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ABSTRACT

Hybrid male sterility (HMS) is a rapidly evolving mechanism of reproductive isolation in Drosophila.
Here we report a genetic analysis of HMS in third-chromosome segments of Drosophila mauritiana that
were introgressed into a D. simulans background. Qualitative genetic mapping was used to localize 10 loci
on 3R and a quantitative trait locus (QTL) procedure (multiple-interval mapping) was used to identify
19 loci on the entire chromosome. These genetic incompatibilities often show dominance and complex
patterns of epistasis. Most of the HMS loci have relatively small effects and generally at least two or three
of them are required to produce complete sterility. Only one small region of the third chromosome of
D. mauritiana by itself causes a high level of infertility when introgressed into D. simulans. By comparison
with previous studies of the X chromsome, we infer that HMS loci are only �40% as dense on this autosome
as they are on the X chromosome. These results are consistent with the gradual evolution of hybrid
incompatibilities as a by-product of genetic divergence in allopatric populations.

ALLOPATRIC speciation, or genetic divergence of as the “faster male” phenomenon, is that hybrid male
sterility (HMS) seems to evolve much more rapidly thansubpopulations in geographic isolation, may be
hybrid female sterility or hybrid inviability (True et al.the most common mechanism of speciation (Mayr
1996b; Wu et al. 1996; Tao et al. 2003, this issue). Genetic1942). According to this mechanism, two populations
dissection of HMS has been very fruitful, particularlygradually diverge through the fixation of different al-
for the species pair of Drosophila simulans and D. mauri-leles at a number of loci and eventually acquire repro-
tiana. The X chromosome has been carefully analyzedductive isolation. One common form of reproductive
to detect and map HMS loci, using an introgressionisolation is postzygotic hybrid incompatibility (HI), in
approach, and nine loci were localized to �40% of thewhich hybrids between the divergent populations are
chromosome (Coyne and Charlesworth 1986, 1989;inviable or sterile. According to the Dobzhansky-Muller
Perez et al. 1993; Cabot et al. 1994; Perez and Wu 1995;model, HI is an “accidental” by-product of divergence
Davis and Wu 1996; reviewed in Wu and Hollocherdue to negative epistatic interactions between loci fixed
1998). A high point of this series of introgression studiesfor different alleles in the two populations. These nega-
was the cloning of OdsH, a putative hybrid male sterilitytive interactions may occur in hybrids, but not in the
gene (Ting et al. 1998), and some interesting insightsparental populations, because the newly fixed alleles
have been obtained from analyzing its molecular evolu-have never occurred together or been “tested” by natu-
tion (Ting et al. 2000).ral selection within the same genome (Dobzhansky

Comparison of the genetic architecture of HI loci on1937, p. 256; Muller 1942). Under this mechanism of
the X and autosomes is potentially very valuable becausespeciation, HI is expected to be polygenic and attribut-
population genetic theories predict different evolution-able to genes with a variety of different functions.
ary dynamics for genes on these two types of chromo-Investigation of the genetic architecture of HI has a
some (Charlesworth et al. 1987; Orr and Betancourtlong history (e.g., Dobzhansky 1936, 1975) and much
2001). However, so far, genetic dissection of autosomalof this work has been done with Drosophila (reviewed
genes affecting HI has not been done at the same levelin Coyne 1992; Coyne and Orr 1998; Wu and Hol-
of detail as the X chromosomal studies. Two studies oflocher 1998). One of the major results, referred to
HMS loci on the autosomes of D. simulans � D. mauri-
tiana hybrids have been published (Hollocher and Wu

1996; True et al. 1996b), but these had limited resolu-
1Corresponding author: Department of Organismic and Evolutionary tion and gave ambiguous results concerning the relative
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density of HMS factors on the X and autosomes. In aE-mail: ytao@oeb.harvard.edu
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St. Louis, MO 63167. a higher-resolution analysis of the whole third chromo-
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some through a series of overlapping introgressions. In
that study, a statistical model was used to arrive at the
conclusion that the X chromosome hosts 2.5 times as
many HMS loci per unit of euchromatin as the third
chromosome. Here we extend this analysis of D. simu-
lans � D. mauritiana hybrids to identify and localize
HMS loci on the third chromosome through qualitative
genetic mapping and quantitative trait locus (QTL)
mapping.

MATERIALS AND METHODS

Introgression lines, markers, fertility assay, and single-fly
genotyping: A full account of the methods for constructing the
introgression lines, developing allele-specific oligonucleotide
(ASO) markers, assaying male fertility, and genotyping single
flies has been given in the companion article (Tao et al. 2003,
this issue). Briefly, we constructed introgression lines in which
each line has a single P[w�]-tagged D. mauritiana segment
on the third chromosome in an otherwise isogenic pure D.
simulans (simB) background. ASO markers were used to define
the extent of the introgressions. The whole third chromosome Figure 1.—Crossing schemes for HMS mapping. Chromo-
was covered by multiple overlapping introgressions. All hetero- somes are represented by bars. Short bar, the X chromosome;
zygous introgressions are fertile and the lines were maintained short hooked bar, the Y chromosome; open bars, D. simulans;
by crossing five heterozygous P[w�]-insert males (orange eyed) solid bars, D. mauritiana. The second chromosome, which was
with �12–15 simB females in each generation. marked by nt, is not shown. The P[w�]-inserts are represented

Homozygous or trans-heterozygous males of the P[w�]- by open triangles (Tao et al. 2003, this issue). (A) Making
inserts (red-eyed) obtained from these lines were assayed for homozygous males from a single introgression line. The homo-
male fertility in a mating test and were also genotyped with zygous males are usually of genotype 1. Occasionally recombi-
ASO markers to detect possible recombination within the D. nants are obtained as genotype 2. If the two genotypes have
mauritiana segments (Tao et al. 2003, this issue). Females for different fertility, HMS factor(s) must be in the region as
the mating test were D. simulans w; e, thus providing markers indicated by *. The location of a crossover on the maternal
to eliminate the possibility of falsely declaring male fertility chromosome can be mapped with ASO markers. (B) Two
due to nonvirginity of the tester females. The genotyping of different introgression lines (tagged by different P[w�]-in-
individual males in fertility tests started with the two outermost serts) are used to produce males homozygous for a certain
ASO markers defining an introgressed D. mauritiana segment region. A similar rationale as in A is applied to infer HMS
inherited maternally. If both were D. mauritiana alleles, it factor(s) from the fertility differences in genotypes 3 and 4.
was assumed that no crossover occurred within the segment.
Otherwise, all inner ASO markers were genotyped and the
crossover point was localized between two markers. The phe- types, as described further in results. Additional evidence

for HMS loci was obtained by comparing the positions ofnotypic and genotypic data thus obtained were used in map-
ping the HMS loci. introgressed segments having different fertility levels (Figure

2). In this process we implicitly assume that D. mauritianaQualitative genetic mapping of HMS: The crossing scheme
in Figure 1A was used to construct the mapping population. alleles always have a negative effect on fertility and that they

interact with each other additively and synergistically but notTen lines with introgressions that are not fully fertile when
homozygous and that cover all of 3R (marked with an asterisk antagonistically.

Both the sample sizes and progeny counts for most geno-in Figure 2) were used to generate a total of 4461 progeny.
For each line, several hundred red-eyed progeny (range of types were small, thus rendering routine statistical methods

(parametric or nonparametric) unsuitable to ascertain fertility311–509) were tested for fertility and genotyped for ASO mark-
ers. Males with increased fertility were usually recombinants. differences among genotypes. We overcame this problem by

a simple permutation test: Two samples of offspring countsHMS loci were inferred by associating fertility shifts with geno-

�

Figure 2.—Ten HMS factors implicated on 3R. The proximal part of 3L, the centromere (solid oval), and the whole of 3R
are shown for (I) the ASO markers used in this experiment, (II) positions of the P[w�]-inserts (open triangles) in the introgression
lines, and (III) positions of the 10 HMS factors mapped on 3R. Each horizontal bar represents an introgressed D. mauritiana
segment, with the serial number of each line indicated at the right. An asterisk indicates lines used in the qualitative genetic
mapping. Males are classified as sterile, quasi-sterile, subfertile, or fertile (Tao et al. 2003, this issue). Thick bars represent
introgression lines in which the males sired female-biased progeny. By the mapping scheme of Figure 1A, eight HMS loci (solid
triangle,1–8 on III) are mapped as elaborated in Figures 4 and A1–A7. For adequately explaining all observed sterility on 3R,
two more loci (9 and 10, stippled triangles) need to be invoked (see text for details). For the four factors (6, 8, 9, and 10) not
narrowed down within two ASO markers, the ranges of their possible locations are also shown. Three regions (S1, S2, and S3)
that each can cause full sterility are also indicated. Note that although line 46.9 is formally classified as quasi-sterile, it is essentially
sterile (Figure A5).



1401Genetic Dissection of Hybrid Incompatibilities, II



1402 Y. Tao et al.

We further assume that the underlying fertility score is affected
by m QTL according to the following model,

xi � �x � �
m

r�1

�ruir � �
m

r�1

�rvir � �
E1

r�s

(��)rsuiruis � �
E2

r�s

(��)rsuirvis

� �
E3

r�s

(��)rsviruis � �
E4

r�s

(��)rsvirvis � exi ,

where exi � N(0,�2
x); �r and �r are additive and dominant effects

on fertility score from the rth QTL; uir and vir are the effect
variables corresponding to the genotype of the rth QTL for
the ith individual (M, D. mauritiana; S, D. simulans),

uir � �1(MrMr)
0(MrSr)
	1(SrSr)

and vir � �	1⁄2(MrMr)
1⁄2(MrSr)
	1⁄2(SrSr)

;

the terms (��)rs, (��)rs, (��)rs, and (��)rs are epistatic effects
(additive � additive, additive � dominant, dominant � addi-
tive, and dominant � dominant); and E1, E2, E3, and E4 are
the numbers of pairs of QTL that show significant epistatic
effects of the four kinds through a model selection process.
See Kao and Zeng (2002) for details about parameterization
of the epistatic effects.Figure 3.—The distribution of offspring counts from 5025

The conditional probability of z given a QTL genotype speci-introgression males used in the QTL mapping. One outlier
fied by uir and vir issiring 491 offspring is not shown. There were 2423 sterile males

(column 0) and the rest (2602) sired at least one offspring.
P(zi � 1|uir,vir) � �

∞




f(xi)dxi

were merged and then split randomly into two samples of the
� �

∞




1

√2��2
x

exp�	(xi 	 �x 	 �Ui)2

2�2
x

�dxioriginal sizes. The mean offspring difference of these random
samples was calculated and compared to the observed differ-
ence. This procedure was repeated 1000 times and the empiri-

� 1 	 �
 	 �x 	 �Ui

�x
�cal significance Po (one-tailed) was obtained. A one-tailed test

was used because we assume that short introgressions derived
and P(zi � 0|uir,vir ) � 1 	 P(zi � 1|uir,vir ) � ((
 	 �x 	from long introgressions by recombination are more fertile
�Ui )/�x ), where (·) is a cumulative normal density function(Figure 1A).

QTL mapping: The phenotypic and genotypic data for QTL and
mapping were collected from a total of 5025 male progeny
from the two crossing schemes in Figure 1. Introgression lines

�Ui � �
m

r�1

�ruir � �
m

r�1

�rvir � �
E1

r�s

(��)rsuirviscovering the whole third chromosome were used. From the
scheme in Figure 1A, 3801 males from 196 introgression lines
were used. From the scheme in Figure 1B, 1224 males were � �

E2

r�s

(��)rsuirvis � �
E3

r�s

(��)rsviruis � �
E4

r�s

(��)rsvirvis.
generated from 87 crosses involving 58 introgression lines.
Figure 3 shows the distribution of offspring counts in the

In this notation, � is a vector of QTL-effect parameters (�r,males used for QTL mapping. Among the 5025 males tested,
�r, . . .), and Ui is a vector of effect variables (uir,vir, . . . ). In2423 were sterile and 2602 sired at least one offspring.
this analysis, the threshold 
 and QTL effects � are estimatedMale flies for the qualitative mapping and for QTL mapping
by assuming that �x � 0 and �2

x � 1.are from independent collections, although the introgression
Of course, QTL genotypes are not observed, but we canlines used are not. Eight of the 10 introgression lines (except

calculate the probability of each possible QTL genotype for44.5 and 37.10) used in qualitative mapping were also used
an individual, conditional on the observed marker genotypes,in QTL mapping, with a total of 279 males.
if we assume a specific model of QTL number and positions.Two approaches were taken to mapping QTL. In one ap-
There are three possible genotypes for each QTL and 3mproach, all males were analyzed and fertility was treated as a
possible joint genotypes for m QTL. Thusbinary trait (z), with males characterized as either fertile (z �

1 for at least one offspring) or sterile (z � 0 for no offspring).
In the other approach, only nonsterile males were analyzed P(zi � 1|markers) � �

3m

j�1

pij (1 	 (
 	 �Uij )),
and fertility was treated as a continuous trait (y � number of
offspring produced in a mating test). In both cases, QTL

where pij is the conditional probability of the jth multilocusmapping was performed by the method of multiple-interval
QTL genotype given marker genotypes and a specific QTLmapping (MIM; Kao et al. 1999).
model (see Jiang and Zeng 1997 for the calculation withThe binary-trait model: A threshold model was used to account
missing and dominant markers). Although theoretically therefor z with an assumption that the ith male has a certain value
are 3m possible joint genotypes for m QTL, only a handful ofof an underlying fertility score (x) that renders the male fertile
joint QTL genotypes have nonzero conditional probabilitieswhen it reaches a threshold 
,
for any individual in this introgression experiment, so the
numerical analysis is not particularly prohibitive.zi � �1 when xi � 


0 when xi � 
. The likelihood of the data (z) is
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After the initial model is selected (with the number of QTLL(z|
, �) � �
n

i�1

P(zi � 1|markers)zi P(zi � 0|markers)1	zi

nQ � nm), model selection is refined using MIM, as outlined
in the following:

� �
n

i�1
�
3m

j�1

pij (1 	 (
 	 �Uij ))zi (
 	 �Uij )1	zi.
MIM-a: The positions of QTL in the current model are opti-

mized. This optimization is performed for each QTL in turn
This is a multiple-interval mapping version (Kao et al. 1999) in a sequential order. For each QTL, the model likelihood is
of the threshold model discussed in Xu and Atchley (1996).

evaluated in the vicinity of the previous position, conditional
The continuous-trait model: For offspring counts y, we use the

on the current positions of other QTL. The position that
following model,

gives the maximum likelihood is chosen for the new posi-
tions of the QTL.

yi � �y � �
m

r�1

aruir � �
m

r�1

drvir � �
E1

r�s

(aa)rsuiruis � �
E2

r�s

(ad)rsuirvis MIM-b: A new QTL may be added. The chromosome is
scanned for the position of a new QTL that gives the maxi-
mum likelihood of the model. If the LOD score for this� �

E3

r�s

(da)rsviruis � �
E4

r�s

(dd)rsvirvis � eyi ,
putative QTL is �2, the QTL is added into the model and
then the process goes to step MIM-c; otherwise no newwhere eyi � N(0, �2

y) and ar, dr, (aa)rs, (ad)rs, (da)rs, and (dd)rs QTL is added, the QTL identification phase stops, and theare additive, dominant, and epistatic effects of QTL on y. The
process moves on to analyze epistatic effects.likelihood of the data (y) is

MIM-c: All QTL in the current model are tested for signifi-
cance again in a sequential order. This procedure is similar

L(y|�y, �2
y, D) � �

n

i�1
�
3m

j�1

pij

1

√2��2
y

exp�	(yi 	 �y 	 DUij )2

2�2
y

� to steps IMS-b and IMS-c in the initial model selection. The
likelihood of the full model is compared with that of a
reduced model in which one QTL is dropped. If a QTL is

� �
n

i�1
�
3m

j�1

pij φ�yi 	 �y 	 DUij

�y
� , not significant (LOD � 2), it is dropped from the model.

If all QTL are significant, the model is unchanged. The
process then returns to step MIM-a.

where φ(·) is a normal density function and D is a vector of
QTL-effect parameters (ar, dr, . . . ). Here we use a LOD score of 2 as a threshold for QTL

Parameter estimates and hypothesis testing: Maximum-likelihood detection. In principle, a residual permutation test could be
parameter estimates were obtained with an expectation-max- used to empirically estimate the threshold for model selection
imization (EM) algorithm (as in Kao and Zeng 1997 for con- (Zeng et al. 1999). However, an overwhelming amount of
tinuous trait; J. Li and Z-B. Zeng, unpublished results for computer time would be required in this case, because of
categorical trait). The test for each QTL effect was performed the large sample size (�5000) and number of detected QTL
by a likelihood ratio (LOD score), conditional on other se- involved. For one chromosome, a LOD score of 2 is reasonably
lected QTL effects. In this analysis, the additive and domi- conservative to adjust for the multiple testing.
nance effects of a QTL were searched and tested together Epistasis: In this introgression experiment, only closely
first and significant epistatic effects were identified subse- linked QTL segregate in a given cross (Figure 1), so only
quently. For QTL r, the null hypothesis is H0: ar � 0 and dr � epistatic effects between close QTL are considered. Here
0, and the alternative hypothesis is H1: ar � 0 and dr � 0. The “close” QTL mean pairs of QTL with no more than two other
test statistic is QTL between them. For each QTL pair considered, one of

the pairwise epistatic interactions between additive and domi-LOD � log10[L 1(ar � 0, dr � 0)/L 0(ar � 0, dr � 0)],
nance effects (four interactions for each QTL pair) was either
present or absent from the model.where L0 and L1 are the maximum likelihoods under H0 and

H1, respectively, conditional on all other selected QTL effects.
a. At each step, each of the epistatic effects (except thoseModel selection: The initial model selection (IMS) was per-

already selected) was added to the current model in se-formed by regression of the trait value on marker genotypes
quence. The one that increased the likelihood the most(logistic regression for z and linear regression for y), using
was selected for inclusion in the model.a backward stepwise selection process. The procedure is as

b1. If the likelihood increase exceeded a preset criterionfollows:
(LOD � 1), the epistatic effect was retained in the model,

IMS-a: The number of markers nm in the model is set equal and the process returned to step a.
to the total number of markers nM. This model is considered b2. If the likelihood increase was less than the preset criterion,
as the full model, in which each marker is fitted with an the search process was stopped.
additive and a dominant effect.

Throughout this article, we use HMS and QTL to refer to theIMS-b: Each marker in the full model is eliminated in turn
loci for hybrid male sterility mapped through the qualitativeto produce nm reduced models. Note that when one marker
genetic and the QTL mapping procedures, respectively. Whenin the full model is eliminated, two corresponding effects
necessary, we use QTLx and QTLy to distinguish the QTLare eliminated.
mapped from the binary or continuous traits, respectively.IMS-c: For each reduced model, the test statistic for the

Genetic marker map: Genetic distances between ASO mark-dropped marker is computed, which can be either the ratio
ers are required in the QTL mapping algorithm. These dis-of log-likelihood under the full and reduced models (for
tances were obtained by analyzing data from the QTL-mappingcontinuous trait) or Wald statistics (for binary trait).
population itself. For any two adjacent ASO markers on aIMS-d1: If the likelihood-ratio test statistic is �2 (on LOD
maternally transmitted haplotype, the parental type (PT) isscore) for the least significant marker, that marker is
that of D. mauritiana alleles at both loci, whereas the nonpar-dropped from the full model. Then the corresponding re-
ental type (NPT) is that of one D. mauritiana allele at oneduced model is set as the full model and nm(new) �
locus (proximal to P[w�]-insert) and a D. simulans allele atnm(old) 	 1, and the process returns to step IMS-b.
the other (distal to P[w�]-insert). The crossover rate is calcu-IMS-d2: Otherwise (LOD � 2 for all markers), the process is
lated as NPT/(NPT � PT), from which the genetic distancestopped and the current full model with nm markers is used

as the initial model for subsequent analysis. was calculated using the Haldane mapping function.
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Figure 4.—Mapping HMS
factors by a qualitative
method. (A–C) Top, the
introgressed D. mauritiana
segment. Thin line, D. sim-
ulans; thick line, D. mauri-
tiana. Open triangles point
to the positions of P[w�]-
insert. Solid triangles point
to the positions of putative
HMS factors. Middle, The
ASO markers and their cyto-
logical positions on part of
the third chromosome. The
solid oval represents the cen-
tromere (CEN). Bottom,
The genotype and pheno-
type of individuals used in
mapping. Each genotype is
defined by ASO markers:
S (homozygous for D. sim-
ulans allele), M (homozy-
gous for D. mauritiana al-
lele), and H (heterozygous).
The sample size and fertility
(percentage of males that
sired any progeny and mean
offspring � SD) of each ge-
notype are shown. The fer-
tility shift that is the key evi-
dence for declaring an HMS
locus is indicated by a star
followed by a circled num-
ber identifying that HMS
locus. (A) Line 28.3. The
P[w�]-insert P28 is to the left
of the centromere. The HMS
factor marked with the ques-
tion mark is inferred by com-
paring H in A with A.3 and

B in B. (B) Line 44.5. Note that categories A.1 and A.2 have the same genotype, but were handled somewhat differently. All of
the males in A.1 are sterile; only four were genotyped and the rest are assumed to be of the same genotype. All of the males in
A.2 sired some offspring and all were genotyped. (C) Line 32.4. The position of the P[w�]-insert P32 relative to the centromere
is not determined. It is unclear whether HMS 2 is present in this line or not (see text for details).

RESULTS have been the case, since selection would favor longer
introgressions due to heterosis in the highly inbred ge-The recombination rate within introgressed segments:
netic background used in that experiment. In any case,In this study, the map distance is 104.8 cM for the third
the shorter map of introgressed D. mauritiana segmentschromosome when estimated from segments of D. mau-
in a D. simulans rather than in a D. mauritiana back-ritiana introgressed into the genetic background of D.
ground indicates the presence of trans-acting factorssimulans. Compared to the 211.3 cM estimated in a pure
affecting the rate of recombination.D. mauritiana background (True et al. 1996a), the re-

HMS loci identified on 3R by qualitative genetic map-combination rate is reduced �50%. The introgression
ping: A total of 218 introgression lines covering themap is also much shorter than that measured in F1

whole third chromosome have been tested for malehybrids (174.6 cM; Zeng et al. 2000). However, it is
fertility. There were 115 fertile, 25 subfertile, 30 quasi-longer than a previous estimate that was also made in
sterile, and 48 sterile lines. The fertility class is basedan introgression background (�54.9 cM; True et al.
on the average number of offspring that one homozy-1996b). The previous introgression estimate may not
gous male can sire: sterile (0 per male), quasi-sterilebe very accurate, since it was inferred statistically from
(0–10), subfertile (10–45), and fertile (�45; Tao et al.the distribution of introgression lengths after 15 genera-
2003, this issue). Eight HMS loci on 3R were detectedtions of backcrossing (True et al. 1996b). An underesti-
by analyzing the progeny of 10 crosses using the schememate of the map length would result if the distribution

of introgression lengths was biased upward, which might in Figure 1A. Two additional HMS are required to ex-
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Figure 4.—Continued.
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TABLE 1

Summary of HMS qualitative mapping

HMS Location
loci (flanking markers) Major evidence (lines and genotypes where fertility shifts)

1 Rga-Antp 28.3, quasi-sterile → fertile within D
44.5, quasi-sterile (C.1) → fertile (C.2)
32.4, quasi-sterile (C) → fertile (E)

2 ninaE-Fsh 44.5, quasi-sterile → fertile within A
Mapped and named as broadie (Tao et al. 2001)
32.4, quasi-sterile (A) → quasi-sterile (B) (P o � 0.014)

3 Akt1-Su(Hw) 42.4, quasi-sterile → fertile within D
40.8, quasi-sterile → fertile within D
37.10, quasi-sterile → fertile within D, sex ratio (k) shifts from 0.72 to 0.48
Mapped and named as tmy (Tao et al. 2001)

4 Ald-Mlc1 46.15, fertility increases gradually from quasi-sterile (A and B) to subfertile (C, D, and E).
46.4, fertility increases from C to D (P o � 0.001), although both are fertile.
The current location of HMS 4 is most parsimonious to explain the data, but several loci,

each with smaller effects, are also likely.

5 Hb-Rox 8 46.15, subfertile (G) → fertile (H) (P o � 0.002)
46.4, subfertile (H) → fertile (I) (P o � 0.001)
38.1, 30% of males siring progeny within F

6 Distal to jan 46.4, A → B (P o � 0.004), although both are subfertile

7 Odh-Crc Comparison of 46.4 and 46.15; the left end of 46.15 must carry HMS factor(s)
Also implicated in 37.10 as recombination distal to P37 increases fertility (A → B and C)

8 P38-HMS 7 Comparison of 46.15 and 46.9 and 46.4; the left end of 46.9 must carry HMS factor(s)
Also implicated in 46.9, quasi-sterile (A) → subfertile (B) (P o � 0.001)

Arrows represent (1) fertility shifts between classes and (2) significant increases in fertility as detected by permutation test
(P o indicated).

plain all differences in fertility level among introgres- be different from A, given the small sample size. A fertil-
ity shift from quasi-sterile to fertile obviously occurssion lines covering 3R. Figure 2 summarizes the inferred

locations of these 10 HMS loci, the 10 lines used to within genotype D, suggesting an HMS factor (1) be-
tween markers Rga and Antp. Additional evidence forgenerate the mapping data (marked by asterisks), and

other informative introgression lines covering 3R. HMS factor 1 is noted in Table 1. This factor is not
necessarily a single gene. Here and throughout thisThe existence of HMS factor(s) is inferred by a fertil-

ity shift among genotypes that differ in one or few mark- article, we consider that each HMS “locus” may actually
be a cluster of genes of small effect.ers (Figure 1). A fertility shift between two genotypes

was declared by one of two criteria: They belong to On the other end of the 28.3 introgression, recombi-
nants between P28 and rdgC are all similar to the paren-different fertility classes, or the numbers of their off-

spring differ significantly as shown by the permutation tal genotype, providing no evidence for a major factor
in that region. However, because the sample size is smalltest.

In the following text, as well as in Figure 4, we describe and sterile or quasi-sterile males are minimally informa-
tive, these data do not rule out the possibility of HMSthe details of three examples of mapping HMS loci using

the scheme of Figure 1A. The other mapping details for factor(s) in that region. Indeed, a comparison with line
44.5 described below provides some evidence for theseven additional lines are summarized in the appendix.

The critical evidence for declaring the eight HMS loci existence of at least one factor in that interval, hence
the bracket marked as “?” in Figure 4A.is summarized in Table 1.

Introgression 28.3: The genotypes and the correspond- Introgression 44.5: This line and line 37.10 (see appen-

dix) were the first two lines used for qualitative map-ing phenotypes are displayed in Figure 4A. Genotype
A is for the parental, nonrecombinant homozygous type, ping. Unfortunately the sterile males (A.1 in Figure 4B

and Figure A3) from these two lines were not saved forwhich is classified as quasi-sterile. Genotypes B and C
were tested as sterile, but their sterility may not really genotyping. So, here we assume that most or all of the
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sterile males were of parental type (A.1). Some males lines covering 3R? To answer this question, each of the
introgression lines was examined for the presence orof the same genotype (A.2) sired small numbers of off-

spring, so line 44.5 is classified as quasi-sterile. Interest- absence of the putative HMS loci. Lines informative for
this purpose are displayed in Figure 2. Most of the steril-ingly, a single male (A.3) with the same genotype as A.1

and A.2 was very fertile. All markers were scored twice ity detected on 3R can be attributed to the eight loci.
However, several lines seem to require at least two moreto ensure correct genotyping and nonvirginity of tester

females is excluded, although mislabeling of the male HMS loci to account for the male sterility observed.
In the region around the centromere, at least onecannot be excluded. One may invoke a double crossover

between Rga and Antp to explain the data, but for such HMS factor seems to be in the Pka-Rga region as sug-
gested in the legend of Figure 4, A and C. Additionala narrow range (0.79 cM) this is unlikely (P � 0.03 with

Bonferroni correction). A more likely scenario is that evidence comes from comparisons among the lines 45.7,
45.8, 45.9, and 45.10. These lines were derived as recom-an HMS factor (“2”) to the right of ninaE is present.

The fertility of two flies of genotype B supports this binants from the same progenitor, and their right ends
are very likely the same. An HMS factor (“9” in Figureinterpretation and additional evidence is noted in Table

1. On the other end of the introgression, HMS 1 was 2) is implicated on the basis of the fact that line 45.10
was more fertile (16 progeny per male) than line 45.8confirmed (genotype C). Obviously, HMS 2 alone is not

enough to cause sterility (C–G in Figure 4B). (4 progeny, Po � 0.001).
To account for the sterility of lines 33.9, 33.10, andA comparison between the two introgressions 28.3

and 44.5 is also informative. In the analysis of 44.5, it 45.9 and the quasi-sterility of lines 28.3, 32.4, 45.8, 29.5,
29.6, 32.9, and 29.7, another HMS factor (“10” in Figureappears that both HMS 1 and HMS 2 are needed for

quasi-sterility. Yet genotype A of 28.3 (Figure 4A), host- 2) is implicated. This factor should fall within the region
from the right end of line 27.2 (or 32.2 and 32.10) toing HMS 1 but clearly not HMS 2, is quasi-sterile. This

observation suggests an HMS factor(s) to the left of Rga the right end of the just-mentioned sterile or quasi-
sterile lines.(“?” in Figure 4A). If a factor is located between rdgC

and Edg78, it appears to have a dominant effect when An HMS equivalent consists of two or three minor
HMS loci: Figure 2 shows three regions on 3R (labeledcombined with HMS 1 (F, G, and H in Figure 4A). Still

other evidence discussed below indicates that the factor S1, S2, and S3) that each can cause complete male
sterility. Each region is by definition one “HMS equiva-“?” in Figure 4A may consist of more than two HMS

factors, including HMS 9. lent” (Tao et al. 2003, this issue). Here we elaborate on
the HMS loci contained within each region.Introgression 32.4: Genotypes A, B, C, D, and G were

all quasi-sterile, but significant fertility differences were The S1 region contains HMS loci 1, 9, and 10. A
combination of all three loci can account for almost alldetected from between-group comparisons: A vs. B

(P o � 0.014) and A vs. G (P o � 0.024; Figure 4C). HMS sterile or quasi-sterile lines, with one or two exceptions.
HMS 9 and 1 together cannot cause significant sterility,2 or other factors may contribute to the A vs. B differ-

ence (also compare to line 44.5, Figure 4B). The obvious while HMS 1 and 10 together may render a male subfer-
tile (line 45.10). However, it is unclear what causes theshift from quasi-sterile (genotypes C and D) to fertile

(genotype E) again supports the localization of HMS 1. fertility difference between the sterile and quasi-sterile
lines covering the S1 region. Furthermore, line 45.5 isOn the other end of the introgressed segment, the fact

that A and G differ in their fertility suggests that there rather strange because it covers the whole S1 region
and HMS 2, yet it is still not fully sterile (line 29.1 couldmight be some factor(s) to the left of 5-Ht2 (marked

by “?”). However, it is unclear on which side of the also contain the whole S1 region but its right end may
not contain HMS 10). Two ad hoc explanations are pro-centromere this factor(s) would be located. We there-

fore do not declare an HMS locus on 3R here. vided here to explain these observations, but further
experimental evidence is needed to clarify these issues.Below we show that a factor (HMS 9) is indicated

between HMS 1 and 5-Ht2. As in the case of 28.3 (Figure First, genetic background variation could underlie
the fertility variations among different lines. Although4A), the observations made in Figure 4C are consistent

with this interpretation. Without another factor in this these introgression lines were constructed deliberately
in a genetic background as uniformly as possible, someregion, genotypes B, C, and D in Figure 4C, which clearly

are not homozygous for HMS 2, would be fertile because variation cannot be avoided (Tao et al. 2003, this issue).
Spontaneous mutations during line construction alsowe noted earlier that HMS 1 alone cannot cause quasi-

sterility (see also A.3 and B in Figure 4B). may affect fertility.
Second, it is possible that some D. mauritiana allelesSimilar mapping analyses from crosses involving seven

other lines are detailed in the appendix and the evi- act antagonistically, rather than synergistically, in caus-
ing sterility. In other words, two HMS factors can sup-dence from all 10 lines suggesting a total of eight HMS

loci is summarized in Table 1. press each other. For example, the line 45.5 evidently
covers the whole length of 45.9, yet the latter is fullyAre the eight HMS loci listed in Table 1 sufficient to

account for male sterility observed in all introgression sterile. It is possible that some loci on both ends of 45.5,
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not covered by 45.9, could be this kind of antagonistic epistatic effects for 19 QTLx are summarized in Tables
gene. For example, it is possible that HMS 9 and 2 could 2 and 3 and the corresponding effects for 18 QTLy

suppress one another (lines 33.5 and 45.5). This notion are given in Tables 4 and 5. Although variances of the
of antagonistic interactions is supported by QTL map- estimates were not obtained in this analysis, we believe
ping (see below). they are large because each estimate tends to depend

In the S2 region, HMS 2 and 3 together can cause on a small number of introgression lines. Therefore,
complete sterility (Figure 2, lines 41.3 and 41.5). A nota- these results provide only a rough estimate of the ge-
ble aspect of HMS 3 (called tmy) is that no fertile intro- netic architecture of hybrid male fertility. Nevertheless,
gression lines ever cover it. Indeed, tmy is the only HMS some general patterns can be inferred from Tables 2–5.
locus that may contain a “major gene” effect. No other First, the D. mauritiana allele (M) does not always
locus can cause significant sterility on its own, because have a negative effect on fertility (i.e., � or a � 0) as
the third chromosome is fully covered by fertile homozy- might be expected for hybrid incompatibility factors.
gous introgressions except in the region of tmy (Tao et In fact, the mauritiana allele has a positive effect in 5 of
al. 2003, this issue). On the other hand, HMS 2 (broadie) 19 QTL for the binary sterility trait and in 8 of 18 QTL
enhances the sterilizing effect of tmy, rendering any for the continuous fertility trait. This could mean that
tmy males completely sterile (e.g., lines 41.3 and 41.5 not all QTL detected are due to hybrid incompatibili-
compared to lines 40.7 and 40.9). ties, but may be due to polymorphism of deleterious

Distal to tmy, HMS 7 may also enhance the sterilizing alleles that would have similar effects in both homo-
effect of tmy. For example, line 37.10 is quasi-sterile and heterospecific genetic backgrounds.
while line 37.7 is subfertile. The latter may not contain Second, the dominance relationships between the M
HMS 7. It is unclear, however, whether HMS 8 has an and S alleles are mixed, having no apparent trend.
enhancing effect because the mapping of HMS 8 is too There are 8 QTLx and 8 QTLy, where the M allele is
rough to make any reliable inference. dominant over the S allele [i.e., �(a) and �(d) have the

In region S3, HMS 8, 7, and 5 together can cause same sign], and 11 QTLx and 10 QTLy , where the M
complete sterility (Figure 2, lines 46.17, 46.7, 35.1, and

allele is recessive to the S allele [i.e., �(a) and �(d)
35.2). The effects of HMS 8 and 7 can be demonstrated

have the opposite sign] (Tables 2 and 4). Furthermore,
best by lines 46.4, 46.15, and 46.9, as shown in Figures

overdominance of the M allele was estimated for 5 QTLxA4–A6. In the S3 region, if HMS 8 is not included in
and 5 QTLy [|�| � |�| or |d| � |a|, �(a) and �(d) have

the introgression, the fertility will recover a little but
the same sign], while underdominance was estimated

still be quasi-sterile (e.g., line 46.15 in Figure A4). If
for 3 QTLx and 10 QTLy [|�| � |�| or |d| � |a|, �(a)both HMS 7 and 8 are not included, the fertility will
and �(d) have the opposite sign]. These results mayrecover substantially (Figure A6, line 46.4).
suggest complex interactions among loci causing hybridThe other two factors, HMS 4 and 6, have no apparent
male sterility.effect by themselves (Figure 2, 46.2, 49.11, etc.). If com-

Third, epistatic effects are pervasive (Tables 3 and 5).bined with HMS 5, they may cause significant fertility
Ten out of 24 significant epistatic interactions for QTLxreduction but not full sterility (Figure 2, lines 46.4, 46.3,
(and 5 out of 18 for QTLy) are positive. The signs ofand 46.19).
the epistatic effects cannot be predicted from the signsQTL of hybrid male fertility: An MIM procedure was
of the two effects [�(a) and �(d)] involved. These obser-used to carry out two analyses for identifying QTL in a
vations suggest both synergistic and antagonistic rela-population of introgression genotypes (Figure 3). In
tionships among the loci causing hybrid male sterility.one case, 5025 males were assigned a binary trait classi-

Figure 5 shows the LOD profiles for QTL mappingfication (sterile or fertile), which was treated as a thresh-
of the two traits. There are several points of correspon-old trait with an underlying continuous fertility variable.
dence, but the high density of QTL, the pervasiveness ofIn the other case, the offspring counts from a subsample
epistasis, and the large sampling variances of estimatesof 2602 nonsterile males were treated as a continuous
make it difficult to identify one-to-one relationships withvariable for QTL mapping. We use QTLx and QTLy to
high confidence. Nevertheless, it is clear that each typerepresent the results obtained from these two analyses,

respectively (Figure 5). The additive, dominance, and of analysis identifies a similar number of QTL within

�

Figure 5.—QTL of hybrid male sterility on the third chromosome. (A) As a comparison, a summary of the 10 HMS loci
mapped on 3R by qualitative genetic mapping is also shown. (B) A total of 19 QTLx on the third chromosome are implicated
by MIM from the complete sample of 5025 males, which are coded as either sterile (0) or fertile (1). (C) A total of 18 QTLy

are implicated from the subsample of 2602 nonsterile males. For each putative QTL, the likelihood profile is represented by a
numbered curve. Note that the scale of the LOD score is adjusted for QTLx 13 in B. The centromere is indicated by a solid oval.
ASO markers are shown with their positions either on a genetic map (I), which is obtained from the introgression background
in this study, or on a cytological map (II) in polytene bands.
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TABLE 3TABLE 2

Estimates of QTLx positions and effects Estimates of epistasis between QTLx pairs

No. QTLx1 QTLx2 Type of epistasis EffectPosition Additive Dominance
QTLx (cM) effect (�) effect (�)

1 3 4 � � � 0.672
1 4 	1.241 	1.604 2 4 5 � � � 	0.972
2 10 1.820 	1.103 3 5 8 � � � 	0.176
3 12 	1.578 1.135 4 5 7 � � � 	0.477
4 30 	0.969 0.490 5 6 8 � � � 	0.527
5 36 0.727 	0.555 6 7 9 � � � 	0.067
6 38 	1.493 0.793 7 8 9 � � � 0.898
7 42 0.542 0.649 8 8 11 � � � 	0.177
8 45 	0.321 1.094 9 8 10 � � � 	0.198
9 47 	0.971 0.411 10 9 11 � � � 	1.053

10 49 0.051 1.387 11 9 11 � � � 1.061
11 51 	0.910 	1.803 12 9 12 � � � 	0.362
12 53 	0.062 1.024 13 10 12 � � � 	0.710
13 61 	1.696 1.705 14 10 13 � � � 0.636
14 67 	0.028 	0.774 15 11 14 � � � 	1.318
15 73 	1.596 	0.935 16 13 14 � � � 0.457
16 76 1.308 2.233 17 13 14 � � � 0.371
17 79 	1.640 1.048 18 13 14 � � � 0.090
18 87 	0.634 	0.077 19 14 16 � � � 	0.897
19 100 	0.678 0.206 20 15 16 � � � 0.756

21 15 17 � � � 0.211
22 16 18 � � � 	1.433
23 16 19 � � � 	0.310
24 17 18 � � � 0.466the same regions and both analyses show that hybrid

male sterility in these species is highly polygenic.
In the qualitative trait mapping, we implicitly assumed

that the D. mauritiana allele at each locus confers a loci have been mapped on �40% of that chromosome
negative effect on fertility. However, we also mentioned (reviewed by Wu and Hollocher 1998; Tao et al. 2003,
an indication of antagonistic effects in the region around this issue). This density ratio is almost the same as what
the centromere where longer introgressions such as 45.5 we estimated using a different method (Tao et al. 2003).
and 29.1 were actually more fertile than shorter ones The number (three) of “HMS equivalents” (i.e., S1, S2,
such as 45.9 and 29.7 (Figure 2). The QTL mapping and S3) identified on 3R is also consistent with the
results are consistent with this indication, because QTLx previous genome-wide estimate of �15 such equivalents
7 and 10 and QTLy 8 and 12 (near the centromere) (Tao et al. 2003). Thus, although detailed information
have negative additive effects (i.e., positive effects on for each of the HMS loci is still far from adequate, the
fertility of the D. mauritiana allele). overall view of the number and distribution of the HMS

In another comparison between qualitative and QTL loci on the third chromosome appears to be reasonably
mapping, there is a puzzling disagreement between reliable.
QTLx 16 and HMS 7, which occur at approximately the
same position. HMS 7 was identified as a negative M

DISCUSSIONeffect by comparing lines 46.15 and 46.4 (Figures A4
and A6). However, QTLx 16 has a very large positive The genetic architecture of hybrid male sterility: D.
�—strongly suggesting that its M allele has a fertilizing simulans and D. mauritiana are geographically isolated
effect. How to reconcile this contradiction? The additive and diverged from a common ancestor �0.3 million
effect of QTLx 16 has three significant negative interac- years ago (Kliman et al. 2000). These two populations
tions with other QTLx effects (Table 3). If we calculate appear to represent a classic case of allopatric specia-
the net effect of QTLx 16 as the value of � plus half of tion, and hybrids produced in the laboratory show com-
each of these three epistatic effects, the value is actually plete male sterility. The results of the genetic analysis
	0.012, suggesting a sterilizing M allele. The interpreta- reported here, along with previous studies of hybrid
tion of the additive effect is not straightforward when male sterility in this species pair, clearly show a highly
epistatic effects are present. This conclusion may apply polygenic genetic architecture, which is expected under
to several other QTL with positive � or a estimates. the neo-Darwinian view of allopatric speciation (as

Taking 19 as the number of HMS loci on the third noted in the Introduction). Our study also shows that
chromosome, the density of HMS loci per polytene band most HMS loci have relatively small effects, so that steril-

ity requires the effects of at least two or three differentis �40% of that on the X chromosome, where 9 HMS
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TABLE 5TABLE 4

Estimates of QTLy positions and effects Estimates of epistasis between QTLy pairs

No. QTL y 1 QTL y 2 Type of epistasis EffectPosition Additive effect Dominance effect
QTL y (cM) (a) (d)

1 2 3 a � a 	17.40
1 2 2.46 	11.06 2 2 5 a � a 20.41
2 12 1.90 	28.22 3 3 4 d � d 	89.01
3 24 	18.22 	8.21 4 4 5 d � d 	9.66
4 26 5.60 2.80 5 5 7 a � a 	6.58
5 29 16.28 23.19 6 7 8 d � d 	55.83
6 33 	19.91 34.76 7 8 11 a � a 	2.71
7 37 	12.64 	23.82 8 9 10 a � a 	23.11
8 42 1.65 29.55 9 9 10 d � a 	17.30
9 48 	20.73 25.41 10 9 12 d � a 35.07

10 50 	11.32 10.54 11 10 13 d � d 	19.03
11 51 	16.35 	15.47 12 12 13 d � d 	11.54
12 53 21.65 	15.12 13 13 16 a � d 	24.32
13 58 	9.10 35.87 14 13 16 d � d 37.91
14 64 	59.06 26.61 15 15 16 d � a 	34.55
15 66 27.14 	46.47 16 16 17 a � a 6.01
16 79 	39.44 38.66 17 16 17 d � a 1.21
17 93 11.81 70.24 18 16 18 a � a 	16.91
18 95 	15.55 	58.81

evidence for complex patterns of epistasis. Such a result
factors. Only one small region of the third chromosome may not be surprising, since hybrid incompatibilities
(HMS 3, tmy) is capable of producing a high level of are, by definition, negative interactions between alleles
sterility in isolation from other D. mauritiana alleles. at different loci. However, there could be multiple sys-
This result suggests that speciation may require the accu- tems of incompatibility that do not interact with each
mulation of many allelic fixations in isolated popula- other. For example, an HMS locus A in this study may
tions with each fixation producing incompatibilities of represent a D. mauritiana allele at locus i (within an
small effect. introgression) that has a negative interaction with a D.

This polygenic view of reproductive isolation does not simulans allele at locus j (outside of the introgression).
preclude an occasional incompatibility of large effect Another HMS locus B may consist of a negative interac-
due to a single pair of allelic fixations (Orr and Coyne tion between a D. mauritiana allele at locus k and a D.
1992; Orr 1998), but these seem to be rare. One possi- simulans allele at locus l. The locus pair i, j does not
ble example is the rescue by a fourth-chromosome seg- necessarily interact with the locus pair k, l and the effects
ment of the male sterility caused by introgressing the of the two incompatibilities may be additive with respect
D. arizonae Y chromosome into an otherwise pure D. to a quantitative measure of fertility.
mojavensis background (Pantazidis et al. 1993). How- One view of the genetic basis of hybrid incompatibility
ever, other cases that originally seemed to be major is that it is due to numerous loci distributed throughout
factors of HMS turned out to be a cluster of minor the genome with effects that are additive and inter-
factors after more genetic analysis was done (Coyne changeable (Naveira and Maside 1998). A different
and Charlesworth 1986, 1989; Perez et al. 1993; Perez view is that several minor HMS loci may each have negli-
and Wu 1995). gible effect, but act “epistatically” together to sterilize

In any case, the magnitude of effect of an incompati- an introgression hybrid (Wu and Hollocher 1998;
bility in hybrids is not necessarily related directly to the Orr and Irving 2001). Many, but not all, of the loci
magnitude of effect on the primary trait within diverging studied here show epistasis on a quantitative scale, sug-
subpopulations. For example, it is possible that different gesting that both views have merit.
mutations fixed by selection in different subpopulations D. simulans and D. mauritiana are very similar morpho-
may have large effects on a primary trait within those logically. The only distinctive difference is in the shape
subpopulations, but no incompatibility at all in hybrids. of the posterior lobe of the genital arch in males (Liu
Similarly, it is possible that mutations of small positive et al. 1996). A QTL analysis of the interspecific differ-
effect on a trait within subpopulations could have very ence in lobe shape has shown that it is highly polygenic
negative interactions in hybrids, producing an incom- (like hybrid male sterility), but there is very little evi-
patibility of major effect. dence for epistasis on a quantitative scale (Zeng et al.

In the study reported here, the QTL approach to 2000). Also, there is no evidence for dysfunctional inter-
actions that result in abnormal lobe development ingenetic analysis of incompatibilities has provided strong
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hybrids. The posterior lobe in F1 hybrids is well formed X-autosome transpositions. Whole-genome sequencing
and the cloning of HMS loci (e.g., Ting et al. 1998) mayand intermediate in shape between the two parental

species. This result suggests that many of the allelic soon reveal more details of the molecular basis of hybrid
incompatibilities.fixations that occur in diverging subpopulations do not
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Perez, D. E., C.-I Wu, N. A. Johnson and M.-L. Wu, 1993 Genetics HMS factor 2, which was implicated in Figure 4B and

of reproductive isolation in the Drosophila simulans clade: DNA
previously named broadie (Tao et al. 2001), has not beenmarker-assisted mapping and characterization of a hybrid-male

sterility gene, Odysseus (Ods). Genetics 134: 261–275. determined.
Tao, Y., D. L. Hartl and C. C. Laurie, 2001 Sex-ratio segregation The sterile introgression 40.8 (Figure A2) also pro-

distortion associated with reproductive isolation in Drosophila.
vides evidence for HMS 3 (genotype D). Males homozy-Proc. Natl. Acad. Sci. USA 98: 13183–13188.
gous for tmy alone are semi-sterile, but fully sterile ifTao, Y., S. Chen, D. L. Hartl and C. C. Laurie, 2003 Genetic

dissection of hybrid incompatibilities between Drosophila simulans coupled with broadie (Tao et al. 2001). HMS factor 2
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is the proportion of females (k) in the offspring. Therelated species as revealed by the genealogy of a speciation gene,
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survey of hybrid incompatibility factors by the introgression of ity in D.1 and D.2). D.1 is homozygous for tmy while D.2
marked segments of Drosophila mauritiana chromosomes into Dro- is heterozygous. At the other end of the introgression, it
sophila simulans. Genetics 142: 819–837.

appears that recombination to the right of P37 mayWu, C.-I, and H. Hollocher, 1998 Subtle is nature, pp. 339–351
in Endless Forms: Species and Speciation, edited by D. J. Howard reduce sterility because only 14.9% of all males in A
and S. H. Berlocher. Oxford University Press, New York. sired any progeny whereas the three individuals of B

Wu, C.-I, N. Johnson and M. F. Palopoli, 1996 Haldane’s rule and
and C were all fertile. Some sterility factor(s) might beits legacy: Why are there so many sterile males? Trends Ecol.
in the region to the right of P37 (marked as “?”), butEvol. 11: 281–284.
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in the Odh-Crc region (see Figures A4 and A6).Zeng, Z-B., C.-H. Kao and C. J. Basten, 1999 Estimating the genetic
architecture of quantitative traits. Genet. Res. 74: 279–289. Introgression 46.15 is summarized in Figure A4. It is
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Figure A1.—Sterile in-
trogression 42.4.

Figure A2.—Sterile in-
trogression 40.8.
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Figure A3.—Line 37.10.

Figure A4.—Introgres-
sion 46.15.
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Figure A5.—Introgres-
sion 46.9.

Figure A6.—Introgres-
sion 46.4.
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Figure A7.—Introgres-
sion 38.1.

best to examine this and two other introgressions, 46.9 A4). HMS factor 7 is inferred by comparing this map-
(Figure A5) and 46.4 (Figure A6), together. At the right ping with that of line 46.4 (see Figure A6).
end of introgression line 46.15 (Figure A4), there was Introgression 46.9 is summarized in Figure A5. This
a significant increase in fertility from genotypes B to C line is almost fully sterile and is definitely more sterile
(P o � 0.03; a shift from A to C is also significant with than line 46.15, as shown by comparing genotype A in
P o � 0.002). A sterility factor between Ald and jan is Figures A4 and A5 (P o � 0.001). Since the introgression
suggested. The mean fertility between C and E was dif- of line 46.15 is inclusive of that of line 46.9 at the right
ferent (P o � 0.03), implying an HMS factor in the region end, the sterility must be due to factor(s) at the left end
P46-Mlc1. These three regions that may contain HMS and must be proximal to Crc. This region (“?” in Figure
factor(s) are marked with “?” to the right of P46 in A5) is responsible for the phenotypic shift from A to B,
Figure A4. It is clear that males were progressively more where B had more fertile males (P o � 0.001; Figure
fertile when larger regions distal to P46 were made het- A5). A parsimonious explanation is that it is HMS 8,
erozygous (A–E in Figure A4). This suggests that several narrowed down to the Mst-Odh region, as suggested by
HMS factors that dispersed distal to P46 are responsible. comparing this mapping with the two in Figures A4
Alternatively, a simpler explanation would be that one and A6.
factor between Ald and Mlc1 (“4”) is responsible for Introgression 46.4 is summarized in Figure A6. Two
the fertility change observed. This latter explanation is significant fertility increases were at the right end: from
supported by more mapping data (see Figure A6). A to B (P o � 0.004) and from C to D (P o � 0.001). Two

At the left end of introgression 46.15, two phenotypic factors may explain the fertility changes. One is between
shifts can be detected. Compared to F, G became fairly jan and the telomere of 3R (“6” in Figure A6), and the
fertile, implying an HMS factor in the region of Crc to other is between Ald and jan (“?” in Figure A6). The
hb (“?” to the left of P46 in Figure A4). However, only latter factor is most parsimoniously inferred to be HMS
two individuals were in F, so this interpretation may 4, which was previously implicated in Figure A4. Proxi-
not be reliable. There was also a significant increase in mal to P46, HMS 5 is implicated again in a significant
fertility from G to H (P o � 0.002), implying another shift in mean fertility from H to I (P o � 0.04), but there
HMS factor between Tub85E and Rox8 (“5” in Figure is insufficient information to localize it precisely.
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It is interesting to compare the mapping data from at least one more HMS factor (“8” in Figure A5) must
be proximal to HMS factor 7 but distal to Mst, becausethe three introgressions, 46.4, 46.9, and 46.15 (Figures

A4–A6). First, a comparison of genotype A in Figures the introgressed D. mauritiana segment in 46.9 does not
extend beyond this point.A4 and A6 (P o � 0.001) suggests that line 46.15 hosts

a factor that line 46.4 does not (HMS 7). However, it Introgression 38.1 is summarized in Figure A7. The
mapping data for this introgression are consistent withis unlikely that line 46.15 hosts HMS 6 at the right end.

Second, a combination of HMS factors 4, 5, and 7 can previous analyses (Figures A4–A6). As in the case of
46.9, a combination of HMS factors 4, 5, 7, and 8 conferscause severe sterility (Figure A4, A in 46.15), yet 46.9

is more sterile than 46.15 even though 46.9 does not full sterility (e.g., E in Figure A7). Recombinants impli-
cate an HMS factor (“5”), which is localized to the regionhost HMS factors 4 and 6 (Figure A5, A vs. Figure A4,

A; P o � 0.001). This phenotypic difference suggests that between hb and Rox8.


