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Introduction  16 

Females in many species mate more than once and store sperm from more than one 17 

male. This leads to post-copulatory competition where sperm from different males 18 

compete to fertilize the limited number of eggs produced by the female- typically 19 

called Sperm competition (Parker, 1970a) (Wedell et al., 2002).  Sperm 20 

competition and the resulting post-copulatory selection can significantly alter male 21 

reproductive behavior (Simmons et al., 1993)( Cook & Wedell, 1996)( Gage and 22 

Barnard, 1996) (Wedell & Cook 1999a,b) (Bretman et al., 2009) (Bretman et al., 23 

2010) (Nandy & Prasad, 2011) and physiology (Wolfner 1997). Since a large 24 

number of sexual species are promiscuous, sperm competition is expected to be a 25 

widespread phenomenon influencing the evolution of male anatomy, physiology 26 

and behaviour.  27 

There are at least two ways in which males can increase the probability of their 28 

success in sperm competition. One way is to increase the production of ejaculate. 29 

Sperm competition theory (Parker, 1970a) predicts that when competition is high, 30 

selection favors increased reproductive investment. A male that produces and 31 

transfers more number of sperm is likely to sire more progeny under competitive 32 

conditions. Positive correlation between sperm number and sperm competitive 33 

ability has been reported (Snook 2005). Further, increase in testes size often results 34 
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in increased sperm number.  (Stockley et al.,1997) found increase in gonad size 35 

and sperm number with increase in intensity of sperm competition across species 36 

of fishes.  Promiscuous mammalian species have larger testes which produce more 37 

sperms (Kenagy & Trombulak, 1986). Similarly, a direct correlation between 38 

sperm competition and gonad size has been established in various organisms like 39 

fishes (Stockley et al., 1997), butterflies (Gage, 1994) and yellow dung flies 40 

(Hosken & Ward, 2001). 41 

In some species like D. melanogaster, in addition to sperms, other components of 42 

the ejaculate like the Accessory gland proteins (Acps) are known to play an 43 

important role in sperm competition. Along with facilitating sperm transfer, Acps 44 

exert wide-ranging effects on female reproductive behavior and improve male's 45 

chances of siring a significant proportion of the female's offspring. Acps affect 46 

many aspects of the female's reproductive activity and behaviour (Aigaki et al., 47 

1991) (Wolfner, 2009). The Acps may render her unwilling to remate for some 48 

time (Chapman, 2001), induce her to ovulate by stimulating octopaminergic 49 

signaling (Frank W. Avila et al., 2012) etc. These effects on the behavior of the 50 

mated female are often long lasting (McGlaughon & Wolfner, 2013), thus ensuring 51 

that any eggs laid will be fertilized by that male's sperm. Thus, it is quite possible 52 

that in such species, increased sperm competition can select for increased Acp 53 
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production along with an increase in sperm production, leading to an increase in 54 

accessory gland size. 55 

Another way for males to increase their chances in sperm competition is to 56 

strategically invest the ejaculate.  Ejaculate production is costly for males 57 

(Dewsbury, 1982) and ejaculate transferred during mating is an important 58 

determinant of the outcome of sperm competition (Moller, 1987). Therefore, one 59 

would expect males to plastically vary the amount of ejaculate transferred based on 60 

their perception of sperm competition risk. (Bretman et al., 2009) show that males 61 

alter their ejaculate investment (measured as mating duration) according to the 62 

level of sperm competition. (Nandy & Prasad 2011) show that Drosophila 63 

melanogaster males can plastically vary copulation duration based on their 64 

perception of sperm competition. Such variation in copulation duration is also 65 

positively correlated with sperm defense ability. 66 

(Linklater et al. 2007) studied gonad size and ejaculate depletion pattern in D. 67 

melanogaster males from populations evolving under male biased and female 68 

biased operational sex ratios.  Compared to flies maintained under female biased 69 

sex ratio, flies maintained under male biased operational sex ratio experience 70 

higher male-male competition and show increased number of mating per female. 71 

Thus the intensity and risk of sperm competition is expected to be higher in male 72 

biased populations. Therefore, altered operational sex ratios can potentially lead to 73 
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the evolution of sperm competitive ability, ejaculate size and/or gonad size. 74 

(Linklater et al., 2007) found that virgin males from the two regimes showed no 75 

difference in either testes size or accessory gland size. However, when allowed to 76 

mate, males from the male-biased regime depleted their Acps at a much faster rate 77 

than the males from the female-biased regime, as measured by the reduction in 78 

accessory gland size upon mating.  79 

We maintained replicate populations of D. melanogaster under male-biased (M), 80 

female-biased (F) and equal (C) sex ratios for over 100 generations. In an earlier 81 

study (Nandy et al., 2013) found that males from M populations had evolved 82 

increased sperm defense and offense ability compared to the males from F 83 

populations. In the present study, address the mechanistic basis of the increased 84 

sperm competitive ability of M population males. We specifically ask the 85 

following questions-  86 

a) Does the size of the testes and/or accessory glands evolve in response to altered 87 

levels of sperm competition?   88 

b) Does the ejaculate investment pattern evolve in response to altered levels of 89 

sperm competition? Following (linklater et al., 2007) we use the change in the 90 

testes/accessory gland area post mating as a measure of ejaculate investment. 91 

Materials and Methods 92 
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Maintenance of population 93 

In the present study we used the „M‟ and „F‟ populations of D. melanogaster as 94 

described in (Nandy et al., 2013). The selected populations were derived from a 95 

long-term laboratory adapted population of D. melanogaster, LHst (Prasad et al., 96 

2007). LHst is a derivative of LH base population (see Chippindale et al., 2001 for 97 

details of the maintenance regime) having a recessive autosomal marker “scarlet 98 

eye”. The male biased sex ratio regime (M) had a ratio of three males to one 99 

female while the female biased reime (F) had a ratio of one male to three females. 100 

Each regime had three replicate populations (M1–3 and F1–3) (see Nandy et al., 101 

2013 for details of selection history). The populations are maintained on a 14-day 102 

discrete generation cycle, at 25◦C and 60% relative humidity (RH) and 12:12 hours 103 

light/dark cycle. They are fed on standard cornmeal– molasses–yeast food in 104 

standard vials (90-mm length × 30-mm diameter). Flies are grown in controlled 105 

larval density of 140– 160 per vial. We collect virgin flies each generation and 106 

hold them in single sex vials (eight individuals per vial) till the 12th day after egg 107 

collection. They are then combined following the respective sex ratio regimes in 108 

food vials provisioned with 0.47 mg per female of live yeast (adult competition 109 

vials). Two days later, flies are transferred to new vials for oviposition. The eggs 110 

laid during the window of 18hrs of oviposition are used to start the next generation. 111 

 112 
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 To account for any nongenetic parental effects, all the populations are passed 113 

through one generation of common rearing conditions during which all the 114 

populations are maintained at 1:1 sex ratio. We call this process as 115 

“standardization” (For details see Nandy et al., 2013). The flies for the assays were 116 

generated from standardized populations. 117 

Generation of experimental flies 118 

Males from M (male-baised) and F (female-baised) selection regimes were used 119 

for the experiment. For the mating trials, common females from Lhst (base-line 120 

population) were used. We generated all the experimental flies under controlled 121 

larval density and standard culture conditions (25
◦
C, 60–80% RH, 12 hours–12 122 

hours light / dark cycle). 150 eggs were cultured in 8–10 mL of cornmeal-molasses 123 

food per vial, for each of the seven selected populations (2 selection regimes X 3 124 

replicates, 1 LHst). On 10th day after egg collection, adult flies started emerging. 125 

We collected M and F males as virgins by isolating them within 6 hours of 126 

eclosion, under light CO2 anesthesia. These males were held in single sex vials, at 127 

the density of 8 per vial for 2 days. LHst females were collected and maintained in 128 

the similar manner as described above. 129 

Experimental design 130 

We had two sets of mating treatments for the experiment On day 12 post egg 131 

collection (2 to 3 days post eclosion), males collected from M and F populations 132 
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were randomly assigned to one of the two mating treatments (a) virgin males and 133 

(b) mated only once. Males from the virgin treatment (10 single-sex vials with 134 

virgin M or F males) were flash frozen. For the mated treatment, 8 virgin males 135 

from M or F populations were combined with 10 LHst virgin females (to ensure all 136 

males mate once and only once). 10 such vials were set up per selection regime × 137 

replicate population combination. The flies were allowed to mate once. Single 138 

mating was ensured by manual observation. Typically, mating pairs are formed 139 

within 5 minutes of combining the males and females. Mating typically lasts for 140 

about 20 minutes. When the last mating pair decoupled in a vial, all the flies in the 141 

vial were flash-frozen. Thus we had two treatments for each selection regime: 142 

Virgin and Singly mated. 143 

Dissections and Measurements 144 

The frozen flies were dissected in 9µL 1X-PBS solution. The testes, accessory 145 

glands and thorax were imaged using the ZEISS AxioCam ICc 1, attached to Zeiss 146 

Stemi 2000-C stereozoom microscope.  147 

All thorax images were taken at 3.5 X magnification. Thorax length was calculated 148 

between two fixed points (Figure 1) using the length tool in Image J software 149 

(National Institutes of Health, http://imagej.nih.gov/ij/). Each thorax was measured 150 

thrice and the average of these three values was used as a measure of thorax length. 151 
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Testes and accessory glands were imaged at 5 X magnification (Figure 2 and 152 

Figure 3). Testes area and accessory gland area were measured using Image J. The 153 

area measured was the cross section area as seen in the image. The measurements 154 

required combination of different tools. The brightness and contrast values for each 155 

image were adjusted to bring out the subject of the picture (Testes/accessory 156 

glands) from the background. Using the Threshold adjustment, the area of the 157 

subject was detected by the software. Then using the wand tool, the area to be 158 

measured was marked and measured (Figure 4 and Figure 5).  All measurements 159 

were repeated thrice and an average of these three measurements was used as a 160 

measure of the area. We measured the right and left testes and accessory glands as 161 

mentioned above. We then averaged the areas of the right and left testes (or 162 

accessory glands) to get an average testes (or accessory gland) size. 163 

Results 164 

We calculated the mean testes area and accessory gland area for each fly from the 165 

pair of testes and accessory glands respectively.  The testes area and accessory 166 

gland area was standardized to the body size by dividing it with the thorax length 167 

measure of the same fly. Then the standardized testes area and standardized 168 

accessory gland area were analyzed using mixed model analysis of variance 169 

(ANOVA), with selection regime and mating status as fixed factors crossed 170 

amongst themselves and with random blocks. 171 
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We found no significant effect of selection regime or mating status on testes area 172 

(Table 1). The testes area for the virgin males as well as that of the mated males 173 

were not significantly different from each other. (Figure 6). Taken together, these 174 

results indicate that neither selection history nor immediate mating status affect 175 

testes size.  176 

We did not find any significant effect of selection on accessory gland area as well. 177 

(Table 2). Mating status had a significant effect on accessory gland size. Mated 178 

males from both M and F regime had significantly smaller accessory gland area as 179 

compared to virgin males (Figure 7). However, we did not find any significant 180 

Selection regime × mating status interaction (Table 1.) indicating that the M and F 181 

males are not significantly different in terms of the amount of ejaculate transferred 182 

during a single mating.   183 

Discussion 184 

(Nandy et al., 2013) showed that altering operational sex ratios leads to the 185 

evolution of sperm competitive ability - M males evolve increased sperm defense  186 

as well as sperm offense ability compared to the F males. Therefore it is quite 187 

evident that intensity of sperm competition is different in these two regimes. Our 188 

study shows that in investment in reproductive tissue, i.e., testis and accessory 189 

gland does not necessarily evolve as a result of change in the risk and intensity of 190 
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post-copulatory sexual selection- imposed here by altering operational sex-ratio. 191 

Neither does investment in ejaculate change over a single mating.  192 

Testis area was not significantly different between virgin M and F males. Thus, 193 

contrary to theoretical expectation (Parker, 1970a) and observations from other 194 

studies (Hosken & Ward,  2001), altered levels of sperm competition have not lead 195 

to the evolution of testis size in our populations even after more than 140 196 

generations of selection. The difference of our result from that of (Hosken & Ward, 197 

2001) could be explained by the difference in the intensity of selection; however it 198 

is unlikely as they found difference in testis size after only 10 generations of 199 

selection. An alternative explanation is that may be absolute sperm number is more 200 

important in Scatophaga stercoraria than in D. melanogaster (Parker, 1970b).Also, 201 

These results are consistent with those of previous studies in D. melanogaster 202 

(Bhangam et al., 2002) (Linklater et al., 2007).  203 

In case of Drosophila melanogaster, accessory gland proteins play a major role in 204 

determining the outcome of sperm competition (Frank W. Avila et al., 2012). 205 

Therefore, besides testis size (as in Hosken & Ward, 2001) accessory gland size 206 

may also evolve in response to increased sperm competition. We did not find any 207 

significant difference between the standardized accessory gland area of virgin M 208 

and F males, suggesting that investment in accessory glands has also not evolved 209 
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under different levels of sperm competition. This also is in accordance with the 210 

similar previous study by (Linklater et al., 2007).  211 

As mentioned before, another way of evolution under increased sperm competition 212 

is increased ejaculate investment in mating. This was measured by reduction in 213 

testis and/or accessory gland. We did not find any significant reduction in testis 214 

size upon mating. Accessory gland size was affected by mating, with the accessory 215 

gland size of mated males being significantly smaller than that of the virgin males. 216 

But, the change is accessory gland size after a single mating was not significantly 217 

different across selection regimes.  Thus, it is unlikely that the amount of Acps 218 

transferred by M and F males in a single mating is significantly different. This 219 

result is in contrast to that of a previous study in which, males from the male 220 

biased (MB) populations showed a faster Acp depletion pattern compared to males 221 

from female biased (FB) populations (Linklater et al., 2007). They found that testis 222 

size decrease as well upon mating, albeit not differently between MB and FB 223 

populations.   224 

(Linklater et al., 2007) assayed change in testes/accessory gland size after five 225 

consecutive mating by the males, each with a virgin female. This is likely to 226 

represent a very unrealistic scenario, for (Linklater et al., 2007) themselves suggest 227 

that even after significant overestimation, the MB males mate 2.68 times on an 228 

average. Thus in the MB regime it is safe to assume that males never mate 5 times 229 
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with virgin females. Further, to the best of our knowledge, there is no clear study 230 

showing evolution of sperm competitive ability in those populations. Therefore the 231 

biological significance of a difference in accessory gland size after five 232 

consecutive mating in the context of the selection regime, is not clear. . We 233 

measured depletion after a single mating with a virgin female which probably 234 

represents the highest amount of ejaculate investment by a male in a given 235 

copulation (Ball, M. A. & Parker, G. A., 2007). With the valid assumption that M 236 

males have fewer mating opportunities than F males, it was therefore possible that 237 

an M male would transfer more ejaculate as and when it has an opportunity to 238 

mate. Thus our study‟s primary goal was to assess whether increased sperm 239 

competitive ability in M males were connected to increased depletion of sperm 240 

and/or accessory gland proteins. 241 

One possibility as to why there is no difference in size or depletion of two of the 242 

major reproductive organs is that rather than their total quantity, the quality of 243 

sperms and/or Acps might have evolved in our populations. There are different 244 

indicators of sperm quality such as motility and size. (Gage, 1994) found that 245 

across 74 butterflies‟ species, sperm length increases with increased sperm 246 

competition.  Similarly, it is quite possible that sperm size or motility might have 247 

evolved in our populations. Alternatively (or additionally), the M and F 248 

populations might have evolved with respect to the quality of their Acps. There is 249 
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indirect evidence supporting this proposition. Using the same populations, (Nandy 250 

et al., 2013) found that the females mated (just once) to F males laid significantly 251 

more number of eggs compared to females mated to M males. It is very likely that 252 

the effect of M and F males on female fecundity is mediated through differences in 253 

the quality of the ejaculate, particularly, the Acps, e.g., ovulin or sex peptide. It‟s 254 

also possible that relative titre of specific ACPs have changed instead of total 255 

quantity, a hypothesis that needs further attention.  256 

In conclusion, our study indicates that an evolutionary change in sperm 257 

competitive environment does not always necessitate either a change in investment 258 

in reproductive tissue or a change in ejaculate quantity or depletion. We propose 259 

that when it comes to sperm competition quality can be as important (if not more) 260 

quantity, which needs to be given more attention. 261 
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Tables 356 

Table 1: Multivariable mixed model analysis of variance (ANOVA) on testes cross 357 

section area with block as random factor and selection regime and mating 358 

treatments as fixed factors. 359 

 Source df num Ddf den f-ratio p-value 

Sel 1 2 0.02 0.907 

Mating Status 1 2 0.06 0.829 

Block 2 3.5 0.59 0.6 

Sel*Mating Status 1 2 2.32 0.267 

Sel*Block 2 2 25.68 0.037 

Mating Status*Block 2 2 52.53 0.019 

Sel*Mating Status*Block 2 287 0.38 0.683 

 360 
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Table 2: Multivariabe mixed model analysis of variance (ANOVA) on accessory 361 

gland cross section area, with selection regimes and mating treatments as fixed 362 

factors and block as random factor. 363 

Soruce df num df den f-ratio p-value 

Sel 1 2 0.3 0.639 

Mating Status 1 2 25.05 0.038 

Block 2 2.5 5.51 0.123 

Sel*Mating Status 1 2 0 0.99 

Sel*Block 2 2 2.25 0.308 

Mating Status*Block 2 2 7.29 0.121 

Sel*Mating Status*Block 2 287 1.42 0.244 

 364 

Figures: 365 
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 366 

Figure 1: Thorax length measured between two fixed points at 3.5X magnification 367 

and 1X objective. 368 

 369 

Figure 2: Image of pair of testes dissected out from a male Drosophila 370 

melanogaster, for measurement.  371 
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 372 

Figure 3: Image of pair of accessory glands dissected out from male Drosophila 373 

melanogaster, for measurement. 374 

 375 

Figure 4: Selected area of pair of testes for measurement.  376 
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 377 

Figure 5: Selected area of pair of accessory glands for measurement.  378 

 379 

Figure 6: Effect of selection regime and mating status on testes cross section area. 380 
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 381 

Figure 7: Effect of selection regime and mating status on standardized accessory 382 

gland cross section area. 383 

 384 
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