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Table 3. Summary of mushroom body specific hyperactivation on female receptivity. 

Anatomical 
Expression Driver Genotype 

# 
Assayed/ 

# 
Courted 

% 
copulated 
of courted 

Chi 
Square p 

Chi 
Square 
Value 

Pairwise x2 p 
treatment vs. 
Gal4 control 

Pairwise x2 p 
treatment vs. 
UAS control 

Kaplan Meier 
Logrank 
Statistic 

Logrank 
p 

Pairwise Logrank 
p treatment vs. 
Gal4 Control 

Pairwise Logrank 
p treatment vs. 
UAS Control 

Whole MB 

rutabaga 
Gal4/UAS 65/38 71.05% 

0.266153 2.647 0.113945 0.697499 1.79 0.4 0 0 Gal4/wt 65/27 51.85% 
wt/UAS 65/30 66.67% 

MB152 
Gal4/UAS 45/30 70.00% 

0.542212 1.224 0.337744 0.331789 0.63 0.7 0 0 Gal4/wt 45/26 57.69% 
wt/UAS 45/31 58.06% 

Alpha 
Prime / 

Beta Prime 

MB005 
Gal4/UAS 46/25 68.00% 

0.106333 4.482 0.042254 0.751 1.49 0.5 0 0 Gal4/wt 46/30 90.00% 
wt/UAS 46/32 71.88% 

MB461 
Gal4/UAS 64/45 51.11% 

0.027003 7.223 0.052282 0.012465 6.79 0.03 0.037 0.037 Gal4/wt 64/42 71.43% 
wt/UAS 64/43 76.74% 

Alpha / 
Beta 

MB008 
Gal4/UAS 51/25 48.00% 

0.298132 2.420 0.162275 0.194275 2.5 0.3 0 0 Gal4/wt 51/30 66.67% 
wt/UAS 51/29 65.52% 

MB185 
Gal4/UAS 63/45 68.89% 

0.953033 0.096 0.764164 0.835406 0.19 0.9 0 0 Gal4/wt 63/41 65.85% 
wt/UAS 63/33 66.67% 

Gamma 

MB009 
Gal4/UAS 44/27 66.67% 

0.272062 2.603 0.640229 0.111181 1.61 0.4 0 0 Gal4/wt 44/29 72.41% 
wt/UAS 44/32 84.38% 

MB131 
Gal4/UAS 52/34 38.24% 

0.010389 9.133 0.287561 0.002633 13.12 0.001 0.2956 0.0015 Gal4/wt 52/27 51.85% 
wt/UAS 52/32 75.00% 

Gamma 
Subregion 

MB419 
Gal4/UAS 58/40 60.00% 

0.909232 0.190 0.707184 0.707184 0.86 0.7 0 0 Gal4/wt 58/39 64.10% 
wt/UAS 58/39 64.10% 

MB607 
Gal4/UAS 63/51 56.86% 

0.474035 1.492 0.300561 0.880418 1.24 0.5 0 0 Gal4/wt 63/40 67.50% 

wt/UAS 63/38 55.26% 
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3.3 SIFamide 

The identification of the MBs as a modulator of female receptivity warrants further 

experiments to delineate the specific neural circuitry through which the MB elicits these 

effects. As mentioned previously, the neuropeptide SIFamide has also been implicated in 

female receptivity (Terhzaz et al. 2007). Experiments were performed to determine if 

SIFamide conveys its effects on female receptivity through action on the MBs. 

3.3.1  SIFamide receptor knockdown in the MB does not 

influence female receptivity. 

Expression of the SIFamide receptor RNAi in the whole MB or the gamma lobe did not 

result in any notable change to female receptivity (Table 4). Comparison of proportion of 

copulating females in rutabaga-Gal4/+;UAS-SIFamideRRNAi/+ vs. genetic controls 

produced a significant result (x2 = 6.78, df = 2, p = 0.03), however pairwise comparisons 

revealed a control genotype was the major contributor to the identified differences. The same 

is true for courtship duration (Kaplan Meier Logrank p = 0.02).  

3.4 40F04 Aggression 

Female receptivity or rejection are only two of many potential behavioural responses females 

can display toward other flies. Another example of a potential response, arguably in theme 

with female rejection, is aggression. This section explores the effects of hyperactivating a 

subset of dsx neurons on aggressive behaviour. 

3.4.1  Hyper-activation of 40F04 neurons induces aggression 

and excessive grooming in females 

40F04-Gal4/+;UAS-dTRPA1/+ females were observed displaying high amounts of several 

different types of aggressive behaviour when paired with wildtype D. melanogaster males 

(Figure 13). The almost complete lack of aggressive behaviour in control genotype females, 

resulting in mostly zero values, prevented the use of most conventional statistical tests. As 
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opposed to comparing the precise quantities of aggressive behaviour between genotypes, the 

Kruskal Wallis test was employed to rank flies from least to most aggressive and 

subsequently test the distribution of female genotypes over the ranking. Not surprisingly, this 

test showed hugely significant differences in total aggressions between groups (Kruskal-

Wallis x2 = 26.681, df = 2, p = 4.73 x 10-6). The Dunn post hoc test revealed significant 

differences between 40F04-Gal4/+;UAS-dTRPA1/+ females and both controls, but no 

difference between controls (pairwise Kruskal-Wallis vs. Gal4 control p = 5.06 x 10-5, 

pairwise Kruskal-Wallis vs. UAS control p = 5.06 x 10-5).  

40F04-Gal4/+;UAS-dTRPA1/+ females also displayed a second phenotype – frequent head 

grooming (Figure 13). Head grooming instances were found to be statistically significant 

between groups (Kruskal-Wallis x2 = 21.137, df = 2, p = 2.57 x 10-5), with post hoc analysis 

confirming differences between 40F04-Gal4/+;UAS-dTRPA1/+ females and both controls, 

and no differences between controls (pairwise Kruskal-Wallis vs. Gal4 control p = 1.08 x 10-

2, pairwise Kruskal-Wallis vs. UAS control p = 1.54 x 10-5). This grooming phenotype from 

hyperactivating these particular neurons has been corroborated by literature (Seeds et al. 

2014). 
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Table 4. Summary of mushroom body specific knockdown of the receptor for SIFamide. 

Anatomical 
Expression Driver Genotype 

# 
Assayed/ 
# Courted 

% 
copulated 
of courted 

Chi 
Square 

p 

Chi 
Square 
Value 

Pairwise x2 p 
treatment vs. 
Gal4 control 

Pairwise x2 p 
treatment vs. 
UAS control 

Kaplan 
Meier 

Logrank 
Statistic 

Logrank 
p 

Pairwise Logrank 
p treatment vs. 
Gal4 Control 

Pairwise Logrank p 
treatment vs. UAS 

Control 

whole MB rutabaga 
Gal4/UAS 64/43 51.16% 

0.03376 6.7769 0.01742 0.83853 8.16 0.02 0.029 0.997 Gal4/wt 64/45 75.56% 

wt/UAS 64/45 53.33% 

Gamma MB009 
Gal4/UAS 50/37 54.05% 

0.93058 0.1439 0.92784 0.71064 0.37 0.8 0 0 Gal4/wt 50/29 55.17% 

wt/UAS 50/29 58.62% 
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Figure 13. Hyperactivation of dsx pC1 & pC2 neurons defined by the 40F04-Gal4 (A) 
incites high levels of female aggression toward wildtype D. melanogaster males (n = 10, 
Kruskal-Wallis x2 = 26.681, df = 2, p = 4.73 x 10-6, pairwise Dunn test vs. Gal4 control p = 
5.06 x 10-5, pairwise Dunn test vs. UAS control p = 5.06 x 10-5) and (B) incites high levels 
of head grooming (n = 10, Kruskal-Wallis x2 = 21.137, df = 2, p = 2.57 x 10-5, pairwise 
Dunn test vs. Gal4 control p = 1.08 x 10-2, pairwise Dunn test vs. UAS control p = 1.54 x 10-

5). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
  
 

3.4.2  40F04-Gal4/+;UAS-dTRPA1/+ females display 

aggression toward heterospecific males and conspecific 

females 

When paired with wildtype Drosophila simulans males, 40F04-Gal4/+;UAS-dTRPA1/+ 

females continue to display aggressive and grooming behaviors, while control genotype 

females do not (Figure 14). Kruskal Wallis analysis showed that a statically significant 

difference in total aggression exists between experimental groups (Kruskal-Wallis x2 = 

25.003, df = 2, p = 3.72 x 10-6). Dunn post hoc analysis confirmed the difference identified 

by Kruskal Wallis test is the result of 40F04-Gal4/+;UAS-dTRPA1/+ females and not 

differences between controls (pairwise Dunn test vs. Gal4 control p = 1.78 x 10-4, pairwise 

Dunn test vs. UAS control p = 1.33 x 10-5). Much of the same is true for the persistence of the 

head grooming phenotype with this new partner. A Kruskal Wallis test showed a significant 

difference between female genotypes with regard to head grooming, and Bunn post hoc test 

A B 
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Figure 14. 40F04-Gal4/+;UAS-dTRPA1/+ females display aggression toward (A) 
wildtype D. simulans males (n = 10, Kruskal-Wallis x2 = 25.003, df = 2, p = 3.72 x 10-6, 
pairwise Kruskal-Wallis vs. Gal4 control p = 1.78 x 10-4, pairwise Dunn test vs. UAS 
control p = 1.33 x 10-5), and (B) wildtype D. melanogaster females (n = 10, Kruskal-Wallis 
x2 = 21.827, df = 2, p = 1.82 x 10-5, pairwise Dunn test vs. Gal4 control p = 5.97 x 10-5, 
pairwise Dunn test vs. UAS control p = 4.65 x 10-4). 

showed the differences to be localized 40F04-Gal4/+;UAS-dTRPA1/+ females and not 

controls (Kruskal-Wallis x2 = 20.434, df = 2, p = 3.65 x 10-5, pairwise Dunn test vs. Gal4 

control p = 1.75 x 10-3, pairwise Dunn test vs. UAS control p = 6.12 x 10-5). 

40F04-Gal4/+;UAS-dTRPA1/+ females also retain aggressive and head grooming 

phenotypes when partnered with wildtype Drosophila melanogaster females (Figure 14). 

Once again, Kruskal Wallis tests revealed significant differences in both total aggression 

(Kruskal-Wallis x2 = 21.827, df = 2, p = 1.82 x 10-5, pairwise Dunn test vs. Gal4 control p = 

5.97 x 10-5, pairwise Dunn test vs. UAS control p = 4.65 x 10-4) and head grooming (Kruskal-

Wallis x2 = 9.58, df = 2, p = 0.008, pairwise Dunn test vs. Gal4 control p = 0.005, pairwise 

Dunn test vs. UAS control p = 0.354) between female genotypes.  
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3.4.3  Partner type affects amount of specific aggressive 

behaviours in 40F04-Gal4/+;UAS-dTRPA1/+ females 

Although 40F04-Gal4/+;UAS-dTRPA1/+ females display aggressive behaviours toward 

conspecifics of either sex as well as heterospecific males, the amounts of aggressive 

behaviour displayed to different partners is not equal (Figure 15). Use of a Poisson logistic 

regression to compare total aggression counts for 40F04-Gal4/+;UAS-dTRPA1/+ females 

paired with each partner type showed a statistically significant difference exists (Poisson 

regression z = 8.28, p = 2.0 x 10-16). A modified Tukey post hoc test was used to assess the 

pair-wise differences in aggression counts for each partner type. D. melanogaster males and 

D. simulans males were found to not be statistically different with regard to total aggression 

counts, whereas D. melanogaster females were found to receive statistically less aggression 

than both D. melanogaster males and D. simulans males (post hoc pairwise Tukey contrasts 

melanogaster males vs. simulans males p = 0.297, melanogaster males vs. melanogaster 

females p = 2.22 x 10-16, simulans males vs. melanogaster females p = 2.0 x 10-16). This 

remains true for most specific aggressive behaviours (Table 5), with the exception of 

headbutts (shoving). Headbutts were more commonly displayed by 40F04-Gal4/+;UAS-

dTRPA1/+ females paired with D. melanogaster females (Poisson regression z = -5.673, p = 

1.4 x 10-8, pairwise melanogaster female vs. melanogaster male Tukey p = 2.0 x 10-16, 

melanogaster female vs. simulans male Tukey p = 1.4 x 10-8). Additionally, head grooming 

counts were less frequent in 40F04-Gal4/+;UAS-dTRPA1/+ females paired with D. 

melanogaster females (Poisson regression z = 6.849, p = 7.46 x 10-12, pairwise melanogaster 

female vs. melanogaster male Tukey p =7.46 x 10-12, melanogaster female vs. simulans male 

Tukey p = 1.24 x 10-14).  
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Figure 15. 40F04-Gal4/+;UAS-dTRPA1/+ females display more aggression toward males, 
regardless of species (n = 10, Total aggression Poisson regression z = 8.28, p = 2.0 x 10-16, 
post hoc pairwise Tukey contrasts melanogaster males vs. simulans males p = 0.297, 
melanogaster males vs. melanogaster females p = 2.22 x 10-16, simulans males vs. 
melanogaster females p = 2.0 x 10-16).  

 

 
 
Table 5. Statistical differences of aggressive behaviours displayed by 40F04-Gal4/+;UAS-
dTRPA1/+ toward D. melanogaster males, D. melanogaster females, and D. simulans males. 

Behaviour Poisson 
z value 

Poisson p value Post hoc Tukey 
p mel M vs. sim 

M 

Post hoc Tukey 
p mel M vs. mel 

F 

Post hoc Tukey p 
sim M vs. mel F 

Total 8.28 2.0 x 10^-16*** 0.297 2.0 x 10^-16*** 2.22 x 10^-16*** 

Orient 7.389 1.48 x 10^-
13*** 

0.89 6.0 x 10^-14*** 1.48 x 10^-13*** 

Approach 4.92 8.64 x 10^-7*** 0.0131* 8.64 x 10^-7*** 5.0 x 10^-13*** 

Wing Threat 7.129 1.01 x 10^-
12*** 

0.011* 2.0 x 10^-16*** 1.01 x 10^-12*** 

Head-butt -5.673 1.4 x 10^-8*** 3.25 x 10^-5*** 2.0 x 10^-16*** 1.40 x 10^-8*** 

Other 1.931 0.053 0.733 0.535 0.0243* 

Grooming 6.849 7.46 x 10^-
12*** 

0.434 7.46 x 10^-
12*** 

1.24x10^-14*** 
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Evaluation of whether movement is necessary to incite aggressive behaviours from 40F04-

Gal4/+;UAS-dTRPA1/+ females was conducted by pairing 40F04-Gal4/+;UAS-dTRPA1/+  

females with various partners varying in the stimuli they present. Hyper-locomotive females 

were used to assess if the lower amounts of aggression directed toward wildtype 

melanogaster females is potentially a product of differences in locomotion between the 

sexes. The amount of aggression displayed toward hyperlocomotive females was 

considerably higher than aggression toward wildtype melanogaster females (Figure 16; 

Poisson regression z =, p = 2.0 x 10-16, pairwise hyperlocomotive female vs. wt melanogaster 

female Tukey p = 2.0 x 10-16). Headless wildtype D. melanogaster males, which retain 

normal male chemical cues but lack male behaviour, were used to test whether male chemical 

cues or visual presence are sufficient to elicit 40F04-Gal4/+;UAS-dTRPA1/+ female 

aggression. Interestingly, and potentially amusingly, 40F04-Gal4/+;UAS-dTRPA1/+ females 

also display aggressive behaviours toward these headless male partners (Figures 16 & 

17)(Kruskal-Wallis x2 = 21.8, df = 2, p = 1.82 x 10-5, pairwise Kruskal-Wallis vs. Gal4 

control p = 5.97 x 10-5, pairwise Kruskal-Wallis vs. UAS control p =4.65 x 10-4). However, 

headless males incite less aggression than live wildtype melanogaster males (Figure 16; 

Poisson regression z =, p = 2.0 x 10-16, pairwise headless male vs. wt melanogaster male 

Tukey p = 2.0 x 10-16). Preliminary experiments have also shown extreme aggression 

between a pair of 40F04-Gal4/+;UAS-dTRPA1/+ females. Aggression between this pairing 

lacks formal experimentation and quantification, but observations include escalated 

aggression behaviours not seen in any previous partner type, including boxing and tussling.  
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Figure 16. Hyperlocomotive females and headless males both receive aggression from 
40F04-Gal4/+;UAS-dTRPA1/+ females. Hyperlocomotive females receive more aggression 
than wt females (n = 10, Poisson regression z =, p = 2.0 x 10-16, pairwise hyperlocomotive 
female vs. wt melanogaster female Tukey p = 2.0 x 10-16), while headless males receive less 
aggression than their live wt male counterparts (n = 10, Poisson regression z =, p = 2.0 x 10-

16, pairwise headless male vs. wt melanogaster male Tukey p = 2.0 x 10-16). 

 

 
Figure 17. 40F04-Gal4/+;UAS-dTRPA1/+ female aggression toward headless males is 
significantly higher than controls (n = 10, Poisson regression z =, p = 2.0 x 10-16, pairwise 
headless male vs. wt melanogaster male Tukey p = 2.0 x 10-16). 
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3.4.4  Preliminary: Females with split-Gal4 targeted hyper-

activation of 40F04 neurons also expressing dsx retain 

aggressive phenotypes but lack excessive grooming 

Split-Gal4 hemidrivers were used together to restrict expression of dTRPA1 exclusively to 

40F04 neurons expressing dsx. 71042, an AD hemidriver version of 40F04, was paired with a 

dsxDBD hemidriver as well as UAS-dTRPA1. Five females containing all three transgenics 

were observed to retain the aggressive phenotype but lacked the grooming phenotype. 

Qualitatively, the aggression displayed by 71042/UAS-dTRPA1;dsxDBD-split-Gal4 females 

was less intense than that of binary 40F04-Gal4/+;UAS-dTRPA1/+ females. However, these 

observations are preliminary and require proper controls and quantification prior to formal 

analysis.  

3.4.5  40F04-Gal4/+;UAS-dTRPA1/+ males display grooming 

phenotype and substantially less aggression than females 

40F04-Gal4/+;UAS-dTRPA1/+ males paired with wildtype D. melanogaster males were 

shown to exhibit the excessive grooming phenotype observed in 40F04-Gal4/+;UAS-

dTRPA1/+ females, and display a slight but significant increase in aggression (Figure 18). 

However, these males lack the extreme aggression observed in 40F04-Gal4/+;UAS-

dTRPA1/+ females (Figure 18; note difference in y-axis scale). 40F04-Gal4/+;UAS-

dTRPA1/+  males were found to have significantly higher counts of total aggression 

behaviours than genetic controls (Kruskal-Wallis x2 = 11.478, df = 2, p = 0.003). However, 

40F04-Gal4/+;UAS-dTRPA1/+ male aggression is not nearly as prevalent as 40F04-

Gal4/+;UAS-dTRPA1/+  female aggression – the minimum and maximum counts of total 

aggression from 40F04-Gal4/+;UAS-dTRPA1/+ males are 0 and 9 (mean = 2.3), while 

40F04-Gal4/+;UAS-dTRPA1/+ females range from 17 to 115 (mean = 86.9). Statistical 

comparison of 40F04-Gal4/+;UAS-dTRPA1/+ males and 40F04-Gal4/+;UAS-dTRPA1/+ 

females paired with wildtype D. melanogaster males showed a significantly higher amount 

of aggression in 40F04-Gal4/+;UAS-dTRPA1/+  females (Kruskal-Wallis x2 = 14.5, df = 1, p 

= 0.0001).  
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Figure 18. 40F04-Gal4/+;UAS-dTRPA1/+ males display (A) significant but low amounts of 
aggression (n = 10, Kruskal-Wallis x2 = 11.478, df = 2, p = 0.003; note reduced scale of y-
axis compared to those used for females), and (B) excessive grooming (n = 10, Kruskal-
Wallis x2 = 25.157, df = 2, p = 3.44 x 106). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Additionally, in preliminary experiments 71042 split-Gal4AD/wt;dsxDBD/UAS-dTRPA1 

males (n = 9) were qualitatively observed to also lack the aggression phenotype, much like 

40F04-Gal4/+;UAS-dTRPA1/+  males. Grooming was also not observed in 71042 split-

Gal4AD/+;dsxDBD/UAS-dTRPA1 males, consistent with the observations of 71042 split-

Gal4AD/+;dsxDBD/UAS-dTRPA1 females.  However, 71042 split-Gal4AD/+;dsxDBD/UAS-

dTRPA1 males were observed courting both male and female partners. Formal 

experimentation is needed to determine if this courtship behaviour is statistically different 

than control genotypes. 

A B 
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4 Discussion 
 

4.1 Silencing the Mushroom Body Reduces Female Receptivity 
 

The mushroom bodies (MB) have been proposed as an area of sensory integration (Davis 

1993; Yagi et al. 2016), and thus I predicted that manipulation of this neural structure would 

also affect female receptivity. As hypothesized, manipulation of the MB (specifically 

silencing) was shown to affect female receptivity. Expression of shibirets1 using two unique 

MB-specific Gal4 driver lines, rutabaga-Gal4 and MB152 split-Gal4, produced near 

identical differences between treatment and control genotypes. The differences observed in 

these experiments retained their statistical significance following a false discovery rate 

correction for multiple testing. This strong effect witnessed from two unique drivers 

expressing in the same anatomical region demonstrates the MB is biologically important to 

the process of female receptivity. 

 

In contrast to the result that silencing the MB decreases receptivity, it has previously been 

shown that ablation of the MBs is insufficient to produce changes in female receptivity 

(Neckameyer 1998a). Although silencing and ablation are intuitively similar (both result in a 

lack of outgoing signal), the discrepancy of these results may highlight a functional 

difference between these means of neural activity modification, especially with regard to 

temporal modifications. In the Neckamayer experiment, ablation occurred early in 

development, meaning alternative compensatory circuitry may have developed, masking the 

true behavioural effects of lacking the MB. Alternatively, the elimination of these neurons 

early in development may have prevented formation of particular adjacent neural connections 

that are critical for rejection behaviour to be performed. Silencing the MB exclusively in 

adults during behavioural experimentation, as I did, bypasses these potential problems.  

 

While silencing of the MB produced differences in female receptivity, hyperactivation of the 

same region using the same Gal4 drivers produced no such differences in behaviour. One 

might expect, given that silencing the MB decreases receptivity, that hyperactivation of the 

MB would increase receptivity. There are several potential reasons why this may not be the 

case. Firstly, if the MB is indeed an area of sensory integration, it may exert its effects on 
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female receptivity exclusively through proper processing of courtship-relevant stimuli, and 

not by elicitation of behavioural responses. Silencing the MB would then prevent proper 

sensory processing, leading to lack of proper courtship evaluation/recognition and ultimately 

lack of copulation. In this hypothesis, if the MB were to be hyper-activated, the only result 

would be more “active” processing of sensory information, although the evaluation of 

courtship quality and subsequent response would be unchanged. This would explain the lack 

of difference female receptivity between females with hyperactivated MBs when compared 

to their genetic controls. An alternative explanation is that a brain region downstream of the 

MB requires sufficient MB signaling to elicit acceptance behaviours. The lack of such 

signaling as seen in MB-silenced females results in slower and less frequent acceptance. A 

surplus of such signaling as seen in MB-hyperactivated females does not induce more 

acceptance, potentially through saturation of the signaling required by the downstream region 

to elicit acceptance. Both of these interpretations, however, are somewhat at odds with the 

previously discussed study showing the ablation of MBs is insufficient to cause differences 

in female receptivity (Neckameyer 1998a). Given the structural and functional complexity of 

the MB, is also possible that the MB is involved in several processes relevant to female 

receptivity and that its hyperactivation causes opposing behavioural changes elicited by 

different sub regions to mask one another. For this last reason, it is essential to assess the 

roles of specific regions within the MB. 

 

4.2 Individual Lobes of the Mushroom Body Influence Female 
Receptivity 

 

Silencing, but not hyperactivating, the alpha / beta lobes was found to significantly affect 

female receptivity. These lobes were assessed using two different lobe-specific drivers: 

MB008 and MB185. Interestingly, shibirets1 expressed by the MB008 split-Gal4, a driver 

also specific to the alpha / beta lobes, did not replicate the significant effect seen in MB185 

split-Gal4;UAS-shibirets1 females. This highlights a major motivation for using multiple 

drivers specific to the same anatomical region: Gal4 and split-Gal4 drivers are not perfect 

representations of anatomy. For example, a Gal4 driver may express exclusively within the 

alpha / beta lobes, but that does not mean all alpha / beta cells are being manipulated. 

Though they both express within the alpha / beta lobes, MB185 and MB008 are different 
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drivers composed of different enhancer regions. This means that the specific cells expressing 

Gal4 would be expected to be slightly different between MB185 and MB008. MB185 was 

sufficient to reveal an effect, but MB008 may have been ineffective in manipulating the 

precise neurons required to reveal the influence of the alpha / beta lobes on female 

receptivity.  

 

Hyperactivation of the alpha / beta lobes in MB185 split-Gal4;UAS-dTRPA1 females did not 

produce changes in female receptivity. As silencing these neurons produced a robust 

decrease in receptivity, one might expect hyperactivation of the same neurons to cause the 

opposite effect of increasing receptivity. This logic was discussed previously in regard to 

whole-MB silencing and hyperactivation, and many of the interpretations listed there are also 

applicable here.  

 

Hyperactivation of the alpha prime / beta prime lobes was also shown to decrease female 

receptivity for one of the lobe-specific drivers used (MB461), but the data were found not 

statistically significant after false discovery rate correction for multiple testing. Additionally, 

the other driver used to express dTRPA1 in these lobes did not produce a statistically 

significant difference in female receptivity when compared to controls. Therefore, the 

observation of decreased receptivity when hyperactivating the alpha prime / beta prime lobes 

lacks 1) the corroboration by use of multiple drivers as seen in the whole MB data, and 2) 

robust statistical significance seen in MB185 split-Gal4;UAS-shibirets1 females. Together, 

these shortcomings may be interpreted as a lack of genuine influence, or could be a false 

negative result, thus further investigation may be warranted.  

 

In attempting to further delineate the roles of the alpha / beta lobes in female receptivity, it 

may be worthwhile to assess which neurotransmitters are necessary to produce the changes in 

receptivity observed here. One neurotransmitter occasionally discussed in regard to the MB 

and female receptivity is dopamine (Neckameyer 1998b,a; Zhang et al. 2007; Aso et al. 

2014). The alpha lobes (as well as alpha prime lobes) have been shown be innervated by 

dopaminergic neurons, as well as express dopamine themselves (Mao 2009).  
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The results gathered through use of the lobe-specific drivers show that individual lobes can 

have an effect on female receptivity. This observation may lend credence to the idea that the 

anatomical and functional complexity of the MB allows for specific functions to be localized 

to specific areas of the structure. To ensure that this is in fact the case, the influence of other 

regions of the MB on female receptivity must be ruled out. Many of the data in this thesis lay 

the foundation for this exclusion of some MB regions as candidates for effectors of female 

receptivity.  

 

4.3 The Potential Influence of Other Tested Lobes 
 

The notion that Gal4 and split-Gal4 drivers are not perfect anatomical representations of 

their targeted brain regions, and thus may not always be capable of revealing a region’s 

influence on a process, has broader implications for the data of this thesis. Many of the 

chosen drivers did not produce any significant changes in female receptivity behaviour when 

combined with UAS-dTRPA1 or UAS-shibirets1. However, this cannot be interpreted as the 

targeted brain areas being unimportant for the process of female receptivity. It is entirely 

possible that the tested brain regions may influence female receptivity, but the chosen drivers 

did not reveal their effects. This could be due to conflicting effects within a single lobe, or 

due to the chosen drivers not being expressed in every cell of the target lobe. It may also be 

possible that tested lobes have subtle effects on receptivity, and manipulating them 

individually elicits only minor changes not deemed significant by statistical analysis. For 

these reasons, no broad conclusions about functional segregation within the MB can yet be 

made. The alpha / beta lobes can be said to influence female receptivity with a good degree 

of confidence, and the alpha prime beta prime lobes may also contribute. 

 

4.4 SIFamide Receptor Knockdown in the Mushroom Body 
Does Not Influence Female Receptivity 

 

Site-specific knockdown of the SIFamide receptor in both the whole mushroom body and 

gamma lobe of the mushroom body did not significantly affect female receptivity. The lack 

of difference between experimental and control genotypes seen here can be interpreted in 

several ways. Firstly, it is possible that the RNAi knockdown is not sufficient to completely 
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eradicate the receptor. There are no previously reported tests of the efficiency of the 

knockdown for this line, and therefore assessment confirming RNAi knockdown is needed. 

Alternatively, SIFamide may elicit its effects on female receptivity through action on 

different anatomical regions. As mentioned previously, SIFamide neurons, and the brain 

region they occupy, innervate various regions of the protocerebrum. Many of these regions 

are currently being assessed, though data will not be complete in time for inclusion in this 

thesis. It may also be possible that SIFamide acts on the MB and multiple other regions to 

effect female receptivity, and thus knocking down its receptor in only the MB is insufficient 

to cause the phenotypes seen in individuals with ablated SIFamide neurons – lack of 

SIFamide signaling in the MB may be compensated for by the other regions in the circuit.  

 

4.5 Characterizing 40F04-Gal4/+;UAS-dTRPA1/+ Female 
Behavioural Phenotype 

 

In 2016, the Goodwin lab published a study in which they found that 40F04-Gal4/+;UAS-

dTRPA1/+ males had increased courtship, then tested this same driver in females with the 

goal to show that these same neurons incite courtship in females. They found that females did 

indeed show approach and wing behaviours, which they interpreted as male-like courtship. 

However, there are a few distinct differences in these behavioural patterns that ensure the 

observed phenotype in 40F04-Gal4/+;UAS-dTRPA1/+ females is indeed aggression, and not 

male courtship. The most pronounced differences are the wing behaviours and approaches 

that are distinct between aggression and male courtship. The wing displays of aggressive 

females include wing threats and wing claps. Wing claps involve one wing being extended to 

a roughly 90 degree angle from the body, then returning to original position, similar to how a 

male holds his wing during courtship wing song (Greenspan and Ferveur 2002; Nilsen et al. 

2004). Wing threats, however, involve the extension of both wings to roughly 45 degrees, a 

behaviour that is distinct from what is observed during male courtship displays.  

 

Likewise, while a male will approach and gently tap a female with his foreleg during 

courtship, the aggressive females display high incidences of head-butting or shoving, in 

which the 40F04-Gal4/+;UAS-dTRPA1/+ female will strike the partner fly with their head 

such that the partner fly is moved. Instances of head-butting are in part facilitated by the 
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partner fly, as aggressive individuals require the partner to be relatively stationary in order to 

elicit a head-butt or shove. Therefore, instances of head-butting and shoving are much more 

visually apparent when 40F04-Gal4/+;UAS-dTRPA1/+  females are paired with more 

stagnant partners (wildtype melanogaster females or headless wildtype males). Additionally, 

pairing 40F04-Gal4/+;UAS-dTRPA1/+ females together produces interactions exceptionally 

distinct from courtship. These flies display a number of aggressive behaviours not displayed 

by 40F04-Gal4/+;UAS-dTRPA1/+ females with any other partner yet attempted. These 

behaviours include boxing and tussling. 

 

4.6 40F04-Gal4/+;UAS-dTRPA1/+ Induces Sex-Specific High 
Levels of Aggression 

 

Perhaps the most exciting aspect of the female aggression phenotype I observed is the 

differences observed between the sexes: 40F04-Gal4/+;UAS-dTRPA1/+ males display 

similar grooming to that observed in 40F04-Gal4/+;UAS-dTRPA1/+ females, but do not 

display aggression nearly to the same extent. Further, the aggression that is induced in 

females is female-like rather than male-like in terms of the types and amounts of aggressive 

behaviours. Therefore, the aggression induced in 40F04-Gal4/+;UAS-dTRPA1/+ females is 

sex-specific. To my knowledge, this is the first identified neural subset implicated in female-

specific aggression.  

 

Many of the aggressive behaviours demonstrated by 40F04-Gal4/+;UAS-dTRPA1/+ females 

are typical of both male and female aggression, namely orienting, approaching, and wing 

threats. However, high frequencies of head-butting (a form of shoving) were witnessed in 

40F04-Gal4/+;UAS-dTRPA1/+  females, which is a female-specific behaviour (Nilsen et al. 

2004). The presence of this behaviour in combination with the relatively high frequency at 

which it is observed indicates that the aggression demonstrated by 40F04-Gal4/+;UAS-

dTRPA1/+ females is stereotypically female. 

 

It is worth consideration that previous characterization of aggression differences between the 

sexes has come from experiments carried out almost exclusively with same sex pairs (Nilsen 

et al. 2004). This was a necessary condition to prevent confounding courtship behaviours, 
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however it does place limits on the robustness of the produced behavioural ethograms. As 

was demonstrated in this thesis, types and amounts of specific aggression behaviour may 

vary depending on stimuli presented by the partner fly. Had females in this earlier study been 

made to be aggressive and instead paired with a non-courting male, they may have 

demonstrated different frequencies or sequences of behaviours, or perhaps even different 

behaviours, thus producing a different ethogram. Additionally, these ethograms are context 

specific – flies are made to fight over a limited resource (males over a headless female, and 

females over yeast paste). As flies are attempting to defend this resource, and thus 

positioning themselves close to it, aggression ethograms would likely be different in the 

absence of any resource to defend. All of these reservations are best exemplified by the 

pairing of 40F04-Gal4/+;UAS-dTRPA1/+ aggressive females. 40F04-Gal4/+;UAS-

dTRPA1/+ females in this new context demonstrate different behaviours, such as boxing and 

tussling which were thought to be exclusively male behaviours. These ethograms are 

therefore more accurately representative of male vs. male and female vs. female resource 

competition aggression, as opposed to male and female aggression in all contexts.  

 

Taking this into consideration, it is difficult to conclude whether there is a stereotypically 

sex-specific nature to the behaviours demonstrated by 40F04-Gal4/+;UAS-dTRPA1/+ 

females. Although head butting is a strong indication of female-specific aggression based on 

the existing ethograms, males may potentially be made to demonstrate this behaviour in yet 

unexplored circumstances (ex. fights with less mobile partners).  

 

With the benefit of hindsight, the role of dsx neurons in female aggression may have been 

predictable based on the observation that some dsx neurons have already been implicated in 

male aggression (Koganezawa et al. 2016). These same neurons were also shown to effect 

male courtship, and were proposed as a switch between these two distinct behaviours. Due to 

the role of dsx in coordinating development of sex-specific neural circuitry and its roles in 

female sexual behaviours, the findings here demonstrating its roles in female aggression are 

consistent with what might be expected based on the literature. However, there was no 

evidence pointing toward 40F04 neurons specifically as potential influencers of aggression. 

In fact, the neural switch between male aggression and courtship proposed by Koganezawa et 

al. occupies the pC1 cluster of dsx neurons, whereas the 40F04-Gal4 expresses mainly in the 
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pC2 cluster (Zhou et al. 2014). pC2 is also the site of most variation when comparing 40F04-

Gal4 expression patterns between males and females, meaning it is the most likely site for 

neurons controlling female-specific aggression. The potential distinction of pC2 being an 

important site for female-specific aggression, while pC1 is important for male aggression, 

may be another example of dsx defining sex-specific neural circuitry pertinent to sex-specific 

behaviour. The differences in neural circuitry controlling aggressive behaviours may reflect 

the different situations in which males and females display aggression – for example, pC2 

may hypothetically receive signals regarding copulation and might therefore be involved in 

post-mating female aggression.  

 

Also interesting is the fact that the dramatic and robust aggression and grooming phenotypes 

are the result of a manipulation of a small subset of neurons. Furthermore, results obtained 

through restriction of dTRPA1 expression to 40F04 neurons expressing dsx demonstrate that 

each phenotype is induced through manipulation of a subset of only 9 neurons (18 

bilaterally)(Zhou et al. 2014).  

 

Experiments are currently underway that serve to delineate which neurotransmitters are used 

by the aggression inciting 40F04 dsx neurons. The neurotransmitters currently under 

investigation are dopamine, which has previously been implicated in Drosophila aggression 

(Alekseyenko et al. 2013; Kayser et al. 2015), as well as serotonin (Johnson et al. 2009; 

Alekseyenko et al. 2014). Other neurotransmitters occasionally discussed in respect to 

aggression octopamine (Zhou et al. 2008; Andrews et al. 2014; Watanabe et al. 2017) and 

GABA (Alekseyenko et al. 2019). These neurotransmitters have been omitted from the 

assessment of 40F04 neuron aggression due to the fact that dsx is not co-expressed with 

either ocotopamine or GABA within the female brain (Rezával et al. 2014b; Zhou et al. 

2014).  

 

The study that developed the 40F04 Gal4 driver found that hyperactivation of these neurons 

produced no significant changes in female receptivity (Zhou et al. 2014). The same 

conclusion was replicated by Janelia Fly Bowl tracking software (Simon and Dickinson 

2010). This is seemingly at odds with the observations of high amounts of female aggression 

being observed in these females. Persistent female aggression should intuitively result in a 
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decrease in receptivity, and at bare minimum and increase in courtship duration. Perhaps, 

given long enough assays allowing females to exhaust themselves after several aggressive 

displays, partner males are capable of copulating. Grooming attempts that appear to be 

mutually exclusive to aggressive behaviours may also provide a window of opportunity for 

males to court and copulate. However, behavioural quantification of longer assays is required 

to fully understand this discrepancy.  

 

4.7 40F04-Gal4/+;UAS-dTRPA1/+ Female Aggression Inciting 
Stimuli 

 

Pairing 40F04-Gal4/+;UAS-dTRPA1/+ females with D. melanogaster females as well as D. 

simulans males demonstrated the induced aggression is not exclusively in response to either 

sex-specific or species-specific cues. This rules out courtship, species-specific courtship 

behaviours, or species-specific chemical cues as sole stimuli inciting 40F04-Gal4/+;UAS-

dTRPA1/+ female aggression. However, the observation that males of either species 

regularly receive higher counts of aggressive displays implies differences in the stimuli they 

present, and these differences incite more aggression from 40F04-Gal4/+;UAS-dTRPA1/+ 

females. 

 

The observation that hyper-locomotive females receive more aggression than wildtype 

females confirms movement as a major contributing stimulus for inciting 40F04-

Gal4/+;UAS-dTRPA1/+ female aggression. Combining these aggression data with formal 

quantifications of partner movement would better inform the relationship between these 

behaviours. Average number of aggressive behaviours directed toward hyper-locomotive 

females is quite similar to those seen in wildtype males (hyper-locomotive female mean = 

88.4, wildtype male mean = 86.6), though quantification is required to ensure similar 

locomotion from these partners. Hypothetically, it may be possible that hyper-locomotive 

females are more mobile than wildtype males and yet receive similar amounts of aggression. 

This would imply the influence of other sensory modalities influencing 40F04-Gal4/+;UAS-

dTRPA1/+ female aggression. However, it is already clear that movement is not the only 

stimuli sufficient to elicit 40F04-Gal4/+;UAS-dTRPA1/+ female aggression. The finding that 

40F04-Gal4/+;UAS-dTRPA1/+ females direct some amount of aggressive behaviours toward 
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wildtype headless males implies some role of chemical cues in eliciting 40F04-Gal4/+;UAS-

dTRPA1/+female aggression. As these partner flies do not display behaviours to incite 

aggression, chemical cues and the mere presence of the fly are the only stimuli presented. 

Interestingly, chemical cues were found to influence the behaviours of 40F04-Gal4/+;UAS-

dTRPA1/+females described by Rezával et al. 2016. To ensure 40F04-Gal4/+;UAS-

dTRPA1/+females are not simply aggressive toward any vaguely fly-shaped object within 

their immediate vicinity, a fly surrogate object (such as a small piece of clay) may be used in 

future partner experiments. Headless oenocyteless flies lacking both behaviour and 

pheromones (Billeter et al. 2009) would also be useful in delineating the effects of chemical 

cues on 40F04-Gal4/+;UAS-dTRPA1/+female aggression. If chemical cues are a 

contributing factor for 40F04-Gal4/+;UAS-dTRPA1/+female aggression, use of headless 

females as partners may also help determine if male sex-specific chemical cues are sufficient 

to elicit aggression. 

 

It is also worth noting that higher counts of aggressive behaviours does not necessarily 

equate to more intense aggression overall. It may be possible that some partner types display 

more severe aggressive behaviours while having a lower overall count of aggressions. For 

example, a partner may receive several more instances of headbutting or fencing while 

receiving less frequent orients – this aggression would appear less intense when considering 

only frequencies but may actually be more severe. Counts of each specific behaviour were 

recorded in the data gathered in this thesis, though their interpretation regarding intensity 

must first be preceded by further discussion of which behaviours are most severe. 

 

4.8 40F04 dsx Neurons Influence Aggression but Not 
Grooming 

 

Use of split-Gal4 hemidrivers confirmed 40F04 neurons involved in female aggression do 

express dsx (Shirangi et al. 2016). This in combination with the lack of aggression observed 

in males with the same hemidriver combination further strengthens the role of dsx in 

developing sex-specific aggression neural circuitry.  
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Interestingly, restricted expression of dTRPA1 to only those 40F04 neurons expressing dsx 

alleviated the head grooming phenotype observed in 40F04-Gal4/+;UAS-dTRPA1/+ females 

and males. This confirms that the neurons controlling the two observed phenotypes are 

indeed different, and that the neurons inciting head grooming are not dsx expressing. Quality 

confocal microscope images would be highly useful in determining which of the 40F04 

neurons are dsx-expressing, and therefore potentially required for the aggression phenotype. 

This would also inform which of the 40F04 are not dsx-expressing, and therefore potentially 

necessary for the head grooming phenotype.  

 

Males expressing dTRPA1 in 40F04-dsx neurons did not display either aggressive or 

grooming phenotypes but were observed to court wildtype D. melanogaster males. Use of 

proper controls is required for quantification and comparison to determine if this effect is a 

genuine result of the neural manipulation. It is entirely possible that these males court their 

partner males simply due to the non-discriminatory courtship criteria typical of males. 

However, if formal experimentation confirms an effect of this neural manipulation on 

inciting courtship behaviours in males, this would be consistent with previous observations 

(Rezával et al. 2016). More specifically, 40F04 neurons may control initiation of aggression 

in females and initiation of courtship in males. However, if this were the case, one would 

expect 40F04-Gal4/+;UAS-dTRPA1/+ males to also display courtship, which was not 

observed. The absence of courtship in 40F04-Gal4/+;UAS-dTRPA1/+ males may be 

explained by their excessive grooming. Hyperactivation of all male 40F04 neurons may 

produce signals encouraging both grooming and courtship, but the grooming signal takes 

precedence over that of the courtship signal. Refining the neural subset to 40F04-dsx 

neurons, and thus alleviating the grooming signal, is sufficient to unmask the courtship 

signal. It is possible that hyperactivating an even smaller subset of neurons will subdivide the 

male behavior into aggression vs. courtship, with courtship taking precedence over 

aggression when both sets of neurons are activated. Such “suppression hierarchies” have 

been identified in other behaviours such as grooming (Seeds et al. 2014).  

 

It is surprising that females have aggression take precedence over grooming, while males 

prioritize grooming over courting. In females, hyperactivation of all 40F04 neurons may 

produce signals encouraging both aggression and grooming, with the aggression signal 
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overpowering that of the grooming signal. Given the appropriate stimuli, 40F04-

Gal4/+;UAS-dTRPA1/+ females will display aggression in place of grooming behaviours. In 

the absence of stimuli inciting aggression, the grooming signal is allowed to produce its 

phenotype. Again, restriction of dTRPA1 expression to 40F04-dsx neurons alleviates the 

grooming signal, producing only aggressive behaviours. However, such an interpretation is 

dependent on formal experimental confirmation of the initial observation.  

 

4.9 Future Work 
 

The identification of the MB and alpha / beta lobes of the MB as effectors of female 

receptivity brings about several new questions warranting investigation. Firstly, similar 

manipulations of areas both downstream and upstream of the MB may be conducted to 

evaluate their potential roles in female receptivity circuitry. Similarly, assessment of which 

neurotransmitters are necessary for the MB to produce its effects on female receptivity would 

also aid in fleshing out the fine details of this circuit. As mentioned previously, it may also be 

worthwhile to re-investigate the effect of individual MB lobes, as use new Gal4 or split-Gal4 

drivers may express in different subsets of neurons within the lobes and reveal an effect not 

shown by the drivers used here.  

 

Understanding the influence of SIFamide on female receptivity would benefit from 

assessment of its roles in other areas of the brain including the alpha / beta and alpha prime / 

beta prime lobes of the MB, as well as areas of the protocerebrum such as the fan-shaped 

body, ellipsoid body, and the protocerebral bridge. Assessment of SIFamide receptor RNAi 

efficacy would also help in interpreting data presented here. 

 

Additional experiments are also required to determine the aggression inducing stimuli in 

40F04-Gal4/+;UAS-dTRPA1/+  females. One such experiment includes the use of headless 

flies genetically altered to lack chemical cue producing oenocytes (Billeter et al. 2009), and 

perfumed with either female or male chemical cues. However, not all chemical cues are 

produced by the oenocytes, so this experiment would not be a perfect assessment of the 

potential roles of chemical cues in eliciting aggression. Future studies could also determine 

which neurotransmitters are necessary for 40F04 neurons to propagate their aggression and 
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grooming inducing signals. Due to the role of dsx neurons in influencing female post mating 

response, 40F04 neurons may also be assessed for roles in mediating female post-mating 

specific aggression. 

 

4.10 Conclusions 
 

I have demonstrated that manipulation of signaling within the MB, and specifically the alpha 

/ beta lobes of the MB, reduces female receptivity to courting males. Similar manipulations 

of other subregions of the MB did not produce such changes, but cannot be definitively ruled 

out as influencers of this behaviour. Similarly, MB and MB lobe-specific knockdown of the 

SIFamide receptor also did not produce behavioural changes, though further investigation 

may be warranted. Finally, I have shown that hyperactivation of a subset of dsx neurons 

occupying the pC1 and pC2 clusters results in high amounts of female-specific aggression. I 

have characterized the behavioural phenotype in a number of contexts and have made 

progress in determining the precise stimuli triggering aggressive behaviours. Use of these 

females with genetically induced aggression will provide a novel and highly repeatable 

means of studying female aggression in a variety of contexts not possible before this 

discovery.  
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