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Abstract. Esterases are known to play essential role in metabolism, reproductive physiology and behaviour of Drosophila. Esterases
are highly polymorphic enzymes in Drosophila, but the polymorphism of these enzymes is not well studied in Drosophila ananassae.
Recent studies on esterase polymorphism in D. ananassae revealed that Est-4 locus comprises Est-4 active and Est-4 null alleles
depending on enzymatic activity. For the in vivo functional characterization of this locus, homozygous lines of genotypes Est-4 active
and Est-4 null were derived from the flies collected from Gangtok, Sikkim, in 2006. Mating propensity, mating pattern, fecundity,
fertility and productivity of female, life span and triglycerides level were investigated in the flies bearing either Est-4 active or Est-4
null genotypes. Results showed that mating occurred randomly with nonsignificant difference in mating propensity between Est-4
active and Est-4 null flies. However, a significant difference in fecundity and strong dependency between genotypes and the rate of
fertility was found. The median values of progeny produced per female were 24 and 20 for Est-4 active and Est-4 null genotypes,
respectively. The life span assay showed a significant difference in the survivorship between the two genotypes. Triglycerides level was
higher in Esterase-4 active larval haemolymph as well as in mature flies’ homogenate than that of Esterase-4 null. Thus, Esterase-4
locus of D. ananassae has its role in fecundity, fertility and productivity of female, life span control and lipid metabolism.
Keywords. esterases; null allele; reproductive fitness; natural selection; Drosophila ananassae.

Introduction
The primary aim of the population genetics is to determine the adaptive significance of genetic polymorphism.
Genetic polymorphism for the enzyme loci was first introduced by Lewontin and Hubby (1966) in Drosophila
pseudoobscura, followed by Ayala et al. (1970) in sibling
species of D. willistoni. Esterases are one of the most studied enzymes and found to be highly variable in Drosophila.
Approximately, 22 soluble esterase isozymes were identified through electrophoretic analysis in D. melanogaster,
of these 10 were carboxylesterases (Healy et al. 1991).
Then again, computational annotation of fly genome lists
35 genes encoding carboxylesterase and of them 10 genes
are from the α-Esterase cluster (Tweedie et al. 2009; www.
flybase.org). There is considerable support for the diverse
function of α-Esterase genes. α-Esterase1, α-Esterase2 and
α-Esterase8 are prominently expressed in adult fly heads
(Campbell et al. 2003; Chintapalli et al. 2007). α-Esterase1
and α-Esterase8 are transcriptionally upregulated in heads

of adult males of fly lines selected for aggressive behaviour
(Dierick and Greenspan 2006), α-Esterase2 acts as mating responsive gene (Ellis and Carney 2010). In addition
to this, being the members of fat body lipid droplet proteome, α-Esterase2 and α-Esterase7 may have function in
lipid metabolism (Beller et al. 2006). Recently, study by
Birner-Gruenberger et al. (2012) revealed that α-Esterase7
has important functions in insecticide tolerance, lipid
metabolism and life span control. Moreover, Esterase-6
was found as most analysed locus in D. melanogaster whose
product is primarily an adult male enzyme and the majority of its activity was localized to the anterior ejaculatory
duct of male reproductive tract. Esterase-6 is transferred
to the female within the first minute after the initiation of
copulation (Richmond and Senior 1981). The presence of
enzyme in a male’s seminal fluid has effects on the duration
of copulation (Gilbert and Richmond 1981), short-term
and long-term remating of females (Gilbert et al. 1981),
sperm use and progeny production (Gilbert and Richmond
1982). Gilbert and Richmond (1982) demonstrated that
625
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at low temperature, D. melanogaster males carrying active
Esterase-6, mate sooner, copulate for shorter time and produce more progeny than Esterase-6 null males, deducing
selection is operating on Esterase-6. The Mendelian pattern of inheritance of Esterase-6 was explained by Wright
(1963). Esterase-5 of D. pseudoobscura is an orthologue of
Esterase-6 of D. melanogaster, which is mainly expressed in
the eye. On the other hand, Esterase-6 of D. melanogaster
was expressed in male reproductive tissue (Oakeshott et al.
1993). Consequently, esterases are well known to hold
functional diversity.
Regarding the study of genetic polymorphism in genus
Drosophila, D. ananassae has received much attention
(Singh 2013). Chromosomal polymorphisms have extensively been examined in this species (Singh 2010). However,
studies on protein polymorphisms needs to be explored.
In our laboratory, surveys on enzyme polymorphism in D.
ananassae are set off by Kumar and Singh (2014). While
studying allozyme polymorphism in D. ananassae, it was
observed that Esterase-4 locus consists of active and null
alleles in this species (Krishnamoorti and Singh 2013).
Individuals, hemizygous, homozygous, or heterozygous
for null alleles at loci coding for the production of enzymes
are expected to have reduced fitness and the depression in
fitness is correlated with the importance of the enzyme
functions to overall metabolism (Voelkar et al. 1980).
The present study is an attempt to investigate the in vivo
functions of Est-4 locus of D. ananassae. It is assumed
that this locus may have direct or indirect role in mating propensity, mating preference, fecundity, fertility and
productivity, longevity and lipid metabolism. Thereby,
above parameters were assayed in the flies which are either
homozygous for Est-4 active or Est-4 null alleles.

Figure 1. Alpha-esterase patterns observed in native polyacrylamide gel, arrows indicating Est-4 active and Est-4 null alleles in
D. ananassae.

lines for Est-4 active (+/+) and Est-4 null (−/−) were
isolated through selection process (Aslund and Rasmuson
1978). For the in vivo functional characterization of Est-4
locus, homozygous stocks of Est-4 active (+/+) and Est-4
null (−/−) genotypes were established by crossing different homozygous lines of each genotype to randomize the
genetic background, so that the observed differences were
attributable to the variation at Est-4 locus alone (figure 1).
It was found that the heterozygotes (+/−) of Est-4 active
and Est-4 null express enzyme activity, indicating Est-4
active allele behaving as a dominant allele and these two
alleles follow the Mendelian pattern of segregation. Maintenance and experimentations of D. ananassae stocks were
◦
carried out in a temperature controlled laboratory (∼24 C)
with 60–80% relative humidity (RH) and 12-h L/D cycle.

Materials and methods
Drosophila stocks

Mating propensity and mate choice

Drosophila ananassae stocks used in the present study were
derived from the flies of natural population of Gangtok,
India, collected in 2006. Several isofemale lines were set
up. Arrangements of gene in all the chromosomes of every
isofemale line were examined, following the map of salivary gland chromosomes of D. ananassae prepared by
Ray-Chaudhuri and Jha (1966). Isofemale lines having
standard gene arrangement in all the chromosomes were
isolated through the process of selection. Subsequently,
by crossing these isolated lines, a karyotypically homozygous stock was established, namely, GT-ST / ST. Virgin
females and males were collected from this stock to set
large number of pair mating to see the pattern of esterase
variants in their progeny. Esterase profiling of progeny
was carried out through native PAGE using enzyme specific substrate (1-naphthylacetate AR) and stain (fast blue
RR). On the basis of enzymatic activity, active and null
alleles of Est-4 locus were identified. Various homozygous

Virgin flies of Est-4 active and null were collected and
aged for 6–7 days. To assay the mating propensity of
these two genotypes, 20 males and 20 females of the same
genotype were introduced into Elens–Wattiaux mating
chamber (Elens and Wattiaux 1964) without etherization
and observed for 60 min. When a pair commenced mating,
it was aspirated out and number of matings was recorded.
To test whether there is preferential or random mating between these two genotypes, male-choice method was
employed in which 15 males of one type, i.e. either Est-4
active or null and 15 females of both the genotypes were
placed in Elens–Wattiaux mating chamber. To identify the
females of either genotype, Est-4 null females were marked
by wing clipping method (Som and Singh 1998; Nanda and
Singh 2008). The total number of flies in a mating chamber was 45 and sex-ratio was 1 male : 2 females. Mating
was observed for 1 h. When a pair started mating, it was
aspirated out and kept in a separate empty vial. Later, the
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type of mating, i.e. homogamic or heterogamic was identified. Each experiment was conducted in five replicates. The
experiments were carried out between 7:00 and 11:00 am.
Fecundity

Six to seven days aged single virgin female and male flies
of the respective genotypes (n = 21) were kept in food
vial seeded with active yeast. After 24 h, each pair was
transferred to fresh food vials and eggs were counted
using binocular. This process was repeated, for consecutive
observations of egg production, for the next 10 days.
Fertility and productivity

Virgin female flies of the respective genotypes were individually mated with male of the same genotype (n = 148
for Est-4 active and n = 150 for Est-4 null in three replicates of cohorts of ∼50 flies). The females that were able to
produce progeny were considered as fertile females. Then,
productivity of fertile females (n = 97 for Est-4 active and
n = 71 for Est-4 null) was observed up to 12 days. Flies
were transferred to fresh food vials every 4th day. Thus,
three transfers were made during 12 days observation. F1
progeny of fertile females were scored.
Longevity

Virgin female and male flies of both genotype (n = 30) were
kept individually in separate food vials to observe their survivorship. They were transferred to fresh food vials every
week, while the surviving flies were counted every day.
Triglycerides assay

Triglyceride was measured in the larval haemolymph and
seven-days-aged flies of Est-4 active and Est-4 null using
Autospan-diagnostic kit for triglycerides assay.
Haemolymph collection from larvae: Third instar larvae were

slit with fine needle on a slide containing 0.1% saturated
PTU in ethanol. Five to six speared larvae were put in a
0.5 mL perforated microfuge tube. Then, such perforated
microfuge tubes were placed into 1.5 mL tubes without
lid. Further, it was centrifuged at 10,000 rpm for 2 min
and then 0.5 mL tubes were discarded. The heamolymph
accumulated in 1.5 mL tube was collected in another tube
◦
and kept at –20 C.
Adult fly homogenate preparation: Flies (n = 5) were homog-

enized in 100 μL PBS + 0.1% Tween, centrifuged at
10,000 rpm for 2 min; supernatant was collected and
◦
heated for 5 min at 65 C to inactivate lipase and then used
for triglyceride assay. The triglyceride assay was made in
three replicates of cohorts for both the samples.
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Statistical analyses

JMATING software, which is the first complete and
versatile software for analysing sexual selection and sexual isolation from mating frequency data was used for
the analysis of mate choice experiment (Coyne et al.
2005; Carvajal-Rodriguez and Rolan-Alvarez 2006). It is
freely available on http://www.uvigo.es/webs/c03/webc03/
XENETICA/XB2/JMsoft.htm and requires the Java runtime environment.
Unpaired t-test was employed to test the difference in
mating propensity, fecundity and triglycerides level using
Sigma-Stat 2.0 software. Mann–Whitney rank sum test
was used to see the level of difference in productivity. For
survivorship assay, log-rank test was applied.

Results
Mating propensity and mate choice

During the 1 h observation, of the 20 possible matings, an
average mating success was found to be 8.4 and 7 for Est4 active and Est-4 null genotypes, respectively. Unpaired
t-test indicated that there is no significant difference in
the mean mating success of the two genotypes of Est-4
(P = 0.447; table 1).
Results of mate choice experiment presented in table 2
show the number of homogamic or heterogamic matings
between the genotypes of Est-4. Theoretically, two main
mechanisms can produce deviations from random mating,
sexual selection and sexual isolation due to discrepancy in
mating propensity and mate choice. Therefore, heterogeneity G test for sexual selection effects (GS), sexual isolation
effects (GI) and for the combined effects (GT = GI + GS)
were assessed (table 3). GT, GI and GS values are not statistically significant, providing evidence for random mating.
However, value of GS is very close to the value of P = 0.05,
suggesting that a moderate sexual selection might be operating. Estimates of PTI coefficients for each mating pair
combination and IPSI coefficient are shown in table 4. The
PTI coefficients correspond to the combined sexual selection and sexual isolation effects; whereas IPSI coefficient is
the estimate of global sexual isolation. PTI coefficients are
not statistically significant for all the possible mating pair
combinations except for one, i.e. Est-4 active male + Est-4
null female combination. An estimate of IPSI coefficient is
also not significant.

Fecundity

The mean fecundity of females of Est-4 active and Est-4
null genotypes are presented in table 1, which demonstrates
significant difference for the fecundity in females of the two
genotypes (P = 0.007).
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Table 1. Results of mating propensity, fecundity and triglycerides measurement of Est-4 active and null flies of D. ananassae.
Est-4 active (mean ± SE)

Est-4 null (mean ± SE)

t

Df

P

7.0 ± 1.18
103.57 ± 10.023
20.45 ± 5.52
70.05 ± 16.91
23.28 ± 5.74

0.80
2.856
3.972
2.332
2.576

8
40
4
4
4

0.447
0.007*
0.017*
0.080
0.062

8.4 ± 1.28
141.47 ± 8.67
47.43 ± 3.95
138.36 ± 23.92
44.65 ± 6.0

Mating propensity
Fecundity
Triglycerides in larvae (heamolymph) (mg/dL)
Triglycerides in female (mg/dL/fly)
Triglycerides in male (mg/dL/fly)
*Significant.

Table 2. Results of male choice experiments involving Est-4 active and Est-4 null flies of D.
ananassae.
Crosses
Female

Male

Est-4 active + Est-4 null
Est-4 active + Est-4 null

Est-4 active
Est-4 null

Homogamic matings
n
%

Heterogamic matings
n
%

25
24

17
31

33.33
32

22.66
41.33

n, Total number of females mated.
Table 3. Heterogeneity G test for sexual selection and sexual
isolation effects in the male choice experiments involving Est-4
active and Est-4 null flies of D. ananassae.
GS

GI

GT (GI + GS)

4.08

0.1

4.17NS

GS is a G test for the sexual selection effects, GI is a G test for
sexual isolation effects and GT is the G test for both combined
effects (GT = GI + GS). NS, not significant.

Longevity

Life spans of Est-4 active and Est-4 null female and male
flies were observed and the results are depicted in figure 2.
Survival curves showed a reduction in the life span of Est-4
null compared to the Est-4 active flies in both the sexes. Further, reduction in the life span of Est-4 null females compared to the Est-4 active females is significant (P < 0.05)
indicating role of Est-4 locus in the regulation of life span.
Triglycerides assay

Table 4. Results for PTI coefficients (estimates of mating preferences) and their standard deviations (in parentheses) for each
mating pair combination.
Male
Female

Est-4 active

Est-4 active

1.028 (0.177)
1.277 (0.19)
P = 0.93
P = 0.154
0.0333 (0.1044)
P = 0.7436
0.702 (0.155)
0.993 (0.176)
P = 0.05*
P = 0.91

Est-4 null

Est-4 null

The IPSI coefficient (estimating sexual isolation) and its standard
deviation are in bold. *Significant.

Fertility and productivity

Present study revealed that there is strong dependency
between genotypes and the rate of fertility. The flies of Est4 active are more fertile than Est-4 null flies (P < 0.01).
The median value of progeny produced per female for
Est-4 active and Est-4 null is 24 and 20, respectively
(Mann–Whitney rank sum test), but the difference is not
statistically significant (P = 0.081; table 5).

To test the role of Est-4 locus in lipid metabolism, triglycerides level in the 3rd instar larval haemolymph and in
seven-day-aged females and males homogenate was measured. Triglycerides level in haemolymph of Est-4 active
larvae is found to be significantly more than in Est-4 null
larvae (P = 0.017). Triglycerides content was higher in
adult flies of Est-4 active than Est-4 null in both the sexes as
well. However, the difference is not significant (P = 0.080
in case of females and P = 0.062 in males; table 1).

Discussion
Apparent fitness differences among allozyme genotypes
have been reported for various organisms and enzymes
(Kojima and Yarbrough 1967; Birley and Beardmore 1977;
Aslund and Rasmuson 1978). Studies on esterases in
Drosophila have proven its functional diversity. Esterase-6
plays a role in the physiological and behavioural dynamics of sex pheromone (cis-vaccenyl acetate; cVA) response
in D. melanogaster males and it also acts as an odorant
degrading enzyme (ODE) in male antennae (Chertemps
et al. 2012). Despite the knowledge of representative of
Esterase-6 of D. melanogaster, in D. ananassae, it was speculated that if Esterase-4 locus of D. ananassae have similar
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Table 5. Results showing dependency between the rate of fertility and genotypes of Est-4 locus (using R × C contingency table)
and productivity of females of Est-4 active and null flies of D. ananassae.

Genotypes
Est-4 active
Est-4 null

Total no. of
crosses
148
150

No. of crosses in which No. of crosses in which
progeny appeared
progeny not appeared
χ2
(fertile)
(infertile)
97
71

51
79

10.04

Df

P

1

<0.01*

Median value of
F1 progeny/fly
24
20

P
0.081

* Significant.

Figure 2. Survival curves showing median life span reductions more in genotype Est-4 null than genotype Est-4 active. (a) Survivorships in females of both the genotypes, log-rank P < 0.05*. (b) Survivorships in males of both the genotypes, log-rank P > 0.05.
*Significant.

kind of function, then there could be the difference in mating propensity or activity and mate choice between the two
genotypes, i.e. Esterase-4 active and Esterase-4 null. Nevertheless, in the present study, we could not get significant
deviation in mating propensity and mate choice, indicating
Est-4 locus of D. ananassae does not play role concerning
these aspects.
Henceforth, it was thought that Esterase-4 locus of
D. ananassae may have some postmating functions like
fecundity, fertility and productivity, etc. Concurrently,
findings of the present study support our assumptions

since we found significant difference for fecundity (egg
laying capacity) and rate of fertility (female’s ability to
produce progeny) between Esterase-4 active and Esterase4 null flies. Moreover, Esterase-4 active females produce
more progeny than Esterase-4 null. Thus, present study
revealed that there is positive association for fecundity, rate
of fertility and productivity with the presence of Esterase-4
active allele in D. ananassae. In D. melanogaster, Esterase-6
is a characterized enzyme which has effects on reproductive functions (Gilbert et al. 1981; Gilbert and Richmond
1982; Saad et al. 1994). In D. melanogaster,Esterase-6 is
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concentrated in male anterior ejaculatory duct which is
transferred to female during copulation that lead to rapid
uses of sperm stored in storage organs. Rapid depletion in
sperm storage organs is positively correlated with frequent
remating, which is further associated with productivity.
Drosophila exhibits robust genetic variance for lifespan. Quantitative trait locus analyses (Mackay et al. 2006)
and artificial selection regimes (Harshman and Hoffmann
2000) have demonstrated that flies derived from the natural populations harbour allelic variation that affects lifespan. Natural allelic variation has been characterized at
a handful of loci, which are identified as ageing genes,
for example, allelic variation in Catsup, Ddc, Dox-A2,
Lim3, ms(2)35Ci, stc and tup, associated with variation in
longevity in D. melanogaster (Paaby and Schmidt 2009).
Allelic variation at G-protein coupled receptor mth in D.
melanogaster showed significant differences in lifespan,
fecundity and resistance to oxidative stress (Paaby and
Schmidt 2008). Similarly, in the present study, Esterase-4
locus is identified as one of the candidates causing natural
genetic variation in longevity of D. ananassae. It is shown
here that Est-4 active females have significantly higher
life span than Est-4 null females. Est-4 active males also
have higher life span than Est-4 null males, although the
difference is statistically insignificant. The present study
provides evidence that allelic variation at individual locus
affects longevity.
Many fundamental aspects of cellular functioning including lipid metabolism require esterase activity. Insects
store energy reserves in the form of glycogen and triglycerides in the adipocytes, the main fat body cells. Therefore, triglycerides level was measured in 7-day-aged flies
homogenate and larval haemolymph of Est-4 active and
Est-4 null. Results illustrated that there is a difference
in triglycerides level in 7-day-aged flies as well as in larval haemolymph of Est-4 active and Est-4 null. Further,
triglycerides level present in larval heamolymph of Est-4
active is significantly more than Est-4 null, indicating the
role of Est-4 locus in lipid metabolism in D. ananassae.
Thus, Est-4 locus causes disparity in fecundity, rate
of fertility and productivity, lifespan and triglyceride
metabolism in D. ananassae. Reproduction, fat metabolism
and lifespan are interconnected (Hansen et al. 2013).
Various studies in different organisms manifested that
increased life span is associated with reduced reproduction, but markedly increased lipid storage (Chippindale
et al. 1993; Gems et al. 1998; Tatar et al. 2001; Judd et al.
2011). Reproduction is an energetically expensive process,
which has profound effects on the metabolism of fat. Thus,
there is inverse relationship between reproduction and fat
storage that reflect an energetic trade-off. As a result of
depletion of energy reserves to support reproduction (cost
of reproduction), organisms compromise its ability to scaffold somatic maintenance and survival (Williams 1966), so
that individuals with reduced reproduction survive better
and live longer than those with higher reproductive effort

(Bell and Koufopanou 1986; Partridge et al. 2005). However, such direct correlations are not found in our case,
regardless of the evidence that Est-4 locus has effect on
reproduction, life span and triglycerides metabolism.
Considering the adaptive significance and frequency of
nulls in natural populations, earlier workers proposed that
the biological effects on the carriers and null homozygotes
may be negligible and nulls are less likely to have strongly
deleterious effects at loci coding for enzyme function in
intermediary metabolism because of enzyme redundancy
and alternate pathways (Voelkar et al. 1980). Surveys of
null alleles at allozyme loci have demonstrated that they
appear in natural populations due to mutation–selection
balance (Voelkar et al. 1980; Langely et al. 1981). However,
in this report, Est-4 is identified as an important locus and
it must be involved in metabolic pathways affecting fecundity, fertility, life span and triglyceride storage. While, lack
of sexual isolation and trivial difference in sexual selection
between the two genotypes of Est-4 of D. ananassae might
be one of the plausible reasons for the maintenance of null
alleles in natural population despite of its low fitness value.
Future studies related to characterization of this locus
will reveal its structural homology with D. melanogaster
esterases.
Acknowledgements
KK is grateful to University Grant Commission, New Delhi, for
providing the research fellowship. We are thankful to E. RolanAlvarez for helping us with JMATING software. We also thank
the anonymous reviewers for their comments and suggestions on
the original draft of the manuscript.

References
Aslund S.-E. and Rasmuson M. 1978 Mating behaviour as a
fitness component involved in maintaining allozyme polymorphism in Drosophila melanogaster III. The amount of variation
among allozyme genotypes in the Est-6 and Lap-A allozyme
systems. Hereditas 89, 29–35.
Ayala F. J., Mourao C. A., Perez-Salas S., Richmond R. and
Dobzhansky T. 1970 Enzyme variability in the Drosophila
willistoni group I. Genetic differentiation among sibling
species. Proc. Natl. Acad. Sci. USA 67, 225–232.
Bell G. and Koufopanou V. 1986 The cost of reproduction.
Oxford Surv. Evol. Biol. 3, 83–131.
Beller M., Riedel D., Jansch L., Dieterich G., Wehland J., Jackle
H. et al. 2006 Characterization of the Drosophila lipid droplet
subproteome. Mol. Cell Proteomics 5, 1082–1094.
Birley A. J. and Beardmore J. A. 1977 Genetical composition,
temperature, density and selection in an enzyme polymorphism. Heredity 39, 133–144.
Birner-Gruenberger R., Bickmeyer I., Lange J., Hehlert P., Hermetter A., Kollroser M. et al. 2012 Functional fat body
proteomics and gene targeting reveal in vivo functions of
Drosophila melanogaster α-Esterase-7. Insect Biochem. Mol.
Biol. 42, 220–229.
Campbell P. M., de Q Robin G. C., Court L. N., Court N., Dorrian S. J., Russell R. J. et al. 2003 Developmental expression and

Effects of Esterase-4 locus in D. ananassae
gene/enzyme identifications in the alpha esterase gene cluster
of Drosophila melanogaster. Insect Mol. Biol. 12, 459–471.
Carvajal-Rodriguez A. and Rolan-Alvarez E. 2006 JMATING: a
software for the analysis of sexual selection and sexual isolation
effects from mating frequency data. BMC Evol. Biol. 6, 40.
Chertemps T., Francois A., Durand N., Rosell G., Dekker T.,
Lucas P. et al. 2012 A carboxylesterase, Esterase-6, modulates sensory physiological and behavioral response dynamics
to pheromone in Drosophila. BMC Biol. 10, 56.
Chintapalli V. R., Wang J. and Dow J. A. T. 2007 Using FlyAtlas
to identify better Drosophila melanogaster models of human
disease. Nat. Genet. 39, 715–720.
Chippindale A. K., Leroi A. M., Kim S. B. and Rose M. R. 1993
Phenotypic plasticity and selection in Drosophila life history
evolution. I. Nutrition and the cost of reproduction. J. Evol.
Biol. 6, 171–193.
Coyne J. A., Elwyn S. and Rolan-Alvarez E. 2005 Impact of experimental design on drosophila sexual isolation studies: direct
effects and comparison to field hybridization data. Evolution
59, 2588–2601.
Dierick H. A. and Greenspan R. J. 2006 Molecular analysis of
flies selected for aggressive behavior. Nat. Genet. 38, 1023–
1031.
Elens A. A. and Wattiaux J. M. 1964 Direct observations of sexual
isolation. Dros. Inf. Serv. 39, 118–119.
Ellis L. L. and Carney G. E. 2010 Mating alters gene expression patterns in Drosophila melanogaster male heads. BMC
Genomics 11, 558.
Gems D., Sutton A. J., Sundermeyer M. L., Albert P. S., King
K. V., Edgley M. L. et al. 1998 Two pleiotropic classes of daf-2
mutation affect larval arrest, adult behavior, reproduction and
longevity in Caenorhabditis elegans. Genetics 150, 129–155.
Gilbert D. G. and Richmond R. C. 1981 Studies of esterase 6 in
Drosophila melanogaster. VI. Ejaculate competitive abilities of
males having null or active alleles. Genetics 97, 85–94.
Gilbert D. G. and Richmond R. C. 1982 Esterase 6 in Drosophila
melanogaster: reproductive function of active and null males
at low temperature. Proc. Natl. Acad. Sci. USA 79, 2962–2966.
Gilbert D. G., Richmond R. C. and Sheehan K. B. 1981 Studies
on esterase 6 in Drosophila melanogaster. V. Progeny production and sperm use in females inseminated by males having
active or null alleles. Evolution 35, 21–37.
Hansen M., Flatt T. and Aguilaniu H. 2013 Reproduction,
fat metabolism, and life span: what is the connection? Cell
Metabol. 17, 10–19.
Harshman L. G. and Hoffmann A. A. 2000 Laboratory selection experiments using Drosophila: what do they really tell us?
Trends Ecol. Evol. 15, 32–36.
Healy M. J., Dumancic M. M. and Oakeshott J. G. 1991 Biochemical and physiological studies of soluble esterases from
Drosophila melanogaster. Biochem. Genet. 29, 365–388.
Judd E. T., Wessels F. J., Drewry M. D., Grove M., Wright K.,
Hahn D. A. et al. 2011 Ovariectomy in grasshoppers increases
somatic storage, but proportional allocation of ingested nutrients to somatic tissues is unchanged. Aging Cell 10, 972–979.
Kojima K. and Yarbrough K. M. 1967 Frequency dependent
selection at the esterase 6 locus in Drosophila melanogaster.
Proc. Nat. Acad. Sci. USA 57, 645–649.
Krishnamoorti K. and Singh A. K. 2013 Esterase-4 locus comprises active and null alleles in Drosophila ananassae. Dros. Inf.
Serv. 96, 54–55.

Corresponding editor: N. G. Prasad

631

Kumar S. and Singh A. K. 2014 Complete absence of linkage
disequilibrium between enzyme loci in natural populations of
Drosophila ananassae. Genetika 46, 227–234.
Langely C. H., Voelker R. A., Leigh-Brown A. J., Ohnishi S.,
Dickson B. and Montgomeri E. 1981 Null allele frequencies at allozyme loci in natural populations of Drosophila
melanogaster. Genetics 99, 151–156.
Lewontin R. C. and Hubby J. L. 1966 A molecular approach to
the study of genic heterozygosity in natural populations. II.
Amount of variation and degree of heterozygosity in natural
populations of Drosophila pseudoobscura. Genetics 54, 595–
609.
Mackay T. F. C., Roshina N. V., Leips J. W. and Pasyukova E. G.
2006 Complex genetic architecture of Drosophila longevity. In
Handbook of the biology of aging (ed. E. J. Masaro and S. N.
Austad), pp. 181–216. Elsevier Press, Burlington, USA.
Nanda P. and Singh B. N. 2008 No effect of marking procedures
and choice situations on the pattern of matings in Drosophila
ananassae. Dros. Inf. Serv. 91, 10–13.
Oakeshott J. G., van Papenrecht E. A., Boyce T. M., Healy
M. J. and Russell R. J. 1993 Evolutionary genetics of
Drosophila esterases. Genetica 90, 239–268.
Paaby A. B. and Schmidt P. S. 2008 Functional significance of
allelic variation at methuselah, an aging gene in Drosophila.
PLoS One 3, e1987.
Paaby A. B. and Schmidt P. S. 2009 Dissecting the genetics of
longevity in Drosophila melanogaster. Fly 3, 1–10.
Partridge L., Gems D. and Withers D. J. 2005 Sex and death:
what is the connection? Cell 120, 461–472.
Richmond R. C. and Senior A. 1981 Esterase 6 of Drosophila
melanogaster: kinetics of transfer to females, decay in females
and male recovery. J. Insect Physiol. 27, 849–853.
Saad M., Game A. Y., Healy M. J. and Oakeshott J. G. 1994
Associations of esterase 6 allozyme and activity variation with
reproductive fitness in Drosophila melanogaster. Genetica 94,
43–56.
Singh B. N. 2010 Drosophila ananassae: a good model species for
genetical, behavioral and evolutionary studies. Indian J. Exp.
Biol. 48, 333–345.
Singh B. N. 2013 Genetic polymorphisms in Drosophila. Curr.
Sci. 105, 461–469.
Som A. and Singh B. N. 1998 No effect of marking flies either by
nail polish on scutellum or by wing clipping on mating success
in Drosophila ananassae. Dros. Inf. Serv. 81, 202–203.
Tatar M., Kopelman A., Epstein D., Tu M. P., Yin C. M. and
Garofalo R. S. 2001 A mutant Drosophila insulin receptor
homolog that extends life-span and impairs neuroendocrine
function. Science 292, 107–110.
Tweedie S., Ashburner M., Falls K., Leyland P., McQuilton P.,
Marygold S. et al. 2009 FlyBase: enhancing Drosophila gene
ontology annotations. Nucleic Acids Res. 37, D555–D559.
Voelkar R. A., Langley C. H., Leigh-Brown A. J., Ohnishi S.,
Dickson B., Montgomery E. et al. 1980 Enzyme null alleles in
natural populations of Drosophila melanogaster: frequencies
in a North Carolina population. Proc. Natl. Acad. Sci. USA
77, 1091–1095.
Williams G. C. 1966 Natural selection, the costs of reproduction,
and a refinement of Lack’s principle. Am. Nat. 100, 687–690.
Wright T. R. F. 1963 The genetics of an Esterase in Drosophila
melanogaster. Genetics 48, 787–801.

