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Frequencies of recessive lethal alleles in 3 Drosophila species were investigated to test the “trapping hypothe-
sis” (i.e., the accumulation of deleterious alleles by large inversions in a population with seasonal subdivision
into small units). The low recessive lethal frequencies of the 3rd chromosome of D. albomicans and the 2nd
chromosome of D. formosana are consistent with their low inversion heterozygosities as predicted by the
hypothesis. In addition, the frequencies of recessive lethal alleles on the 2nd and the 3rd chromosomes of D.
melanogaster are also correlated with those of inversions. However, the correlation is not as obvious as in the
D. albomicans and D. formosana cases, and this is probably due either to interactions between inversions or to
the population structure. Locations of those lethal genes may be correlated with inversion breakpoints in D.
melanogaster. The correlation between recessive lethals and inversions suggests that genetic load instead of
heterozygous superiority is a major reason for maintaining inversion polymorphism in natural populations of
Drosophila with a large simple inversion, and seasonal subdivision into small, inbreeding subpopulations.
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High frequencies of chromosomal inver-
sions have been observed in natural populations
of many species of Drosophila. The superior fit-
ness of heterokaryotypes was usually explained
by either dominance or overdominance (Sperlich
and Pfriem 1986). The dominance hypothesis
supposes that the heterosis of inversions is due to
the lack of recombination and hence the holding
together of a set of genes that reduces the
appearance of homozygotes of deleterious alleles
(da Cunha 1955, Ohta 1971). Alternately, the
overdominance hypothesis assumes that individ-
ual loci are overdominant for fitness (i.e., the fit-
ness of heterozygotes is higher than that of
homozygotes). Since the effects of recessive
deleterious alleles on fitness are rather complex
and heterogeneous, experimental models for ana-
lyzing these genes remain inadequate.

According to Chang and Lin (1995) the het-

erozygosity of an inversion, In(2L)B,D;, on the 2nd
chromosome in natural populations of D. albomi-
cans often exceeded 50%, and the frequency of
recessive lethal alleles associated with it was
unexpectedly higher than that of many other
species. The coincidence of having high inversion
heterozygosity and high recessive lethal frequency
together implies that the dominance hypothesis
may be true.

In previous studies, a “trapping hypothesis”
was proposed to explain the maintenance of an
inversion polymorphism in D. albomicans (Chang
and Lin 1995, Chang et al. 1996). In brief, when
an inversion appears in a population, lethal alleles
accumulate on this inverted chromosome due to
lack of recombination. If the population remains
large, the inverted chromosome will reach a muta-
tion-selection balance. On the contrary, if the pop-
ulation breaks into many small populations during
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the winter, bottleneck effects occur, and the fre-
quency of heterokaryotypes increases (Chang et
al. 1987) due to inbreeding depression. During
the summer, all subpopulations expand and merge
into a large population, and the previously
increased heterokaryotypic frequency influences
the inverted chromosome frequency relatively
more than the non-inverted chromosome because
the former is much lower than the latter.
Therefore, the inverted chromosome frequency
increases. The cycle of winter contraction and
summer expansion is repeated year after year.
The frequency change continues until the frequen-
cies of the non-inverted and inverted chromo-
somes become balanced, while the inversion het-
erozygosity continues increasing during this
process. Inverted chromosomes and non-inverted
chromosomes form 2 distinct subpopulations, and
coevolve in the same chromosome population.
Natural selection can no longer keep the total
lethality of the inverted region on both chromo-
some arrangements at low frequencies by the pro-
tection of the inversion heterozygotes (Chang and
Lin 1995). This hypothesis can explain what has
been observed in D. albomicans, such as the high
lethal frequency, the equal amount of inverted and
non-inverted chromosomes, the Hardy-Weinberg
karyotypic frequencies in summer, and the greater
than 50% heterokaryotypic frequency in winter.

The lethal frequency in D. albomicans was
compared with that of other Drosophila species
such as D. melanogaster, D. willistoni, and D.
pseudoobscura (Chang et al. 1996). If D. albomi-
cans or even the entire D. immigrans lineage had
unusually high average lethal frequency, the
above explanation would be false. Therefore, in
this article we determine whether or not the fre-
quency of recessive lethal alleles on the 3rd chro-
mosome, which does not contain a high-frequency
inversion as does the 2nd chromosome (Lin and
Chang 1986), is indeed lower. The 2nd chromo-
some of D. formosana (which belongs to the D.
immigrans species group as does D. albomicans)
in Taiwan has little inversion heterozygosity
(Chang et al. 1994), and is also compared.

In D. melanogaster, a species distantly relat-
ed to D. albomicans, chromosomal inversion poly-
morphism and lethality have been frequently and
separately studied (Watanabe and Watanabe
1973, Watanabe et al. 1976, Watanabe and
Yamazaki 1976), but the interaction between
inversions and recessive lethal alleles remains
unclear. Using this model species, we have addi-
tional genetic tools with which to explore whether

the “trapping hypothesis” is plausible.

To sum up, these 3 species, D. albomicans,
D. formosana, and D. melanogaster, are valuable
materials to test the “trapping hypothesis”, which
explains why inversion heterozygosity and accu-
mulation of recessive lethal alleles can be closely
associated in natural populations.

MATERIALS AND METHODS
Flies

All strains were reared with standard corn
meal medium and maintained in an environment of
22 °C and 75% relative humidity throughout the
experiment. Newly emerged flies were sexed
within 8 h and kept in separate vials for 3 d before
crossing.

Drosophila albomicans

Flies of D. albomicans, examined for their 3rd
chromosome lethality, were collected from Kenting
(287) in March 1994, from Hualien City (f£3&h)
in June 1995, and from Litao (FJ#3) and Chihpen
(FNA) in July 1997. A strain homozygous for
mutant brick eye allele (br) was constructed. This
strain was used to extract 3rd chromosomes from
the wild population.

Drosophila formosana

Flies of D. formosana used for the survey of
recessive lethal allele frequency were collected
from Chitou (25H) in September 1995. One isofe-
male line containing an Est-F rare allele was
obtained from Kuantzuling (B8{5%&) during the sur-
vey in our previous study (Chang et al. 1994).

Drosophila melanogaster

Wild males of D. melanogaster were taken
from Taipei City (§3t) in April and in July 1995
and from Hualien City and Tienhsiang (X#¥) in
August 1995. The Cy/Sp,;Ser/Sb strain was pro-
vided by Dr. Chung-lI Wu at the Univ. of Chicago.
Two strains (rucuca and ruPrca) for mapping
recessive lethal alleles on chromosomes were pro-
vided by Dr. Henry Sun at Academia Sinica,
Taipei, and Dr. Ronny C. Woodruff at Bowling
Green State Univ., Ohio, respectively.

Chromosome extraction

Drosophila albomicans
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This species has a special genetic structure
due to the male D. albomicans (2n = 6) having a
pair of large metacentric sex chromosomes, which
were formed by a fusion between the ancestral
acrocentric chromosome 3 and the X chromosome
(i.e., neo-X), and a fusion between chromosome 3
and the Y chromosome (i.e. neo-Y). A fly het-
erozygous for the mutant allele, brick, was origi-
nally collected from a Wulai (52&) population in
October 1993, and a pure line was constructed
thereafter. The strain consists of brick-eye
(homozygous for brick alleles) females, and wild-
type-eye (heterozygous for brick and wild-type
alleles) males due to the wild type allele on the
neo-Y chromosome.

Method 1: Father-daughter inbreeding

One daughter, produced by the cross of a
wild-caught male and a br/br virgin female, was
crossed with her father. The procedure is summa-
rized in a flow chart (Fig. 1). If the neo-X chromo-
some of the wild male carries a recessive lethal
allele, this inbreeding will generate a 1:2 (%:4)
instead of a 1:1 sex ratio. Only data with a sample
size larger than or equal to 68 individuals were
included in this study in order to significantly distin-
guish between the 1:2 and 1:1 ratios (for n = 68, °
= 3.886, d.f. =1, p < 0.05). This sample size crite-
rion was also adopted for the control groups. The
sex ratio of the offspring produced by the initial
cross was used as 1 control (control 1). The same
wild-caught male was crossed with a 2nd virgin
female from another pure line immediately after
the 1st cross, and the sex ratio of the offspring
produced by this cross was used as a 2nd control
(control 2).
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Method 2: Brick-eyed cross

A wild-caught male was crossed with a br/br
virgin female and a sib-mating pair was formed
with the F, offspring. Several F, sib-mating pairs
from the wild-type offspring of this F, pair were
formed, and one of them was chosen which did
not produce brick-eyed F; females. From the off-
spring of this F, pair, 7 F; females were crossed
with a male from the br strain to determine
whether they were homozygous or heterozygous.
If all 7 of them were heterozygous, then the 3rd
chromosome from the wild-caught male was said
to carry a recessive lethal allele. The procedure is
summarized in a flow chart (Fig. 2).

Esterase haplotype method

Drosophila formosana

After a survey of flies collected from natural
populations, we found no morphological markers.
The only genetic marker available is a rare Est-FR
(located on the 2nd chromosome) allele found in
the Kuantzuling population. After construction of a
pure line with this rare allele FR at Est-F (a dimer)
and a common allele CS at another esterase locus
Est-C (a monomer), we used this marker strain for
the chromosome extraction and to check the
recessive lethal frequency on the 2nd chromo-
some of the flies collected from Chitou. The
genetic distance between Est-F and Est-C is
smaller than 0.43 cM (n = 928). The procedure,
which is similar to that in Chang and Lin (1995), is
summarized in a flow chart (Fig. 3).

Each male fly collected from a natural popula-
tion was crossed with a virgin female from the
FRCS/FRCS pure line. After F, larvae appeared in

Wild-caught Lab. reared
P 7 X[+-Y 8 X br-X/br-X £
!
F, br-X/ “+” X %
father-daughter backcross !
|:2 brX/ “+” X 3 T XY 3 br-X/ “+” -X & “pT LX) 4 XS
die if “+”-X

carries a
recessive lethal

Fig. 1. Wild-caught males individually mated with brick-eyed females of Drosophila albomicans. An F, female was backcrossed with her
father. A distorted sex ratio can be observed in F, progenies if the neo-X chromosome of the wild-caught male carried a recessive

lethal allele.
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the medium, the wild-caught male was sacrificed
to determine its esterase pattern by electrophore-
sis. If this male was heterozygous at the Est-C
locus, regardless of whether or not it contained the
same allele as the pure line, it went into Program |;
if homozygous, it went into Program II.

Program |: Separate pairs (ca. 30-40
pairs/captured male) were made from virgin F,
flies. After F, larvae appeared in the medium, the
esterase patterns of these F, pairs were analyzed.
Only CS/CS X CS/CS and CF/CS X CF/CS pairs

were saved; others were discarded. Regardless
of whether they were homozygous or heterozy-
gous at the Est-C locus, those pairs were all F¢/FR
X FC/FR at the Est-F locus. With an ordinary
chromosome extraction method, we could only
extract 1 chromosome from each wild-caught fly,
because there is no way to distinguish the homolo-
gous pair. With the help of the closely linked Est-
FR and Est-C haplotype, both chromosomes can
be identified if heterozygous. This method is bet-
ter than the ordinary chromosome extraction meth-

Wild-caught Lab.reared
P “47X+-Y & X br-XIbr-X $
Fi br-X/+-Y 83 X br-Xl “+"-X$
Fa brX/+-Y & X brX/" +” X% VXY S X bEX” +7 X $
| |
Fi discarded for the presence of brick- homozygous wild-type females were

eyed females

distinguished by testcross

Fig. 2. Wild-caught males individually crossed with brick-eyed females of Drosophila albomicans. F, pairs were made with wild type F,
males and females. Incorrect pairs were discarded based on the presence of brick-eyed female progenies, and 7 of the F; females from

the correct pairs were checked by testcrosses.

Male obtained from a natural population of D. formosana went into Program | or Program Il accord-

ing to its Est-C genotype:
If heterozygous, then — Program |

& CFics

Fy CFiICS X CFICcS

X csics #

cs/cs X CS/cS

Once the pairs were chosen, we checked the Est-F genotypes of the F,, offspring according to the

same procedure for F listed in Program II.

If the Est-C locus is homozygous, then — Program Il (F¢ indicates the common allele, FR, the rare

allele at Est-F.)

8FCIFC X  FRIFRS

|
F, & FCIFR
Fy the chosen pair FCIFR
Fy FCIFe
1/4

FRIFR$

FCIFR

FRIFR
1/4

Fig. 3. Males obtained from a natural population of Drosophila formosana crossed with females of the extraction tool. The experiment
proceeded into Program | or Program Il according to the esterase genotype of these males. The expected possibility of the appearance
of a homozygous offspring from a heterozygous pair was 1/4 if the chromosome did not contain a recessive lethal allele.
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ods such as the brick-eyed cross of D.
albomicans, program Il for D. formosana, and the
Cy/Sp; Ser/Sb method for D. melanogaster,
because both chromosomes of the wild-caught fly
can be identified.

Program II: One F; male produced from each
wild-caught male, which was homozygous at the
Est-C locus, was crossed to a virgin FRCS/FRCS
female again; separate pairs were made from vir-
gin F, flies, and a heterozygous pair (i.e., F¢/FR X
FC/FR) was chosen.

The following procedures are the same for
both Programs | and Il, except that there was a 1-
generation delay, and only 1 type of heterozygous
pair was saved for each wild-caught male in the
latter. The esterase patterns of offspring from the
chosen pairs were checked. If more than 16 flies
were checked and no common allele homozygotes
(i.e., F¢/ FC) were found, this wild chromosome
was said to contain a recessive lethal allele.

Cy/Sp; Ser/Sb method

Drosophila melanogaster

The procedure is similar to that of Kosuda
(1971) except that we used the Cy/Sp; Ser/Sb
strain instead to do the extraction (Fig. 4). The
tested chromosome was determined to be carrying
a recessive lethal allele if the ratio of the wild type
to Cy (or Ser) in the progeny was smaller than
0.05, a criterion adopted from Haldane (1956)

Chromosome preparation and detection of
inversions in D. melanogaster

Wild-caught males, or a single male from
each isofemale line, were individually crossed with

P Cy/Sp; Ser/Sb % X D
F, Cyl/Sp; Ser/Sb*% X

|
F, Cyl+; Serl+% X

Cyl+ ; Serl+ &
Cyl+; Serl+ &

F;  Cy/+;Serl+ +/+; Serl+ " Cyl+; +/+  */+ +/+
4 2 2 1

Fig. 4. Males obtained from a natural population of Drosophila
melanogaster individually crossed with females of the Cy/Sp;
Ser/Sb strain. An F, male from each cross was backcrossed
with females from the same marker strain. F, pairs were
made, and recessive lethal alleles on the 2nd and the 3rd chro-
mosomes were checked in F.

virgin females of Oregon R, which has the stan-
dard chromosome arrangement. From each
cross, 8 hybrid larvae were examined cytologically
for inversions by the method used in Lin and
Chang (1986). D. melanogaster has 5 cosmopoli-
tan inversions: 2L(t), 2R(NS), 3L(P), 3R(P), and
3R(C) (Sperlich and Pfriem 1986).

Allelism test in D. melanogaster

In order to estimate the allelic rate, allelism
tests were performed both within and between
populations. All combinations of inter-strain cross-
es were made. Those cultures that yielded no
wild-type flies were identified as containing allelic
lethal alleles.

Mapping of recessive lethal alleles in D.
melanogaster

Lethal alleles were maintained in balancer
strains, and mapped by using rucuca (ru, h, th, st
cu, sr, e, ca) and ruPrca (ru, h, th, st, cu, sr, es,
Pr, ca) strains. A single male from each balanced-
lethal strain was crossed with 3 females of the
rucuca strain, and their female progeny

lethal ru----cu----ca

P é o % s
__ lethal _Mu-—cu-Prea_
P1 ru----cu----ca x T™M6 g
crossing over /
lethal----ca lethal
—_—— N —
P & cuPrca Cy #
p, _letha—ca ' _necuPrcs
® lethal lethal
lethal-—ca _ru—-c-Proa_

Cy Cy

Fig. 5. A single male Drosophila melanogaster from each bal-
anced-lethal strain crossed with females of the rucuca strain for
mapping recessive lethal alleles on chromosome 3. Their
female progeny (lethal/rucuca) were crossed to ruPrca males.
F, recombinants between the lethal and the rucuca chromo-
somes were classified according to 8 recessive markers and F,
males containing a dominant Pr marker singly backcrossed
with females from the original balanced-lethal strain. An exam-
ple of the chosen F, male here indicates a recombination
between markers e® and ca, and the order of markers can be
seen in figure 7. The absence of F; wild type offspring was
used to judge the existence of a lethal allele on this recombi-
nant chromosome of the F, male. These lethal loci were
mapped by analyzing the recombinant classes and the inci-
dence of lethality.
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(lethal/rucuca) were crossed to the ruPrca males.
F, recombinants between the lethal and the rucu-
ca chromosomes were classified according to 8
recessive markers, and F, males containing a
dominant Pr marker were singly backcrossed with
females from the original balanced-lethal strain.
The absence of F; wild-type offspring was used to
judge the existence of lethal alleles on this recom-
binant chromosome of the F, male. These lethal
loci were mapped by analyzing the recombinant
classes and the incidence of lethality. The proce-
dure, which was modified from Spiess et al.
(1963), is summarized in a flow chart (Fig. 5).

RESULTS

Third chromosome lethality in natural
populations of D. albomicans

Two methods were used to estimate the fre-
quency of recessive lethal alleles of the 3rd (neo-
X) chromosome. According to method 1 (i.e.,
“father-daughter inbreeding”), the frequencies of
recessive lethal alleles are 37%, 32%, and 29% in
3 natural populations, and method 2 (i.e., the
“prick-eyed method”) showed 15%, 11%, 7%, and
25% in 4 natural populations (Table 1). Method 1
is based on the Chi-square analysis of sex ratios,
and the comparison for the Hualien City survey
using controls 1 and 2 is listed in table 2. Data of

method 1 shown in this study (Table 1) were
based solely on a comparison with control 1, for
reasons elaborated below.

Second chromosome lethality in D. formosana
natural populations

Fifty-eight males and 19 females were collect-
ed from Chitou in 1995. At the dimer locus (Est-
F), none of these flies contained the rare dimer
allele (FR) used as the genetic marker in the chro-
mosome extraction; all of them were homozygous
for the common allele (i.e., FS/ FC€). The allele fre-
quencies of the monomer locus (Est-C) of these
77 flies were: f (CF) = 46%, f (CS) = 53%, and f
(CS') =1%.

Twenty-nine (29) crosses of wild-caught
males with pure-line females went into Program |,
and 58 second chromosomes were extracted.
Fifteen crosses went into Program Il, and 15 sec-
ond chromosomes were extracted. Nineteen
crosses of F, males, each from 1 isofemale, went
into Program |, and 38 second chromosomes were
extracted. Eighteen of the 111 extracted 2nd chro-
mosomes contained recessive lethal alleles. The
lethality of the 2nd chromosome was 16%.

Chromosomal inversion heterozygosity, lethal-
ity, and lethal allelism in D. melanogaster

Three populations (Taipei City, Hualien City,

Table 1. Third chromosome lethality in Drosophila albomicans natural populations
(method 1 = father-daughter inbreeding; method 2 = brick-eyed cross)

Locality Date Lethality with sample size in parentheses
Method 1 Method 2
Hualien City June 1995 0.367 (30) 0.154 (52)
Litao July 1997 0.320 (25) 0.111 (27)
Chihpen July 1997 0.288 (52) 0.068 (44)
Kenting Mar. 1994 - 0.250 (12)

Table 2. Chi-square analysis of the Hualien City Drosophila albomicans lethality survey

by the father-daughter inbreeding method using 2 different controls

Male biased Female biased Sample

Kk *k * Kk *k * SiZe (n)
Control 1 11 0 0 0 0 2 30
Control 2 5 1 3 0 0 0 25

***p < 0.005, highly significant; **p < 0.01, intermediately significant, *p < 0.05, mildly significant.
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and Tienhsiang) of D. melanogaster were ana-
lyzed. Five types of cosmopolitan inversions were
observed. The chromosomal inversion heterozy-
gosity and lethality of the 2nd and 3rd chromo-
somes are presented in table 3. The heterozygos-
ity of In(2R)NS and In(3L)P did not significantly dif-
fer in the 3 local populations, whereas that of the
In(3R)P significantly differed in different seasons
(April and July). The heterozygosities of In(2L)t
and In(3R)C showed weak positive correlations
with lethality of the 2nd and 3rd chromosomes
individually (Table 3). However, 3 inversions,
In(2R)NS, In(3L)P, and In(3R)P, showed no corre-
lation at all with lethality. The lethality of the 3rd
chromosome was higher than that of the 2nd one
(Table 3), but there was no difference in total
inversion heterozygosities between these 2 chro-
mosomes. The only difference found was that the
inversions of the 3rd chromosome covered a larg-
er proportion than did those on the 2nd chromo-
some (Fig. 6). The physical map is based on
Lindsley and Zimm (1992).

Intra-population and inter-population allelism
is very low (Table 4). We could not calculate the
size of each population based on allelism because
most of them were 0. Allelic lethal alleles were
found only in the Taipei population.

Location of recessive lethal alleles on the 3rd

chromosome

Figure 7 shows the mapping result of reces-
sive lethal alleles on the 3rd chromosome. The
physical and genetic map locations are from
Lindsley and Zimm (1992). The distribution dif-
fered from randomness, because 13 (approximate
44%) of the recessive lethal alleles were located
close to the breakpoints of inversions (2 recessive
lethal alleles near the proximal breakpoint of
In(3L)P, and 11 recessive lethal alleles near the
proximal breakpoint of /In(3R)P). Dividing the
chromosome into 7 regions, the observed frequen-
cies differed significantly from the expected ones
(based on genetic distance, not physical distance),
and this analysis confirmed the non-random distri-
bution (Table 5).

DISCUSSION

Methods of analyzing recessive lethal
frequencies in Drosophila albomicans

Different methods were used to obtain reces-
sive lethal frequencies of different chromosomes
as well as of different species. For example, it
was possible to detect the lethality of the 3rd chro-

Table 3. Chromosomal inversion heterozygosity and lethality (with sample size in parentheses) of the 2nd
and 3rd chromosomes in Drosophila melanogaster natural populations

Second chromosome Third chromosome

Locality Time Inversion heterozygosity (%) Lethality (%) Inversion heterozygosity (%) Lethality (%)
(2L)t (2R)NS (3L)P (BR)P (8R)C
Taipei Apr. 1995 8.3 22.2 (36) 0 (57) 13.9 0 27.8 (36) 32.8 (57)
July 1995 18.9 20.8 (53) 1.9 (48) 13.2 151 11.3 (53) 17.0 (48)
Hualien City Aug. 1995 314 20.0 (35) 10.5 (29) 171 20.0 17.1 (35) 26.3 (29)
Tienhsiang Aug. 1995 25.6 23.2 (43) 8.6 (27) 14.0 23.2 11.6 (43) 25.7 (27)
In(2L)t In(2R)NS
22D3-E1 34A8-A9 52A2-B1 56F9-F13
In(3R)P
In(3L)P In(3R)C
63C T72E-E2 89C2-C3 92D 96A1-A9 100F2-f3

Fig. 6. Cytological size and location of 5 polymorphic chromosome inversions observed in 3 populations of Drosophila melanogaster.
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mosome of D. albomicans by the deficiency of
females in the father-daughter inbreeding experi-
ment due to sex linkage (3-X, i.e., the neo-X).
Fusions between ancestral 3rd chromosomes and
the sex chromosome formed the neo-X and neo-Y
chromosomes in this species. The rationale of the
father-daughter inbreeding method is that reces-
sive lethal alleles can be shown by a sex ratio
change, since inbreeding should cause the death
of 1/2 of female progeny due to the formation of
homozygous females if the tested male contains a
recessive lethal allele. Theoretically, the sex ratio

Table 4. Lethal allelism within and between 3
Drosophila melanogaster populations

of females to males should become 1:2, given the
normal 1:1 Mendelian ratio. The other method of
analyzing the recessive lethal frequency of the 3rd
chromosome of D. albomicans is the construction
of homozygotes by chromosome extraction.
Chromosome extraction was the common method
used in this study to analyze recessive lethal fre-
quencies of all 3 species.

Chi-square analysis can not properly discrimi-
nate 1:2 from 1:1 if the sample size is smaller than
68; therefore we adopted a criterion of n = 68.
Because the sex ratio might be genetically influ-
enced and variable in natural populations, 2 differ-
ent controls were tested. From the Hualien City
survey, only 30 of the 44 replicates had proper
control 1 data, 25 had control 2 data, and 19 had
both control 1 and control 2 data by this n = 68
criterion (Table 2). If a high standard (p < 0.005)

Population Crosses Allelism (%) was adopted to judge the existence of recessive
— lethal alleles, the Chi-square analysis with control
La'ple,' it 622 847 1 showed that 36.7% (11/30) were significantly
aten Ly male biased, while control 2 showed 20% (5/25)
Tlenhsiang 28 0 ly. Among the 19 replicates with both control 1
Taipei vs. Hualien City 432 0 only. Among the 15 replicates with both contro’
Hualien City vs. Tienhsiang 108 0 and control 2' data, the_ mcons_lstency was 26%
Tienhsiang vs. Taipei 324 0 (5/19). The high proportion of difference indicates
In(3R)P
In(3L)P 89C2-C3 96A1-A9
63C 72E1-E2
920 | In(RIC 400F2-F3
ru h th st cu sr es ca
61F5-62A3 66D1-D5 72A2  73A2 86D1-D4 90D2-F7 93D2-D6 99B5-B9
0 26.5 422 44 50 62 707 100.7

Fig. 7. Thirty recessive lethal alleles mapped on chromosome 3 of Drosophila melanogaster. The circle on the horizontal axis marks
the centromere. The cytological locations of the 3 inversions are indicated above the horizontal axis. Arrows under the horizontal line
indicate the locations of morphological markers, and the cytological and the genetic map locations are both written beneath each mark-
er. The number between the 2 arrows indicates the number of recessive lethal alleles mapped in this region.

Table 5. Chi-square distribution of 30 recessive lethals on chromosome 3 of Drosophila

melanogaster
Regions ru-h h-th th-st st-cu cu-sr sr-es es-ca
Genetic distance 26.5 15.7 1.8 6.0 12.0 8.7 30.0
Expected number 7.89 4.68 0.54 1.79 3.57 2.59 8.94
Observed number 2 5 3 1 3 4

2 =27455  df=6,p<0.1.
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a non-negligible maternal influence on variations
in the sex ratio. Although control 1 and control 2
flies had the same father as the experimental
group, these 2 control groups had different moth-
ers. Since the control 1 flies were the full-sibs of
the “daughter” in the “father-daughter inbreeding”
experiment, biologically it is a better control than
control 2. Statistical analysis revealed another
advantage of choosing control 1: it is unambigu-
ous. All 11 male biases according to control 1
were highly significant, whereas control 2 showed
1 intermediately (p < 0.01) and 3 mildly (p < 0.05)
significant male biases in addition to the 5 highly
(p < 0.005) significant cases. Therefore, the data
of method 1 shown in this study were solely based
on comparison with control 1.

Within-species comparison agreement with the
“trapping hypothesis”

In D. albomicans, method 1 showed a much
higher lethality than method 2, because the former
includes every lethal allele on the neo-X chromo-
some, whereas the latter includes only those near
the marker, due to recombination. The “trapping
hypothesis” (Chang and Lin 1995) predicts that
the 3rd chromosomes of D. albomicans should
contain a lower frequency of recessive lethal alle-
les due to the low inversion heterozygosity. The
result is in accord with our expectation, and indeed
the average frequency of recessive lethal alleles
on the 3rd chromosome (method 1, 28%, n = 122;
method 2, 15%, n = 91) was significantly lower
than that on the 2nd chromosome (44%, n = 213)
(Chang and Lin 1995). Method 2 is similar to the
esterase method used for detecting the lethality of
the 2nd chromosome (Chang and Lin 1995). The
difference is even larger if we take into account
that the 3rd chromosome arm of the neo-X con-
sists of 40% of the genome, while the 2L has only
20%. Although the entire neo-X chromosome con-
sists of 60% of the genome (i.e., the X chromo-
some portion is about 20%), we neglected the X
portion because the heterochromatinized Y portion
was unable to cover the recessive lethal alleles on
the X portion. It is obvious that the lethality of the
2nd chromosome is much higher than that of the
3rd. Here we can remark that our hypothesis
holds in D. albomicans due to the internal compar-
ison within species and without the complication of
species specificity.

Between-species comparison agreement with
the hypothesis

Drosophila nasuta, the sibling species of D.
albomicans, has 3 heterozygous inversions, 2L-2,
3-2, and 3-35, which were very common and
detected in high frequencies in Indian populations
(Kumar and Gupta 1988). Kumar and Gupta
found that heterozygotes for those inversions were
always in excess of homozygotes, and the stan-
dard homozygotes were more frequent than inver-
sion homozygotes. Kumar and Gupta (1989) sug-
gested that the scarcity of inversion homozygotes
might be due to reduced viability of their carriers,
which probably have lethal or sub-lethal combina-
tions of alleles in the inverted sections of their
chromosomes. Our “trapping hypothesis” would
predict that recessive lethal frequencies of 2nd
and 3rd chromosomes were both high in D. nasuta
due to the high inversion heterozygosity.

A rare allele for an esterase dimer in D. for-
mosana was found in a heterozygous female
among 404 flies (Chang et al. 1994). A pure line
of this rare allele was established and proved to
be a useful tool for chromosome extraction. None
of the 58 males or 19 females plus their mates
sampled from Chitou contained this rare allele.

The result of the allele frequencies of
monomers in this study is also consistent with that
of our previous study (Chang et al. 1994). In
Program |, both chromosomes could be extracted,
but in Program Il, only 1 could. Since the data
among different sample sets were statistically
indistinguishable, they were pooled together and
showed 16% lethality, which is significantly lower
than the 44% (n = 213) of D. albomicans () =
24.3, df = 1). No inversion was found on the 2nd
chromosome of D. formosana (Chang et al. 1994).
Both D. albomicans and D. formosana belong to
the same species group, so the high lethal fre-
quency on the 2nd chromosome of D. albomicans
cannot be due to an unusual nature of this lineage.

Does the “trapping hypothesis” work in D.
melanogaster?

No strong correlation was found between het-
erozygosity of any particular inversion and lethality
in D. melanogaster (Table 3), nor did total inver-
sion heterozygosity show any correlation with
lethality. The average lethality (25.4%) of the 3rd
chromosome of D. melanogaster was higher than
that (16%) of the homologous 2nd chromosome of
D. formosana as predicted by the hypothesis. But,
the average lethality (5.2%) of the 2nd chromo-
some of D. melanogaster was lower than that
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(14.5%) of the homologous 3rd chromosome of D.
albomicans. Schultz and Refield (1951) suggest-
ed inter-chromosomal effects of crossing over, and
that may be why we found no obvious relationship
between inversion and lethality in D. mela-
nogaster. D. albomicans has only 1 large
In(2L)B,D; with high frequency and hence a more
significant correlation.

Another explanation for the lower average
lethality (5.2%) of the 2nd chromosome of D.
melanogaster compared to that (14.5%) of its
homologous chromosome (i.e., the 3rd) of D.
albomicans could be that double crossovers take
place in an inverted region (Navarro et al. 1997).
Hasson and Eanes (1996) found that the esterase-
6 gene region, which is located in the center of
In(3L)P, shared DNA sequence polymorphism
between St chromosomes and inverted chromo-
somes. In contrast, the heat shock 83 gene
(Hsp83) locus, located close to the distal break-
point, had no shared sequence polymorphism.
Although it is widely accepted that inversions are
recombination inhibitors, genetic exchange may
still occur in the middle of long inversions, e.g.
In(3L)P and In(2L)t in D. melanogaster (Depaulis
et al. 1999). In addition, selection would act on
recombination length, not physical length (Caceres
et al. 1999). Therefore, recessive lethal alleles
located in a large inversion would be eliminated by
a double crossover. But this cannot explain the
present case for 2 reasons: 1) the recessive
lethals still accumulated in the large inversion,
In(2L)B, D5, and 2) the lethality of the 2nd chromo-
some of D. melanogaster with 2 inversions is even
lower than that on its homologous chromosome
without inversions. There is an important compo-
nent in the “trapping hypothesis” for explaining
the accumulation of lethals: the cyclically changing
population structure. D. melanogaster is a
“domestic” species, and can still be collected eas-
ily during the winter although the population
becomes smaller. The inter-chromosomal effects
plus the lack of a dynamic population structure
may restrict the use of the “trapping hypothesis”.
Data on D. melanogaster suggest that the hypoth-
esis may be limited to species with large simple
inversions and a cyclical population structure.

D. melanogaster was chosen for this study
because its many genetic markers make mapping
possible. The distribution of recessive lethal alle-
les deviates from a random distribution on chro-
mosome 3 of D. melanogaster ()2 = 27.455, p <
0.1, Table 5), with 13 (approximately 44%) reces-
sive lethal alleles located close to 2 breakpoints of

inversions. Comparing the region with and without
inversion breakpoints, we found 2 lethal loci locat-
ed within th-st (0.8 cM) which contains a break-
point of In(3L)P, and 11 within cu-sr (12.0 cM)
which contains a breakpoint of In(3R) P, but only 3
within st-cu (6.0 cM) which contains no inversion
(Table 5). The relative density of lethals (13
loci/12.8 cM) near breakpoints is about twice that
(3 loci/6 cM) of a region with no inversion.
Therefore, the effect of inversion breakpoints on
the accumulation of recessive lethals may be
important on the 3rd chromosome of D. mela-
nogaster.

More on the “trapping hypothesis”

In this article, we confirm the high lethalilty of
the 2nd chromosome of D. albomicans by a within-
species comparison with its own 3rd chromosome
and by a between-species comparison with its
homologous chromosome of D. formosana. This
evidence indicates that the high lethality is neither
a species-specific phenomenon nor a historical
event in this lineage. In fact, a nonrandom associ-
ation between recessive lethal alleles and chromo-
somal inversions has been described in D.
pseudoobscura (Epling et al. 1961, Mayhew et al.
1966). Dobzhansky et al. (1963) and Crumpacker
and Salceda (1969) proposed that rare gene
arrangements in a population would tend to have a
greater number of recessive lethal alleles than
would common ones. This can been seen as the
effect of “Muller’s ratchet” on the small chromoso-
mal population of the rare type in the absence of
recombination. A similar hypothesis was pro-
posed by Eanes et al. (1992). Their observations
showed significantly increased numbers of P ele-
ments within regions associated with minority
inversions in natural populations. Because the
opportunity for recombination is suppressed in the
heterozygotes, the rarer the inversion in a popula-
tion, the greater the frequency of the inversion pre-
sent in the heterozygous state and the lower the
potential recombination rate in homozygous inver-
sions. Since transposable element insertions
often produce deleterious effects on fitness
(Charlesworth and Langley 1989), it is believed
that the results of Eanes et al. have the same
meaning and indicate that selection may partici-
pate in the process of the initial stage in the
“trapping hypothesis”. When an inverted chromo-
some occurs in a population as heterozygotes at
low frequency (Chang et al. 1996), recessive
lethals will accumulate in the inverted region.
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However, in this stage, the recessive lethal fre-
quency will not be too high due to mutation selec-
tion balance. The “trapping hypothesis” intro-
duces population dynamics to explain the forces
which result in the high recessive lethal frequency,
and then, high inversion heterozygosity will further
be attained by this genetic load.

The “trapping hypothesis” stresses small
scattered winter subpopulations. Since inversions
suppress recombination, they can function as a
trap for detrimental alleles (Muller 1964,
Felsenstein 1974, James 1992). Chance fixation of
detrimental or even lethal alleles may result in an
increased superiority of heterokaryotypes (Albornoz
and Dominguez 1994). That is why bottleneck
effects cause the frequency of heterokaryotypes to
increase due to inbreeding depression. On the
contrary, during summer, the Hardy-Weinberg
expectation is observed when sub-populations
merge into a large population. Inoue and
Watanabe (1992) showed that natural populations
must be considered as sets of divided or semi-
divided small populations. In such subpopula-
tions, inversion polymorphism is maintained by
heterokaryotypic advantage; they found that the
advantage was destroyed when inversions from
different subpopulations are mixed. Although they
interpreted their results on the basis of coadapta-
tion, the same would be expected if chromosomal
heterosis were due to recessive deleterious or
lethal alleles. We suggest that genetic load
(recessive lethals) is better than “coadaptation”
for explaining inversion heterozygosity. The con-
cept of genetic load is an important issue in popu-
lation genetics of sexually reproducing diploid
organism. It also significantly contributes to the
modern synthesis theory of evolution.
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