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ABSTRACT OF THE THESIS 
 

 

Postmating transcriptional changes in brains of con- and heterospecifically mated 

Drosophila mojavensis females 

 

by 

 

Jose Ignacio Carvajal 

Master of Science in Biology 

 

University of California, San Diego, 2012 

Professor Therese Ann Markow, Chair 

 

 The act of mating changes the physiological state and behavior of 

Drosophila females. The mechanisms by which these events take place are not 

well understood. By describing the transcriptional changes in females associated 

with mating, one can begin to understand the mechanisms of the female 

postmating response. I used whole genome microarrays to compare gene 
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transcription levels in the brains of Drosophila mojavensis virgin and mated 

females. Statistically significant gene expression changes between virgin and 

conspecifically mated females were not observed. I also compared the brains of 

females mated conspecifically with D. mojavensis males to the brains of females 

mated heterospecifically to males from a closely related species, D. arizonae. In 

samples taken two hours after a heterospecific mating, 145 genes were 

differentially expressed. A GO analysis of the differentially expressed genes shows 

enrichment in terms involving nucleotide binding, hormones, behavior, and 

odorant binding. Transcripts for GI15991 (corresponding to Acp32CD in D. 

melanogaster) were higher in conspecifically mated females and lower in 

heterospecifically mated females compared to virgin females. This result was 

unexpected because Acps are typically not expressed in females. Results from this 

study suggest that mating influences expression patterns in female D. mojavensis 

brains, especially if the male is from a different species.  

 
 
 



1 

INTRODUCTION: 

Mating alters female physiology and behavior in ways that directly affect 

fertilization and reproductive success. During mating, Drosophila males transfer 

sperm that females store for several days in the spermathecae and seminal 

receptacles (Harshman and Clark 1998). Additionally males transfer peptides in 

the ejaculate that play an essential role in fertilization (Xue and Noll 2000). In 

Drosophila melanogaster, postmating female behavioral changes are well 

characterized. Mated D. melanogaster females are less attractive to males, move 

less in response to males, are less receptive to additional matings for 11 days, and 

increase egg laying for up to nine days compared to virgin females (Wolfner 

1997). The mechanisms by which these events take place are not well understood.  

We can begin to understand the physiological changes that occur in 

females after mating by observing how mating affects gene transcription. Kocher 

et al. (2008) observed that queen honeybees differentially expressed genes related 

to stress, the immune response and protein folding after mating. Similar genes are 

differentially expressed in Drosophila melanogaster after mating (Lawniczak and 

Begun 2004). These studies report the changes that occur in females after mating, 

however they do not discuss what part of mating induces these changes. McGraw 

et al. (2004) found that of the 1783 genes that were affected by mating in D. 

melanogaster females, 549 genes were affected by the receipt of sperm and 160 as 

a result of accessory gland proteins (Acps) that females received from the male 
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ejaculate. Drosophila Acps are secreted by male reproductive tissues and 

transferred to females during mating (Wolfner 1997), and may pass through the 

posterior vaginal wall and into the hemolymph (Lung and Wolfner 1999).  

The postmating response depends on several interactions that have 

coevolved in the two sexes over a species’ evolutionary history. For example, the 

female D. melanogaster reproductive tract is lined with neurons that bind to Acp70 

and induce behavioral changes after mating (Hasemeyer et al. 2009).  Furthermore, 

when Acp70 is transferred to the females during mating, it reduces synaptic output 

of the neurons lining the reproductive tract (Yang et al. 2009). Thus, exposure to 

male ejaculate sends signals through the female central nervous system (CNS) and 

may alter the brain’s physiological state. It is important to understand what 

transcriptional changes occur in the brain after mating because the CNS may be 

responsible for the long-term behavioral changes that occur after mating.  

Dalton et al. (2010) characterized which genes were differentially 

expressed in female D. melanogaster head and, more specifically, brain after 

mating. Interestingly, they found that fat body metabolism genes were up-

regulated in female heads after mating. The authors suggested that this change may 

be due to a shift in nutrient utilization to fuel increasing oogenesis, although fat 

cells in D. melanogaster heads play a role in sex specific physiology (Fuji and 

Ararein 2002). Neurophysiology proteins (mostly ion channel proteins) were 

differentially expressed in the brain tissue of mated females, which Dalton et al. 
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(2010) attributed to possibly altering female postmating behavior and CNS 

physiology.  

To understand the mechanisms of the female postmating response, it is 

useful to study the interactions between the sexes during heterospecific matings. It 

is difficult to mate D. melanogaster heterospecifically, so other model organisms 

must be used for these studies, such as the Sonoran Desert Drosophila. These 

Drosophila are excellent model organisms to explore heterospecific interactions 

for several reasons. There is a firm understanding of the ecology of the four 

species of Drosophila that live in the Sonoran Desert (reviewed in Heed and 

Mangan 1986). One of these species, D. mojavensis, has a sequenced genome, 

allowing for the use of functional genomic tools. Importantly, D. mojavensis will 

mate heterospecifically with its sister species D. arizonae. 

The geographic range of D. mojavensis partially overlaps with its recently 

diverged (0.66-1.25 million years) sister species, D. arizonae (Ruiz et al.1990). 

These two sister species will mate in a laboratory setting and will produce hybrid 

females and, depending on the direction of the cross, will produce sterile or non-

sterile hybrid males  (Hardy et al. 2011). Hybrids are not observed in nature, 

suggesting that there are effective behavioral or postmating-prezygotic (PMPZ) 

factors acting as sympatric barriers to genetic exchange (Markow 1981).  

Furthermore, there is no evidence of any recent introgression between the two 

species (Machado et al. 2007). 
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A mismatch in interactions between the sexes in heterospecific crosses may 

contribute to blocking the genetic flow between D. mojavensis and D. arizonae.  

Highly coevolved interactions between the sexes must take place for a successful 

fertilization (Markow et al. 2007). An example of this coevolution between the 

sexes is the variation in reproductive tract length and sperm size among subspecies 

of D. mojavensis, and the strong correlation between these traits (Pitnick et al 

2003).   

Another example is the reaction mass observed in drosophilids from the D. 

repleta group (including D. mojavensis and D. arizonae). After mating, an opaque 

vaginal mass will form in the female’s reproductive tract for around 8 hours, 

preventing her from ovipositing or remating until the mass subsides (Kelleher and 

Markow 2007).  It has been hypothesized that the reaction mass arose as a way for 

males to prevent females from remating.  

Heterospecific matings of D. mojavensis females with D. arizonae males 

produce a reaction mass that is larger and lasts longer, sometimes for the 

remainder of the female’s life (Baker1947). There is also less sperm storage and 

fewer motile sperm in the reproductive tract of D. mojavensis females mated 

heterospecifically with D. arizonae males (Kelleher and Markow 2007). Similar 

results are observed in the reciprocal cross (Markow and Hocutt 1998). 

Furthermore, females behave differently after heterospecific matings compared to 

conspecific matings (Markow and Hocutt 1998). Taken together, these 
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observations suggest that female physiology is affected by heterospecific matings 

and that this change in physiology may cause a change in female postcopulatory 

behavior.    

Bono et al. (2011) compared postmating gene expression changes in 

reproductive tracts of con- and heterospecifically mated D. mojavensis females to 

virgin females. Conspecific matings caused 15 genes to be differentially expressed 

compared to virgin females. Heterospecific matings affected 148 genes that were 

not differentially expressed in conspecifically mated females. Postmating 

transcriptional levels were more affected by heterospecific mating than conspecific 

matings. However, postmating transcriptional changes are tissue specific and, to 

date, no studies have examined the effect of heterospecific matings on brain 

transcript levels.     

My study characterized the transcriptional changes in female Drosophila 

mojavensis brain tissue two hours after conspecific and heterospecific matings. To 

assess the effect of conspecific mating I compared virgin female brains to those 

that had mated to D. mojavensis males. I then compared females that had mated to 

D. mojavensis males to those that had mated with D. arizonae males to assess the 

effect of heterospecific matings on female brain transcription. The resulting dataset 

of genes from these two comparisons was then used to answer the following 

questions. Do conspecific matings alter gene transcription in the brain and, if so, is 

this change different after heterospecific matings? What classes of genes are 
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affected by conspecific and heterospecific matings?  Are neurophysiological genes 

transcribed differently? Finally, genes that are differentially transcribed in 

heterospecific matings are candidates for genes involved in PMPZ isolation 

mechanism. 
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MATERIALS AND METHODS: 

Stocks, Rearing and Mating- 

One Drosophila mojavensis stock collected in April 2002 from the Anza 

Borrego Desert by Therese Markow and one D. arizonae stock collected April 

1997 from Peralta Canyon Arizona also by Therese Markow were used in this 

study.  Flies were reared in bottles of banana culture medium (23°C and 33% 

humidity). Within twelve hours of eclosing, adult flies were segregated by sex into 

vials. These flies were then left for 15 days until they reached reproductive 

maturity. On the fifteenth day, one female fly was aspirated into a vial containing 

two D. mojavensis males, two D. arizonae males, or no males, depending on the 

treatment. After copulation, the males were removed from the vials and the 

females were left for two hours. Females that did not mate were not included in the 

study. In the virgin treatment, females were aspirated into vials without males and 

left for two hours.  

 

Dissections and Extractions- 

Two hours post-copulation, female flies were anesthetized with CO2 and 

placed in iced 70% ethanol for a few seconds to make the heads less viscous. The 

heads were then removed and placed in iced 1X PBS buffer. Brains were dissected 

using sterilized fine forceps and placed in iced RNAlater (Sigma-Aldrich Life 
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Sciences). Thirty-five brains were collected and pooled per treatment (virgin, 

conspecifically mated, heterospecifically mated). The dissections were then stored 

in RNAlater for a week at -20°C until the RNA extractions. Total RNA was 

extracted from the pooled brains in RNAlater solution using the standard TRIzol 

protocol. After the RNA was extracted, residual DNA was removed using the RQ1 

RNase-Free DNase kit (Promega) following manufacturer’s protocol. mRNA was 

amplified using the MessageAmp II mRNA Amplification Kit (Applied 

Biosystems/Ambion) following the manufacturers’ protocol. mRNA was then 

converted to cDNA using a High Capacity RNA-to-cDNA Kit (Applied 

Biosystems).  

 

Microarray Assay - 

I used a NimbleGen 4-plex array design (Matzkin and Markow 2009) that 

included 14,591 D. mojavensis genes. These 14,591 genes had 6 or 5 replicate 

probes per array. Each probe was sixty oligonucliotides long and was based upon 

the D. mojavensis 1.3 release genome (www.flybase.org). The cDNA was labeled, 

hybridized and scanned by the Florida State University NimbleGen Microarray 

Facility. Two slides were used with 4 arrays on each slide, a total of 8 arrays. 

Conspecific and heterospecific treatments had 3 technical replicates and the virgin 

treatment had 2 technical replicates. Each slide had at least one treatment 

hybridized per slide. Hybridization intensities were then normalized using the 
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robust multichip average (RMA) method. The RMA method normalizes intensity 

values within the same chip (Irizarry et al. 2003 and Bolstad et al. 2003).  

 

Data Analysis- 

All of the first steps of the data analysis were done in JMP Version 9 

(SAS). First, the RMA normalized intensity values were log2 transformed. A 

global test of the log2 transformed data was preformed with ARRAY and PROBE 

set as random factors. The residuals from this test were then used to test for 

statistically significant variation of gene expression between treatments. Using the 

residuals from the first test, a gene specific model was comprised of two factors 

MATING (virgin, conspecific or heterospecific) and ARRAY (set as a random 

factor). To test for the effect of conspecific mating, the virgin treatment was 

compared to the conspecifically mated treatment. To test for the effect of a 

heterospecific mating, the conspecifically mated treatment was compared to the 

heterospecifically mated treatment. The p-values generated by the ANOVA were 

then input into the False Discovery Rate (FDR) program, ‘fdrtool’ in the R 

statistical software package. Generated p-values were input as the dataset and the 

critical value was set at 0.10. Results from the FDR analysis are listed as q-values.  

 

Verification of Microarray Results- 
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Microarray results were verified for the GI15991 (Acp32CD) gene using 

RT-PCR. This gene was selected because the presence of an accessory gland 

protein (Acp) transcript was not expected in female brain tissue. GI15025 

(Beadex) was also chosen to verify microarray results, however the results were 

inconclusive because the primers amplified a sequence that was too long for RT-

PCR purposes (results not shown). Applied Biosystems (ABI) SYBR Green RT-

PCR Reagents Kit was used with an ABI PRISM® 7000 Sequence Detection 

System. Quiagen REST 2009 software was used to analyze the RT-PCR data. The 

16S gene was used as an endogenous control to normalize the data across samples. 

For each sample, triplicate qRT-PCR reactions were performed and averaged. 

Statistical significance was calculated using the REST 2009 Software by 

performing 10,000 bootstrap statistical replicates of the data. Quantification was 

performed using a standard curve generated using genomic DNA from a whole 

male D. mojavensis. A negative control (RNA reaction without reverse 

transcriptase) and dissociation curve were also used. Primer sequences (5’ to3’) 

were as follows:  

16S forward- CGCCTGTTTATCAAAAACAT  

16S reverse- CCGGTCTGAACTCAGATCATGT 

Acp32CD forward- CATACTGGCCCTAGGACTGC,  

Acp32CD reverse- GGCGTATCGTGGCTATCACT  
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Beadex forward = CCGCAAACATGAACAACAAC 

Beadex reverse = TCTCGAAGGCTGGAATGACT 

Acp32CD and GI15991 DNA and Amino acid population genetics data were 

calculated using DnaSP V5 software.    
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RESULTS: 

Conspecific matings caused no significant gene expression changes in the brains 

of D. mojavensis females 

An FDR analysis was used to adjust p-values into q-values because testing 

the same dataset multiple times will result in many false positives. A liberal q=0.1 

cutoff value was chosen. To assess the effects of a conspecific mating on female 

brains, conspecifically mated females were compared to virgin females. No gene 

transcription levels significantly altered due to conspecific mating (Fig 1A). 

 

Transcript levels of heterospecifically mated females were significantly perturbed  

To assess the effect of heterospecific mating on gene transcription in the 

brain, heterospecifically mated females were compared to conspecifically mated 

females.  Changes in transcript abundance between these two treatments were not 

significant using a 0.05 cutoff value in the FDR analysis. However, when a more 

liberal cutoff value was used (q=0.1) 145 genes were differentially expressed due 

to heterospecific mating (Figure 1B). A liberal q=0.1 cutoff value was chosen 

because these findings, although not significant at a .05 level, represent patterns 

that merit further investigation. Dissecting brains at more time points and 

performing more biological replicates per treatment will yield more conclusive 
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results. These 145 genes and their D melanogaster orthologs (when available) are 

listed in the Appendix.  

 

Gene Ontology analysis of transcripts that were affected by heterospecific matings 

Only about 66% (96/145) of the genes affected by heterospecific matings 

were included in the gene ontology analysis because the others do not have known 

D. melanogaster orthologs. Only 70% of D. mojavensis genes have D. 

melanogaster orthologs, so differentially expressed genes were not present in this 

dataset more than expected due to chance (Binomial test p-val = 0.36). Enriched 

terms in the analysis results included nucleotide binding, hormone, and signaling 

genes (Appendix). Signaling genes were up-regulated and nucleotide binding 

genes were down-regulated after heterospecific matings. 

 

Acp32CD (GI15991) was up-regulated in conspecific mating and down-regulated 

in heterospecific mating compared to virgin transcript levels 

The microarray results showed Acp32CD transcript levels were 

significantly down-regulated in heterospecific matings. Transcription of this gene 

was not expected in conspecifically mated female brains because it is an accessory 

gland protein (Acp), which is normally only expressed in Drosophila male 

reproductive tissues. A RT-PCR experiment was preformed to verify the 
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microarray results. Acp32CD was significantly up-regulated in conspecific 

matings and down-regulated in heterospecific matings relative to virgin levels 

(Figure 2), confirming the microarray results. There were 10-fold more transcripts 

of Acp32CD in conspecifically mated females compared to heterospecifically 

mated females (Table 2), thus there was less transcription of the Acp32CD gene in 

heterospecifically mated females. Although the standard error values are high in 

this RT-PCR analysis, the observed changes are significant (Table 2).  

 

Comparing the effects of conspecific to heterospecific matings 

The changes in transcript abundance levels can be visualized using volcano 

plots (Fig 1). Genes were not significantly up-regulated or down-regulated in 

conspecific matings as shown by the narrow shape of the volcano plot in Fig 1A. 

Gene expression levels increased or decreased several fold in heterospecific 

matings as shown by a more spread out volcano plot in Fig 1B. 46/63 genes were 

up-regulated following heterospecific matings compared to conspecific matings 

out the up-regulated genes in conspecific matings compared to virgin females (Fig 

1C: Binomial test p-value= .003. Null hypothesis: no relation between treatment 

and transcript levels of a gene). Genes that were significantly down-regulated in 

heterospecific matings also exhibited a similar pattern (Fig 1C). 77/87 genes were 

similarly regulated in heterospecific analysis out the down-regulated genes in the 

conspecific analysis (Binomial test p-value< .001). This shows that heterospecific 
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matings affect the same genes as conspecific matings in a comparable manner, but 

the level at which they are expressed changes depends on the type of mating. This 

also suggests that although the results from the conspecific analysis are not 

statistically significant, there is a real signal in the data. Future studies with more 

biological replicates will provide more conclusive data. 
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DISCUSSION: 

I used whole genome microarrays to compare gene transcription levels in 

the brains of virgin D. mojavensis females to mated females. I also compared the 

brains of females that were mated heterospecifically to males from a closely 

related species, D. arizonae.  

 

Effect of conspecific matings on female brains- 

The transcriptional changes described in this study occurred two hours 

after mating. I chose this time point to assess how mating related events affected 

gene transcription and to eliminate artifacts relating to the change in reproductive 

state of the female. Dalton et al (2010) found that most of the gene expression 

changes in females D. melanogaster brains took place 72 hours after mating, 

however the authors suggested that these changes were due to factors such as 

increased oogenesis and metabolism. 

Statistically significant gene expression changes between virgin and 

conspecifically mated females were not observed. Although this could be due to 

low statistical power in this study, it could be due to post-transcriptional regulation 

of postmating response genes (McGraw et al. 2004). D. mojavensis may use post-

transcriptional regulation to efficiently regulate genes affected by conspecific 

matings because this type of regulation may be faster than pre-transcriptional 
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regulation (Shimoni et al. 2007). It would be interesting to test for 

posttranscriptional regulation of mating responsive genes in future studies.  

Although genes were not differentially transcribed at a statistically 

significant level, a gene ontology (GO) analysis of the 100 most affected genes 

gives enriched terms involving nucleotide binding, signaling cascades and fat 

biosynthesis. An increase in fat biosynthesis after mating parallels a study by Fuji 

and Ararein (2002) that found genes expressed in the fat cells of heads played a 

role in female receptiveness to males.  

Immunosuppression has been observed in female Drosophila after mating 

(Short and Lazzaro 2010). Sheldon and Verhulst (1996) suggested that mating may 

have immunosuppressive effects in females in order to allow limited resources to 

be diverted from immunological requirements to reproductive needs. Previous 

studies have found down-regulation of immunity and stress genes in mated 

females (McGraw et al 2004, and Kocher et al 2010) however, the present study 

revealed no changes in the transcription of these types of genes. Regulation of 

stress and immune system genes may be more pronounced in tissues that come in 

direct contact with foreign material in the seminal contribution (i.e. female 

reproductive tissues in Bono et al. 2010).  

 

Effect of Heterospecific matings on female brains-    
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D. mojavensis females do not oviposit after heterospecific matings because 

the reaction mass does not subside in the female reproductive tract thus blocking 

egg movement down the uterus (Kelleher and Markow 2007). Additionally, female 

D. mojavensis that have mated heterospecifically rarely remate (TA Markow, 

personal communication). Therefore, behaviors are the manifestation of significant 

changes in the physiology of the females after heterospecific matings, thus it is 

expected that physiological changes will also occur in the brain after heterospecific 

matings. 145 genes were differentially expressed in female D. mojavensis brains 

two hours after mating with D. arizonae males (Appendix), confirming that 

heterospecific matings affect gene expression in female brains more than 

conspecific matings. 

 Classes of genes affected by heterospecific matings in this study are 

different from the classes of genes affected by conspecific matings. A GO analysis 

of the differentially expressed genes after heterospecific matings shows 

enrichment in GO terms involving nucleotide binding, hormones, behavior, 

odorant binding, and epidermal growth factor (EGF) (Table 1). Stress and 

immunity genes are affected two hours after mating in D. melanogaster brains 

(Dalton et al. 2010) and other body tissues (McGraw et al. 2004, and Kocher et al. 

2010). However in the present study, stress and immunity genes were 

unexpectedly absent from the GO analysis of heterospecific matings. This was 

surprising because the immune system/stress should be triggered by the significant 

mismatch in coevolved molecular interactions that are observed in heterospecific 
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matings. The data from this study suggest that the mismatch in interactions do not 

affect immunity and stress response genes in female brains two hours after mating. 

Genes up-regulated in heterospecific matings were also up-regulated in 

conspecific matings and repressed genes following heterospecific matings were 

also repressed following conspecific matings (Figure 1C). The similarities in gene 

transcription profiles between the two analyses show that the same genes are 

important to the postmating response, however, transcriptional regulation of these 

genes is altered in heterospecific matings. This may be because crucial interactions 

between the sexes are missing in a heterospecific cross, and/or it may be because 

of the change in physiology associated with heterospecific mating.  

Differentially expressed genes with important neurophysiological functions 

Neuropeptide F:  

In D. melanogaster, Neuropeptide F (D. mojavensis orthologs: GI 22361) 

is a gene expressed in the brain of adults that regulates food intake and body 

weight (Lee et al. 2004 and Gelbart 2010). Neuropeptide F is potentially involved 

in the female postmating behavioral response because part of this response is an 

increase in food intake after conspecific matings (Carvalho et al. 2006). This gene 

is transcribed more in conspecifically mated D. melanogaster females brains  

compared to virgin females (Dalton et al. 2010). My microarray results 

demonstrate that Neuropeptide F was transcribed more in the brains of 
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conspecifically mated females compared to virgin females and less in 

heterospecifically mated females compared to conspecifically mated females. 

Taken together, these results provide further evidence that this gene plays an 

important role in the female postmating response. 

 

Acp32CD:  

Accessory gland proteins (Acps) are known to be secreted by male 

reproductive tissues and transferred to females during mating, and are responsible 

for much of the female postmating behavioral changes (Wolfner 1997). Most of 

the genes that code for Acps evolve rapidly due to intense sexual selection 

pressures (Begun et al. 2000). Acp32CD (ortholog in D. mojavensis: GI15991) is a 

short signaling peptide (Wagstaff 2005) that is responsible for decreasing female’s 

receptiveness to males after mating (Wolfner 1997). The amino acid sequence of 

Acp32CD is 73 amino acids longer in D. melanogaster than it is in D. mojavensis 

and it only has 116 conserved sites out of 259, consistent with observations that 

Acps diverge rapidly across species. However, Acp32CD is unique in this respect 

because although it is variable across species, it is extremely conserved within D. 

melanogaster and D. simulans suggesting that this gene is under a high functional 

constraint (Begun et al. 2000). 
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Acps are be transferred to female reproductive tracts, and passed through 

the posterior vaginal wall and into the hemolymph (Lung and Wolfner 1999), 

which could then result in circulation to the brain. In D. mojavensis, the content of 

the seminal fluid is incorporated into the female’s somatic tissues (Markow 1984). 

However, these studies do not describe the transfer of mRNA to females. Recently, 

Bono et al. (2010) demonstrated that D. mojavensis and D. arizonae males transfer 

Acp mRNA transcripts to D. mojavensis females during mating, however no 

studies have described the presence of Acp mRNA transcripts in female brain 

tissue.  

Acp32CD was the only Acp that was differentially expressed in female 

brains after mating. These transcripts were higher in conspecifically mated females 

and lower in heterospecifically mated females compared to virgin females.  Acps 

are typically not expressed in females and thus RT-PCR (Figure 2 and Table 2) 

was used to confirm these microarray results.  

I hypothesize that these results reflect transcription of Acp32CD in female 

D. mojavensis brains after matings, rather than the transfer of mRNA from male 

ejaculate to female brains. Three lines of evidence support this prediction; 1) This 

Acp is not one of the genes with transcripts that were transferred by the male to 

female reproductive tract in the Bono et al. (2010) study. If males contributed 

enough Acp32CD transcripts to be present at detectable levels in the brain two 

hours postmating, then it should have appeared in the reproductive tract of mated 
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females. 2) Acp32CD is expressed at low levels in virgin female D. melanogaster 

brains (Gelbart et al. 2010), indicating that females have the ability to express this 

gene in brain cells and that mating may result in its upregulation. 3) The RT-PCR 

results from this study (Fig 2) demonstrated that the transcript abundance of this 

gene is lower in heterospecifically mated females compared to virgin females. If 

D. mojavensis males transferred Acp32CD transcripts, the transcript abundance 

would be the same in virgins and heterospecifically mated females. 

 

Conclusions   

Results from this study show mating influenced expression patterns in 

female D. mojavensis brains, especially if the male is from a different species. It 

also demonstrates the important molecular interactions that occur between the 

sexes. In addition, heterospecific matings cause disruptions in these coevolved 

interactions that affect the females in all parts of their body including the brain.  
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TABLES AND FIGURES: 

Table 1.  Gene ontology analysis of transcripts affected by heterospecific matings.  

Catego
ry 

GO 
Term Term Count 

% of 
genes 

P-
value 

Fold 
Enriched 

CC 
0557
6 Extracellular region 10 11.11 0.02 2.4 

MF 
0016
6 Nucleotide binding 16 17.77 0.03 1.8 

BP 
4887
0 Cell motility 5 5.55 0.04 3.8 

BP 
0758
6 Digestion 2 2.22 0.04 47.2 

BP 
5167
4 Localization of cell 5 5.55 0.05 3.6 

MF 
0515
4 

Epidermal growth factor receptor 
binding 2 2.22 0.05 37.7 

MF 
1707
6 Purine nucleotide binding 13 14.44 0.06 1.7 

MF 
0517
9 Hormone activity 3 3.33 0.06 7.5 

BP 
0761
0 Behavior 7 7.77 0.07 2.3 

MF 
3255
3 Ribonucleotide binding 12 13.33 0.08 1.7 

BP 
0729
8 Border follicle cell migration 3 3.33 0.08 6.4 

BP 
4236
4 

Water-soluble vitamin biosynthetic 
process 2 2.22 0.08 23.6 

MF 
1687
9 

Ligase activity, forming carbon-
nitrogen bonds 4 4.44 0.09 3.8 

BP 
0911
0 Vitamin biosynthetic process 2 2.22 0.09 20.2 

BP 
0676
7 

Water-soluble vitamin metabolic 
process 2 2.22 0.09 20.2 

CC, cellular component; MF, molecular function; BP, biological process.
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Figure 1. Gene expression was significantly altered following heterospecific 

matings.  

 Volcano Plots indicate fold expression change on the X axis (up-regulated 

genes have positive values while down-regulated genes have negative values) 

and statistical significance on the Y axis (a more statistically significant result 

will have a larger Y value). The q-value=.1 statistical significance cutoff is 

indicated by the dashed horizontal line (transcriptional changes that are 

statistically significant will be above the line).  

 (A) Volcano plot indicating how genes are differentially expressed after 

conspecific mating compared to virgin females. (B) Volcano plot indicating how 

genes are differentially expressed after heterospecific matings compared to 

conspecific matings. (C) Volcano plot of the effect of conspecific matings that 

has genes up-regulated during heterospecific matings marked in green and genes 

down-regulated during heterospecific matings marked in red. 
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A. 
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B. 

 

Figure 1 continued 
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C. 

Figure 1 continued  
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Figure 2. Brain Acp32CD transcript abundance relative to virgin treatment. Using 

quantitative, real-time PCR (n = 3, each treatment), I identified significant 

variation in brain transcript abundance of Acp32CD (GI 15991) RNA (see Table 2 

for detailed results). Conspecifically mated females had higher levels of Acp32CD 

transcripts compared to virgin females, and heterospecifically mated females had 

less transcripts compared to virgin females. Error bars represent standard error. 



29 

 

Table 2. Acp32CD Quantitative PCR results  

Treatment Comparison Mean Fold Difference 

(SE range) 

p-Value 

Conspecific vs Virgin 2.328  (1.28 - 5.328) .100* 

Heterospecific vs Virgin  0.233  (0.11 – 0.47) NS 

Conspecific vs Heterospecific 10.00  (5.65 - 24.3) .001 ** 

Virgin vs Blank 1123  (567 - 2019) ≤.0001 *** 

*P ≤.1, **P≤.05, P≤.005 NS= Not Significant 
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APPENDIX: 

List of Transcripts that were affected by heterospecific mating compared to 

conspecific matings 

D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI10093 0.0982  CG31814 FBgn0051814 1.25 

GI10205 0.0982    -1.16 

GI10647 0.0982  CG2118 FBgn0039877 1.17 

GI10877 0.0982  CG34048 FBgn0054048 1.17 

GI10884 0.0982    -1.48 

GI10905 0.0996    -1.74 

GI11051 0.0982    -1.52 

GI11085 0.0996  CG8188 FBgn0030863 1.4 

GI11087 0.0996  CG12990 FBgn0030859 -3.04 

GI11387 0.0982  CG11404 FBgn0037169 -1.61 

GI11525 0.0982  CG42348 FBgn0259679 1.32 

GI11624 0.0996 sod CG11793 FBgn0003462 1.24 

GI11811 0.0982  CG3797 FBgn0036842 1.15 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI11857 0.0919 lilli CG8817 FBgn0041111 1.54 

GI11898 0.0996    1.27 

GI12038 0.0982 vn CG10491 FBgn0003984 1.46 

GI12138 0.0996    1.26 

GI12263 0.0919    1.25 

GI12335 0.0982 ncc69 CG4357 FBgn0036279 1.09 

GI12416 0.0871  CG5971 FBgn0035918 -1.54 

GI12551 0.0871 scrt CG1130 FBgn0004880 1.31 

GI12662 0.0871  CG13047 FBgn0036594 -2.12 

GI12679 0.0982  CG32393 FBgn0052393 1.3 

GI12722 0.0996  CG1869 FBgn0035398 -1.66 

GI12806 0.0982  CG32262 FBgn0052262 1.32 

GI12974 0.0982  CG14077 FBgn0036830 1.38 

GI13194 0.0982  CG5107 FBgn0039342 -1.3 

GI13713 0.0982  CG32091 FBgn0052091 1.05 

GI13875 0.0871  CG6391 FBgn0036111 1.21 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI13934 0.0996  CG13078 FBgn0032809 1.37 

GI13948 0.0996    -1.2 

GI14001 0.0982    1.46 

GI14019 0.0996    1.47 

GI14124 0.0996    -1.51 

GI14143 0.0982  CG9940 FBgn0030512 1.35 

GI14173 0.0871    -1.96 

GI14210 0.0982    -1.73 

GI14228 0.0996    -2.14 

GI14396 0.0996    -1.72 

GI14419 0.0982    -2.67 

GI14434 0.0982    -2.58 

GI14448 0.0996    -1.58 

GI14474 0.0982    1.34 

GI14541 0.0982    -1.63 

GI14626 0.0982    1.48 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI14680 0.0871 Dhc16F CG7092 FBgn0013809 -1.41 

GI14784 0.0996 Rala CG2849 FBgn0015286 1.32 

GI14832 0.0982  CG14946 FBgn0032405 1.33 

GI15025 0.0982 Bx CG6500 FBgn0000242 1.41 

GI15217 0.0871    -1.57 

GI15685 0.0871    1.24 

GI15698 0.0996    1.06 

GI15991 0.0996 Acp32CD CG4605 FBgn0023415 -1.61 

GI16016 0.0996    -1.62 

GI16050 0.0982    -1.91 

GI16122 0.0919    1.15 

GI16123 0.0996    1.29 

GI16171 0.0996    -1.41 

GI16259 0.0871 l(1)G0136 CG8198 FBgn0026666 1.57 

GI16381 0.0982  CG42258 FBgn0259143 1.48 

GI16422 0.0982 Roc1a CG16982 FBgn0025638 1.4 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI16485 0.0982  CG14791 FBgn0025382 1.13 

GI16486 0.0982  CG32808 FBgn0052808 1.17 

GI16516 0.0982    -2.44 

GI16931 0.0919    -2.09 

GI17210 0.0871  CG16826 FBgn0032505 -9.6 

GI17238 0.0871 grk CG17610 FBgn0001137 -1.2 

GI17262 0.0996  CG31816 FBgn0051816 -1.23 

GI17295 0.0982    1.4 

GI17360 0.0996  CG18109 FBgn0028901 -2.02 

GI17544 0.0982 Tsp CG11326 FBgn0031850 -1.71 

GI17548 0.0982    -1.58 

GI17602 0.0982 yTub23C CG3157 FBgn0004176 1.48 

GI17652 0.0996  CG4993 FBgn0024734 1.44 

GI17798 0.0982  CG13784 FBgn0031897 1.32 

GI17816 0.0982  CG17124 FBgn0032297 1.54 

GI17824 0.0996 Lip1 CG7279 FBgn0023496 -1.63 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI17948 0.0871 Pkd2 CG6504 FBgn0041195 -1.7 

GI18140 0.0982 salm CG6464 FBgn0004579 1.22 

GI18167 0.0871  CG5203 FBgn0027052 1.27 

GI18285 0.0871  CG31716 FBgn0051716 1.37 

GI18304 0.0982    1.39 

GI18311 0.0996    1.14 

GI18443 0.0996 Cbp53E CG6702 FBgn0004580 1.1 

GI18501 0.0982    1.59 

GI18574 0.0996 l(2)k01209 CG4798 FBgn0022029 1.22 

GI18577 0.0982  CG18467 FBgn0034218 1.32 

GI18814 0.0996  CG9308 FBgn0034681 1.32 

GI18846 0.0871  CG5591 FBgn0034926 1.33 

GI19181 0.0982 itp CG13586 FBgn0035023 1.38 

GI19231 0.0982 Obp58c CG13524 FBgn0034769 -1.8 

GI19270 0.0871  CG2269 FBgn0033484 1.07 

GI19459 0.0996  CG1407 FBgn0033474 1.49 



36 

 

D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI19510 0.0996    1.22 

GI19784 0.0871  CG12821 FBgn0040780 1.29 

GI19840 0.0871    1.29 

GI19873 0.0996 Obp47b CG13208 FBgn0033614 1.16 

GI20186 0.0982    1.3 

GI20217 0.0996    1.38 

GI20450 0.0996  CG8485 FBgn0033915 1.28 

GI20562 0.0996 ppk12 CG10972 FBgn0034730 -2.01 

GI20568 0.0982  CG16926 FBgn0040732 1.63 

GI20610 0.0871 Tim10 CG9878 FBgn0027360 1.25 

GI20633 0.0982    -1.11 

GI20647 0.0919 Lsp2 CG6806 FBgn0002565 -1.46 

GI20679 0.0996 tsr CG4254 FBgn0011726 1.45 

GI20683 0.0996 Ppt2 CG4851 FBgn0032358 1.2 

GI20714 0.0996 Ca-P60A CG3725 FBgn0004551 1.25 

GI20867 0.0982 HmgZ CG17921 FBgn0010228 1.45 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI21077 0.0982  CG15905 FBgn0034462 -1.38 

GI21306 0.0996  CG9849 FBgn0034803 1.35 

GI21364 0.0982    -1.32 

GI21680 0.0982    1.19 

GI21686 0.0982  CG16721 FBgn0029820 1.36 

GI21701 0.0996  CG4133 FBgn0031257 1.18 

GI21707 0.0982  CG10946 FBgn0029974 1.11 

GI21807 0.0871  CG3973 FBgn0029881 1.31 

GI21815 0.0996    -1.32 

GI21862 0.0996    -1.61 

GI21871 0.0982    1.47 

GI21874 0.0982    -2.38 

GI21879 0.0982    -1.6 

GI21881 0.0982    -1.78 

GI22116 0.0871    -1.24 

GI22361 0.0996 npf CG10342 FBgn0027109 1.33 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI22432 0.0996  CG4703 FBgn0038742 -1.34 

GI23091 0.0996  CG14312 FBgn0038596 1.29 

GI23221 0.0982 Atx2 CG5166 FBgn0041188 1.15 

GI23349 0.0996    1.34 

GI23403 0.0871  CG31871 FBgn0051871 -1.34 

GI23598 0.0982  CG9361 FBgn0037690 1.38 

GI23618 0.0982  CG30354 FBgn0050354 1.52 

GI23638 0.0871    1.22 

GI23646 0.0996 Or83a CG10612 FBgn0037322 -1.38 

GI23717 0.0871 Cbp20 CG12357 FBgn0022943 1.34 

GI23861 0.0982 mRpL37 CG42632 FBgn0037833 1.13 

GI23935 0.0919    1.1 

GI24131 0.0982  CG31472 FBgn0051472 1.29 

GI24166 0.0996  CG18428 FBgn0039149 1.26 

GI24355 0.0982  CG13124 FBgn0032156 1.52 

GI24393 0.0982 Osi5 CG15590 FBgn0037413 -1.26 
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D. 
mojavensis 
annotation 

ID 

q-value D. mel. 
ortholog 

D. mel. 
annotation 

symbol 

D. melanogaster 
Flybase Gene ID 

Fold 
Change 

GI24540 0.0982  CG31326 FBgn0051326 -1.18 

GI24700 0.0982    1.24 

GI24705 0.0982    -4.4 

GI24868 0.0982  CG7483 FBgn0037573 1.11 
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