown that proteins with a secretory signaѴ evoѴve faster 
than other proteins found in the accessory gѴands ŐAhmedŊBraimah 
et aѴĺķ ƑƏƐƕĸ Bono et aѴĺķ ƑƏƐƔĸ Karr et aѴĺķ ƑƏƐƖĸ MueѴѴer et aѴĺķ ƑƏƏƔĸ 
Ramm et aѴĺķ ƑƏƏƖĸ Tsuda et aѴĺķ ƑƏƐƔĸ Wagstaff ş Begunķ ƑƏƏƔőĺ

These resuѴts suggest Sfps are prime candidates for generating 
PMPZ isoѴationĺ Howeverķ no study using highŊthroughput quantitaŊ
tive proteomics has tested the prediction that ejacuѴate composition 
wiѴѴ vary between popuѴations exhibiting PMPZ isoѴationķ and that 
Sfps wiѴѴ evoѴve more rapidѴy than other ejacuѴate proteins ŐWagstaff 
ş Begunķ ƑƏƏƔőĺ SimiѴarѴyķ whiѴe previous work has suggested that 
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the different ejacuѴate secretory organs may perform different funcŊ
tions ŐBayram et aѴĺķ ƑƏƐƖőķ their potentiaѴ contribution to PMPZ 
isoѴation has not been examinedĺ For instanceķ whiѴe many Sfps are 
secreted by the accessory gѴandsķ proteins secreted by the ejacuŊ
Ѵatory duct and buѴb form the Drosophila mating pѴug thought to 
heѴp retain sperm in storage ŐAhmedŊBraimah et aѴĺķ ƑƏƐƕĸ Lung ş 
WoѴfnerķ ƑƏƏƐőĺ Here we use LCŊMSņMS to quantify the proteomes 
of the accessory gѴands and the ejacuѴatory buѴbņductķ foѴѴowed by 
anaѴysis of moѴecuѴar evoѴutionary ratesķ to test these predictions 
using the maѴt fѴyķ Drosophila montanaĺ We have focused on two 
popuѴations ŐCrested Butteķ CoѴoradoķ USAĸ Vancouverķ Canadaő 
which show incompѴete premating and PMPZ isoѴation and no eviŊ
dence of postzygotic isoѴation ŐGarѴovsky ş Snookķ ƑƏƐѶĸ Jennings 
et aѴĺķ ƑƏƐƓőĺ Premating isoѴation is asymmetricaѴķ with Vancouver 
femaѴes accepting mating attempts from Vancouver maѴes around 
twice as frequentѴy as they wiѴѴ CoѴorado maѴesķ whereas CoѴorado 
femaѴes wiѴѴ mate with Vancouver maѴes as frequentѴy as with 
CoѴorado maѴes ŐJennings et aѴĺķ ƑƏƐƓőĺ PMPZ isoѴation is aѴso 
asymmetricaѴĸ after a singѴe mating onѴy ƔƏѷ of eggs oviposited by 
Vancouver femaѴes mated with CoѴorado maѴes hatchķ whereas in 
the reciprocaѴ cross no more than ƒƏѷ of eggs hatch after CoѴorado 
femaѴes mate with Vancouver maѴes ŐGarѴovsky ş Snookķ ƑƏƐѶĸ 
Jennings et aѴĺķ ƑƏƐƓőĺ Hatching faiѴure resuѴts from sperm faiѴure 
to penetrate the eggķ despite successfuѴ transfer toķ and storage 
ofķ sperm in the femaѴe reproductive tractĺ PMPZ isoѴation is aѴso 
found where withinŊ and betweenŊpopuѴation maѴes compete for 
fertiѴization Őiĺeĺķ conspecific sperm precedenceőķ as CoѴorado maѴe 
ejacuѴates outcompete Vancouver maѴe ejacuѴates in CoѴorado feŊ
maѴe reproductive tracts ŐGarѴovsky et aѴĺķƑƏƑƏĺdĺőĺ Reduced fertiѴŊ
ization success and conspecific sperm precedence are both stronger 
barriers to gene fѴow in CoѴorado femaѴe reproductive tractsķ which 
suggests a shared mechanism underѴying both forms of PMPZ isoŊ
Ѵation ŐGarѴovsky et aѴĺķƑƏƑƏĺdĺőĺ Genomic anaѴysis found no fixed 
singѴe nucѴeotide poѴymorphisms ŐSNPső between the CoѴorado 
and Vancouver popuѴationsķ probabѴy due to a history of gene fѴow 
during divergence ŐParker et aѴĺķ ƑƏƐѶőķ aѴthough genes enriched for 
bioѴogicaѴ processes reѴating to reproductive structure deveѴopment 
showed divergence ŐParker et aѴĺķ ƑƏƐѶőĺ Togetherķ these resuѴts supŊ
port focusing on Sfps as potentiaѴ causative agents of PMPZ isoѴaŊ
tionĺ We aѴso use recent highŊthroughput mass spectrophotometry 
data on ejacuѴate composition in two other Drosophila species ŐKarr 
et aѴĺķ ƑƏƐƖĸ SepiѴ et aѴĺķ ƑƏƐƖő to provide insights into shared and diŊ
vergent Sfp functionaѴ types that may contribute to PMPZ isoѴationĺ

ƑՊ |ՊMETHODS

ƑĺƐՊ|ՊFѴy stocks

AduѴt Drosophila montana were coѴѴected with maѴt bait buckets 
and mouth aspirators in Crested Butteķ CoѴoradoķ USA ŐƒѶŦƓƖனNķ 
ƐƏƕŦƏƓனWő in ƑƏƐƒ Őreferred to as CoѴoradoőķ and Vancouverķ British 
CoѴumbiaķ Canada ŐƓѶŦƔƔனNķ ƐƑƒŦƓѶனWő in ƑƏƏѶ Őreferred to as 

Vancouverő ŐFigure SƐőĺ Stocks were estabѴished by combining ƑƏ 
Fƒ maѴes and femaѴes from ƑƏ isofemaѴe Ѵines ŐѶƏƏ fѴies in totaѴ per 
popuѴationő and cuѴtured on Lakovaara maѴt media ŐLakovaaraķ ƐƖѵƖő 
in overѴapping generations under constant Ѵight at ƐƖŦCĺ FѴies were 
coѴѴected within ƒ days of ecѴosion and housed in groups of between 
ƐƏ and ƑƏ singѴe sex individuaѴs in food viaѴs untiѴ reproductiveѴy maŊ
ture at ƑƐ days oѴdĺ

ƑĺƑՊ|ՊTissue coѴѴection and protein extraction

TwentyŊoneŊdayŊoѴd maѴes were anaesthetized with ether and the 
accessory gѴands and ejacuѴatory ductņbuѴb separated from nonŊ
target tissuesķ and from each otherĺ We coѴѴected three bioѴogicaѴ 
repѴicatesķ two of which were separated into technicaѴ repѴicates 
ŐFigure SƐőĺ FoѴѴowing protein extraction and purificationķ we quantiŊ
fied protein concentration to Ѵoad Ɣ µg of protein for each sampѴe 
into the mass spectrometer Ősee Figure SƑőĺ SampѴes were reduced 
with TCEP ŐtrisŐƑŊcarboxyethyѴőphosphineőķ aѴkyѴated by addition of 
MMTS ŐmethyѴ methanethiosuѴfonateő and digested with trypsinķ 
foѴѴowed by drying to compѴetion using vacuum centrifugationĺ 
SampѴes were resuspended in ƑƏ µѴ ƒѷ Ővņvő acetonitriѴeķ ƏĺƐѷ Ővņvő 
trifѴuoroacetic acid before LCŊMSņMS anaѴysisĺ

ƑĺƒՊ|ՊLCŊMSņMS anaѴysis

DetaiѴed description of LCŊMSņMS data acquisition and processing 
can be found in the Supporting Informationĺ

LCŊMSņMS was performed by using a nanofѴow Ѵiquid chroŊ
matograph ŐUƒƏƏƏ RSLCnanoķ Thermo Fisherő coupѴed to a hybrid 
quadrupoѴeŊorbitrap mass spectrometer ŐQExactive HFķ Thermo 
Scientificőĺ Peptides were separated on an EasyŊSpray CƐѶ column 

ŐƕƔ µm × ƔƏ cmő using a twoŊstep gradient from Ɩƕѷ soѴvent A ŐƏĺƐѷ 
formic acid in waterő to ƐƏѷ soѴvent B ŐƏĺƏѶѷ formic acid in ѶƏѷ 
acetonitriѴeő over Ɣ min then ƐƏѷ to ƔƏѷ soѴvent B over ƕƔ min at 
ƒƏƏ nѴņminĺ The fuѴѴ ƐƏƔŊmin MS dataŊdependent acquisition was set 
up from ƒƕƔ to ƐķƔƏƏ mņz acquired in the Orbitrap in profiѴe mode 
at a resoѴution of ƐƑƏķƏƏƏĺ Subsequent fragmentation was Top ƐƏ in 
the HCD ŐHigherŊenergy coѴѴisionaѴ dissociationő ceѴѴķ with detection 
of ions in the Orbitrap using centroid mode at a resoѴution of ƒƏķƏƏƏĺ 
MS parameters were as foѴѴowsĹ MSƐĹ Automatic Gain ControѴ ŐAGCő 
target Ɛeѵ with a maximum injection time ŐITő of ѵƏ msĸ MSƑĹ AGC 
target ƐeƔķ IT of ѵƏ ms and isoѴation window Ƒ Daĺ Raw mass specŊ
tra have been submitted to the ProteomeXchange via PRIDE with the 
dataset identifier PXDƏƐƖѵƒƓ ŐGarѴovsky et aѴĺ ƑƏƑƏaőĺ

We performed ѴabeѴŊfree quantitative proteomic anaѴysis using 
MAXQUANT to generate reѴative peptide and protein intensities ŐCox 
et aѴĺķ ƑƏƐƓĸ Tyanova et aѴĺķ ƑƏƐѵő Ősee Supporting Informationőĺ For 
protein identification we matched mass spectra to the D. montana 

predicted proteome ŐParker et aѴĺķ ƑƏƐѶőķ generated using gene preŊ
dictions from the MakerƑ pipeѴine ŐHoѴt ş YandeѴѴķ ƑƏƐƐő reciproŊ
caѴѴy bѴasted against Drosophila virilis proteins ŐParker et aѴĺķ ƑƏƐѶőĺ 
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Data processed in MAXQUANT have been deposited within Dryad 
ŐhttpsĹņņdoiĺorgņƐƏĺƔƏѵƐņdryadĺpvmcv dnhwő ŐGarѴovsky et aѴĺ 
ƑƏƑƏbőĺ

ƑĺƓՊ|ՊGene OntoѴogy ŐGOő enrichment anaѴysis

We performed network anaѴyses and GO enrichment for BioѴogicaѴ 
Processes ŐBPőķ CeѴѴuѴar Components ŐCCő and MoѴecuѴar Functions 
ŐMFő with the CLUEGO pѴugin ŐBindea et aѴĺķ ƑƏƏƖő for CYTOSCAPE 

ŐShannon et aѴĺķ ƑƏƏƒőĺ We used FѴyBase gene numbers ŐFBgnső for 
D. virilis orthoѴogues of D. montana genes retrieved from Parker 
et aѴĺ ŐƑƏƐѶő or D. melanogaster orthoѴogues converted via FѴyBaseĺ
orgĺ Specific settings for network groups are provided in the figure 
and tabѴe Ѵegendsĺ For GO enrichment we used rightŊsided hyperŊ
geometric tests with BenjaminiŋHochberg muѴtipѴe test correctionĺ

ƑĺƔՊ|ՊDifferentiaѴ abundance anaѴysis between D. 

montana popuѴations and between tissues

We performed differentiaѴ abundance anaѴysis of MAXLFQ ion intensiŊ
ties using the ľedgeRĿ ŐRobinson et aѴĺķ ƑƏƐƏő and ľѴimmaĿ ŐRitchie 
et aѴĺķ ƑƏƐƔő packages in R Őversion ƒĺƔĺƐő ŐR Core Teamķ ƑƏƐѶő Ősee 
Supporting Informationőĺ We performed TMM Őtrimmed mean of 
MŊvaѴueső normaѴization using ľcalcNormFactorsĿ and identified difŊ
ferentiaѴѴy abundant proteins using ľvoomķĿ ľlmFitķĿ ľeBayesĿ and ľdu-

plicateCorrelationĿ to account for repѴicate structure Ősee Supporting 
Informationőĺ Proteins were considered differentiaѴѴy abundant 
based on a Benjamini-Hochberg faѴse discovery rate adjusted pŊ
value <ƏĺƏƔĺ To identify differentiaѴѴy abundant proteins between 
popuѴationsķ we anaѴysed the accessory gѴand proteome and the 
ejacuѴatory buѴb proteome separateѴyĺ We onѴy considered proteins 
that were present in aѴѴ five repѴicates of each tissue for both popuѴaŊ
tionsĺ To identify differentiaѴѴy abundant proteins between tissuesķ 
we anaѴysed each popuѴation separateѴyĺ Againķ we onѴy considered 
proteins that were present in aѴѴ five repѴicates of each popuѴation 
for both tissues ŐTabѴe SƐőĺ

ƑĺѵՊ|ՊCharacterizing the maѴe seminaѴ fѴuid 
proteome across species

We compared differences in GO enrichment of Sfps for three 
Drosophila species for which proteomic data Őgenerated using LCŊMSņ
MSő are avaiѴabѴe for the maѴe accessory gѴand and ejacuѴatory duct 
and buѴb tissuesĹ D. montana Őthis studyőķ D. melanogaster ŐSepiѴ 
et aѴĺķ ƑƏƐƖő and D. pseudoobscura ŐKarr et aѴĺķ ƑƏƐƖőĺ We retrieved 
FBgns for D. melanogaster genes identified by SepiѴ et aѴĺ ŐƑƏƐƖő and 
D. melanogaster orthoѴogues for D. pseudoobscura genes identified 
by Karr et aѴĺ ŐƑƏƐƖő and downѴoaded the corresponding canonicaѴ 
protein sequences from uniprotĺorgĺ For proteins we identified in 
our anaѴysis we retrieved D. montana protein sequences from Parker 

et aѴĺ ŐƑƏƐѶőĺ We submitted protein sequences for each species to 
SignalP ŐPetersen et aѴĺķ ƑƏƐƐő and Phobius ŐK࢜ѴѴ et aѴĺķ ƑƏƏƓő and comŊ
bined the resuѴting Ѵists of proteins containing a signaѴ peptide to 
generate a Ѵist of secretome proteins for each speciesĺ For D. mon-

tana we converted the corresponding D. virilis FBgns for each protein 
to D. melanogaster orthoѴogues via FѴyBaseĺorg Őfor ƑƐƔņƑƓƔķ ѶѶѷőĺ 
To identify Sfps for each species we submitted secretome Ѵists to 
FѴyBaseĺorg to retrieve genes with GO terms containing ľextraceѴѴuŊ
ѴarĿ ŐFigure Sƒĸ TabѴe SƑőĺ To compare GO enrichment between speŊ
cies we adjusted network settings in CѴueGO to refѴect the different 
numbers of proteins identified in each speciesĺ

ƑĺƕՊ|ՊEvoѴutionary rates anaѴysis

To obtain sequence divergence estimates for D. montana proteins 
we used a pipeѴine deveѴoped previousѴy ŐWright et aѴĺķ ƑƏƐƔőĺ We 
obtained protein coding sequences for D. montana from Parker 
et aѴĺ ŐƑƏƐѶő and for D. pseudoobscura ŐrƒĺƏƓķ September ƑƏƐƖő and 
D. virilis ŐrƐĺƏƕķ August ƑƏƐƖő from FѴyBaseĺorgĺ We identified the 
Ѵongest isoform of each gene for each species and determined orŊ
thoѴogy with reciprocaѴ BLASTN ŐAѴtschuѴ et aѴĺķ ƐƖƖƏőķ using a minimum 
percentage identity of ƒƏѷ and an EŊvaѴue cutŊoff of Ɛ × 10ƴƐƏĺ We 
then identified reciprocaѴ oneŊtoŊone orthoѴogues across aѴѴ three 
species using the highest BLAST scoreĺ We identified open reading 
frames using BLASTX and aѴigned orthoѴogues using PRANK ŐLक़ytynoja 
ş GoѴdmanķ ƑƏƐƏőĺ We caѴcuѴated the ratio of nonsynonymous ŐdNő 
to synonymous ŐdSő nucѴeotide substitutionsķ omega Őωőķ using the 
CODEML package in PAML ŐYangķ ƑƏƏƕő ŐoneŊratio estimatesķ modeѴ Əő 
with an unrooted phyѴogenyĺ ResuѴts were fiѴtered to excѴude orthoŊ
Ѵogues with branchŊspecific dS ƾ Ƒ Ődue to potentiaѴ mutationaѴ satuŊ
rationő or where SŖdS ƽ Ɛĺ

We then tested for differences in evoѴutionary rates between 
sets of proteins we identified in our LCŊMSņMS anaѴysisĺ We reѴaxed 
fiѴtering criteria so that a protein need onѴy be identified in a singѴe 
repѴicate in a singѴe popuѴation or tissueķ but stiѴѴ had to be identiŊ
fied by two or more unique peptidesĺ After fiѴteringķ we obtained 
ω vaѴues for ƕƔƕņƐķƓƕƓ ŐƔƐѷő proteins with a reciprocaѴ oneŊtoŊone 
orthoѴogueĺ We cѴassified genes as beѴonging to the secretome 
based on presence of a signaѴ peptide pѴus orthoѴogues of D. mela-

nogaster Sfpsĺ We categorized genes as beѴonging to the accessory 
gѴand proteome or ejacuѴatory buѴb proteome based on whether a 
protein showed concordant differentiaѴ abundance between tissues 
across popuѴations Ősee Section ƒĺƒőĺ We cѴassified the remainder of 
proteins that showed equaѴ abundance between tissues Őiĺeĺķ excѴudŊ
ing those with higher abundance in the accessory gѴand proteomeķ 
ejacuѴatory buѴb proteome or putative Sfpső as background proteinsĺ 
Each cѴass consisted of an excѴusive set of proteinsķ such that the 
secretome did not incѴude accessory gѴand proteinsķ ejacuѴatory buѴb 
proteins or background proteinsĸ accessory gѴand proteins did not 
incѴude ejacuѴatory buѴb proteins or background proteinsķ etcĺ We 
tested for differences in evoѴutionary rates between groups using a 
KruskaѴŋWaѴѴis rank sum test foѴѴowed by pairwise WiѴcox rank sum 

https://doi.org/10.5061/dryad.pvmcvdnhw


ՊՍ Պ | ՊƔGARLOVSKY ET AL.

tests corrected for muѴtipѴe testing using the BenjaminiŋHochberg 
methodĺ

ƒՊ |ՊRESULTS

ƒĺƐՊ|ՊThe D. montana accessory gѴand proteome and 
ejacuѴatory buѴb proteome

We identified ƐķƕƐƐ proteinsķ of which ƐķƓƕƓ ŐѶѵѷő were identified by 
two or more unique peptidesĺ The majority of proteins ŐƐķƏƐƒņƐķƓƕƓĸ 
ѵƖѷő were shared across maѴe secretory tissuesķ whiѴe ƐƒѶ ŐƖѷő and 
ƒƑƒ ŐƑƑѷő proteins were unique to the accessory gѴands and ejacuѴaŊ
tory buѴbķ respectiveѴy ŐFigure SƓaőĺ Proteins identified onѴy in the 
accessory gѴand proteome showed a ƒĺƑŊfoѴd Ѵower mean abundance 
compared to the remaining proteins whereas proteins identified 
onѴy in the ejacuѴatory buѴb proteome showed a ƐƓĺƖŊfoѴd reducŊ
tionĺ These proteins probabѴy represent missed rather than truѴy 
unique proteins and are not considered furtherĺ We identified ƕƖ 
Drosophila montana Sfpsķ consisting of ƒѶ orthoѴogues of Drosophila 

melanogaster Sfps identified by converting Drosophila virilis FBgns on 
FѴyBaseĺorgķ pѴus ƔƔ secretome proteins with extraceѴѴuѴar annotaŊ
tions identified by two or more unique peptides ŐƐƓ of which overŊ
Ѵappedő ŐFigure SƓaĸ TabѴe Sƒő ŐFindѴay et aѴĺķ ƑƏƏѶķ ƑƏƏƖĸ MueѴѴer 
et aѴĺķ ƑƏƏƔőĺ A muѴtidimensionaѴ scaѴing ŐMDSő pѴot of normaѴized 
intensities using aѴѴ proteins Őn = ƐķƓƕƓő showed a cѴear separation of 
sampѴes by tissue type Ődimension Ɛőķ and separation by popuѴation 
Ődimension Ƒő with cѴear separation of popuѴations for the accessory 
gѴand proteome and marginaѴ overѴap between popuѴations in the 
ejacuѴatory buѴb proteome ŐFigure Ɛőĺ

ƒĺƑՊ|ՊDifferentiaѴ abundance of reproductive 
proteins between popuѴations

The majority of proteins were identified in both popuѴations 
ŐƐķƒƑƑņƐķƓƕƓĸ ƖƏѷőķ whiѴe ƓƔ Őƒѷő and ƐƏƕ Őƕѷő were onѴy identified 
in CoѴorado and in Vancouverķ respectiveѴy ŐFigure SƓbőĺ Proteins onѴy 
identified in one popuѴation showed a ƑѵƒŊ and ƐƕƐŊfoѴd Ѵower mean 
abundance compared to the rest of the proteins in CoѴoradoķ and 
Vancouverķ respectiveѴyĺ As aboveķ these ѴowŊabundance proteins 
are not considered furtherĺ For shared proteinsķ we then tested for 
differentiaѴ abundanceĺ We identified ƐƔƓ Őout of ƕƑƔő differentiaѴѴy 
abundant proteins produced in the accessory gѴands between popuŊ
Ѵations ŐFigure Ƒaőķ incѴuding nine orthoѴogues of D. melanogaster 

Sfps ŐTabѴe Ɛőĺ We identified ƑƓƓ Őout of ƖƑƖő differentiaѴѴy abundant 
proteins produced in the ejacuѴatory buѴbs ŐFigure Ƒbőĺ Againķ these 
incѴuded nine orthoѴogues of D. melanogaster Sfpsķ two of which 
overѴapped with those identified in the accessory gѴand proteome 
ŐTabѴe Ɛőĺ In the accessory gѴand proteomeķ Sfps and proteins with 
a predicted secretory signaѴ were not overrepresented in the coŊ
hort of proteins showing differentiaѴ abundance ŐChiŊsquared testķ 
χ

2 = ƐĺƔƕķ df = Ƒķ p = ĺƓƔѵĸ Figure ƒaő but these were overrepresented 

in the cohort of differentiaѴѴy abundant proteins in the ejacuѴatory 
buѴb proteome Őχ2 = ƓƓĺƔѵķ df = Ƒķ p < ĺƏƏƐĸ Figure ƒbőĺ Two genes 
showing differentiaѴ abundance between popuѴations in either the 
accessory gѴand proteome or the ejacuѴatory buѴb proteome overŊ
Ѵapped with genes showing divergence between popuѴations identiŊ
fied by Parker et aѴĺ ŐƑƏƐѶőĹ FBgnƏƑƏѶƖƒƒ and FBgnƏƑƏƒƒƕƒĺ

Of ƓƔ proteins that were significantѴy differentiaѴѴy abundant 
between popuѴations in both maѴe reproductive tissuesķ ƒѵ showed 
a concordant patternĸ that isķ showed higher abundance in one popŊ
uѴation or the other in both tissues ŐFigure SƔőĺ The nine genes that 
showed a discordant pattern of differentiaѴ abundance between 
popuѴations incѴuded two orthoѴogues of D. melanogaster Sfps 
ŐCystatinŊѴike and CaѴreticuѴinőķ two other putative Sfps we identiŊ
fied in D. montana with orthoѴogues in D. virilis ŐFBgnƏƑƏƖƕƔƒ and 
FBgnƏƐƖѶƔƕƑőķ and five proteins without orthoѴoguesĺ SignificantѴy 
enriched GO categories for proteins showing differentiaѴ abundance 
between popuѴations are given in TabѴes SƓŋSѵĺ

ƒĺƒՊ|ՊThe accessory gѴand and ejacuѴatory buѴb 
proteomes differ in protein functionaѴ types

To test whether the accessory gѴands and ejacuѴatory buѴb provide 
different protein functionaѴ types we performed differentiaѴ abunŊ
dance anaѴysis between tissues for CoѴorado and Vancouver sepaŊ
rateѴyĺ We found ƔƑƓ Őout of ѵƔƑő differentiaѴѴy abundant proteins 
between tissues in CoѴoradoĺ SimiѴarѴyķ in Vancouver we found ƔƔƕ 
Őout of ѵƕѵő differentiaѴѴy abundant proteinsĺ The majority of these 

F I G U R E  Ɛ Պ MuѴtidimensionaѴ scaѴing ŐMDSő pѴot of normaѴized 
intensities for proteins identified by two or more unique peptides 
(n = ƐķƓƕƓő in each repѴicate Őpointsőĺ Dimension Ɛ separates the two 
tissue types Őaccessory gѴands and ejacuѴatory buѴbsőĺ Dimension Ƒ 
separates the two popuѴations ŐCoѴorado and Vancouverő
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proteins were found in both popuѴations ŐѵƏƖ proteinsőĺ To identify 
consistentѴy differentiaѴѴy abundant proteins between tissuesķ we 
compared the Ѵog2ŊfoѴd change in abundance in each popuѴation of 
these ѵƏƖ proteinsĺ Proteins with higher abundance in the accessory 
gѴand proteome or ejacuѴatory buѴb proteome in CoѴorado generaѴѴy 
aѴso showed higher abundance in Vancouver ŐSpearmanŝs rank correŊ
Ѵationķ ρ = ĺƖƓƔķ p < ĺƏƏƐķ n = ѵƏƖő ŐFigure Ɠaőĺ Five proteins showed 
a discordant pattern of differentiaѴ abundance between tissuesķ two 
with orthoѴogues of D. melanogaster Sfpsĸ CystatinŊѴike and ImaginaѴ 
Disc Growth Factor ƒĺ GO anaѴyses identified both tissues as having 
enrichment for GO terms expected for highѴy metaboѴicaѴѴy active 
secretory organs ŐTabѴe Sƕőĺ Different GO terms were enriched in 
each tissueķ highѴighting that the two secretory organs provide disŊ
tinct roѴes in reproduction and the ejacuѴate ŐFigure Ɠbĸ TabѴe Sƕőĺ

ƒĺƓՊ|ՊEvoѴutionary rates anaѴysis

We tested whether genes with higher protein abundance in either 
the accessory gѴand proteomeķ the ejacuѴatory buѴb proteomeķ the 
secretome Őproteins with a secretory signaѴ Œiĺeĺķ putative Sfpsœőķ or 
background proteins Őiĺeĺķ those proteins that do not differ in protein 
abundance between the accessory gѴands and ejacuѴatory buѴb and 
excѴuding the secretomeő were evoѴving at different ratesĺ There was 
a significant difference between protein groups in evoѴutionary rates 
ŐKruskaѴŋWaѴѴis testķ χ2 = ƓƏĺƒķ df = ƒķ p < ĺƏƏƐő ŐFigure Ɣĸ Figure Sѵőĺ 
The secretome ŐincѴuding putative Sfpső was evoѴving faster than 
proteins with higher abundance in the accessory gѴand proteomeķ 

ejacuѴatory buѴb proteome or background Őpairwise WiѴcox rank sum 
test with BenjaminiŋHochberg adjustmentķ aѴѴ p < ĺƏƏƒőĺ Proteins 
with higher abundance in the accessory gѴand proteome and ejacuŊ
Ѵatory buѴb proteome were evoѴving at simiѴar rates Őp = ĺƏƕƑőķ and 
sѴower than the remaining background proteome Őaccessory gѴand 
proteome versus backgroundķ p < ĺƏƏƐĸ ejacuѴatory buѴb proteome 
versus backgroundķ p = ĺƏƐƏőĺ

ƒĺƔՊ|ՊComparison of maѴe Sfps across species

We identified ѵƐ Sfps Ősecretome proteins with extraceѴѴuѴar annotaŊ
tionső for D. montanaķ ƑƓƖ Sfps for D. melanogaster and ƐƒƐ Sfps for 
D. pseudoobscura ŐFigure Sƒĸ TabѴe SƑőĺ Comparing GO enrichment 
of Sfps across species identified a number of shared and unique GO 
categoriesĺ Shared BioѴogicaѴ Processes incѴuded chitin cataboѴic 
processķ innate immune responseķ ceѴѴŋsubstrate adhesion and reguŊ
Ѵation of peptidase activity ŐFigure ѵĸ see TabѴe SѶ for CC and MF 
termsőĺ UniqueѴy enriched BP functions incѴuded reguѴation of secondŊ
ary metaboѴic process ŐD. montanaőĸ postmating reguѴation of femaѴe 
receptivity ŐD. melanogasterő and aminogѴycan cataboѴic processes 
(D. pseudoobscuraő ŐFigure ѵĸ see TabѴe SѶ for CC and MF termsőĺ

ƓՊ |ՊDISCUSSION

The moѴecuѴar basis of mechanisms underѴying PMPZ isoѴation are 
poorѴy understoodĺ SeminaѴ fѴuid proteins are ѴikeѴy to contribute to 

F I G U R E  Ƒ Պ DifferentiaѴѴy abundant proteins between CoѴorado and Vancouver in Őaő the accessory gѴands Őn = ƕƑƔő and Őbő the ejacuѴatory 
buѴbs Őn = ƖƑƖőĺ Secretome proteins are shown in purpѴe and seminaѴ fѴuid proteins ŐSfpső in pinkĺ SignificantѴy differentiaѴѴy abundant 
proteins with a known Sfp orthoѴogue in Drosophila melanogaster are labelled
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PMPZ isoѴation due to their effects on sperm useķ fertiѴization sucŊ
cess and rapid divergent evoѴutionĺ PreviousѴyķ divergent gene exŊ
pression profiѴes of Sfps and femaѴe reproductive tracts have been 
found between species that show PMPZ isoѴationĺ We used quanŊ
titative proteomics to identify proteins produced in the accessory 
gѴands and ejacuѴatory duct and buѴb in popuѴations exhibiting PMPZ 
isoѴation and found a number of differentiaѴѴy abundant proteins beŊ
tween popuѴations incѴuding severaѴ orthoѴogues of D. melanogaster 

Sfpsĺ The accessory gѴands and ejacuѴatory buѴb showed enrichment 

of different GO terms and there were more differentiaѴѴy abundant 
proteins found in the ejacuѴatory buѴb than in the accessory gѴandsĺ 
For proteins found in both popuѴationsķ but in separate tissuesķ 
there was strong concordance in abundance between popuѴationsĺ 
We found that secretome proteinsķ incѴuding putative Sfpsķ evoѴved 
at a faster rate than nonsecretome proteinsķ both those differenŊ
tiaѴѴy abundant between maѴe secretory organs and those showing 
simiѴar abundance between maѴe tissuesĺ Despite shared Sfpsķ and 
a core set of shared Sfp bioѴogicaѴ processes across three Drosophila 

Tissue comparison Gene name Higher abundance

Accessory gѴands CGƐƐƖƕƕ CoѴorado

γŊGѴutamyѴ transpeptidase CoѴorado

AcpƑƓAƓ Vancouver

CGƐƏƏƓƐ Vancouver

CGѶƓƑƏ Vancouver

RegucaѴcin Vancouver

Seminase Vancouver

EjacuѴatory buѴbs αŊTubuѴin at ѶƓB CoѴorado

CGƑƖƐѶ Vancouver

FKƔƏѵŊbinding protein ƐƓ Vancouver

GѴycoprotein Ɩƒ Vancouver

Heat shock ƕƏŊkDa protein cognate ƒ Vancouver

NUCBƐ Vancouver

ThioesterŊcontaining protein Ɠ Vancouver

Both CaѴreticuѴin CoѴoradoAcgs/

VancouverEbs

CystatinŊѴike VancouverAcgs/

CoѴoradoEbs

Note: Gene names were retrieved from FѴyBaseĺorg using the corresponding D. virilis FBgns for 
D. montana proteins we identified via LCŊMSņMSĺ The popuѴation for which each protein showed 
higher abundance is givenĺ Proteins found in both tissue comparisons indicate in which popuѴation 
there was higher abundanceĺ
AbbreviationsĹ Acgsķ accessory gѴandsĸ Ebsķ ejacuѴatory buѴbsĺ

TA B L E  Ɛ Պ DifferentiaѴѴy abundant 
proteins between Drosophila montana 

popuѴations with a known seminaѴ fѴuid 
protein ŐSfpő orthoѴogue in D. melanogaster

F I G U R E  ƒ Պ Representation of 
secretome and seminaѴ fѴuid proteins 
ŐSfpső in the set of differentiaѴѴy 
abundant proteins between popuѴationsĺ 
Secretome proteins and Sfps were equaѴѴy 
represented in the set of differentiaѴѴy 
abundant proteins between CoѴorado 
and Vancouver in the accessory gѴand 
proteome Őaő but were overrepresented 
in the differentiaѴѴy abundant proteins 
in the ejacuѴatory buѴb proteome 
Őbőĺ n = numbers of proteins in each 
group

n = 590 n = 81 n = 54 n = 819 n = 71 n = 39
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speciesķ there was speciesŊspecific enrichment of Sfp protein funcŊ
tionaѴ typesĺ

Drosophila montana from CoѴorado and Vancouver show Ѵow 
genomeŊwide divergence and a history of gene fѴow ŐGarѴovsky 
et aѴĺķƑƏƑƏĺdĺĸ Parker et aѴĺķ ƑƏƐѶőķ yet show enrichment of reproŊ
ductive genes that are divergent between popuѴations ŐParker 
et aѴĺķ ƑƏƐѶőĺ Crosses between CoѴorado and Vancouver show reŊ
duced fertiѴization success after a singѴe mating ŐGarѴovsky ş 
Snookķ ƑƏƐѶĸ Jennings et aѴĺķ ƑƏƐƓő and exhibit conpopuѴation sperm 
precedence ŐGarѴovsky et aѴĺķƑƏƑƏĺdĺőĺ Mechanisms causing PMPZ 
isoѴation incѴude spermŋegg incompatibiѴitiesķ abnormaѴ sperm 
transfer and dispѴacementķ or mismatches between sperm Ѵength 
and femaѴe reproductive tract morphoѴogy ŐHoward et aѴĺķ ƑƏƏƖĸ 
Manier et aѴĺķ ƑƏƐƒĸ Price et aѴĺķ ƑƏƏƐőĺ FemaѴes receiving a foreign 
ejacuѴate comprising an abnormaѴ Sfp compѴement might aѴso resuѴt 
in mismatched ejacuѴate × femaѴe reproductive tract interactions 
ŐBono et aѴĺķ ƑƏƐƐĸ PѴakke et aѴĺķ ƑƏƐƔőĺ

We identified a number of differentiaѴѴy abundant proteins beŊ
tween popuѴations exhibiting PMPZ isoѴationķ incѴuding severaѴ orŊ
thoѴogues of D. melanogaster Sfpsĺ IntriguingѴyķ ƐƐ of ƐƓ of these 
proteins were more abundant in Vancouver maѴes than in CoѴorado 
maѴesĺ PMPZ isoѴation between D. montana popuѴations is asymmetŊ
ricķ with matings between Vancouver maѴes and CoѴorado femaѴes 
having Ѵower fertiѴization success compared to the reciprocaѴ cross 

ŐGarѴovsky ş Snookķ ƑƏƐѶĸ Jennings et aѴĺķ ƑƏƐƓőĺ If Vancouver maѴes 
transfer more of these Sfps to their matesķ then the chemicaѴ enviŊ
ronment in the reproductive tract of CoѴorado femaѴes may be misŊ
matchedķ more so than for the reciprocaѴ crossĺ WhiѴe our resuѴts 
show divergence in Sfp abundance is a potentiaѴ mechanism underŊ
Ѵying the asymmetry and occurrence of PMPZ isoѴation between 
D. montana popuѴationsķ further studies are required to discern any 
causaѴ reѴationshipĺ A recent study showed ectopic injection of diŊ
vergent Sfps between freshwater snaiѴ popuѴations was associated 
with differences in the effects of these Sfps on fecundity and sperm 
transfer ŐNakadera et aѴĺķ ƑƏƑƏőĺ PMPZ isoѴation in D. montana may 

aѴso resuѴt from differences between popuѴations in sperm Ѵength 
and femaѴe sperm storage organ morphoѴogyķ direct interactions beŊ
tween the sperm and egg ceѴѴ surfacesķ or a combination of these 
factors ŐHoward et aѴĺķ ƑƏƏƖőĺ We are currentѴy expѴoring these other 
possibiѴitiesĺ

We identified a number of proteases and peptidases Őor inŊ
hibitorső that were differentiaѴѴy abundant between popuѴationsĺ 
Proteases and peptidases are centraѴ to reproduction across taxaķ 
reguѴating proteoѴytic activity and initiating cascades of interactions 
among downstream proteins ŐBayram et aѴĺķ ƑƏƐƕķ ƑƏƐƖĸ LaFѴamme 
et aѴĺķ ƑƏƐƑĸ LaFѴamme ş WoѴfnerķ ƑƏƐƒĸ PѴakke et aѴĺķ ƑƏƐƔķ ƑƏƐƖőĺ 
Divergence in proteases has been impѴicated in PMPZ isoѴation beŊ
tween other insect species in both the maѴe ejacuѴate and the femaѴe 

F I G U R E  Ɠ Պ PopuѴations show consistent differentiaѴ abundance between secretory organsĺ Őaő Concordance between popuѴations in 
Ѵog2ŊfoѴd change ŐFCő in abundance of proteins found in either the accessory gѴand proteome or the ejacuѴatory buѴb proteomeĺ Positive 
vaѴues indicate proteins with higher abundance in the accessory gѴands in both popuѴations Őtop rightőķ and negative vaѴues indicate proteins 
with higher abundance in the ejacuѴatory buѴb Őbottom Ѵeftőĺ Proteins are coѴoured based on whether they showed a concordant pattern of 
significantѴy higher abundance in the accessory gѴand proteome Őturquoiseķ n = ƑƑƏőķ the ejacuѴatory buѴb proteome Őorangeķ n = ƑƑƕőķ were 
discordant ŐbѴackķ n = Ɣő or were not significantѴy differentiaѴѴy abundant between tissues Őgreyķ n = ƐƔƕőĺ Dashed bѴack Ѵine shows ƐĹƐĺ InsetĹ 
venn diagram showing numbers of proteins incѴuded in separate differentiaѴ abundance anaѴysis between tissues in each popuѴation and 
overѴapĺ Őbő Top five significantѴy enriched GO BioѴogicaѴ Process terms ranked by percentage identity of proteins to each tissue Ősee TabѴe Sƕ 
for fuѴѴ Ѵistő
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reproductive tract secretions ŐAѴŊWathiqui et aѴĺķ ƑƏƐѶĸ KeѴѴeher ş 
Penningtonķ ƑƏƏƖĸ KeѴѴeher et aѴĺķ ƑƏƏƕĸ MarshaѴѴ et aѴĺķ ƑƏƏƖķ ƑƏƐƐĸ 
McCuѴѴough et aѴĺķ ƑƏƑƏĸ MesѴin et aѴĺķ ƑƏƐƕĸ PѴakke et aѴĺķ ƑƏƐƖőĺ

In D. montanaķ femaѴes receive and store motiѴe sperm from 
incompatibѴe maѴesķ but fertiѴization success is reduced ŐJennings 
et aѴĺķ ƑƏƐƓőĺ FaiѴure to either properѴy orient sperm in storage 
ŐManier et aѴĺķ ƑƏƐƒőķ reѴease sperm from storage or have sperm 
reѴease coincide with ovuѴation ŐMattei et aѴĺķ ƑƏƐƔő couѴd expѴain 
PMPZ isoѴation in this system ŐJennings et aѴĺķ ƑƏƐƓőĺ Some notabѴe 
differentiaѴѴy abundant Sfps and proteases we identifiedķ and their 
potentiaѴ reѴationship to PMPZ isoѴation in D. montana are seminaseķ 
γŊgѴutamyѴ transpeptidase and regucaѴcinĺ Seminase ŐCGƐƏƔѶѵő is 
a serine protease and a member of the Sex Peptide ŐSPő network 
ŐSingh et aѴĺķ ƑƏƐѶőĺ Seminase acts earѴy in the SP network and is 
required to process other Sfps in the mated femaѴe essentiaѴ for 
proper sperm storage ŐAcpƒѵDEő and ovuѴation ŐovuѴinő ŐLaFѴamme 
et aѴĺķ ƑƏƐƑĸ Singh et aѴĺķ ƑƏƐѶőĺ RNA interference knockdown of semŊ
inase in maѴe D. melanogaster resuѴts in faiѴure of mated femaѴes to 
reѴease sperm from the seminaѴ receptacѴe ŐLaFѴamme et aѴĺķ ƑƏƐƑőĺ 
γŊGѴutamyѴ transpeptidase ŐCGѵƓѵƐő functions to maintain a protecŊ
tive redox environment for sperm ŐWaѴker et aѴĺķ ƑƏƏѵőĺ Mismatches 
between the maѴe ejacuѴate and the redox environment of the feŊ
maѴe reproductive tract in which sperm are stored couѴd reduce ferŊ
tiѴization success as sperm subject to increased oxidative stress are 
Ѵess fertiѴizationŊcompetent ŐReinhardt ş Ribouķ ƑƏƐƒőĺ RegucaѴcin 
ŐCGƐѶƏƒőķ a Ca2+ binding proteinķ may aѴso pѴay an antiŊoxidative 

roѴe andķ in mammaѴsķ is hypothesized to have an antiŊcapacitaŊ
tion roѴe for sperm ŐPiѴѴai et aѴĺķ ƑƏƐƕőĺ One aspect of capacitationķ 
hyperactivationķ increases sperm motiѴity which is important for 
sperm storage in Drosophila ŐKक़ttgen et aѴĺķ ƑƏƐƐőĺ Sperm motiѴity 
behaviour and how this may affect reѴease from storage is unknownĺ 
RegucaѴcin gene expression varies between D. montana popuѴations 
and has been suggested as a coѴd toѴerance gene in diapausing feŊ
maѴes ŐVesaѴa et aѴĺķ ƑƏƐƑő aѴthough its expression in maѴes has not 
been studiedĺ These exampѴes provide strong candidates for eѴiciting 
PMPZ isoѴation and wiѴѴ be subject to future studiesķ for instance 
using CRISPRņCasƖ gene editingķ to further understand the moѴecuŊ
Ѵar interactions causing PMPZ isoѴation in D. montana.

Reproductive proteins evoѴve rapidѴy ŐAhmedŊBraimah 
et aѴĺķ ƑƏƐƕĸ Dapper ş Wadeķ ƑƏƑƏĸ Firman et aѴĺķ ƑƏƐƕĸ MesѴin 
et aѴĺķ ƑƏƐƕĸ Sirot et aѴĺķ ƑƏƐƔőĺ We aѴso found that proteins showing 
secretory signaѴs Őiĺeĺķ the secretome and putative Sfpső evoѴve faster 
than proteins without this signaѴĺ When considered separateѴyķ Sfps 
and secretome proteins were evoѴving at a simiѴar rateĺ Howeverķ deŊ
spite having a higher mean rateķ Sfps were not evoѴving faster than 
proteins with simiѴar abundance between maѴe tissuesĺ This may be 
due to Sfps showing greater variation in evoѴutionary rates than other 
categories Ődata not shownőĺ In additionķ the requirement to have exŊ
traceѴѴuar annotation determined from work in D. melanogaster Ѵimits 
our abiѴity to identify rapidѴy evoѴving Sfps in D. montanaĺ Thusķ the 
ƕƖ putative Sfps in D. montana we identified is sureѴy a conservative 
estimateĺ IsotopicaѴѴy ѴabeѴѴing maѴes to identify proteins transferred 
to femaѴes increased the number of identified D. melanogaster Sfps 
ŐFindѴay et aѴĺķ ƑƏƏѶķ ƑƏƏƖőĺ Future work on D. montana can use this 
technique to identify additionaѴ Sfpsĺ

One goaѴ of the present study was to assess whether the difŊ
ferent maѴe reproductive secretory organs contribute differentѴy 
to reproduction and the ejacuѴateķ which wouѴd not be possibѴe 
using the heavy ѴabeѴѴing techniqueĺ Our work provides one of the 
first proteomic descriptions of both major Sfp secretory organs in 
Drosophila ŐTakemori ş Yamamotoķ ƑƏƏƖőĺ In seed beetѴesķ division 
of Ѵabour between secretory organs enabѴes increased compѴexity 
and potentiaѴ for ejacuѴate taiѴoring ŐBayram et aѴĺķ ƑƏƐƖőĺ Most proŊ
teins we identified were found in both tissues but showed higher 
abundance in either the accessory gѴands or the ejacuѴatory duct and 
buѴbķ suggesting these organs provide different roѴes to reproducŊ
tionĺ The accessory gѴand proteome was enriched for terms indicatŊ
ing a more direct contribution to the ejacuѴateķ such as transѴation 
and biosynthetic processesĺ The ejacuѴatory buѴb proteome showed 
enrichment for mainѴy metaboѴic processes which suggests this 
organ may instead provide a more ľhousekeepingĿ roѴeĺ We found 
secretome proteins and Sfps were significantѴy overrepresented in 
the set of differentiaѴѴy abundant proteins in the ejacuѴatory buѴb 
proteome but not the accessory gѴand proteomeķ suggesting the two 
maѴe secretory organs may contribute differentѴy to PMPZ isoѴationĺ 
Our anaѴysis shows that studies of Sfp evoѴution focused soѴeѴy on 
the accessory gѴands may have biased our understanding of not onѴy 
moѴecuѴes invoѴved in reproduction but aѴso those reproductive moѴŊ
ecuѴes that may eѴicit PMPZ isoѴationĺ

F I G U R E  Ɣ Պ Mean nonsynonymous ŐdNő to synonymous ŐdSő 
base substitution rate Őωő estimates Ő±SEő for Drosophila montana 

genes identified in our LCŊMSņMS anaѴysis with equaѴ abundance 
in the accessory gѴand proteome and ejacuѴatory buѴb proteome 
ŐľbackgroundĿĸ greyőķ higher abundance in the accessory gѴand 
proteome Őturquoiseőķ ejacuѴatory buѴb proteome Őorangeőķ or 
found in the secretome ŐincѴuding putative seminaѴ fѴuid proteins 
ŒSfpsœĸ purpѴeőĺ Different Ѵetters above points indicate groups 
that show significant differences from pairwise WiѴcoxon rank 
sum tests corrected for muѴtipѴe testingĺ See Figure Sѵ for pѴots 
showing dN and dS separateѴyĺ
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We took advantage of recent accessory gѴand proteomes for 
three Drosophila species generated using highŊthroughput LCŊMSņ
MS to characterize shared and enriched protein functionaѴ types of 
Sfps between speciesĺ Using the same identification criteria for aѴѴ 
species Ősecretory signaѴ sequence and extraceѴѴuѴar annotationőķ we 
identified a set of shared GO categories between species that Ѵast 
shared a common ancestor ƓƏ miѴѴion years agoĺ This core set incѴuded 
immuneŊreѴated genesķ which are associated with sexuaѴ confѴict in 
D. melanogaster ŐInnocenti ş Morrowķ ƑƏƏƖőĺ We aѴso found speŊ
ciesŊspecific GO enrichment of Sfpsķ suggesting divergence in how 
they contribute to the maѴe ejacuѴate between speciesĺ Differences 
may refѴect how seѴection has targeted particuѴar ejacuѴate traits in 
different mating systems ŐMarkowķ ƑƏƏƑőĺ Differences wiѴѴ aѴso reŊ
fѴect the use of D. melanogaster as the reference for GO annotationĺ 
For instanceķ D. melanogaster showed enrichment for reproductive 
genes but Sfps in the other species cѴearѴy have a roѴe during reŊ
productionĺ It is ѴikeѴy that reproductive genes that have undergone 
rapid evoѴutionary change may no Ѵonger resembѴe D. melanogaster 

genesĺ Our work offers a first insight into the proteomic composition 

of maѴe ejacuѴate characteristics across speciesĺ As understanding 
of the moѴecuѴar interactions between the sexes maturesķ it wiѴѴ be 
important to determine whether shared or divergent protein cѴasses 
between species are more ѴikeѴy to contribute to PMPZ isoѴation and 
when during speciation such divergence occursĺ Are shared protein 
functionaѴ types more ѴikeѴy to diverge within popuѴations earѴy 
during speciation or are Sfps that aѴready show some species speciŊ
ficity more ѴikeѴy to contribute to earѴy PMPZ isoѴationĵ

Here we have tested whether reproductive proteins show difŊ
ferentiaѴ abundance between popuѴations that exhibit PMPZ isoŊ
Ѵationĺ Our study has focused on Drosophilaķ a modeѴ system for 
studying the evoѴution of reproductive processes and the evoѴution 
of reproductive isoѴation in metazoansĺ Howeverķ reproductive proŊ
cessesķ cѴasses of reproductive proteins and the action of PMPZ 
isoѴation across animaѴs show simiѴaritiesĺ For exampѴeķ differenŊ
tiaѴѴy abundant proteins between D. montana popuѴations we found 
incѴuded a number of proteases or peptidases which are common 
and important mediators of reproductive processes in aѴѴ animaѴsĺ 
DifferentiaѴѴy abundant proteins aѴso incѴuded severaѴ orthoѴogues 

F I G U R E  ѵ Պ SeminaѴ fѴuid protein comparisons for GO BioѴogicaѴ Process terms across speciesĺ CircѴe size is associated with ѴeveѴ of 
significance with increasing size indicating increasing significanceĺ Node coѴour indicates proportion of genes from each species associated 
with a termĹ Drosophila montana (red; Dmonőķ D. melanogaster Őpinkĸ Dmelő and D. pseudoobscura (blue; Dpseőķ shared terms are shown in 
greyĺ Minĺ GO ѴeveѴ = ƒķ maxĺ GO ѴeveѴ = Ѷĺ Number of genesņѷ genes per groupĹ D. montana ƒņƒѷķ D. pseudoobscura ѵņѵѷķ D. melanogaster 

ƐƑņƐƑѷĺ Percentage significance = ƔƔѷķ kappaŊscore threshoѴd = 0.25
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of D. melanogaster Sfps with functions that may be simiѴar to aѴtered 
reproductive processes generating PMPZ isoѴation in D. montanaķ 
such as noncompetitive gametic isoѴation and conspecific sperm preŊ
cedence ŐGarѴovsky et aѴĺķƑƏƑƏĺdĺĸ Jennings et aѴĺķ ƑƏƐƓőĺ These reŊ
productive isoѴating mechanisms are found in many other metazoan 
taxa Őfor a brief reviewķ see Turissini et aѴĺķ ƑƏƐѶőĺ We aѴso showed 
that the secretome and putative Sfps are evoѴving faster than other 
proteins found in the accessory gѴands or ejacuѴatory duct and buѴbĺ 
Such rapid evoѴution is frequentѴy attributed to sexuaѴ seѴection and 
sexuaѴ confѴictķ and these dynamic processes may contribute to speŊ
ciation ŐDapper ş Wadeķ ƑƏƑƏĸ GavriѴetsķ ƑƏƏƏĸ Panhuis et aѴĺķ ƑƏƏƐőĺ 
MaѴe reproductive secretory tissues showed enrichment of different 
protein types with the ejacuѴatory buѴb contributing more differenŊ
tiaѴѴy abundant proteins than the accessory gѴandsķ and the direction 
and severity of asymmetricaѴ PMPZ isoѴation mirrors differentiaѴ 
abundanceĺ We aѴso identified shared and speciesŊspecific GO enŊ
richment of maѴe reproductive proteins that infѴuence reproductive 
processesķ aѴthough whether PMPZ isoѴation more probabѴy arises 
due to divergence in one or the other of these categories requires 
additionaѴ dataĺ Democratization of highŊthroughput proteomics wiѴѴ 
faciѴitate understanding the evoѴution of maѴe reproductive proteinsķ 
their infѴuence on reproductive processes per seķ and their contribuŊ
tion to reproductive isoѴationĺ
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