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 Abstract
Mate guarding (MG) by aggression towards rivals is an important trait and can be a significant contributor to male fitness in many animal species. However, establishing the MG effect of aggression in species with no overt MG can be difficult. Aggression in fruit flies, Drosophila melanogaster is well documented. However, only recently it has been connected to MG. Since males of this species have been known to show plasticity in aggression depending on number of rivals, in view of the MG effect of aggression we predicted that such plasticity should be more prominent around their immediate mate compared to an arbitrary female. We quantified aggression in males belonging to two treatments – solitary and group (plasticity treatment), in presence of either their immediate mate or an arbitrary female (mate type treatment). Surprisingly, there was no significant effect of either mate type treatment or plasticity treatment, nor there was any effect of the interaction. This indicates that there is no plasticity in aggression after a male has acquired mating and when they show aggression, it is unlikely to be aimed at MG. Thus, we did not find any evidence of MG in our system. We argue that laboratory D. melanogaster systems are not suitable to test the MG theory. Experiments done with them are invariably subjected to Genotype × Environment interactions and/or artefacts of inbreeding, leading to variable results across studies. 
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Introduction
In polygamous species, guarding one’s mate against a potential cuckolder can be an important component of male fitness (Parker 1970; Alcock 1994). If females mate with different males before producing the progeny, securing mates may not be sufficient for males to attain reproductive success (Moller and Birkhead 1994). Thus securing and maximizing fertilization success, are important fitness components for males under such mating system (Kokko and Morrell 2005; Fishman et al. 2003; Rhijn 1991). Consequently, males have evolved a wide variety of strategies to maximize fertilization success, in case there is a competition for fertilization via sperm competition (Simmons 2001). Alternatively, males have also been shown to adopt various strategies to avoid fertilization competition, either completely or partially. Commonly referred to as ‘mate guarding’, such strategies may involve guarding the mate by active surveillances or by somehow stopping the females from engaging in further copulations. For example, in many birds, males perch near their mates for days during the fertile period (Alatalo et al. 1987; Birkhead 1988; Lifjeld et al. 1991). In West Indian sugarcane rootstalk borer, male maintains genital contact with female long after insemination (Harari et al. 2002). In many Odonates species (such as dragon flies and damselflies) males are known for prolonged copulation, while actual sperm transfer takes few minutes (Cordero 1990, Michiels 1992; Wolf et al. 1989; Thompson 1990; Waage 1984). Honey bee (Apis mellifera L.) males are known to use ‘mating plug’ to block genital opening of their mates (Koeniger 1990; Baer et al. 2000). Therefore, a wide variety of invertebrates (Alcock 1994; Simmons 2001) and vertebrates (Caroll1993; Grafen and Ridley1983; Parker 1974) are known to show mate guarding in some or the other form. However, little is known about the steps involved in the evolution of mate guarding. 
Aggression towards rivals is one of the most common behaviour associated with mate guarding. For example, dragon flies (e.g., Pachydiplax longipennis) are known to use aggression to drive away rivals from approaching their recent mates (Sherman 1983).  Primates (e.g., hanuman langurs) and other mammals (e.g., lions) are some of the best examples from vertebrates where males use aggression as a mate guarding strategy (Setchell et al.1992, Girard et al. 2014, Alberts et al. 1996, Matsubara 2003). Therefore, one possibility is that mate guarding evolved as a simple behaviour of aggression to rivals during mating or mating season. Instead of investigating specialized mate guarding tactics by males, one potential approach to understand the evolution of mate guarding is to investigate condition dependence in aggression to rivals in males, particularly in species with no specialized mate guarding. 

Males in fruit flies (Drosophila melanogaster) are known to show a range of aggressive behaviours, ranging from frequent wing threats, direct approach, lunging etc. to low frequency behaviours such as boxing and tussling (Dow & Schilcher 1975; Chen et al. 2002). Several studies have shown males’ tendency to show aggression in the context to defense of food-territory (Dierick and Greenspan 2006). Males were also found to show aggression to rival males, presumably to win mating competitions (Dow and Schilcher 1975). A relatively recent study revealed that they also show increased aggression around their immediate mates – reminiscent of the mate guarding seen in other species (Baxter et al. 2015). In a previous study, we have shown that D. melanogaster males modulate the level of their aggressiveness in response to their perception of risk of competition (Nandy et al. 2016). Males subjected to intermediate level of competition were found to be more aggressive compared to those subjected to either low or high competition treatments. We did not find any evidence of such plasticity in aggression to benefit mating success in our experiment (Nandy et al. 2016). Alternatively, plasticity in aggression can have post-copulatory benefit if it leads to mate guarding, particularly under moderate level of competition. 

Here, we test this alternate hypothesis and investigate the role of aggression in post-mating mate-defence. We predict that if aggression in this system is used as a mate guarding strategy, then males should be more aggressive around their own recent mate compared to when they are around a rival’s mate, as shown by Baxter et al. (2015). Further, if plasticity in aggression is directed at mate guarding, males which perceive moderate risk of competition (a treatment that was previously shown to express highest level of aggression) should be more active in guarding (i.e., show higher level of aggression) specifically around their own immediate mate. We tested this hypothesis on a set of laboratory adapted populations of D. melanogaster previously experimented for quantifying aggression plasticity. We experimentally manipulated mate type and rival number in a full factorial design and repeated the experiment in three statistical blocks. The experimental results did not uphold the MG hypothesis of aggression plasticity. 

Methods
Fly populations and generation of experimental flies: 
We have used a set of laboratory adapted populations of Drosophila melanogaster, BL1-5. Details of the history and maintenance of the populations can be found in Nandy et.al 2016. There are five replicate populations – BL1 to BL5 (the subscript represents the replicate identity). These populations are housed in cages containing around ~2800 flies per population. They are maintained under a 14-days discrete generation cycle at 25OC (±1) ambient temperature, 24-hours light, 60-80% relative humidity and standard banana-jaggery-yeast medium. The larvae are reared at moderate density of ~70 individuals per 8ml medium in each culture vial. The following experiments were conducted in three statistical blocks using three of the randomly selected BL populations – BL1, BL3 and BL4. In addition to the BL-base populations, we have also used a BL-derived population carrying an autosomal recessive marker – scarlet eye (st). This population, BLst, was derived by introducing the scarlet (st) allele in the BL1 base population by a series of six back-crosses. Experimental flies were generated by collecting eggs from the BL-base population at density of 70/vial in 6-8ml vials. The culture vials were kept in their standard laboratory conditions. At the onset of eclosion, males (hereafter referred to as target males) were collected within 4 hours of eclosion. Scarlet eyed males and females (from BLst population) were generated following the same method and were collected within 6 hours of eclosion. These scarlet eyed flies were housed in single sex vials as virgins at the density of 10 individuals per vial. They were subsequently used as common competitors (males) and experimental females. All the above mention fly-collections were done on light CO2-anaesthesia.

Rival number treatment: 
At the time of the collection of the target males (see above) were randomly assigned to two treatment conditions - (a) single male in a vial (NR: No Rival treatment) and (b) four males in a vial (R: Rival treatment). These two levels of the rival treatment were chosen based on our previous observation of plasticity in aggression following rival number variation. 

Mate guarding assay and the mate-type treatment:
In order to assess if males change their behaviour while defending their mate, we observed males’ behaviour in presence of a female, which was either a previous mate or an unfamiliar female. After two days of conditioning, males were first allowed to singly mate with virgin scarlet eyed females in a fresh food vial under standard conditions. Following this, these vials (observation vials) were randomly assigned to two groups. In one set (hereafter referred to as immediate mate, IM), the female was retained and a fresh previously mated, age-matched, scarlet-eyed male was introduced. In the other set (hereafter referred to as unfamiliar female, UF), the female was removed and a fresh, previously mated scarlet-eyed female and a previously mated scarlet-eyed male were introduced. These fresh males and females were generated separately and hence were not mates of each other. To generate these females, scarlet-eyed virgin males and females were allowed to mate singly in a separate set of vials by combining 10 males and 10 females in each vial. Matings were observed and females failing to mate were removed from further handling. 

Behaviour observation: 
These observation vials, both IM and UF sets, were then observed for the aggressive bouts shown by the target male (i.e., the R or NR males). This observation was done following a method standardized in Nandy et al. (2016). After allowing the vials a recovery period of approximately 30 minutes following the setting up of the observation vials, they were observed till 8 hours or start of a mating (remating), whichever is earlier. We used the latter criteria to limit our observation because mating in these vials may change the identity of female from previous mate to mate of a rival or it can simply act as a complicating factor clouding the interpretation. Each vial was observed for 30 seconds and the total number of independent bouts of aggression performed by the target male was recorded. Behaviours counted as aggressive in nature included all occurrences of lunging, wing threat, high-level fencing, holding, boxing, and tussling (Chen et al. 2002). This was repeated every hour for the next 8 hours – giving us 8 observations for each vial. In some vials, all 8 observations could not be carried out due to the start of a second round of mating by the experimental female. Since these observations were made manually, we ensured that all the observers remain blind to the identity of the observation vials. Within each block, as mentioned above, we followed a 2×2 factorial design (four treatment combinations - NR-IM, NR-UF, R-IM and R-UF) with a sample size in each treatment combination, n=30 vials.

In addition to the above mentioned observation on aggressive behaviour, we also observed these vials continuously throughout 8-hours of observation period for fresh copulations. In case of start of a mating in a vial, time and identity of the copulating male (target or competitor) were recorded. This was used to quantify remating frequency in treatment and remating latency in each of these vials. Remating frequency was calculated as the proportion of the vials in which re-mating was observed, out of all the vials in a treatment. Remating latency was calculated as the time taken by a female to start mating, after being combined in the observation vials.  
   
Analysis of the behaviour data:
Since the aggression-observation for a vial was stopped if there was re-mating, some vials, across the four treatment groups were observed for lesser duration. The number of vials with re-mating (i.e., remating frequency) and the time to re-mating (i.e., remating latency) were not negligibly small, and could have potentially confounded the analysis of the aggression data if there were systematic differences in these parameters across our treatments. We therefore analysed the effect of the treatment on re-mating frequency and remating latency. 
All analyses were carried out using three factor mixed model ANOVA, having male conditioning (two levels: R and NR) and female identity (two levels: IM and UF) as fixed factors and block (three levels: 1, 2 and 3) as random factor. For the analysis we used the factorial ANOVA in the General linear model in Statistica 13.3 (Tibco Software Inc.).

Results
The results of the three factor mixed model ANOVA showed that there was no significant effect of male conditioning, female identity and the interaction between them on mean aggression frequency (Table 1, Figure 1). Results of the analyses of the remating frequency (Mean ± SE, NR-IM: 0.32 ± 0.16; NR-UF: 0.26 ± 0.10; R-IM: 0.25 ± 0.09; R-UF: 0.21 ± 0.09) and remating latency (mean ± SE, NR-IM: 206.97 ± 20.77; NR-UF: 224.25 ± 25.15; R-IM: 259.50 ± 24.76; R-UF: 250.60 ± 36.27) confirmed that our analysis of the aggression frequency was not confounded by them as we found the effect of the treatments on these two parameters to be non-significant (Table 1). However, we found a significant effect of the block × male conditioning interaction (p = 0.01) and block × mate identity interaction (p ˂.01) on remating frequency (Table 1). To ensure that our aggression frequency analysis did not suffer from such block heterogeneity, we also did a block-wise analysis of the aggression frequency. This was done by factorial ANOVA, with male conditioning and mate identity as fixed factors. Data from the three blocks were analysed separately. Result of the analysis of mean aggression frequency (Mean ± SE, refer to Table 3). The results of this analysis revealed that none of the factors had any significant effect on the aggression frequency in all the three blocks (see Table 2). 

Discussion
Dow and Schilcher (1975) first reported D. melanogaster males’ use of aggression in defense of food territory and/or win mates, which eventually may allow them to maximize their mating success. Forty years later, Baxter et al. (2015), through an exciting work, showed that the males in this species are more aggressive when they are around their own mate, an observation interpreted as mate-guarding. Therefore, plasticity in aggression (Nandy et al. 2016) is expected to contribute in any of these two components of male fitness. While we did not find any evidence supporting the mating competition advantage of aggression in our previous study (Nandy et al. 2016), in the present study we tested the mate guarding hypothesis following an experimental design like that of Baxter et al. (2015). Surprisingly, we found no evidence to uphold the mate guarding hypothesis of aggression. There can be a number of reasons for such incongruence across studies. Here, we first discuss these possibilities and then argue that plasticity in aggression is likely to be adaptive due to the substantial cost of aggression, but the exact fitness consequence of aggression and its plasticity is sensitive to Genotype × Environment interaction (Scheiner 1993, Via 1994) making laboratory systems unsuitable to test the mate-guarding hypothesis.

Lack of evidence for mate-guarding or experimental ambiguity?
Often, the failure to replicate a previously reported results is ascribed to faulty experimental design or error in the experiment. Therefore, it is important to assess our experimental design before trying to conclude anything from the results. Among all the assays, the aggression assay is the most crucial. Though the observation was sufficiently rigorous and well replicated, it is possible for the aggression data to have confounding effect from remating dynamics. As the observation was stopped at remating, variation in frequency and latency of remating across the treatment could potentially mask the treatment effect on aggression frequency. However, as mentioned previously, it is unlikely to be the case in our study since we did not find a systematic difference in frequency and latency of remating across the treatments. To further clarify the effect of such factors on aggression frequency, we did block-wise analysis of the aggression frequency data and this analysis also suggested non-significant treatment effect in each block. (see Table 2). 

The second issue regarding experimental design is the duration of the aggression observation. Females of D. melanogaster, particularly in our system, usually do not remate immediately after the first mating. Although the latency period varies greatly, it is usually more than one and a half hours (Manning A. 1962; Gromko et al. 1984; Harshman et al. 1988). This delay in remating is not due to the presence or absence of its mate but it is a part of female behaviour/physiology. Any mate-guarding type of behaviour from males, therefore, needs to be assessed beyond this latency period. Hence, we spread our aggression observation in an eight-hour long duration post-first mating of the female. This is one crucial aspect where the data from Baxter et al. (2015) is very different. The aggression data in Baxter et al. (2015) were collected for only 40 minutes following the first mating. However, the remating data comes from a different experiment and were collected for three hours following first mating. Additionally, Baxter et al. (2015) conducted in a set-up very different from their normal laboratory maintenance, where males do not get food patches to defend in a way the assay allowed. We did not make any attempt to match the set-up of Baxter et al. (2015) because neither it represented the long term laboratory ecology of the fly system we used, nor it meaningfully quantified fitness component of the male flies in their natural habitat (see discussion later). 

One curious observation in this study is the lack of any effect of the male conditioning treatment. Male conditioning, such as the one adopted by us in the present study, has been shown to have significant effect on copulation duration (Adaptive plasticity in copulation duration: Bretman et al. 2009, 2013; Nandy and Prasad 2011; Nandy et al. 2016) and more importantly, in the present context, on aggression (Nandy et al. 2016). However, the aggression data in the present study was collected after the treatment males had mated once. Therefore, it appears that the plasticity is aggression in response to changing rival numbers is restricted to pre-mating aggression, perhaps suggesting that it is aimed at assuring and/or increasing mating success. 


Wrong question or wrong system?
D. melanogaster is a cosmopolitan species that grows in rotting fruits and vegetables. Females move from place to place in search of suitable food and oviposition sites. When females arrive at a given resource patch, they usually encounter one or more males (Reaume and Sokolowski 2006). Remating in females is reasonably common and there is a strong last male sperm precedence. Therefore, it is not unreasonable to expect the males to show mate-guarding in such a species. It should be remembered that when these flies are brought to the laboratory and maintained as mass cultures, among other things, there is a radical change in the ecology and therefore the context of Darwinian fitness. 

Behavioural ecology studies using laboratory fruit flies can be classified into three different approaches. In the first, freshly caught flies are brought to the laboratory and experiments are performed within the next few generations. In the second, standard laboratory lines of D. melanogaster, such as Canton-S or Oregon-R are used to generate experimental flies. Both of these experimental approaches have been widely used by various investigators with varying degree of successes. Due to the mismatch between the conditions in which these flies have adapted and the assay conditions in the laboratory, these experimental approaches are likely to have artefacts of G×E interaction. In addition, standard laboratory lines are usually inbred to a large extent, opening the possibilities of inbreeding depression to affect the experimental outcomes (Rice et al. 2006; Rose et al. 1996; Gromko 1995). A third approach uses populations of fruit flies established by collecting a large number of wild flies. These populations are subjected to a carefully designed laboratory ecology and are allowed to adapt to it. These laboratory-adapted populations, such as the ones used by us in the present study, have proved to be a very important experimental system. Measurement of fitness or its component, in this system, is usually done in a relevant context. This allows the experimenter to meaningfully assess the fitness consequence of various traits (such as sexual traits). 

As Baxter et al. (2015) used an inbred system to conduct their study, we wanted to find similar evidence in an outbred system, so that the conclusion can be extended to wild populations which are naturally outbred. In addition, fitness evidence in Baxter et al. (2015) was largely circumstantial and it was hence important to directly quantify fitness consequence of aggression in this system. We however, failed to find any evidence upholding the mate-guarding hypothesis. In a laboratory adapted population, it is possible to find a trait that is an adaptation in the animal’s long-term natural evolutionary history and has simply persisted in the laboratory population as a neutral trait. It is difficult to assess the fitness consequence of such a trait using this laboratory system. Male aggression, in our system, may be one example of such a trait. 

Conclusion: 
Numerous studies have quantified aggression in D. melanogaster (Dow and Schilcher 1975; Chen et al. 2002) and hence, it is clear that males in this system show aggression to the rivals. However, the adaptive significance of aggression is not entirely clear. Aggression directed towards mate-guarding is a potentially interesting hypothesis. The report by Baxter et al. (2015) therefore is an exciting development. However, we failed to find similar evidence despite adopting a comparable experimental approach. Our study shows the importance of assessing the circumstantial evidences with caution and not left unchallenged just because they happened to fit a favoured hypothesis. In conclusion, we suggest that the laboratory system of D. melanogaster may not be an ideal system to test the mate guarding hypothesis of Drosophila male-male aggression. Future studies needs to be directed at natural populations of these flies in their natural habitat. 
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Figure Legends:
Figure 1: Effect of mate type on mean aggression frequency of males under NR (left half – black bars) and R conditions (right half – white bars). The bars and error bars represent means and standard errors of means derived from all three blocks combined. NR: No Rival, R: with Rivals, IM: immediate mate, UF: unfamiliar female. 



Table and Table Legends:
	Trait
	Conditioning Effects
	SS
	df
	MS
	Den. 
df
	Den. MS
	F
	p

	Aggression frequency
	Male conditioning (MC)
	0.42
	1
	0.42
	2
	1.13
	  0.37
	0.60

	
	Mate identity (MI)
	0.06
	1
	0.06
	2
	    1.01
	  0.06
	0.83

	
	Block
	15.10
	2
	7.55
	2.43
	    1.81
	  4.17
	0.16

	
	MC × MI
	1.21
	1
	1.21
	2
	    0.43
	2.83
	0.23

	
	MC × Block
	2.27
	2
	1.13
	2
	    0.43
	2.65
	0.27

	
	MI × Block
	2.19
	2
	  1.1
	2
	    0.43
	2.56
	0.28

	
	MC × MI × Block
	0.85
	2
	  0.43
	331
	0.82
	0.52
	0.59

	Remating  frequency
	Male conditioning (MC)
	0.01
	1
	  0.01
	2
	0.01
	0.62
	0.51

	
	Mate identity (MI)
	0.01
	1
	0.01
	2
	0.04
	0.18
	0.71

	
	Block
	0.22
	2
	0.11
	3.31
	0.05
	2.14
	0.25

	
	MC × MI
	0.00
	1
	0.00
	2
	0.00
	2.26
	0.27

	
	MC × Block
	0.03
	2
	0.01
	2
	0.00
	70.88
	0.01

	
	MI × Block
	0.08
	2
	0.04
	2
	0.00
	184.57
	˂0.01

	
	MC × MI × Block
	0.00
	2
	0.00
	0
	0
	
	

	Remating latency
	Male conditioning (MC)
	25245
	1
	25245
	1
	13865.32
	1.82
	0.41

	
	Mate identity (MI)
	284
	1
	284
	1
	13621.77
	0.02
	0.91

	
	Block
	44089
	1
	44089
	1.78
	25998
	1.69
	0.34

	
	MC × MI
	2781
	1
	2781
	1
	1489.09
	  1.87
	    0.40


	
	MC × Block
	13865
	1
	13865
	1
	1489.09
	9.31
	0.20

	
	MI × Block
	13622
	1
	13622
	1
	1489.09
	9.15
	0.20

	
	MC × MI × Block
	1489
	1
	1489
	74
	12141.96
	0.12
	0.73



Table 1
Summary of three-factor mixed model Analysis of Variance (ANOVA) using male conditioning (MC) and mate identity (MI) as fixed factors and block as random factor on mean aggression frequency, remating frequency and re-mating latency. For the analyses of aggression frequency and remating latency, the value from each replicate vial was used as the unit of analysis. For the analysis of re-mating frequency, the value for each block was used as the unit of analysis. Significant p-values are mentioned in bold. In the column heading, Den. Df and Den. MS stands for denominator df and MS respectively. 














	   Block
	Effect
	SS
	df
	MS
	F
	p

	     
	Male conditioning(MC)
	0.68
	1
	0.68
	0.68
	0.29

	     1
	Mate identity(MI)
	0.40
	1
	0.40
	0.40
	0.41

	
	MC × MI
	1.53
	1
	1.53
	1.53
	0.11

	
	Male conditioning(MC)
	1.32
	1
	1.32
	1.41
	0.24

	2
	Mate identity(MI)
	1.76
	1
	1.76
	1.87
	0.17

	
	MC × MI
	0.59
	1
	0.59
	0.63
	0.43

	
	Male conditioning(MC)
	0.71
	1
	0.71
	0.75
	0.38

	3
	Mate identity(MI)
	0.08
	1
	0.08
	0.09
	0.76

	
	MC × MI
	0.005
	1
	0.005
	0.006
	0.94



Table 2
Summary of factorial Analysis of Variance (ANOVA) using male conditioning (MC) and mate identity (MI) as fixed factor and block as random factor on mean aggression frequency in each of the block. For the analysis of aggression frequency, the value from each replicate vial is used as unit of analysis. 




 


Table 3: 
Descriptive statistics of the aggression frequencies in all three blocks. Mean and the corresponding standard errors were calculated using replicate vial means within each block. 
	Block
	Effect
	     Mean
	SE

	


1
	NC-IM
	1.11
	0.14

	
	NC-UF
	1.22
	0.14

	
	C-IM
	1.18
	0.14

	
	C-UF
	0.84
	0.14

	


2
	NC-IM
	0.74
	0.19

	
	NC-UF
	1.14
	0.18

	
	C-IM
	0.67
	0.18

	
	C-UF
	0.78
	0.19

	


3
	NC-IM
	1.31
	0.18

	
	NC-UF
	1.24
	0.18

	
	C-IM
	1.45
	0.18

	
	C-UF
	1.41
	0.19
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