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Abstract

There are several barriers to preclude the gene flow between diverging populations. On the basis of their temporal
nature, these can be broadly categorized into two forms: pre- and post-zygotic. Post-zygotic reproductive isolation
can manifest in the form of reductions in hybrid fertility. Keeping this fact in view, in the present study, we studied
sterility in hybrids of D. ananassae and D. pallidosa. Surprisingly a distinguishable pattern of infertility was found
in the hybrids. This pattern, referred to as Haldane’s rule, is often observed in hybrids of recently diverged
populations or species. Reduction in the fertility of hybrids provides the clue of incipient kind of post-zygotic
reproductive isolation in these two sibling species. This is the first report of hybrid sterility in this species pair.
However, hybrid sterility is not very prominent especially when compared to that of other species pairs with the
similar divergence time. Thus, on the basis of our results, we conclude that either sexual isolation between these
sibling species is sufficient and does not require the aid of post-zygotic isolation to preclude gene flow or rate of
divergence between D. ananassae and D. pallidosa is very slow in comparison to other species pair or even races
of some species.

Keywords: D. ananassae, D. pallidosa, Haldane’s Rule, Hybrid Male Sterility, Post-Zygotic Reproductive
Isolation

1. Introduction

One of the most fundamental objectives in evolutionary biology is to understand the processes of species
divergence. Yet, despite its importance, speciation has largely remained unexplored till date. Nevertheless much of
our comprehension about speciation arises from a strong focus on reproductive isolation, because over the last
decade, it has become clear that there is a parity between speciation and reproductive isolation, so that the origin of
species” is largely synonymous to “the origin of reproductive isolation” (Dobzhansky, 1937; Mayr, 1942).
Reproductive isolation or barriers to gene flow can be categorized by the temporal nature of their effect:
pre-zygotic barriers occur before fertilization and post-zygotic barriers occur after fertilization (Coyne & Orr,
2004). Post-zygotic reproductive isolation often manifest in the form of reductions in hybrid fertility (Hatfield &
Schluter, 1999). Hybrid sterility can eventually be attributed to Dobzhansky-Muller incompatibilities (Hutter,
1997) which typically evolves when diverging populations accumulate different alleles at two or more loci and
these are incompatible when brought together in hybrid genomes. Therefore, negative epistasis between these
alleles render hybrids inviable or sterile (Bateson, 1909; Dobzhansky, 1937; Muller, 1942). A clear understanding
of hybrid sterility thus requires a clear understanding of Dobzhansky-Muller incompatibilities. Hence, both hybrid
incompatibilities and species-specific differences play a vital role in the development of post-zygotic reproductive
isolation between incipient species. Thus, identification of hybrid incompatibilities measured as increased sterility
of hybrids is a major goal in evolutionary biology. Therefore, study of hybrids by laboratory hybridization is a
crucial step in resolving the evolution of post-zygotic isolation as well as speciation.

In the present study, we focused on the hybrid sterility between D. ananassae and D. pallidosa as they can be
hybridized in the laboratory. The species pair is unique due to the presence of strong sexual isolation in sympatric
situation but absence of post mating barriers such as hybrid inviability or sterility in the interspecific hybrids
(Oguma, 1993; Sawamura et al., 2008). While a number of studies have focused on the premating isolation in these
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sibling species (Futch, 1966, 1973; Vishalakshi & Singh, 2006) but studies on post-zygotic isolation has been
somewhat neglected. However, post-zygotic isolation has been extensively studied in many other Drosophila
species (Cabot et al., 1994; Davis et al., 1994; Perez & Wu, 1995; Tao, Xhen, Hartl, & Laurie, 2003; Sweigart,
2010). It is surprising that evolutionary biologists have not identified any post-zygotic isolation between these
sibling species, not even asymmetrical sterility in hybrid sons (Haldane, 1922), which is an early sign of
post-zygotic isolation. Therefore, we were provoked to identify post-zygotic isolation in these sibling species if
any. Keeping the above in view, we investigated the fertility of hybrids (hybrid sterility) between D. ananassae
and D. pallidosa and compared with the parental species.

2. Materials and Methods
2.1 Drosophila Stocks

One mass culture stock of D. ananassae, established from flies collected from Pondicherry (PC) India was
employed in the present study. One wild type strain of D. pallidosa was used. This strain is NOU 88 which was
kindly provided by Prof. M. Matsuda of Kyorin University, Japan. These stocks are being maintained in the
laboratory on the simple yeast agar culture medium at approximately 24°C following 12 hours’ light and dark
cycle.

2.2 Fertility Assay

For the fertility assay, we checked the larval activity. This procedure was earlier used by Kim and Watanabe (1989)
and Banerjee and Singh (2016). All the experiments of fertility assay were categorised into two groups that was

group I and group II. Group I comprises homogamic and heterogamic crosses of parental species. Group 11

comprises all the crosses of reciprocal hybrid daughters and sons with parental species and hybrid itself.

2.2.1 Experimental Design to Assay Fertility in Group I

20 pairs of 8 days old females and males from each strain were transferred to the bottles to collect virgins. Further,
after the emergence of new flies virgin females and males were sorted under stereobinocular microscope on the
basis of the presence of the ovipositor and aged for 8 days in food vials. After the completion of 8 days,
homogamic crosses of both the parental species (PC @ x PC & and NOU 88 Q@ x NOU 88 &) and reciprocal
heterogamic crosses between D. ananassae PC and D. pallidosa NOU 88 (PC @ x NOU 88 & and NOU 88 @ x PC
J) were set. Each cross was set in 20 vials by keeping single female with single male (1 pair/vial) (Figure 1).
Therefore, total 80 vials were used to make first set (20 for PC Q@ x PC &, 20 for NOU 88 @ x NOU 88 &, 20 for PC
Q x NOU 88 & and 20 for NOU 88 Q@ x PC ). Flies were kept in vials for 3 days and were then transferred to the
fresh food vials from first sets of vials to set second set. Similarly, third and fourth sets were also set by transferring
flies from second and third sets of vials respectively into fresh vials after each 3 days. Those vials where females
and males were not alive or flew during transfer were excluded from the experiments. After about 10 days, the first
sets of vials were inspected for larval activity. Vials in which larval activity was found were recorded as having a
fertile female. The vials in which no larval activity was seen were kept for few more days and regularly checked for
larval activity. The corresponding second, third and fourth sets of vials were also inspected for larval activity.
Vials in which no larval activity was noted in all the four sets of vials were noted as having sterile female. Hence,
the number of fertile and sterile females from each cross was scored.

General plan of the experiment

N

Group [ Group II
Homogamic Heterogamic Hybrids of PC @ Hybrids of NOU 88 ¢
cross cross xNOU 838 &' xPCJ

——HD1xPC{ HD2xPC ¢
HD1 xNOU 88 & HD2 x NOU 88 &
HDI x HS1 HD2 x HS2
——PC O xHS1 C 2 x HS2
NOU 88  x HS1 —NOU 88 2 x HS2

PCZ xNOU 83 J

PC2xPCS

NOU §8 £ x NOU 8§ NOU 88 2xPC &

Figure 1. Schematic presentation of the experiments
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2.2.2 Experimental Design to Assay Fertility in Group II

20 pairs (females and males in equal number) of 8 days old females and males from each strain were transferred to
the bottles to collect virgin. Further, after the emergence of new flies virgin females and males were sorted under
stereobinocular microscope on the basis of the presence of the ovipositor and aged for 8 days in food vials. After
the completion of 8 days, reciprocal heterogamic crosses between D. ananassae PC and D. pallidosa NOU 88 (PC
Q x NOU 88 3 and NOU 88 @ x PC &) were set in culture bottles by keeping 20 females with 20 males. From
these bottles hybrid daughters and hybrid sons (Daughters of PC @ x NOU 88 &' (HD1), sons of PC @ x NOU 88 &
(HS1), daughters of NOU 88 Q@ x PC & (HD2) and sons of NOU 88 @ x PC & (HS2) were collected and aged in
food vials for 8 days which were further used to set the experimental vials. From the hybrids of PC @ x NOU 88 &
cross, five sets of crosses were set with parental males, females and hybrid themselves: HD1 x PC &, HD1 x NOU
88 &, HD1 x HS1, PC Q@ x HS1, NOU 88 Q@ x HS1 (Figure 1). Similarly from the hybrids of NOU 88 ¢ x PC &
cross, five sets of crosses were also set with parental males, females, and hybrid themselves: HD2 x PC &, HD2 x
NOU 88 &, HD2 x HS2, PC @ x HS2, NOU 88 @ x HS2 (Figure 1). Each cross was set in 20 vials by keeping
single female with single male (1pair/vial). Flies were kept in vials for 3 days and were then transferred to the fresh
food vials from first sets of vials to set second set. Similarly, third and fourth sets were also set by transferring flies
from second and third sets of vials respectively into fresh vials after each 3 days. Those vials where females and
males were not alive or flew away during the transfer were excluded from the experiments. After about 10 days,
the first sets of vials were inspected for larval activity. Vials in which larval activity was found were recorded as
having a fertile female. The vials in which no larval activity was seen were kept for few more days and regularly
checked for larval activity. The corresponding second, third and fourth sets of vials were also inspected for larval
activity. Vials in which no larval activity was noted in all the four set of vials were noted as having sterile female.
Hence, the number of fertile and sterile females from each cross was scored.

2.3 Staining of Testis

To study the individualization of spermatids, testis was stained by using the method of Maside, Barrel, & Naveira
(1998) with slight modification in stain. Testis of reproductively mature (8-10 days old) males (both parental
species as well as both the reciprocal hybrid sons) were dissected out without disturbing the integrity of testis on a
slide containing few drops of insect saline solution (0.67% NaCl). Further, they were treated with a fixing solution
(45% acetic acid) for a very short period (10 sec) and immediately transferred to a new slide with few drops of 2%
lacto-aceto-orcein stain and kept for 20-25 minutes. They were then washed in 45% acetic acid to remove extra
stain. Gently a coverslip was placed over the testis and excess of stain were removed with the help of blotting paper.
Prepared slides were then observed under a phase contrast microscope (Nikon Eclipse 800) at 10X magnification.

2.4 Protein Estimation

Protein estimation of reproductively mature (8-10 days old) male’s testis of parental species as well as both the
reciprocal hybrid sons were done by using Bradford method (1976).

2.5 Statistical Analysis

Chi-square values were calculated from RxC contingency table to check whether there are significant differences
in number of fertile and sterile flies between homogamic and heterogamic crosses (2x2), between different crosses
of both the reciprocal hybrids (2x2) and between different crosses of hybrids and parental species (4x2).

2.6 Calculations of Different Isolating Barriers

We calculated different isolating barriers by using our data to know the strength of different isolating barriers
between these two sibling species (Ramsey, Bradshaw, & Schemske, 2003; Bono & Markow, 2009).

2.6.1 Post-Mating-Prezygotic Isolation

RlIpmpz = 1-fertility of heterospecific crosses/fertility of homospecific crosses
2.6.2 Hybrid Sterility

Rlus = (1-proportion fertile hybrid males/proportion fertile pure males)/2
2.6.3 Total Reproductive Isolation

We calculated the absolute contribution (AC) of each stage (n) of reproductive isolation (RI) to total isolation
using equation 4 from Ramsey et al. (2003).
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n—1
AC,=RI, (1—2/10,) (1)

i=1

Further, we calculated total isolation (T) using equation 5 (Ramsey et al., 2003).
T=> AC )

Values can range between 0, indicating no isolation, and 1, indicating complete reproductive isolation.

3. Results

Table 1. RxC contingency chi-square tests to check the differences in fertility between homogamic and
heterogamic crosses, between different crosses of both the reciprocal hybrids and between different crosses of
hybrids and parental species

Type of crosses n  No. of fertile flies  No. of sterile flies  Chi-square

PC Q xPC & 18 18 0 h
NOU 88 @ xNOU 88 & 15 14 1

PC @ xNOU 88 & 17 14 3 . e
NOU 88 Q x PC & 20 20 0 }5-71 ]

HDI1 x PC & 17 15 2 }1 0]
HD2 x PC & 19 18 1 ' 223
PCQxPCJ3 18 18 0 B
NOU 88 @ xNOU 88 & 15 14 1 i
HD1 x NOU 88 & 17 11 6 S
HD2 x NOU 88 & 17 16 1 }9.40**
PCQxPCJ 18 18 0 [712.24%*
NOU 88 @ x NOU 88 & 15 14 1 .

HDI x HS1 17 14 3

HD2 x HS2 20 17 3 } 166 L
PCQxPCJ 18 18 0 3.84
NOU 88 @ x NOU 88 & 15 14 1 i

PC @ x HSI 17 9 8 o]

PC Q x HS2 20 14 6 } L
PC @ xPCJ 18 18 0 "
NOU 88 @ x NOU 88 & 15 14 1

NOU 88 Q x HS1 17 13 4 } 9
NOU 88 @ x HS2 17 17 0 7.71%%
PCQxPCJ3 18 18 0 917+
NOU 88 Q xNOU 88 & 15 14 1 i

##5< 0,001, *p< 0.01.

PC, D. ananassae PC; NOU 88, D. pallidosa NOU 88; HDI1, hybrid daughters of D. ananassae PC @ x D.
pallidosa NOU 88 &'; HS1, hybrid sons of D. ananassae PC Q x D. pallidosa NOU 88 &'; HD2, hybrid daughters
of D. pallidosa NOU 88 Q x ananassae PC 3'; HS2, hybrid sons of D. pallidosa NOU 88 Q x D. ananassae PC J.

It is clear that females mated with conspecific males do not show significantly more fertility than females mated
with a heterospecific males (Table 1). Therefore, fertility between homogamic and heterogamic crosses are
statistically not significant and occurrence of similar fertility levels in conspecific and heterospecific matings
indicate a lack of postmating prezygotic isolation in these sibling species pair. In contrast, when D. ananassae PC
Q were crossed with D. pallidosa NOU 88 & significant level of sterility were found in comparison to reciprocal
cross (y2=5.71, p<0.01) because D. ananassae PC females were less fertile with D. pallidosa NOU 88 males than
conspecific males. Therefore, among heterogamic crosses, D. pallidosa NOU 88 females mated more often with D.
ananassae PC males than D. ananassae PC females mated with D. pallidosa NOU 88 males. No significant
differences were found in the number of fertile and sterile flies between HD1 x PC and HD2 x PC, HD1 x HS1 and
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HD2 x HS2 (32 = 1.10, %2 = 1.66 respectively). The numbers of fertile and sterile flies were not found to differ
significantly in the crosses of both the hybrid daughters with D. ananassae PC, both the hybrid daughters with
hybrid sons and heterospecific crosses in comparison to the parental species (y2 = 2.23, 2 = 3.84, y2 = 6.83) .
Whereas drastically reduced fertility was found in the crosses of both the hybrid daughters with D. pallidosa NOU
88 (x2 = 12.24, p< 0.001), both the hybrid sons with D. ananassae PC (¥2 = 14.36, p< 0.001) as well as D.
pallidosa NOU 88 (y2 =9.17, p<0.01) in comparison to parental species. Significant differences were found in the
fertile and sterile flies between crosses of both the reciprocal hybrid daughters with D. pallidosa NOU 88 (y2 =
9.40, p<0.001), crosses of both the reciprocal hybrid sons with D. ananassae PC (2 =7.51, p<0.001) as well as D.
pallidosa NOU 88 (y2="7.71, p<0.001). Between HD1 x NOU 88 and HD2 x NOU 88, HD1 x NOU 88 cross was
more severe in terms of sterility because more number of flies were found to be sterile in this respective cross in
comparison to other one. Between PC @ x HS1 and PC @ x HS2, PC @ x HS1 was more critical in terms of sterility
because more number of flies were sterile in this cross in comparison to other one. Between NOU 88 @ x HS1 and
NOU 88 @ x HS2, NOU 88 @ x HS1 is more severe in comparison to other. Therefore, hybrid sons (HS1) obtained
by crossing the D. ananassae PC Q with D. pallidosa NOU 88 & exhibited high level of reduction in the fertility
with both the parental species rather than HS2 and hybrid sons of both the reciprocal cross exhibiting more sterility
with ancestral species (D. ananassae PC).

Maximum sterility was found in the cross of hybrid sons with parental species (25.35%) in comparison to the cross
of hybrid daughters with parental species (14.28%) and hybrid daughters with hybrid sons (14.28%) (Figure
2).Value of Rlpmpz was -0.05, indicating that no post-mating-prezygotic isolation was found between D.
ananassae and D. pallidosa. Hybrid sterility for HS1 was 0.17 whereas for HS2, it was 0.065 clearly indicating
that HS1 are more sterile in comparison to HS2 (Table 2). Total reproductive isolation for HS1 was high rather
than HS2 (Table 2). We did not find any atrophy in the testis of both the reciprocal hybrid sons in comparison to
parental species which show that testis of parental species as well as both the reciprocal hybrid sons were fully
normal and dense (Figure 3A, 3B, 3C, 3D). Protein in the testis of HS1 was significantly less in comparison to
parental species as well as HS2 (Figure 4), indicating the severity of HS1.

Table 2. Strength and absolute contribution of different kinds of reproductive isolating barriers of both the
reciprocal crosses as well as both the hybrid sons

PC x NOU 88 NOU 88 x PC
Type of isolating barrier Strength Absolute contribution Strength Absolute contribution
PMPZ 0.565 0.565 0.375 0.375
Hybrid sterility (HS 1 and HS 2) 0.170 0.074 0.065 0.024
Hybrid inviability (HS 1 and HS 2) 0.000 0.000 0.000 0.000
Total isolation 0.637 0.266 0.399 0.264

Note: In both the crosses, maternal strains were written first.

PC, D. ananassae PC; NOU 88, D. pallidosa NOU 88; HS1, hybrid sons of D. ananassae PC @ x D. pallidosa
NOU 88 &; HS2, hybrid sons of D. pallidosa NOU 88 Q x D. ananassae PC J.

Fertile flies
Sterile flies

Number of fertile and sterile flies

= i

2 3
) PC+NOUSE F1(PC x NOU 88) +F1INOU 88 x PC) FI(PCx NOU 88) + FI(INOU 88 x PC)

2 FI(PCx NOU88)+ FINOU 885 PC)  F1(PC x NOU 88) + F1(NOU §8x PC) PC-NOUSS

Figure 2. Fertile and sterile flies in crosses of hybrid daughters, hybrid sons with parental species and hybrid
daughters with hybrid sons (¥»<0.001)
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Figure 3. Photographs showing morphology of the testis (A) D. ananasaae (B) D. pallidosa (C) Hybrid sons of D.
ananassae PC Q x D. pallidosa NOU 88 & (D) Hybrid sons of D. pallidosa NOU 88 Q x D. ananassae PC &
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§ .

o 1

&

T 1 *

E %

< 1 i ;
D. ananassae PC HS1  D. pallidesa NOU8S HS2

Figure 4. Amount of protein present in the testis of both the parental species as well as both the reciprocal hybrids
(*p<0.001)

4. Discussion

In a long history of evolutionary biology, hybrid male sterility was studied extensively by using Drosophila as a
model because Drosophila is particularly well suited to study such kind of reproductive barriers, as species within
this genus are highly variable in degree of reproductive isolation from noninterbreeding species to hybridizing
species (Yukilevich & True, 2008; Civetta & Gaudreau, 2015; Brill, Kang, K. Michalak, P. Michalak, & Price,
2016). Therefore, in the present study, we studied hybrid sterility between these two sibling species to understand
the exact status of post-zygotic isolation by means of larval activity. We found that when parental females mate
with F1 males, no larval activity was found in some vials and the lack of larval activity indicate the failure of
hybrid sons as well as parental species. However, this is the first report of the significant reduction in fertility of
hybrid sons between D. ananassae and D. pallidosa which is very surprising. Earlier it was known that hybrids are
fully fertile and normal (Oguma, 1993; Sawamura et al., 2008). In many eukaryotic organisms, especially
Drosophila, hybrid male sterility is a key event of post-zygotic reproductive isolating mechanism, and, our results
of experimental hybridization between these two sibling species provides the evidence of preliminary post-zygotic
reproductive isolation. In the present study, post-zygotic isolation might be the result of distorted interaction of
genetic combination of the parental lineages that, although functional in their normal genetic backgrounds, reduce
fitness when recombined in hybrids (Rundle, Nagel, Boughman, & Schluter, 2000; Burton, Ellison, & Harrison,
2006; Rogers & Bernatchez, 2006; Gow, Peichel, & Taylor, 2007). Several genes are involved in the expression of
this complex and polygenic trait (Gomes & Civetta, 2015). Three genes or more were identified in hybrid sterility
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of Drosophila simulans (Johnson, 2000), whereas Wu, Johnson, & Palopoli (1996), found over 100 genes on the X
chromosome, contributing to hybrid male sterility as well as many genes reside on the autosomes (Tao et al., 2003;
Araripe, Montenegro, Lemos, & Hartl, 2010; Dickman & Mochring, 2013). In addition to extensive X and
autosomal studies, a number of spermatogenesis genes that is differentially expressed between hybrids and
parental species, were revealed in myriad of Drosophila species by the gene expression studies (Porter & Johnson,
2002; Michalak & Noor, 2003, 2004; Johnson & Porter, 2007; Landry, Hartl, & Ranz, 2007; Mochring, Teeter, &
Noor, 2007).

Our results were consistent with the Haldane’s rule which states that the heterogametic sex will be affected first
during the course of evolution as well as speciation. There are three main theories to explain the Haldane’s rule:
The faster-X theory, the faster-male theory (Meiklejohn, Parsch, Ranz, & Hartl, 2003; Zhang, Hambuch, & Parsch,
2004; Eads, Colbourne, Bohuski, & Andrews, 2007; Malone & Michalak, 2008; Schilthuizen, Giesbers, &
Beukeboom, 2011) and the dominance theory (Turelli & Orr, 1995). The basis of all three theories are same, that is
epistatic genes are co-adapted within species but not between species. Thus, as a consequence of hybridization,
these co-adapted genes are replaced by gene variants. Due to the result of this replacement, old combinations will
break and new combinations will form which are incompatible. However, we discuss our results in the light of
faster-X theory. According to faster-X theory, genes on the sex chromosomes of diploid organisms evolve faster in
comparison to genes on autosomes. Epistatic interactions of genes on a fast-evolving chromosome are more prone
for disruption when brought into the foreign genetic background than genes on slowly evolving autosomes, due to
their larger divergence. Therefore, corresponding to the faster- X theory, we found that, out of two hybrid sons of
both the reciprocal crosses, hybrid sons (HS1) obtained by crossing D. ananassae PC Q with D. pallidosa NOU 88
& exhibit highly reduced fertility with both the parental species rather than reciprocal hybrid sons (HS2). It might
be possible that due to the faster evolution of X chromosome, D. ananassae’s X chromosome might have diverged
much more, as D. ananassae were considered as an ancestral species (Futch, 1966). Thus, being more diverged, X
chromosome of D. ananassae is more incompatible with the Y chromosome of D. pallidosa in HS1 in comparison
to X chromosome of D. pallidosa with the Y chromosome of D. ananassae in HS2. This faster evolution can not
only enhance genetic divergence for X-linked genes but also create X-autosome incompatibilities as well as X-Y
incompatibilities in hybrids. There are several studies (Good, Dean, & Nachman, 2008; Kitano et al., 2009;
Garrigan, Kingan, Geneva, Vedanayagam, & Presgraves, 2014) which reported the large effect of sex
chromosome on hybrid sterility suggesting that hybrid male sterility is frequently caused by incompatibilities
between the X and Y chromosomes (Mishra & Singh, 2007) or between the X and heterospecific autosomal alleles
and it might be possible that due to this incompatibilities between the X and Y chromosomes or between the X and
heterospecific autosomal alleles, hybrid sons are first to suffer malfunctioning. Hybrids also might have defects in
biochemical or physiological systems that also impair an organism’s ability to perform complex functions as we
found significant variations in protein of testis indicating its important role in sterility of hybrid males between
these two sibling species. This was also consistent with the fact that proteins in the reproductive tissues diverge
more rapidly than nonreproductive tissues (Ranz, Castillo-Davis, Meiklejohn, & Hartl, 2003; Zhang, Sturgill,
Parisi, Kumar, & Oliver, 2007; Assis, Zhou, & Bachtrog, 2012; Harrison et al., 2015). These proteins tend to
evolve rapidly by positive selection between closely related species (Haerty et al., 2007). Thus, in future, studies
related to microarray of hybrid’s testis will answer lots of questions related to these species pair and uncover the
mystery of these species pair. Second, hybrids may exhibit intermediate or mixed courtship behaviours that reduce
mating success with both parent species. Third, hybrid courtship could be disrupted by negative epistatic
interactions between courtship-specific genes. Hybrid behavioural sterility occurs when hybrids are unable to
perform courtship behaviours (Davies, Aiello, Mallet, Pomiankoski, & Silberglide, 1997; Noor, 1997; Coyne,
Elwyn, Kim, & Llopart, 2004). Further, we predict that there might be the effect of cytoplasm (that is,
mitochondrial background) on sterility also, as different patterns were evidenced in the reciprocal crosses, where
effect of cytoplasm is strong with the older species (Niehuis, Judson, & Gadau, 2008; Oliveira, Raychoudhury,
Lavrov, & Werren, 2008; Werren et al., 2010).

In addition to hybrids, sex of the parental species also influences the fertility of hybrids. First, if only hybrids were
responsible for the reduction in the fertility then reduction in the fertility should also found where both the partners
were hybrids, but we did not find any significant reduction in the fertility of hybrids with hybrids themselves
whereas hybrids with both the parental species were showing reduction the fertility. Second, results differ with
both the parents, reciprocal hybrid sons were showing high reduction in the fertility with D. ananassae PC ¢ in
comparison to D. pallidosa NOU 88 @, indicating that D. ananassae, as a partner were choosier rather than D.
pallidosa against the hybrid males, as D. ananassae is an ancestral species in this species pair. Thus, being an
ancestral species, D. ananassae retained very rigid mate recognition system and because of having rigid mate
recognition system, females from the ancestral lineage discriminate more against hybrid males, due to the loss of
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male mating components associated with incompatibilities between the X and Y chromosomes or between the X
and heterospecific autosomal alleles (Kaneshiro, 1983). Therefore, strict discriminative behaviour of parental
species specially, ancestral species, due to rigid mate recognition system implicate synergistic effect in association
of X-Y or X-autosome incompatibilities in the reduction of fertility of hybrids.

Occurrence of reduction of fertility of hybrid males, also, might be due to the atrophies in the testis morphology as
morphological abnormalities of the testis is one of the important phenotypic measures of sterility (Civetta &
Gaudreau, 2015; Gomes & Civetta, 2015). Sundararajan and Civetta (2011) reported significant under expression
of few genes localized to testis in sterile hybrids relative to parental species. In contrast to this, we did not find any
obvious differences in testis’s morphology of sterile F1 males. However, the physiological and developmental
processes that are involved in testis formation have diverged to such an extent that the two systems have become
incompatible within ~0.7 million years. Whereas pairwise divergence time for D. ananassae and D. pallidosa is
1.68 MYA (Russo, Beatriz, Frazdo, & Voloch, 2013). Therefore, despite of 1.68 MYA of divergence, lack of
morphological abnormalities in hybrid male’s testis is quite surprising. At present we can only say that the
differences at the level of morphology might be the last target of evolution. It might be possible that detailed
electron microscopy analysis of parental species and hybrids would identify any minor morphological anomalies
in the testis of males in near future.

We found reduction in fertility of hybrid sons rather than complete sterility of hybrid sons between D. ananassae
and D. pallidosa, suggesting that post-zygotic isolation has just begun to arise. Therefore, our study provides very
early sign of post-zygotic reproductive isolation. However, in D. melanogaster group, even closely related species
like D. sechellia and D. mauritiana carry many incompatibilities which is responsible for hybrid male sterility
(Masly & Presgraves, 2007). In crosses between D. melanogaster and D. simulans, all F1 hybrids are dead, as it is
known that the situation is more severe in older species pairs (Shapiro et al., 2007).

5. Conclusion

On the basis of our results, we can speculate that this species pair is unique in comparison to other species pairs.
Surprisingly, sexual isolation without post-zygotic isolation was sufficient to preclude gene flow (Bock & Wheeler,
1972) between these sibling species. Whereas, Kao, Zubair, Salomon, Nuzhdin, & Campo (2015) reported
post-zygotic isolation between United States and Caribbean strains of Drosophila melanogaster. Therefore, it is
questionable that how sexual isolation could be the signature of speciation or divergence between these sibling
species while strong sexual isolation occurs even among strains. As, we have found greater degree of intraspecific
sexual isolation in D. pallidosa in comparison to interspecific isolation between D. ananassae and D. pallidosa
(Singh and Singh unpublished). It may be possible that rate of divergence between D. ananassae and D. pallidosa
is very slow in comparison to other species pair or even races of some species. Therefore, if the rate of divergence
is slow between them in comparison to races or strains and races or strains have not achieved full status of species.
How have D. ananassae and D. pallidosa been assigned distinct species status?
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