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Abstract

Mating induces a multitude of changes in female behavior, physiology, and gene expression. 
Interactions between female and male genotype lead to variation in post-mating phenotypes and 
reproductive success. So far, few female molecules responsible for these interactions have been 
identified. Here, we used Drosophila melanogaster from 5 geographically dispersed populations to 
investigate such female × male genotypic interactions at the female transcriptomic and phenotypic 
levels. Females from each line were singly-mated to males from the same 5 lines, for a total of 25 
combinations. Reproductive output and refractoriness to re-mating were assayed in females from 
the 25 mating combinations. Female × male genotypic interactions resulted in significant differences 
in these post-mating phenotypes. To assess whether female × male genotypic interactions affect the 
female post-mating transcriptome, next-generation RNA sequencing was performed on virgin and 
mated females at 5 to 6 h post-mating. Seventy-seven genes showed strong variation in mating-
induced expression changes in a female × male genotype-dependent manner. These genes were 
enriched for immune response and odorant-binding functions, and for expression exclusively in 
the head. Strikingly, variation in post-mating transcript levels of a gene encoding a spermathecal 
endopeptidase was correlated with short-term egg production. The transcriptional variation found 
in specific functional classes of genes might be a read-out of female × male compatibility at a 
molecular level. Understanding the roles these genes play in the female post-mating response 
will be crucial to better understand the evolution of post-mating responses and related conflicts 
between the sexes.
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In sexually reproducing organisms, reproduction is the result of 
complex interactions between females and males at the organismal, 
cellular, and molecular levels. In addition, reproductive success var-
ies depending on the genotypes of the female and her mate. Female 
and male genotypic effects are often nonadditive in their impact on 
mating. Genotypic interactions between females and males can affect 
pre- and post-copulatory traits that in turn influence reproductive 
success. For example, interactions between female and male genotype 
were found to affect female mating rate, fecundity, refractoriness to 
re-mating (i.e., the likelihood that a previously mated female will 
re-mate) and sperm competition outcome (Clark and Begun 1998; 
Clark et al. 1999; Andrés and Arnqvist 2001; Nilsson et al. 2003; 
Lawniczak and Begun 2005; Chow et al. 2010, 2013; Giardina et al. 
2011; Reinhart et al. 2015). Furthermore, female × male genotypic 
interactions can mediate gametic incompatibility between species 
(Phadnis and Orr 2009; Satyaki et  al. 2014; Tang and Presgraves 
2015). Allelic variation in genes important for reproduction largely 
underlies these female × male genotypic interactions.

Often genes involved in reproductive processes show accelerated 
rates of evolution; this is thought to be triggered by pressures aris-
ing from sexual selection and sexual conflict (Swanson et al. 2001, 
2004; Swanson and Vacquier 2002; Panhuis and Swanson 2006). 
Post-copulatory sexual selection potentially mediates co-evolution 
between females and males from the same population, and this selec-
tive force acts to optimize reproductive success. On the other hand, 
reproductive genes can also be impacted by sexual conflict, as female 
and male reproductive interests do not always align (Birkhead and 
Pizzari 2002). For example, female refractoriness to re-mating is 
beneficial for the first male to mate. However, it is not necessarily 
advantageous for the female, as females might benefit from mating 
with and acquiring sperm from different males. Sexually antagonis-
tic selection can prompt an arms race between females and males, 
leading each sex to move towards their own reproductive optimum 
(Sirot et al. 2015). Female × male co-evolution within populations 
can promote inter-population divergence of molecules required for 
reproduction. Divergence of reproductive molecules is hypothesized 
to lead to “miscommunication” between females and males from 
isolated populations, eventually resulting in reduced reproductive 
output and the generation of reproductive barriers that may ulti-
mately lead to speciation (Panhuis et  al. 2001; Kirkpatrick and 
Ravigné 2002; Ritchie 2007).

In D. melanogaster, male-derived molecules have been identi-
fied that govern female × male genotypic interactions that affect 
reproductive phenotypes. After mating, females undergo behav-
ioral, physiological, morphological and gene expression changes, 
that are collectively termed “post-mating responses” (Lawniczak 
and Begun 2004; McGraw et al. 2004, 2008; Mack et al. 2006; 
Kapelnikov et al. 2008; Avila et al. 2011; Apger-McGlaughon and 
Wolfner 2013; Heifetz et al. 2014; Mattei et al. 2015; Reiff et 
al. 2015). Female post-mating responses are mediated in part by 
male-derived seminal fluid proteins (Avila et al. 2011). For exam-
ple, females mated to transgenic males that lack specific seminal 
fluid proteins, show differences in post-mating transcript abun-
dances, as compared to females mated to wildtype males with a 
full complement of seminal fluid proteins (McGraw et al. 2004, 
2008; Domanitskaya et al. 2007; Gioti et al. 2012). Additionally, 
polymorphisms in genes encoding seminal fluid proteins impact 
female post-mating responses and the male’s reproductive success 
(Clark et al. 1995; Prout and Clark 1996; Hughes 1997;  Clark 
et al. 2000; Fiumera et al. 2005, 2006; Greenspan and Clark 

2011; Lüpold et al. 2012; Zhang et al. 2013). Thus, male semi-
nal fluid proteins represent a major molecular component in the 
reproductive interactions that affect post-mating phenotypes in D. 
melanogaster.

With the exception of the female receptor for the seminal fluid 
protein Sex Peptide (SP) (Yapici et al. 2008), the female proteins that 
are involved in these interactions remain poorly understood. One 
study aimed to address this gap by quantifying female transcriptional 
responses after mating with a male from the same isogenic strain ver-
sus a male from a different strain (McGraw et al. 2009). No female 
transcripts responded significantly differently to mating depending 
on male genotype, however there was limited divergence between 
the 2 strains that were used (McGraw et al. 2009). Still, identifying 
female genes involved in female × male interactions is essential to 
understanding the molecular and physiological mechanisms behind 
variation in post-mating responses. Furthermore, establishing the 
female genetic basis that underlies female × male interactions is nec-
essary to shed light on the biological processes that play a role in 
the evolution of post-mating responses. Particularly interesting are 
those that are affected by sexual conflict, as they potentially advance 
reproductive isolation and speciation.

In this study, we aimed to identify female genes involved in 
female × male genotypic interactions, by measuring post-mating tran-
scriptional changes in females mated to males from diverged popula-
tions. We exploited natural genetic variation by using 5 lines drawn 
from the Global Diversity Lines, a panel of 84 D.  melanogaster 
inbred lines collected from 5 geographically dispersed populations 
(Beijing, Ithaca, Netherlands, Tasmania, and Zimbabwe) (Grenier 
et al. 2015). Using females and males from 5 Global Diversity Lines, 
we used a 5 × 5 mating scheme to produce 25 different mating com-
binations. We measured post-mating gene expression changes in 
whole females using RNAseq and evaluated the effects of female 
genotype, male genotype, and female × male genotypic interactions 
on post-mating transcriptional variation. To assess whether varia-
tion in post-mating transcription affected reproductive success, we 
also measured physiological post-mating responses (fecundity and 
hatchability) and a behavioral post-mating response (female refrac-
toriness to re-mating) for the 25 mating combinations.

We found evidence for extensive variation due to female × male 
genotypic interactions in all post-mating responses that we investi-
gated. In particular, female × male genotypic interactions influenced 
classes of genes that might be predictive of female × male compat-
ibility at the molecular level.

Materials and Methods

Lines of Drosophila melanogaster and Husbandry
Five D.  melanogaster inbred lines were used. These lines are 
derived from 5 geographically dispersed populations (Global 
Diversity Lines Beijing 04; Ithaca 16; Netherlands 01; Tasmania 
01; and Zimbabwe 184—the latter line was collected in Africa, 
but turned out to be a recent migrant) (Grenier et al. 2015). These 
5 lines were chosen because of their low levels of heterozygosity, 
which should limit within-line phenotypic and transcriptional 
variation. Flies were maintained on standard yeast/glucose media 
on a 12  h light/dark cycle at 25  °C. Virgin females and males 
were aged 3–5 days in single-sex groups before the start of each 
experiment. For fecundity and hatchability assays, females were 
supplemented with live yeast during aging and for the duration 
of the assays.
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Mating Scheme and Sample Collection
Virgin females from each line were singly-mated to virgin males from 
each of the 5 inbred lines, similar to a 5 × 5 full factorial design 
(Figure 1). We refer to each cross by the female used, followed by 
the male used, and replicate number. All matings were observed and 
males were removed at the end of copulation. For RNAseq and qRT-
PCR, mated females were flash frozen 5 to 6 h after the start of mat-
ing. Age-matched virgin females were flash-frozen in parallel. This 
timepoint was chosen to ensure a robust response with transcrip-
tional changes of larger magnitude, compared to earlier time points 
(Mack et al. 2006; McGraw et al. 2008). For RNAseq, 3 independ-
ent biological replicates were generated for each of the 25 mating 
combinations and for virgin females of each genotype (90 samples 
total). Flies from each replicate were collected from separate bottles, 
and matings for all 3 replicates were set up simultaneously. RNA 
was extracted from 5 to 10 pooled females per replicate. Note that 
this experimental design resembles a diallel cross. However, gene 
expression was measured in the females after mating, rather than in 
the F1 progeny.

For qRT-PCR, 3 to 4 independent biological replicates were col-
lected, with 10 females pooled per replicate. Three of the genes tested 
using qRT-PCR are involved in the immune response (Dro, Def, 
AttB). We were interested in determining if the expression of these 
immune genes was affected by female and male genotype. Because 
immune gene expression is also highly dependent on unmeasured 
environmental factors such as wild microbial contamination (Gibson 
2008), independent biological replicates were collected from 2 inde-
pendent cultures of flies of the same genotype, raised in parallel 
(Supplementary Figure S12).

Transcript Detection
RNA was extracted from whole flies using Trizol (Rio et al. 2010). 
Whole flies were used because we did not have prior expectations 
of which tissue(s) might be most important, and because previous 
studies had shown that even spermathecae-specific genes were read-
ily detected in whole-fly transcriptome analyses (e.g., McGraw et al. 
2008). RNAseq libraries were prepared using Illumina’s Truseq 

RNA Library Preparation Kit v2 (cat# RS-122–2001, RS-122–
2002). Samples were sequenced in a single-end 100  bp run on a 
HiSeq2000, at the Genomics Facility in the Cornell Biotechnology 
Resource Center. For qRT-PCR, RNA was DNase-treated using 
RQ1 RNase-Free DNase from Promega and cDNA was synthe-
sized using Clontech SMARTScribeTM Reverse Transcriptase. 
Quantitative PCR was done using the LightCycler 480 SYBR Green 
I  Master from Roche and a Roche LightCycler 480 instrument. 
Rp49 was used as a control gene for normalization in qRT-PCR 
assays (Ponton et  al. 2011). Rp49 transcript levels were found 
not to change after mating in our dataset (Supplementary Table 
S1). Primer sequences were designed using NCBI primer-BLAST 
(Supplementary Table S2). Results were analyzed using the ΔΔCt 
method (Livak and Schmittgen 2001), based on 3 technical repli-
cates for each biological replicate.

RNAseq Data Processing and Analysis

Read Processing and Alignment
FastQC was used to assess the quality of the libraries (http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc). One library (I female × 
Z male, replicate-2) was discarded because it contained a very low 
number of reads (106 087 reads compared to an average of 21 mil-
lion reads per library). Bases at the 5′ end of reads with a phred 
score lower than 20 were removed using Trimmomatic (Bolger et al. 
2014). Reads shorter than 32 bp were discarded. Reads were aligned 
to the D. melanogaster reference genome (dm3) using TopHat2 
(Kim et al. 2013). We used the default settings and did not include 
novel splice discovery, similar to Trapnell et al. (2012). HTseq-count 
(Anders et al. 2015) was used to determine the raw number of read 
counts per gene.

Sample Quality Control
Biological replicates were compared using MA plots and MDS plots, 
which indicated 10 outlier replicates (B × I-2; B × N-2; B × Z-1; I × 
I-3; I × N-1; I × T-3; I × Z-1; I × Z-3; N × B-2; N × I-2; Supplementary 
Figures S1–S5). Eight of the 10 outlier replicates did not cluster as 
expected by female genotype or mating status. Two of the 10 outlier 
replicates showed 2-fold or higher differences in expression for over 
1000 genes, relative to their biological replicates. These 10 replicates 
were removed from the dataset before filtering out lowly expressed 
genes. Because all 3 I × Z samples were removed due to low quality 
or as outliers, the I × Z combination was completely removed from 
our dataset. This left 24 mating combinations whose gene expression 
was to be analyzed.

Differential Expression Analyses
EdgeR was used to analyze differential mRNA abundance 
(McCarthy et  al. 2012; Robinson et  al. 2010). Read counts were 
normalized using the CPM (counts per million) function with TMM 
normalization, to control for size differences among libraries. Based 
on the normalized counts, lowly expressed genes were removed: a 
gene was kept in the dataset if it had a CMP > 3 in at least 3 sam-
ples. This filtered the dataset down from 14 522 genes to 9484 genes 
(Supplementary Figure S6).

Four distinct differential expression analyses were conducted, 
using linear models, each with its own design matrix. All models 
were controlled for batch effects, because MDS plots demon-
strated a clustering of samples that were processed simultaneously 
(Supplementary Figure S4). For each linear model, contrasts were 
set up to find differentially expressed genes for the comparisons of 

Figure 1.  Crossing scheme for the 5 Drosophila melanogaster inbred lines 
(B = Beijing, I = Ithaca, N = Netherlands, T = Tasmania, Z = Zimbabwe). The last 
column represents virgin females. Cross names list the female’s genotype 
first. After the mating within each cell of the table, RNA was isolated from 
females only.
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interest. Differential expression analyses were performed to answer 
4 distinct questions (Supplementary Figure S7):

1.	 Which genes respond to mating regardless of female or male 
genotype?
All mated females were compared with all virgin females. (1 con-
trast total)

2.	 Which genes respond to mating in a female × male genotype inter-
action-dependent manner?
The response to mating in a female mated to a particular male was 
compared with the average response to mating across all combina-
tions of females and males. (24 contrasts total; we did not include 
the I × Z combination)

3.	 Which genes respond to mating in a female genotype-dependent 
manner?
The response to mating in a particular female genotype was com-
pared with the average response to mating across all females. (5 
contrasts total)

4.	 Which genes respond to mating in a male genotype-dependent 
manner?
The response to mating in females mated to a particular male 
genotype was compared to the average response to mating across 
all females mated to all males. (5 contrasts total)

For questions 2, 3, and 4, it is important to note that we were not 
interested in directly comparing gene expression between females 
from different lines. Instead, we were interested in detecting differ-
ences in the response to mating. Because of this, we always compared 
females with their respective virgins, before comparing between 
lines. For each of the 35 contrasts, we retrieved genes with q-values 
< 0.05 (P-values corrected for multiple testing using the Benjamini-
Hochberg method; Benjamini and Hochberg 1995; raw P-value 
quantile-quantile plots: Supplementary Figures S8–S11). Flybase 
and FlyAtlas were used to retrieve information on gene function and 
tissue-specific expression (Chintapalli et al. 2007; Attrill et al. 2016). 
DAVID was used to test for enrichment of functional classes among 
the differentially expressed genes (Huang et al. 2008, 2009). A 5 by 
5 factorial ANOVA was used as a different method to address the 
roles of female and male genotype on post-mating gene expression 
changes (Supplementary Information p. 15).

Permutation Tests
Permutation tests were performed to ensure that the number of dif-
ferentially regulated genes detected for questions 2, 3, and 4 differed 
significantly from the number of differentially regulated genes found 
by chance. Random sampling was done in R to permute the RNAseq 
dataset 500 times. Permutations were done within replicate 1, 2, or 
3 to still permit for batch effect control in the linear models. The 
edgeR analyses for questions 2, 3, and 4 were repeated 500 times. 
For each of the 34 contrasts, we calculated the likelihood of finding 
a number of differentially regulated genes equal to or larger than the 
number of differentially regulated genes observed for that contrast 
based on the original dataset.

Wolbachia
Four of the 5 lines we used carry the bacterial endosymbiont 
Wolbachia pipientis. Only the line from the Netherlands is unin-
fected. Additional analyses were performed to assess whether the 
female × male genotypic interactions we observed were due to the 
presence or absence of Wolbachia. The results and discussion of these 
analyses can be found in Supplementary Information, p. 16–18.

Phenotypic Assays

Fecundity and Hatchability Assays
Singly-mated females were allowed to lay eggs for 24 h and were 
then transferred to a new vial. This was repeated for a total of 5 days 
(5 vials per female), and eggs were counted daily as a measure of 
fecundity. Per-vial hatchability was determined as the proportion 
of eggs that developed into pupae. A total of 3 independent assays 
were set up. Egg count and hatchability data were collected from 
543 females, yielding an average of 21.7 females for each of the 
25 mating combinations. Data from females that died during the 
experiment, and data from 6 females that produced fewer than 10 
eggs over the course of 5 days were excluded. Egg count data were 
analyzed in R version 3.3.2 using the lme4 and lsmeans packages 
(Magezi 2015; Lenth 2016). We tested whether the number of eggs 
produced by a female differed depending on 1)  female genotype, 
2)  male genotype, 3)  time, or 4)  all possible interactions between 
these 3 main factors. Data were fitted using a linear mixed effects 
model, which assumes a normal error distribution (Supplementary 
Figure S13). To control for repeated measures on the same female 
(daily egg counts) “female_ID” was included as a random effect. 
When analyzing the 3 assays separately, comparable results were 
found. Because of this, all 3 assays were analyzed simultaneously, 
and “block” was added as an additional random effect to the model. 
The proportion of hatched eggs was analyzed using a similar model 
(Supplementary Figure S14). In these models, i represents the effect 
of the ith female genotype, j represents the effect of the jth male geno-
type, k represents the effect of the kth day, l represents the effect of 
the lth block and m represents the effect of the mth individual female.
Phenotypeijklm ~ femalei + malej + dayk + (femalei * dayk) + 
(malej * dayk) + (femalei * malej) + (femalei * malej * dayk) + (1|block)l 
+ (1|female_ID)m + ɛijklm

Female Refractoriness to Re-mating
At 24  h and at 4  days after the first mating with a male from a 
Global Diversity Line, a single 3- to 5-day-old virgin Canton-S male 
was aspirated into a vial with one mated female. Pairs of females and 
males were observed for 1 h, and the number of females that started 
mating with the Canton-S male within that hour was recorded. Five 
assays were conducted to test refractoriness to re-mating on day 1 
after the initial mating, and 4 assays were performed to test refrac-
toriness to re-mating on day 4 after the initial mating. In total, an 
average of 32 females was tested per female × male combination. We 
tested whether the number of females that re-mated within 1h dif-
fered depending on 1) female genotype, 2) male genotype, or 3) the 
interaction between female and male genotype. Refractoriness on 
day 1 and day 4 after mating was analyzed separately. The assays 
were analyzed using a linear mixed effects model assuming a nor-
mal error distribution (Supplementary Figure S15). In these models, 
i represents the effect of the ith female genotype, j represents the effect 
of the jth male genotype, and k represents the effect of the kth block.
Proportion re-matedijk ~ femalei + malej + (femalei * malej) + 
(1|block)k + (1|blockk * femalei) + (1|blockk * malej) + ɛijk

Correlations Between Reproductive Phenotypes and 
the Transcriptional Response to Mating
Correlations between the transcriptional response to mating and 
reproductive phenotypes were investigated using a Spearman rank 
correlation test. As a measure of the transcriptional response to mat-
ing, edgeR’s estimates of the log2 fold changes of mated versus virgin 
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females were used for each of the 24 female × male combinations 
(I × Z was excluded). Correlations were investigated between fold 
changes and 1) the total number of eggs produced over a period of 
5 days, 2) the average number of eggs produced per day, 3) the total 
number of eggs produced on day 1 after mating, and 4) the propor-
tion of females that re-mated 4 days after the first mating. Correlation 
tests were performed first with the genes that were found to be dif-
ferentially regulated depending on an interaction between female 
and male genotype. Second, correlation tests were done with all 
9484 genes in our filtered dataset. Because correlations were exam-
ined for each gene independently, P-values were corrected using the 
Benjamini-Hochberg method (Benjamini and Hochberg 1995).

Results

Transcript Levels of 272 Genes Change Post-Mating 
Across all Mating Combinations
To identify female × male genotypic interactions that influence post-
mating transcriptional changes, gene expression was analyzed in 
mated females from 24 different mating combinations. Specifically, 
gene expression was measured in females from 5 diverged lines 
that were singly-mated to males from these 5 lines (one combi-
nation, I  × Z, was excluded from our analysis; see Materials and 
Methods). First, we investigated the overall transcriptional response 
to mating, averaged across all 24 combinations. We detected 272 
differentially expressed genes in mated females universally, regard-
less of female and male genotypes (Supplementary File 2). Of these 
272 genes, 50 were down-regulated and 222 were up-regulated in 
mated females. Only a minority of these genes underwent a 2-fold 
or greater change in RNA abundance (7 out of 50 for the down-
regulated genes, 25 out of 222 for the up-regulated genes). Gene 
Ontology (GO) functions of the 50 down-regulated genes include 
cytoskeleton dynamics, immune response, chitin metabolism, sugar 
and fatty acid metabolism, and genes with functions in the ovary. 
Among the 222 up-regulated genes, a large proportion is exclusively 
or highly expressed in the ovary (64/222 genes). Twenty-four genes 
are exclusively or predominantly expressed in the digestive system, 
and 9 are predominantly expressed in the spermathecae (Chintapalli 
et al. 2007; Attrill et al. 2016). Up-regulated transcripts encode pro-
teins involved in lipid metabolism, odorant binding, protein folding, 
the endomembrane system, neurogenesis and muscle system pro-
cesses, the immune response and chitin cuticle structure, consistent 
with previous studies (Mack et  al. 2006; Kapelnikov et  al. 2008; 
McGraw et al. 2008; Dalton et al. 2010).

Transcript Levels of 77 Genes are Differentially 
Regulated Post-Mating Depending on Interactions 
Between Female and Male Genotype
Seventy-seven genes responded differently to mating in specific 
female × male combinations, relative to the average response to 
mating across all 24 combinations (Figures 2 and 3, Supplementary 
Figure S16, Supplementary File 3). This was greater than the num-
ber of differentially expressed genes found by chance based on 
permutation tests (Supplementary Table S3). Therefore, the differ-
ential expression of these 77 genes likely represents real biological 
effects caused by female × male genotypic interactions. On aver-
age, transcript levels of these 77 genes were 2.3 times more or 
less abundant in one specific mating combination, relative to the 
post-mating abundance of those transcripts across all 24 combina-
tions. For the majority of the 77 genes, the female × male genotype 

interaction was driven by only one mating combination (Figure 2). 
Only CG8343 (differentially expressed in B × I and B × N) and 10 
genes that were differentially expressed in mated Tasmania females 
(Figure 2) showed differential expression in more than one mating 
combination.

Validation of 6 transcripts with post-mating expression changes 
was tested using qRT-PCR (AttB, Def, Dro, Cyp4p2, CG3088, and 
Obp49a). These genes were selected for qRT-PCR testing based on 
their q-value (<0.05) and their fold change after mating (at least 2-fold 
up or down). QRT-PCR validated the RNAseq results for Def, AttB, 
Dro, CG3088, and Cyp4p2 (Supplementary Table S6; Supplementary 
Figures S19A–E and S20), even though Cyp4p2 CPM values were very 
low (<3) in Beijing females. AttB mRNA levels were higher in B × 
I relative to the average AttB mRNA levels in the RNAseq dataset, but 
there was a large disparity in the CPM values of the 2 B × I replicates 
for AttB (CPM for B × I-1= 487, CPM for B × I-2 = 40). Still, qRT-
PCR results confirmed a strong and consistent up-regulation of AttB 
transcripts in B × I, based on 3 biological replicates. Obp49a mRNA 
levels increased strongly after mating in I × N based on the RNAseq 
data, and the 2 biological replicates in the RNAseq dataset were very 
similar (CPM for I × N-1 = 18, CPM for I × N-3 = 27; Supplementary 
Table S6, Supplementary Figure S19D). However, only one out of 
3 biological replicates for I  × N showed a post-mating increase in 
Obp49a transcript levels in the qRT-PCR experiments.

Female- or Male-Genotype Dependent Changes in 
Transcript Abundance are Uncommon
In addition to identifying interaction effects, we also assessed 
whether transcriptional responses to mating differed depending 
solely on female or male genotype. Only 2 genes were differentially 
regulated depending on the genotype of the male a female mated 
with, but these results were not well supported by permutation 
tests (Supplementary Table S5, Supplementary File 3). Twenty-four 
genes were differentially regulated in a female genotype-dependent 
manner, regardless of the male with whom these females mated 
(Supplementary File 3). One of these genes, Acer, a gene involved 
in the regulation of sleep (Carhan et  al. 2011), was differentially 
regulated in females from the Ithaca line. However, permutation 
tests showed that this result for females from the Ithaca line was 
not different from what could be found by chance (Supplementary 
Table S4). The remaining 23 genes were differentially regulated in 
females from the Tasmania line. This number was larger than the 
number of differentially expressed genes that were found by chance 
based on permutation tests (Supplementary Table S4). These 23 
genes included 2 genes with expression in the ovary (CG12200, 
CR43837, Chintapalli et al. 2007), 2 genes involved in sensory per-
ception of taste (Ir7a and Gr9a), one gene encoding a spermathecae-
specific cytochrome (Cyp12d1-d; Prokupek et al. 2009), and 5 genes 
with high expression in the digestive system or Malpighian tubules 
(CG10477, Cyp12a5, CG1139, CG11034, CG17752, Chintapalli 
et al. 2007). One gene, CG13749, is up-regulated in infected virgin 
females (Short and Lazzaro 2013), and was significantly down-reg-
ulated in our mated females from the Tasmania line. This suggests 
that some of the virgin samples from the Tasmania line carried a 
pathogen. Indeed, virgin samples from the Tasmania line (and the 
Zimbabwe line as well) showed high CPM values for a set of anti-
microbial peptides (AMPs) (Supplementary Figure S18). That some 
of our virgin samples might have carried pathogens suggests that 
caution might be needed with the interpretation of the post-mating 
changes observed in females from the Tasmania line.
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Specific Tissues and Gene Functional Classes are 
Affected by Female × Male Interactions at the 
Transcript Level
The 77 genes that were differentially regulated post-mating 
depending on female and male genotype tend to fall into specific 

functional classes, or are highly expressed in particular tissues. 
These tissues and biological functions likely represent molecular 
mechanisms that underlie variation in female phenotypic post-
mating responses and reproductive success. The 77 genes were 
significantly enriched in genes encoding proteases (DAVID EASE 

Figure 2.  For 77 genes, the mating-induced transcriptional changes differed depending on interactions between female and male genotype (q < 0.05). Colored 
cells indicate the 77 genes with respective female × male combinations with significant up- (grey) or down- (black) regulation relative to the average post-mating 
response across all mating combinations.
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score 1.1 × 10–3) and immune response genes (DAVID EASE score 
1.8 × 10–4). Specifically, 12 of the 77 genes play a role in the immune 
response (Supplementary Figure S17). These include antimicrobial 
peptides (AttB, Def, Dro, Drs), 3 endopeptidase inhibitors (Tep1, 
Tep2, Spn28Dc), 2 proteases (Jon65Aii, CG5909), a peptidoglycan 
recognition receptor (PGRP-SC2), a protease involved in hemo-
lymph coagulation (CG11313), and a gene with unknown molec-
ular function (edin). Twenty-two of the 77 genes are expressed 
exclusively or predominantly in the head (Attrill et  al. 2016, 
Chintapalli et al. 2007). These include serine-type endopeptidases 
(CG7829, CG9676, CG3088), odorant-binding proteins (Opb56g, 
Obp49a, Obp56h), one gene involved in neurogenesis (CG12158), 

a G-protein coupled receptor involved in phototransduction (Rh6), 
an olfactory receptor (Snmp1), and carbohydrate-binding proteins 
(CG8343, CG11211). The latter 2 are also predicted to function 
as non-self-recognition proteins in the immune response (Theopold 
et al. 1999). In addition, 4 of the 77 genes are highly expressed in 
the ovary, 15 genes have expression bias to the digestive system, 2 
genes encoding G-protein coupled receptors have high expression in 
the thoracic-abdominal ganglion, and 7 genes are highly expressed 
in the spermathecae (Chintapalli et  al. 2007). The latter included 
the serine-type endopeptidase CG32277, Esp and CG8329. A total 
of 43 out of the 77 genes were previously reported to respond to 
mating in Drosophila (McGraw et  al. 2004, 2008; Mack et  al. 

Figure 3.  Distribution of post-mating fold changes across all female × male combinations, for 6 genes. The dotted line represents the fold change in the 
genotype(s) that differed significantly from the average post-mating fold change. A: Obp49a transcript levels were up-regulated higher than average in I × N (q 
= 0.015). B: Snmp1 transcript levels were down-regulated more than average in T × B (q = 0.048). C: Def transcript levels were up-regulated more than average 
in T × T (q = 0.19) and T × Z (q = 6 × 10–6). D: Cyp4p2 mRNA levels were down-regulated more in B × N (q = 1.5 × 10–5). E: AttB transcripts were up-regulated more 
than average in B × I (q = 0.041). F: CG32277 mRNA was down-regulated more than average in B × B (q = 0.006).
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2006; Kapelnikov et al. 2008; Prokupek et al. 2009; Dalton et al. 
2010; Bono et al. 2011; Short and Lazzaro 2013; Zhou et al. 2014; 
Hollis et al. 2016).

Phenotypic Post-Mating Responses are Influenced 
by Female × Male Genotypic Interactions
Fecundity, as defined by egg production over the course of 5 days—
and the rate at which egg production decreased over time—differed 
depending on the mating combination (P < 7 × 10–6, Supplementary 
Figure S21, Supplementary Tables S7 and S8). The strongest inter-
actions occurred with Beijing, Netherlands or Zimbabwe females 
that mated to males from the Netherlands or Zimbabwe lines. These 
combinations produced on average 111 (±4) eggs over the course 
of 5 days, while other combinations produced on average 178 eggs 
(±4; Figure 4B; Supplementary Figure S21). On day 1 post-mating, 
strong differences were observed between female genotypes, regard-
less of male genotype (Supplementary Table S8). On day 1, females 
from the Beijing line produced on average 56 (± 5) eggs, while other 
female genotypes produced on average 38 (±5) eggs. This was fol-
lowed by a rapid decline in egg numbers on day 2 in Beijing females 
(23 ± 4 eggs), but not in other females (32 ± 4 eggs) (Figure 4A).

Similar to the fecundity data, the proportion of hatched eggs on a given 
day, and the decrease in hatchability over time, differed depending on 
interactions between female and male genotype (P = 0.01; Supplementary 
Figure S22; Supplementary Tables S9 and S10). Hatchability was con-
sistently high in females from the Zimbabwe line, with an average 
hatch rate of 77% (±5; Figure 5A). In other females, hatchability varied 
depending on the genotype of the male, with hatch rates ranging from 
38% in B × T, to 79% in T × Z (±5; Figure 5A). These results exclude 
females from the Netherlands line, the only line not infected with 
Wolbachia. For females from the Netherlands line who mated to a male 
that carries Wolbachia, most eggs did not hatch due to unidirectional 
cytoplasmic incompatibility (Hoffmann et al. 1998). Incomplete incom-
patibility was observed, whereby the incompatibility was stronger in 
N × I and N × T crosses. This is consistent with the findings of Poinsot 
et al. (1998), who showed that the effect of Wolbachia can differ in 
distinct genetic backgrounds.

Re-mating rates at 24h after the first mating did not differ 
depending on female genotype, or on the genotype of the first male 

with whom she mated (Supplementary Table S11). At 4 days after 
the first mating, female refractoriness to re-mating differed signifi-
cantly depending on interactions between female and male genotype 
(P  =  0.002, Supplementary Tables S12 and S13). Males from the 
Beijing line successfully induced refractory behavior in all female 
genotypes (only 30% of females re-mated, ± 1), except when paired 
with females from the Netherlands line (71% of females re-mated, 
±1; Figure 5B). Males from the Netherlands or Zimbabwe lines were 
worst at inducing refractory behavior in any female, with a re-mat-
ing rate of 93% (±1), relative to 47% (±1) for females mated to other 
males. Females more receptive to re-mating consistently produced 
fewer eggs. Females that produced many eggs had a lower receptiv-
ity, although in some cases there seemed to be an uncoupling of these 
2 traits (Spearman rank correlation P-value = 0.001; Supplementary 
Figure S23).

Variation in Transcript Abundance After Mating is 
Correlated With Short-term Egg Production
Variation in post-mating transcript level changes significantly cor-
related with the number of eggs produced on day 1 after mating. 
No significant correlations were found with other phenotypes that 
we measured. Among the 77 genes that were differentially regulated 
depending on female × male genotype, levels of only one transcript, 
CG32277, correlated significantly with egg production. A more than 
2-fold down-regulation of CG32277 in Beijing females mated to 
Beijing males was correlated with a higher day-one egg production (q 
= 0.03; Supplementary Figure S24). Virgin CPM values for CG32277 
were similar across lines, but only Beijing females down-regulated 
CG32277 transcript levels after mating. CG32277 encodes a ser-
ine-type endopeptidase that is highly expressed in the spermathecae 
(Chintapalli et al. 2007). Among all 9484 genes in our dataset, the 
post-mating fold changes of 235 genes were significantly correlated 
with egg production on day 1 after mating (Supplementary File 3). 
Among the 235 genes, many have high expression in the ovary and 
known functions in oogenesis or ovulation, such as egg shell forma-
tion or octopamine signaling. In addition, the 235 genes included 
genes with GO terms related to metabolism, transcription and trans-
lation, cell division, nervous and muscle system processes, sensory 
perception and the immune response. Based on the phenotype data, 

Figure 4.  A: Egg production on day 1 and day 2 after mating, for the 5 female genotypes. On day 1 after mating, females from the Beijing line produced significantly 
more eggs compared to all other females. Due to a rapid decline in egg numbers on day 2, this significant difference disappeared on day 2 after mating 
(*P < 0.05; error bars indicate standard errors). B: Total number of eggs per female, produced over the course of 5 days, for all 25 mating combinations. Female 
× male genotype interactions affected the total number of eggs produced over a total of 5 days (P = 1.6 × 10–5; average n for each of the 25 combinations = 21.7).
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females from the Beijing line produced the highest number of eggs on 
day 1, whereas females from the Netherlands line produced the low-
est number of eggs. For the 235 genes, females from these 2 lines also 
differed most in their post-mating fold changes. For example, Beijing 
females underwent the strongest down-regulation of Tbh, a gene 
involved in ovulation (Monastirioti et al. 1996), while Netherlands 
females underwent the strongest up-regulation of Tbh. However, 
the differences in transcript-level fold changes between Beijing and 
Netherlands females were not significant.

Variation in Female Post-Mating Responses is not 
Correlated With Divergence Time Between the 
Female Genotype and the Genotype of her Mate
No clear correlation was found between the number or type of dif-
ferentially regulated genes detected in our RNAseq data and whether 
the cross was intra- or inter-population. In intra-population crosses, 
an average of 2 differentially regulated genes were detected. In inter-
population crosses, an average of 4.6 differentially regulated genes 
were found. However, the variance within each of these groups 
was large (Supplementary Table S3). Nevertheless, gene expression 
changes in Zimbabwe females never differed from the average. On 
the other hand, post-mating transcriptional changes in females from 
the Tasmania line were more prone to differ from the average due to 
female × male interactions (Supplementary Table S3). Likewise, no 
obvious correlations were found between variation in post-mating 
phenotypes and divergence time. Measures of fecundity were com-
parable between intra- and inter-population crosses, with an average 
of 32 (±7) eggs produced per day in an inter-population cross, and 
an average of 34 (±9) eggs produced per day in an intra-population 
cross (Figure  4B, Supplementary Figure S21). Females mated to 
males from their own population did not consistently demonstrate 
a higher refractoriness to re-mating (Figure 5B). We expected that 
hatchability would be higher in intra-population crosses, compared 
to inter-population crosses. However, this was not the case for the 
Beijing, Ithaca, and Tasmania lines (Figure 5A).

Discussion

In this study, we used natural variation in the Global Diversity 
Lines to assess female × male genotype interaction effects on egg 

production, hatchability, receptivity and female transcriptional 
responses to mating, in D. melanogaster. Significant female × male 
interactions were observed for all phenotypes measured here. Our 
RNAseq analysis identified molecules in females that might underlie 
female × male genotype-dependent variation affecting reproductive 
success.

Female × Male Genotypic Interactions Affect 
Post-Mating Responses in the Global Diversity Lines
Strong interactions between female and male genotype affect phe-
notypic post-mating responses in the Global Diversity Lines, con-
sistent with previous observations in other lines (Chow et al. 2010; 
Giardina et al. 2011; Lüpold et al. 2013; Reinhart et al. 2015). The 
strongest effects in our study were observed for males from the 
Netherlands and Zimbabwe lines. These males were unable to induce 
long-term refractoriness to re-mating in all females. In addition, they 
failed to stimulate long-term egg production in multiple, but not all 
female backgrounds. Variation across the Global Diversity Lines in 
the male seminal fluid protein SP might underlie the observed phe-
notypic responses. SP is crucial for the initiation and maintenance 
of long-term post-mating responses (Chapman et al. 2003; Liu and 
Kubli 2003). Genetic variation might affect SP transfer, storage, or 
signaling (Cirera and Aguadé 1997; Chapman et al. 2003; Liu and 
Kubli 2003; Yapici et al. 2008; Chow et al. 2010; Smith et al. 2012). 
Refractoriness to re-mating was variable at 24h after the first mat-
ing. Shortly after mating, female receptivity is affected by seminal 
fluid proteins (Saudan et al. 2002; Chapman et al. 2003) and phero-
mones (Lebreton et al. 2014; Laturney and Billeter 2016). Because 
multiple factors contribute to short-term re-mating rate, stochastic 
variation in these factors could mask any female or male genotypic 
effects.

In addition to measuring post-mating phenotypes, we also meas-
ured post-mating transcript-level changes in the 24 mating combi-
nations. Several studies have characterized post-mating changes in 
female transcript-abundance within one line (McGraw et al. 2004; 
Lawniczak and Begun 2004; Mack et  al. 2006; Kapelnikov et  al. 
2008). We averaged post-mating gene expression changes across 
diverged lines, and found 272 differentially regulated genes. Sixty-
one percent of these differentially expressed genes had previously 
been reported to respond to mating (Supplementary Files 1 and 2). 

Figure 5.  A: Proportion of hatched eggs relative to the total number of eggs produced over the course of 5 days. Female × male genotypic interactions affected 
hatchability (P = 0.01; average n for each of the 25 combinations = 21.7). B: Proportion of females that re-mated with a standard male, 4 days after the first 
mating with a male from the Global Diversity Lines. The tendency to re-mate with a standard male on day 4 after the first mating, differed depending on female 
genotype, and depending on the genotype of the male she mated with for the first mating (P = 2.8 × 10–5; average n for each of the 25 combinations = 32).
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These consistent gene expression changes might represent the essen-
tial transcriptional response to mating, instead of gene expression 
changes specific to one genetic background.

Female × male interactions at the transcript level would provide 
a mechanism that underlies the interactions that are observed at the 
phenotypic level. Unlike previous studies, we identified 77 genes 
whose change in post-mating transcript level deviated significantly 
from the average response to mating, depending on the combination 
of female and male genotype. McGraw et  al. (2009) found negli-
gible female × male interaction effects when using microarrays to 
measure post-mating transcriptional responses in whole females, 
1–3 h after they mated with a male from their own strain or a male 
from a different inbred lab strain (Oregon R and Canton-S). Several 
explanations might account for the discrepancy between the prior 
and current study. First, shortly after mating, transcriptional changes 
may not occur because females are “poised” for reproduction, and 
males simply switch on proteins, RNAs, and molecules that are 
already present (McGraw et al. 2009). Given that our experiment 
identified female × male genotype effects at 5–6 h post-mating, inter-
actions on the transcript level potentially occur after the 1–3 h win-
dow examined by McGraw et al. Additionally, stronger interactions 
might be induced by strains that are genetically more diverged (such 
as the Global Diversity Lines used here), compared to the 2 inbred 
lab strains used by McGraw et al. Antagonistic co-evolution of genes 
involved in these interactions could affect reproductive compatibility 
between diverged populations (e.g., Ting et al. 2001; Gavrilets 2014; 
Jennings et al. 2014; Sirot et al. 2015).

Transcripts That are Sensitive to Female × Male 
Genotypic Interactions Likely Underlie Variation in 
Phenotypic Post-Mating Responses, and Play a Role 
in Sexual Conflict
The 77 genes that are sensitive to female × male interactions likely 
point to mechanisms and biological processes that underlie variation 
in post-mating phenotypes, possibly through direct interaction with, 
or downstream responses to, male seminal fluid proteins, several of 
which have allelic variants known to cause alterations in phenotypic 
post-mating responses (Hughes 1997; Clark et  al. 1999; Fiumera 
et al. 2005, 2006; Chow et al. 2010; Greenspan and Clark 2011; 
Lüpold et al. 2012; Zhang et al. 2013).

These 77 genes might act in a variety of tissues in order to 
mediate these responses. For example, variation in post-mating 
transcript levels of genes expressed in the spermathecae and their 
associated secretory cells could impact sperm storage (Lüpold et al. 
2012, 2013) and maintenance (Schnakenberg et al. 2011; Sun and 
Spradling 2013). Differential regulation of genes expressed in the 
ovary could reflect a male’s capacity to induce egg production in a 
particular female background (Heifetz et  al. 2001). Alterations in 
post-mating transcript levels of genes expressed in the digestive sys-
tem potentially influence a female’s nutrient uptake and metabolism 
(Shingleton 2015), which might in turn influence female investment 
in egg production (Terashima et al. 2005). Differential expression of 
genes expressed in the head and/or genes that have sensory functions 
(vision and olfaction), could alter a female’s response to food or 
guide her to suitable oviposition sites (Matsuo et al. 2007; Harada 
et  al. 2008; Gioti et  al. 2012). Alternatively, differential expres-
sion of vision and olfaction-related genes could impact a female’s 
response to other females or males. Mating changes the abundance 
of both transcripts that encode odorant binding proteins, and odor-
ant binding proteins themselves in females (McGraw et  al. 2004; 

Findlay et al. 2008). Proper functioning of odorant binding proteins 
and odorant receptors is associated with female sensitivity to male 
pheromones and re-mating rate (Giardina et al. 2011; Lebreton et al. 
2014). Snmp1, which is involved in the female response to the male 
pheromone 11-cis-vaccenyl acetate (Jin et  al. 2008), was differen-
tially regulated in our dataset depending on female and male geno-
type. This suggests that depending on female genotype, some male 
genotypes have stronger effects on female sensitivity to other males.

Female × male genotypic interactions also affected the expression 
of immune gene transcripts. Many studies report the up-regulation of 
immune gene expression after mating, in Drosophila (McGraw et al. 
2004, 2008; Mack et al. 2006; Kapelnikov et al. 2008; Short and 
Lazzaro 2013), other insects (e.g., Baer et al. 2006; Shoemaker et al. 
2006), and in vertebrates, including humans (Johansson et al. 2004; 
Robertson 2005; Richard et  al. 2012; Schjenken and Robertson 
2014). Our study is the first to observe that the intensity of this post-
mating up-regulation of immune transcripts depends on an interac-
tion between female and male genotype in D. melanogaster. Even 
though an immune response seems to be an inherent part of the post-
mating response, whether it is adaptive in D. melanogaster remains 
speculative. The post-mating up-regulation of immune transcripts 
could prepare females to fight off sexually transmitted diseases. In 
this case, the response is beneficial for both sexes (Samakovlis et al. 
1991; Lung et al. 2001; Lawniczak et al. 2007; Zhong et al. 2013). 
Alternatively, females might induce an up-regulation of AMPs after 
mating to compensate for the toxic effects of some seminal fluid pro-
teins (Chapman et  al. 1995; Wigby and Chapman 2005; Mueller 
et  al. 2007; Innocenti and Morrow 2009; Morrow and Innocenti 
2012). It is also possible that females employ the immune response 
to assess male quality or compatibility (Lawniczak et al. 2007).

The variation observed in the phenotypes and transcript levels 
described above could be the consequence of sexual conflict. In 
terms of the immune response, recently mated females have higher 
AMP mRNA levels, but they are less resistant to systemic bacterial 
infection than are virgin females, and this difference depends on the 
transfer of the ejaculate (Fedorka et  al. 2007; Short et  al. 2012). 
Genes that impact female olfactory behavior can alter female recep-
tivity to future matings, while polyandry is thought to be beneficial 
for females and not males. Male influence on female egg production 
potentially causes sexual conflict as well. Males benefit if females 
produce many eggs shortly after mating, to ensure the female uses 
as much of the male’s sperm before mating with another male. On 
the other hand, females might suffer reduced lifetime reproductive 
output when investing many resources in egg production in a brief 
period of time (Sirot et al. 2015). We found that down-regulation of 
the spermathecal endopeptidase CG32277 in Beijing females cor-
related with a high day 1 egg production, a trait thought to benefit 
mainly males. Sexual conflict over CG32277 expression levels could 
have resulted in a transcriptional post-mating response that benefits 
males in the Beijing line. As CG32277 is a secreted peptidase, it has 
the opportunity to interact with male molecules transferred during 
mating, exposing CG32277 directly to pressures arising from sexual 
conflict. Similarly, Esp and CG8329 form potential targets of sexual 
conflict. Esp is a member of the “SP network,” a network of male 
and female proteins required to bind the male seminal fluid pro-
tein SP to sperm. This process is crucial to mediate long-term post-
mating responses, including a long-term reduction in receptivity, in 
females (Findlay et al. 2014). Expression of CG8329 occurs both in 
the head (Chintapalli et al. 2007) and in spermathecae (Prokupek 
et al. 2009), and is regulated by the seminal proteins Acp62F and 
Acp29Ab at 1 to 3h after mating (McGraw et al. 2008).
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Validation Using qRT-PCR
For 5 out of 6 genes, our RNAseq results were well validated using 
qRT-PCR. The exception was Obp49a, for which only one of 3 
qRT-PCR replicates confirmed the findings from the RNAseq analy-
sis. Although we did not dissect the causes for this, it is most likely 
due to unmeasured microenvironmental variation, such as might be 
caused by differences in the medium or microbial contamination.

Immune genes were up-regulated more than average in T × T and 
T × Z in the RNAseq dataset, but Tasmania virgins also had higher 
CPM values for a range of antimicrobial peptides (Supplementary 
Figure S17). This raised the concern that variation in immune gene 
transcripts post-mating was caused by infection rather than mating. 
Validation using a separate QRT-PCR assay was necessary to ensure 
that the observed results in T × T and T × Z were reproducible, and 
were not due to the presence of pathogens in the Tasmania stocks used 
for RNAseq sample collection. The up-regulation of Def in T × T was 
validated using qRT-PCR, and mRNA levels for antimicrobial peptides 
were not found to be higher in Tasmania virgins relative to Beijing and 
Ithaca virgins in the qRT-PCR assays. This suggests that the observed 
up-regulation of Def is in fact due to genotypic interactions.

Female × Male Genotypic Interactions are More 
Prevalent Than Male- or Female-Genotype 
Dependent Effects
No significant differences were found in the transcriptional response 
to mating depending on male genotype alone. A  probable reason 
is that the role of the male is thought to be limited to triggering 
the post-mating response. Once the switch from “unmated” to 
“mated” has been made in the female (and this switch occurs before 
5–6 h after mating), robust female responses take over (Heifetz and 
Wolfner 2004; Heifetz et al. 2014; Heifetz and Wolfner 2004; Mattei 
et al. 2015; Carmel et al. 2016). Additionally, male-only genotype 
effects might be rare, as the effect of variable seminal fluid protein 
composition across diverged males would also depend on female 
genotype-specific sensitivity to this variation in protein composition.

Genes differently regulated depending on only the female gen-
otype (and averaged across male genotypes) were only found in 
females from the Tasmania line. These differentially regulated genes 
encoded among others proteases and digestive system-specific pro-
teins, suggesting that post-mating metabolism differs by female gen-
otype. Additionally, the differential regulation of 2 genes encoding 
proteins involved in the perception of taste, suggests that female gen-
otypes vary in post-mating gustatory processes. Mating affects these 
processes, presumably to enhance nutrient intake and reproductive 
output (Walker et al. 2015). In general, females from the diverged, 
geographically isolated populations used here did not show dras-
tic differences in their response to mating. Mating causes systemic 
changes that affect complex, polygenic traits (McGraw et al. 2004; 
Carvalho et al. 2006; Cognigni et al. 2011; Apger-McGlaughon and 
Wolfner 2013; Short and Lazzaro 2013; Reiff et al. 2015). Females 
from different populations might differ slightly in the timing of regu-
lation of the genes involved, or might favor one gene over the other 
if there is redundancy. Overall, transcriptional changes caused by 
mating appear to be robust with respect to female genotype.

Variation in Female Post-Mating Responses is not 
Correlated With Divergence Time Between Female 
and Male Genotypes of the Global Diversity Lines
We expected to see evidence of co-evolution in gene expres-
sion patterns, where inter-population crosses, or crosses between 
more diverged lines would lead to stronger effects on post-mating 

phenotypes. For example, in ants, queens mated to an allopatric male 
had higher levels of immune response mRNAs, but this did not hap-
pen if the queen had mated with a sympatric male (Schrempf et al. 
2015). Among the 5 lines used in this study, the lines from Ithaca 
and Tasmania diverged more recently than the lines from Beijing and 
the Netherlands (Grenier et al. 2015). Drosophila melanogaster origi-
nated in Africa (Lachaise et al. 1988), but the line from Zimbabwe 
used here was a recent migrant (Grenier et al. 2015). In our study, 
we did not see correlations between the strength of post-mating 
responses and divergence time. We observed, however, that females 
from distinct lines differed in their sensitivity to female × male gen-
otypic interactions. This suggests that at the transcriptome level, 
females from isolated populations differ in how sensitive they are 
to male input. In addition, the timing of female × male genotype-
dependent transcriptional responses might vary across females from 
isolated populations. Finally, we detected low intra-population hatch-
ability in the Beijing, Tasmania and Ithaca lines, likely due to some 
degree of inbreeding depression. Kao et  al. (2015) have suggested 
that low hatchability due to hybrid incompatibility could contribute 
to incipient speciation between D. melanogaster lines, but we saw no 
evidence for hybrid incompatibility among the lines we tested.

Conclusions

Our results demonstrate the widespread effects of female × male 
genotypic interactions in processes related to reproduction, going 
from post-mating transcriptional responses to physiological and 
behavioral changes. Genes affected by female × male genotypic 
interactions included ones involved in the immune response, ones 
that might impact egg laying, and ones that are likely involved in 
post-mating behavioral changes. Future work is needed to uncover 
the precise roles these genes play in the female post-mating response, 
to determine to what extent these genes are indicators of female × 
male compatibility on a molecular level, and to determine if they are 
affected by (antagonistic) sexual selection.
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