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Yuh-Chyn Yu, Fei-Jann Lin and Hwei-yu Chang (1997) Karyotype polymorphism in hybrid populations of
Drosophila nasuta and D. albomicans. Zoological Studies 36(3): 251-259. Drosophila albomicans (2n = 6)
and D. nasuta (2n = 8) are 2 sibling species with indistinguishable morphology; but distinct karyotypes.
The former is distributed from Japan through Taiwan to Thailand, and the latter from India to the east coast
of Africa. Although they are completely crossable in the laboratory, no polymorphic karyotype has ever been
found in any one population of these two species in nature. In this report, 2 questions are addressed. First,
does karyotype polymorphism exist in hybrid populations of these 2 species after long-term cultivation?
Second, do the chromosomes originating from the same species interact with each other during their trans-
mission from generation to generation in hybrid offspring? To answer these questions, 22 interspecific hybrid
strains were established. Each strain was initiated by crossing one D. nasuta male and one D. albomicans
female. Their hybrid offsprings were maintained with the non-overlapping generation method for 2.5y (i.e.,
45 generations) and then subjected to karyotype analysis. The origins of the 3rd, 4th, and sex chromosomes
in the hybrid offspring were identified by larval karyotyping, while an esterase electrophoretic technique was
applied for distinguishing the origin of the 2nd chromosome. Among these hybrid offsprings, 92% of the 4th
chromosomes and 38% of the 2nd chromosomes are derived from D. albomicans. The frequencies of the
4th and the 2nd chromosomes are significantly different from their initial values (50%), therefore, we may
conclude that chromosome 4 is leaning to D. albomicans, and chromosome 2 to D. nasuta in hybrid strains.
On the contrary, 72.2% of the 3rd and X chromosomes (70.3% in male and 72.8% in female) are derived
from D. albomicans, which is close to the initial value (66.7%). Our data clearly reveal that karyotype poly-
morphism exists in hybrid offspring after long-term cultivation, and the evolution of the 3rd and X chromo-
somes is apparently not associated with other chromosomes.
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D rosophila albomicans and D. nasuta belong
to the D. nasuta subgroup of the D. immigrans
species group. Some species of the D. nasuta
subgroup can produce viable or fertile hybrids
and hence this species subgroup is used for many
aspects of population genetic studies. All taxa
belonging to this subgroup are almost identical
morphologically but have various degrees of re-
productive isolation. Among them, D. albomicans
and D. nasuta are not only morphologically indis-
tinguishable, but also they show littie reproductive
isolation under laboratory manipulation. Thus, it is
disputable whether these 2 taxa should be classified

as 2 species (Duda 1940), or 2 subspecies, D.
nasuta nasuta and D. n. albomicana (Nirmala and
Krishnamurthy 1972). Based on extensive mor-
phometric, reproductive, and allozyme studies,
Kitagawa et al. (1982) finally concluded that D.
nasuta and D. albomicans are 2 biologically dif-
ferent species, and they considered them as semi-
species of the D. nasuta complex.

During the past years, numerous studies have
shown that D. nasuta and D. albomicans have dif-
ferent chromosomal configurations (Wilson et al.
1969, Wakahama et al. 1971, Nirmala and Krish-
namurthy 1972). The karyotype of D. nasuta (2n =
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8) consists of an acrocentric X chromosome, a
submetacentric (J-shaped) Y, a metacentric 2nd,
a large acrocentric 3rd, and a small dot-like 4th
chromosomes. In D. albomicans (2n = 6), a large
metacentric neo-X or nec-Y chromosome constitutes
about 60% of its nuclear genome. The meta-
centric 2nd chromosome of D. albomicans is the
same as that of D. nasuta. Although D. albomicans
has only 3 pairs of chromosomes, the nomencla-
ture used follows that of D. nasuta (i.e., the 3rd
pair of chromosomes is also called the 4th in D.
albomicans). As compared to D. nasuta, the dot-
like 4th chromosome of D. albomicans is larger
because of heterochromatin accumulation (Wang
et al. 1988). In addition, the karyotypes are dif-
ferent in many other aspects, such as heterochro-
matin distribution and differentiation, positions of
nucleolar organizer regions, patterns of C-bands
and Z-bands (Ranganath et al. 1982 1983 1986).

it has been suggested that the large neo-X
or neo-Y chromosome of D. albomicans possibly
evolved by fusion of the ancestral acrocentric 3rd
and sex chromosomes (Wilson et al. 1969, Waka-
hama et al. 1971, Nirmala and Krishnamurthy 1872).
The fused chromosome is regarded as a derived
state in the phylogeny of the D. nasuta subgroup.
The fixation of a new type is usually explained
by either genetic drift or natural selection. Since
these 2 sibling species have a broad geographic
distribution and share several chromosome inver-
sions, such as the one named In(2L)B,Ds in D.
albomicans (Lin et al. 1974) and |IL-2 or 2.-B in
D. nasuta (Kumar and Gupta 1986, Ranganath
and Krishnamurthy 1975, Singh and Kalisch 1991),
the speciation of D. albomicans was unlikely in-
itiated by a unique small population with severe
genetic drift. Whether D. albomicans evolved
through karyotype selection is an interesting ques-
tion that remains to be answered. Furthermore,
whether the evolution of the neo-X, neo-Y chrom-
osome was independent from other chromosomes
during transmission also remains to be investigated.

According to their collection sites, Kitagawa
et al. (1982) considered them as allopatrically dis-
tributed in nature. However, they did not collect
specimens from the distribution rims of these 2
species. Thus, it remains to be clarified whether
these 2 species are parapatric in certain areas.
Since these 2 species produce fertile hybrid of-
fspring in the laboratory, these hybrid progenies
could serve as usefu! material to examine their
karyotype change after long-term cultivation. The
purpose of this report is to examine the karyotype
polymorphism in hybrid offspring of D. nasuta and

D. albomicans, in order to answer the following 2
questions. Does karyotype polymorphism exist in
hybrid populations of these 2 species after long
term cultivation? Do chromosomes originating
from the same species interact with each other
in hybrid offspring?

MATERIALS AND METHODS
Drosophila strains

A Drosophila albomicans isofemale strain from
Okinawa, Japan (strain #0163.05), and a D. nasuta
from Mysore, India (strain #0193.7) were used in
this study. Twenty-two hybrid strains were estab-
lished, and each was from 1 pair of 3-d-old virgin
D. albomicans female and D. nasuta male. The
virgin flies were sexed within 8 h after emergence.
All hybrid strains were raised by a non-overlapping
generation method in a 23 °C incubator for 2.5 y.
Each generation, about 100 pairs of flies for each
strain were collected from 6 culture tubes, mixed
and transferred to 6 new tubes with fresh medium.
These flies were discarded before the adult flies of
the next generation emerged. The hybrid offsprings
of the 45th generation were used throughout the
experiments.

Karyotype assay

The 3rd-instar larvae of hybrid strains were
fed with 0.02% colchicine in yeast paste for 1.5 to
2 h. The brain ganglia were removed and soaked
in a hypotonic solution (1% sodium citrate aqueous
solution) for 6 min. Afterward, they were fixed in
a methanol-acetic acid (3:1) solution for 1 h, and
then transferred to 50 ul of 60% acetic acid. Cells
were dispersed by pipetting the brain tissue up
and down several times and dropping on a warm
slide (50 °C) for approximately 15 s. The solu-
tion was aspirated off. The air-dried slides were
stained with 5% Giemsa in phosphate buffer,
pH 6.8, for 1 h.

Sex ratio determination

For each hybrid strain, at least 100 adult flies
were sampled and sexed morphologically to de-
termine their sex ratio.

Esterase analysis

Electrophoretic analysis of esterase was per-
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formed as described previously (Chang and Lin
1990). In brief, each individual fly was homoge-
nized with 20 ul distilled water in an Eppendorf
tube. After centrifugation for 5 min, 10 ul super-
natant was mixed with 2 pul bromophenol blue-
glycerol solution, and loaded on a well of a 10%
polyacrylamide slab gel. Gel was run with Tris-
glycine buffer (pH 8.3) at 4 °C until the dye front
reached the gel bottom. Esterase patterns were
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Fig. 1. Karyotypes of Drosophila nasuta, D. albomicans, and their hybrids.
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253

then visualized by the specific staining method
described by Ayala et al. (1972).

RESULTS
Karyotype polymorphism

The karyotypes of a D. nasuta male, a D.
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Table 1. Observed and computer-simulated frequency distribution of the neo-X
chromosome in 22 strains at the 45th non-overlapping generation

Frequency for different population size (pairs)

Observed No. of

frequency? strain 10 20 30 40 50 100
0 0 432 1.37 0.40 0.12 0.04 0

0 -01 1 0.48 0.75 0.60 0.42 0.24 0.24
0.1 - 0.2 2 0.62 1.03 0.91 0.73 0.58 0.68
0.2 - 0.3 1 0.63 1.14 1.21 1.18 0.99 1.34
0.3 - 0.4 1 0.65 1.24 1.48 1.58 1.56 2.23
0.4 - 05 0 0.72 1.43 1.79 2.00 2.14 3.13
05 - 0.6 2 0.64 1.47 1.94 2.27 2.65 3.86
06 - 0.7 3 0.68 1.59 2.19 2.69 3.05 4.09
0.7 - 0.8 3 0.69 1.68 2.42 2.92 3.30 3.65
08 - 0.9 2 0.68 1.72 2.48 2.92 3.19 2.31
09 - 1 1 0.49 1.52 2.28 2.62 2.69 0.42
1 6 11.42 7.05 4.30 2.59 1.56 0.05
x2 33.29* 6.72 5.88 11.22 22.59* 719.06**
%rom Fig. 2.

*p < 0.05, **p < 0.01, df = 11.

albomicans female, and their hybrid F; male are
shown in Fig. 1 (A, B, C, respectively). From each
of the 22 hybrid strains, at least 10 larvae (a total
of 234 larvae) were subjected to karyotype analysis.
According to the karyotype differences between
D. albomicans and D. nasuta, the origins of the
3rd, 4th, and X chromosomes in hybrid offspring
could be easily identified. Thirty-five out of 234
hybrid offspring (15%) were aneuploids, for in-
stance, with 1 or 2 extra Y chromosomes in females,
or no Y chromosome in males (Fig. 1D, E, F), and
were excluded from the karyotype analysis. The
remaining individuals with a diploid karyotype were
used to estimate the frequencies of chromosomes
originating from D. albomicans.

(1) The 3rd and X chromosomes

Fixed

Number of strains
w
T

0.1 02 03 0405 06 07 08 09 1.0
Frequency of 3-X chromosome.

Fig. 2. Frequency distribution of the neo-X chromosome in
22 hybrid strains.

Fig. 2 shows the frequency distribution of the
albomicans 3-X (neo-X) chromosome in 22 hybrid
strains. The neo-X chromosome of 6 strains (#4,
#5, #10, #12, #13, and #16) had apparently reached
fixation, whereas the others remained polymorphic.
The female and male karyotypes of the fixed strain
are shown in Fig. 6G, H. However, the frequency
of the neo-X chromosome varied from 5.5% to
90.0% among these polymorphic hybrid strains.
The mean frequency of these 22 strains, including
those reaching fixation, was 72.2%, which is not
statistically different from the initial value (66.7%).
None of the 22 strains had lost the neo-X chro-
mosome after 2.5 y (at least 45 generations).

Several neo-X frequency distributions at the
45th generation based on different population sizes
were generated by computer simulation through
sampling for 100000 times, assuming random
mating and no selection. In the 1st generation,
there were only 1 type of male and 1 type of
female; in the 2nd generation, there were 2 male
and 2 female genotypes; in the following genera-
tions, there were 2 male and 3 female genotypes.
There are a total of 6 possible mating types, each
of which generates offspring according to the
Mendelian ratio. The frequency of a mating type
depends on the frequencies of male and female
genotypic frequencies. For comparison, expected
neo-X frequency distributions of 22 stocks were
calculated from the result of computer simulation
(Table 1).

(2) The 4th chromosome
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The frequency of the albomicans 4th chromo-
some is shown in Fig. 3. Eighteen strains had
reached fixation to the albomicans type. The mean
frequency (92%) was significantly different from
the initial value (50%). Thus, the 4th chromosome
in hybrid offspring trended forward D. albomicans.

Esterase electrophoresis

From each of the 22 hybrid strains, 24 adults
were subjected to esterase electrophoretic analy-
sis. D. albomicans and D. nasuta have 3 esterase
loci, Est-F, Est-C, and Est-A (nomenclature follows
Kanapi and Wheeler 1970} on their 2nd chromo-
some, and the esterase patterns of 2 parental
strains and their hybrids are illustrated in Fig. 4.
The electrophoretic patterns of EST-C and EST-A
of these 2 species were easily distinguished on
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Fig. 3. Frequency distribution of the albomicans 4th chromo-
some in 22 hybrid strains.

10% polyacrylamide gel (Fig. 4, left), while the
EST-F patterns could be differentiated on 7.5%
gel (data not shown). Fortunately the homogenate
from a single fly is enough for loading on 2 sep-
arate gels. Since it is impossible to show all 3
isozyme zones clearly on one gel, 8 different pat-
terns (including 1 albomicans, 3 nasuta, 2 hybrids,
and 2 recombinant patterns) observed in hybrid
offspring are illustrated in the right panel of Fig.
4. The Est-F and Est-C loci are polymorphic in
the D. nasuta stock, therefore there are 3 nasuta
patterns.

Two hybrid strains, #9 and #13, showing recom-
binant types of esterase pattern, were excluded
for the determination of frequency of albomicans
2nd chromosome (Fig. 4, right). As shown in Fig.
5, the frequency of the albomicans 2nd chromo-
some varied from 17% to 57%. The mean fre-
quency of 37% was significantly different from
the initial value of 50%. Thus, the trend of the
2nd chromosomes existing in the hybrid offspring
was apparently forward D. nasuta.

Sex-ratio distortion

A total of 3626 adult flies from these 22 strains
were sexed and their ratio of males was 0.42. The
sex ratio distribution among these 22 strains is
shown in Fig. 6A. Although the average sex ratio
is significantly different from the expected 0.5 sex
ratio (x*> = 104.44, df = 1), only 12 out of the 22
strains significantly deviated from it (x* > 3.84,
df =1, p < 0.05) if each strain was checked sepa-
rately. These 12 hybrid strains include all 6 strains
with the neo-X chromosome fixation and were all

aaann n h 9 #13
—— " 1 ey e

EST-F =— —

.‘“t.:“ EST-C =T =T T
EST-A —————— R

Fig. 4. Esterase patterns of Drosophila albomicans, D. nasuta, and their hybrids. Left, the esterase pattern of D. albomicans (a;
3 columns) and D. nasuta patterns (n; 2 columns) on a 10% acrylamide gel; Right, a drawing of different patterns including 1 D.
albomicans, 3 D. nasuta, 2 hybrids and 2 recombinants. a: Okinawa D. albomicans; n: Indian D. nasuta; h: hybrid strains; #9, #13:

hybrid strains with recombinant types.
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female biased. It is important to note that the
other 10 strains statistically fit the 0.5 sex ratio.
In other words, 62% (10/16) of the neo-X poly-
morphic strains had a normal sex ratio (Fig. 6B),
but 100% (6/6) of the neo-X fixed strains showed
a female bias (Fig. 6C).

DISCUSSION

Drosophila nasuta and D. albomicans are 2
sibling species with distinct karyotypes. No karyo-
type polymorphism has ever been found in these

2 species in nature. Therefore, it is important to

know whether chromosomal cohesion plays a role
in keeping their karyotypes homogeneous within
a species and hence reducing the mixing of gene
pools in the natural environment. The chromosomal
cohesion concept was derived from Templeton’s
(1989) cohesion species concept. Templeton sug-
gested that individuals of 1 species have the po-
tential for acquiring phenotypic cohesion through
intrinsic cohesion mechanisms, including genetic
and environmental factors. It is very difficult to
demonstrate what the intrinsic forces are for main-
taining phenotypic cohesion.

If chromosomal cohesion is responsible for
preventing karyotype mixing of these 2 species,
the karyotype of hybrids will soon be fixed to 1
type. We would expect to see karyotype fixation
in hybrid offspring of D. nasuta and D. albomicans
under experimental manipulation. The chromo-
somes X, Y, 3, and 4 are easily identified by their
morphology in these 2 species. However, chro-
mosome 2 was morphologically indistinguishable.
Fortunately, there are 3 esterase loci located on
the 2nd chromosome of these 2 species. We have
demonstrated previously that the genetic distance

Number of strains

01 02 03 04 05 06 07 08 09 1.0
Frequency of the albomicans 2nd chromosome

Fig. 5. Frequency distribution of the albomicans 2nd chro-
mosome in 22 hybrid strains.

between Est-F and Est-C was smaller than 0.13%
(n = 767), and that between Est-C and Est-A was
17.3% (n = 505) in D. albomicans (unpubl. data).
However, we also found that the recombination
rate between Esi-C and Est-A was 2.69% (n =
223) in hybrids of D. albomicans and D. nasuta
(unpubl. data). The very low recombination rate
between Est-C and Est-A suggests that crossing
over of the whole chromosome in hybrids was
probably inhibited, but the reason is unknown.
Due to the low recombination rate, these 3 loci
could serve as good indicators to trace the source
of 2nd chromosomes in these hybrid strains. All
3 esterase loci are monomorphic in the Okinawa
D. albomicans strain #0163.5, but Est-F contains
anull allele. Although Est-A in the Indian D. nasuta
strain #0193.7 is monomorphic, Est-F and Est-C
are polymorphic: each contains 2 afleles. Because
of this complicated situation, ail 3 esterase loci
have to be used as genetic markers to indicate
the origin of the 2nd chromosome. Although they
cannot represent the whole 2nd chromosome, they
appear to be adequate indicators for a major por-
tion of it.

Ramachandra and Ranganath (1986 1988 1990)

Number of strains
O =2 RN WH OO ~N®e

Number of strains
O = N WD o~

Number of strains
O=MNWhONOHh~N®O

01 02 0.3 04 05 06 07 08 09 1.0
Sex ratio

Fig. 6. Sex ratio (male/total) distribution in hybrid strains. A:
distribution of the total 22 strains; B: distribution of the 16
neo-X polymorphic strains; C: distribution of the 6 neo-X fixed
strains.
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reported that mating between Indian D. nasuta and
Okinawa D. albomicans could establish 4 stable
cytoraces (Cytoraces |, Il, lll, and IV) in a short
period. The stable cytoraces from the cross of
D. nasuta male and D. albomicans female were
cytorace | (male: 2n = 7; female: 2n = 6) and cy-
torace IV (male: 2n = 8; female: 2n = 8). Cytorace
I contains the neo-X chromosome, while cytorace
IV the nasuta 3rd and X chromosomes. They also
noticed that chromosomes 2 of these cytoraces
consisted of one from D. nasuta and the other
from D. albomicans. According to Ramachandra
and Ranganath’s expectation, half of the 22 strains
in our experiment should become cytorace | and
the other half cytorace IV. However, our data re-
vealed that the karyotypes of hybrid strains re-
mained highly variable after 45 generations, 6
among the 22 became cytorace |, but the remain-
ing 16 were polymorphic. To avoid severe genetic
drift in a hybrid strain, we mixed about 200 flies
from all 6 tubes of that strain and redistributed
them into 6 new tubes for the next generation. A
week later, the flies were discarded; therefore the
population was constituted by discrete generations.
Due to the prevention of severe genetic drift, no
cytorace IV was formed in our experiments.

In our hybridization experiments, the hybrid
progeny of each strain were established from a
single pair of flies. If hybrid progeny can last for
generations, the Y chromosome that came from
the paternal species has to be retained in the
population. In the case of the D. nasuta male and
D. albomicans female cross, selection favors chro-
mosomes which cooperate well with nasuta 3, Y.
When the neo-X chromosome is paired with 3, Y
in a hybrid individual, this individual has a higher
risk of producing abnormal gametes during meiosis
and aneuploids in the next generation, and hence
results in genetic load in hybrid strains. The chro-
mosomal cohesion selection should drive the neo-
X chromosome away from the hybrid populations.
If the cohesion selection were the only factor con-
trolling the evolution of neo-X chromosome, we
would expect to see a decreased frequency of
neo-X chromosome, and the sex ratio distortion
returning to normal. After long-time cultivation, 6
strains were fixed to the neo-X chromosome with
a female-biased sex ratio, but none had lost the
neo-X chromosome. This implies the existence
of an opposite selection force favoring neo-X.

The average population size in our non-over-
lapping-generation rearing system was 200 flies.
The computer simulation showed that the effective
population size may be much smaller. The distri-

bution is still bell shaped at the 45th generation if
the population size is 100 pairs. The result shows
that if genetic drift is the only influencing force,
the population size shouid be about 30 pairs (Table
1). There are 2 reasons for this lower effective
population size: the limited cultural capacity, and
the sex ratio distortion. Since the x® test shows
that the distribution fits an expected one with a
lower population size, it is probable that genetic
drift is more influential than selection for the fre-
guency change of the neo-X chromosome.

Our present results show that 15% of samples
were aneuploids and 12 out of 22 strains had a
female-biased sex ratio distortion. All 5 strains
with neo-X frequencies lower than the initial value
(Fig. 2) showed a normal sex ratio, whereas all 6
strains with fixed neo-X (Fig. 2) showed a female-
biased sex ratio (Fig. 6C). This obviously indicates
the relationship between high neo-X frequency and
sex ratio distortion. The present data are slightly
different from those of a previous hybridization
experiment (Chang and Ayala 1989) which showed
that: all strains remained substantially polymorphic
after 20 generations; and the F, sex ratio distortion
was restored at the F4 generation. These discrep-
ancies are probably due to different methods for
initiating hybrid strains. In the previous study
(Chang and Ayala 1989), the hybrid strains were
initiated by 5 pairs of flies, but 1 pair was used
in this study. [f a strain were started with 1 pair of
flies, there might not be enough variation for selec-
tion to work with. When the strain were started with
5 pairs of flies, selection might decrease the sex
ratio distortion by decreasing neo-X frequency.
The relationship of high neo-X frequency and a
female-biased sex ratio distortion is obvious and
can explain both the polymorphism without fixation
and the sex ratio restoration in that experiment.

Furthermore, albomicans 2nd, neo-X, and 4th
chromosomes have completely different fates in
hybrid populations (Figs. 5, 2, 3). The distribution
of albomicans 2nd chromosome indicates that the
2nd chromosome evolves under a balancing selec-
tion (Fig. 5). In fact, there are 4 strains showing
a significant excess of heterozygotes. Since the
mean frequency of albomicans 2nd chromosome
is smaller than 0.5, the homozygotes of albomicans
2nd chromosome are inferior to those of nasuta
2nd chromosome. As for the trend of the neo-X
chromosomes, it is highly variable mainly due to
genetic drift (Fig. 2). In contrast, 18 out of 22
strains were fixed to the larger albomicans 4th
chromosome, indicating a directional selection.
The remaining 4 polymorphic strains with scattered
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frequency distribution could be due to the effect
of genetic drift which is weaker than the directional
selection force in this case.

If we further examine the albomicans 2nd
and neo-X chromosome frequencies, 3 strains
have higher frequencies than the initial values on
both albomicans 2nd and neo-X chromosomes, 7
strains have lower frequencies on both, and 10
strains have 1 frequency higher but the other lower.
These data indicate that the increase or decrease
in frequency of non-homologous chromosomes
is apparently not in parallel. In other words, the
cohesion selection, even if it existed, cannot be
an important factor affecting karyotype evolution
in hybrid populations.

From the observation of hybrid strains the fol-
lowing conclusions can be made: chromosomal
cohesion in either D. nasuta or D. albomicans is
unlikely to be important in maintaining karyotype
homogeneity, and each pair of chromosomes has
its own fate in hybrid populations. Therefore, we
can take advantage of the property that each pair
of chromosomes does not influence other non-
homologous chromosomes, we can then focus
our attention on the changes of the 3rd and sex
chromosomes to investigate the mechanism of the
fixation of neo-X and neo-Y chromosomes during
the speciation of D. albomicans. This study is
presently underway.
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