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ABSTRACT
The Drosophila melanogaster mutation Hmr rescues inviable hybrid sons from the cross of D. melanogaster

females to males of its sibling species D. mauritiana, D. simulans, and D. sechellia. We have extended previous
observations that hybrid daughters from this cross are poorly viable at high temperatures and have shown
that this female lethality is suppressed by Hmr and the rescue mutations In(1)AB and D. simulans Lhr.
Deficiencies defined here as Hmr2 also suppressed lethality, demonstrating that reducing Hmr1 activity
can rescue otherwise inviable hybrids. An Hmr1 duplication had the opposite effect of reducing the viability
of female and sibling X-male hybrid progeny. Similar dose-dependent viability effects of Hmr were observed
in the reciprocal cross of D. simulans females to D. melanogaster males. Finally, Lhr and Hmr1 were shown
to have mutually antagonistic effects on hybrid viability. These data suggest a model where the interaction
of sibling species Lhr1 and D. melanogaster Hmr1 causes lethality in both sexes of species hybrids and in
both directions of crossing. Our results further suggest that a twofold difference in Hmr1 dosage accounts
in part for the differential viability of male and female hybrid progeny, but also that additional, unidentified
genes must be invoked to account for the invariant lethality of hybrid sons of D. melanogaster mothers.
Implications of our findings for understanding Haldane’s rule—the observation that hybrid breakdown
is often specific to the heterogametic sex—are also discussed.

THE sterility and lethality of species hybrids is a de- known to form a three-member clade with D. mauritiana
and D. sechellia; we refer collectively to these three spe-fining characteristic of species (Mayr 1942), but

little is known about why hybrids are unfit or what al- cies as the “siblings” of D. melanogaster. Hybrids between
D. melanogaster and its sibling species generally show thelelic changes are responsible (Wu and Palopoli 1994;

Coyne and Orr 1998). Without such information, it is same pattern of viability as described for D. melanogaster/
D. simulans hybrids (Sturtevant 1920; reviewed innot possible to determine whether there are general

patterns among the genes and alleles that cause hybrid Ashburner 1989; Sawamura et al. 1993b; Hutter
1997; Sawamura 2000). D. melanogaster females crossedbreakdown or to understand the evolutionary forces

that lead to allelic divergence between species. to sibling species males produce viable but sterile hybrid
daughters and lethal sons, while hybrid progeny of sib-Lack of progress cannot be attributed to the lack of
ling species mothers include viable but sterile sons anda model for explaining hybrid breakdown. Dobzhanksy
poorly viable daughters. These sibling species are more(1937) and Muller (1940) proposed that hybrid break-
closely related to one another than to D. melanogasterdown results from interactions between alleles that have
because they produce viable hybrids of both sexes, withevolved independently in the parental species. This the-
the daughters being fertile; their greater evolutionaryory remains compelling because of its simplicity and
distance from D. melanogaster is also supported by cyto-generality, but the supporting evidence is largely indi-
logical and molecular data (Lemeunier et al. 1986; Cac-rect (Coyne and Orr 1998). The lack of more direct
cone et al. 1996). The genetics of hybrid breakdownevidence is due to the great difficulties in finding species
among the sibling species has been characterized exten-groups that both display hybrid breakdown and are ame-
sively (Hollocher and Wu 1996; True et al. 1996; Jolynable to the identification and experimental manipula-
et al. 1997; Maside et al. 1998; Ting et al. 1998).tion of incompatibility alleles.

The complete sterility of D. melanogaster hybrids hasWhen Sturtevant (1919) discovered Drosophila sim-
been the primary obstacle to identifying the genes thatulans and its close relationship to D. melanogaster, he
distinguish D. melanogaster from its siblings. The recentquickly realized its potential for investigating questions
discovery of D. simulans strains that produce fertile F1of species divergence (Provine 1991). D. simulans is now
female hybrids with D. melanogaster provides reason for
optimism (Davis et al. 1996), but it remains to be deter-
mined whether hybrid incompatibility genes can be
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Figure 1.—Schematic of viability com-
parisons performed in this study. Geno-
types within each section are hybrid sib-
lings (with the exception of section F,
see below). D. melanogaster chromosomes
are represented as thin lines, and sibling
species chromosomes as thick lines.
Only those chromosomes relevant to
each experiment are shown; the X, Y,
and autosomes are indicated as rod-
shaped acrocentric, J-shaped submeta-
centric, and metacentric chromosomes,
respectively. (A) Comparison of female
hybrids heterozygous for deletions in the
9D region [or for Hmr 1 or In(1)AB; left]
with wild-type females (right) to assay
aberrations and rescue mutations for
dominant suppression of female lethal-
ity (Tables 3 and 4). (B) Comparison of
female hybrids heterozygous for Hmr 1

(left) with females heterozygous for
In(1)AB or for Hmr 2 deletions (right) to
determine whether Hmr 1 is a null muta-
tion (Table 5). (C) Comparison of mat-
roclinous exceptional female hybrids
(right) with sibling females of the same
genotypes as in A. See Table 6 and Figure
6 for details of the method used to gener-
ate these hybrids. (D) Comparison of
females carrying a duplication of Hmr1

(left) with wild-type female siblings
(right) to determine whether additional
doses of Hmr1 reduce hybrid viability
(Table 7, B and C). (E) Comparison of
Xsib male progeny of C(1)mel mothers to
determine whether a duplication of
Hmr1 reduces hybrid male viability and
whether the deleterious effect of Hmr1

occurs even in the absence of Xmel (Table
8). (F and G) Crosses to determine
whether Hmr-dependent lethality occurs
in progeny of D. simulans mothers. (F)
Comparison of females heterozygous for
Hmr 1 (top left) with wild-type females
(bottom left). Viabilities of these females

were determined in separate crosses, relative to their Xsim brothers (right; see Table 9). (G) Comparison of females heterozygous
for Hmr2 deletions (top right) relative to siblings with a wild-type dosage of Hmr1 (top left). This cross (see Table 10) also allows
the comparison of Xsim males carrying a duplication of Hmr1 (bottom left), relative to nonduplication brothers (bottom right).

selection through mutagenesis. Researchers have there- It is not unreasonable to suppose that these rescue
mutations are alleles of genes that actually cause hybridfore searched natural populations or laboratory stocks

for alleles that suppress the inviability of F1 hybrids. lethality, but it is also possible that they are mutations
that suppress lethal interactions between other un-Three mutations that rescue lethal hybrid sons of D.

melanogaster mothers have been discovered: D. simulans known genes (Coyne 1992; Wu and Palopoli 1994).
Distinguishing between these possibilities requires theLethal hybrid rescue (Lhr ; Watanabe 1979) and D. melano-

gaster Hybrid male rescue (Hmr) and In(1)AB (Hutter ability to manipulate the wild-type alleles of the res-
cue mutations in hybrids. This has been convincinglyand Ashburner 1987; Hutter et al. 1990). Two muta-

tions that rescue subviable daughters from the recipro- achieved only for the Zhr locus. Zhr1 appears to cause
hybrid lethality, because deletions of the locus mimiccal cross to sibling species females have also been discov-

ered: D. simulans maternal hybrid rescue (mhr ; Sawamura Zhr rescue activity, while Zhr1 duplications reduce hy-
brid viability (Sawamura and Yamamoto 1993). Lesset al. 1993a) and D. melanogaster Zygotic hybrid rescue (Zhr ;

Sawamura et al. 1993c). The existence of these distinct is known about Hmr. Hutter et al. (1990) showed that
an Hmr1 duplication suppresses Hmr-dependent malesets of rescuing mutations suggests that two indepen-

dent mechanisms of lethality exist in D. melanogaster rescue, but it is unclear whether Hmr1 itself is deleteri-
ous to hybrids. Because Hmr is X linked, deletions ofhybrids (Sawamura et al. 1993b).
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Figure 1.—Continued.

crowding. After removing the parents, cultures were placed im-the Hmr region are lethal to hemizygous males and
mediately at the appropriate starting temperature and thentherefore cannot be assayed in hybrid males. This limita-
shifted at the times indicated in Figure 4.

tion, together with the absence of an Hmr phenotype For some experiments it was informative to count and score
within D. melanogaster, has impeded the characterization dead pharate and eclosed adults. We defined pharate adults
and isolation of Hmr. as those stages where sex and eye color (w or w a vs. w1) could

be scored easily; this corresponds approximately to stage P10We have looked, therefore, for possible phenotypes
of Bainbridge and Bownes (1981; cited in Ashburner 1989,of Hmr in hybrid females. It has long been known that
pp. 181–187) until eclosion.D. melanogaster/D. simulans hybrid females are fully via- Stocks: Sibling species marker stocks were from the Dro-

ble only at low temperatures (Sturtevant 1929; Kerkis sophila Species Center (DSC, Bowling Green, OH, or Cam-
1933b). We have found that high-temperature lethality bridge, United Kingdom) stock collections, with the exception

of D. sechellia f, which was obtained from J. Coyne. Wild-typeis even stronger in D. sechellia hybrids and, more impor-
stocks were as follows:tantly, that it is suppressed by Lhr, In(1)AB, Hmr, and

by deletions that we define here as being Hmr2. We D. mauritiana: C164.1 was collected in Riviere Noire, Mauritius,
have used the suppression of high-temperature female and is identical to stock S7 used in Hutter et al. (1990);

Iso 152 and Iso 197 are iso-female stocks obtained from thelethality, as well as other assays, to investigate in greater
DSC.detail the relationship between Hmr and hybrid viability.

D. simulans : Tsimbazaza (Gif 247.1) and Ethiopia (Gif 225.1)Our results suggest that Hmr1 gene dosage is a major
are described in Lachaise et al. (1986); C167.4 was collected

factor in determining the viability of D. melanogaster in- in Kenya and reported in Davis et al. (1996).
terspecific hybrids. D. sechellia: Gif 228.1 is described in Lachaise et al. (1986);

Iso 4 and Iso 24 are isofemales lines from the DSC.
D. melanogaster : Nguruman-4 was obtained from the Umeå

(Sweden) stock center; Oregon-R was originally obtainedMATERIALS AND METHODS
from the National Institute of Genetics (Mishima, Japan).

Culture conditions: All crosses were done at 258. Progeny
D. melanogaster deficiency and duplication stocks were ob-were collected for 1 or 2 days; after removing the parents,

tained from the Bloomington or Umeå stock centers. Theircultures were immediately shifted to the temperatures indi-
breakpoints are shown in Figure 3; we verified the publishedcated in each table, with the following two exceptions. Crosses
cytologies (with the exception of Df(1)ras-v17) by analyzingwith D. simulans mhr mothers (see Tables 9 and 10) were kept
orcein-stained squashes of polytene chromosomes. All D. mela-at 258 for z24 hr after removing the parents and then shifted
nogaster marker mutations and aberrations are described into the appropriate temperature. Progeny for the temperature-
Lindsley and Zimm (1992) and in FlyBase (1999).shift experiments shown in Figure 4 were collected at 258 for

Nomenclature: Chromosomes from the melanogaster com-6–9 hr (298 to 188 shifts) or 12–14 hr (188 to 298 shifts); shorter
plex species D. melanogaster, D. mauritiana, D. sechellia, and D.collections were used for the 29 to 188 shifts because we found

the viability of these cultures to be particularly sensitive to over- simulans are indicated by the subscripts mel, mau, sec, or sim,
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TABLE 1

Temperature-dependent viability of hybrids from wild-type and marker stocks

Number hybrid females (males in parentheses)a

Female parent Dead, Dead, Viabilityb

(All D. melanogaster) Male parent Temp. Alive eclosed pharate Total (%)

A. D. mauritiana
Oregon-R w 188 76 3 2 81 93.8

258 325 9 10 344 94.5
298 315 16 8 339 92.9

Oregon-R C164.1 258 286 10 12 308 92.9
298 333 30 12 375 88.8

Oregon-R Iso 152 258 62 5 1 68 91.2
298 330 13 5 348 94.8

Nguruman-4 Iso 152 188 94 8 7 109 86.2
258 42 5 11 58 72.4
298 65 5 30 100 65.0

Oregon-R Iso 197 258 198 1 6 205 96.6
298 55 171 15 241 22.8

Nguruman-4 Iso 197 188 118 9 6 133 88.7
258 44 18 24 86 51.2
298 37 43 103 183 20.2

B. D. simulans
Oregon-R w501 258 32 23 0 55 58.2
Nguruman-4 w501 258 19 22 16 57 33.3

298 0 1 26 27 0
Oregon-R v 188 181 11 39 231 78.4

258 163 95 23 281 58.0
298 0 15 173 188 0

Oregon-R ryi83 188 126 2 4 132 95.5
258 1 147 47 195 0.5
298 0 3 214 217 0

Nguruman-4 ryi83 188 98 0 0 98 100.0
258 26 34 5 65 40.0
298 0 3 72 75 0

Oregon-R v f 2 188 396 7 19 422 93.8
258 321 12 4 337 95.3
298 13 156 72 241 5.4

Oregon-R v f 2; 1/ryi83 c 258 321 195 165 681 47.1
Oregon-R 1; ryi83/1 d 258 195 173 67 435 44.8
Oregon-R C167.4 188 244 23 17 284 85.9

258 23 240 44 307 7.5
298 1 16 100 117 0.9

Nguruman-4 C167.4 188 68 2 1 71 95.8
258 58 20 3 81 71.6

Oregon-R Tsimbazaza 188 224 6 6 236 94.9
258 13 149 62 224 5.8
298 0 2 217 219 0

Nguruman-4 Tsimbazaza 188 44 1 2 47 93.6
258 10 33 30 73 13.7
298 0 0 51 51 0

Oregon-R Ethiopia 188 236 6 25 267 88.4
258 142 216 52 410 34.6
298 0 5 45 50 0

Nguruman-4 Ethiopia 188 72 0 7 79 91.1
258 100 0 2 102 98.0
298 3 19 58 80 3.8

Oregon-R Lhr 188 69 1 3 73 94.5
(92) (1) (0) (93) (98.9)

258 41 1 6 48 85.4
(51) (4) (5) (60) (85.0)

298 104 8 11 123 84.6
(3) (2) (42) (47) (6.4)

(continued)
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TABLE 1

(Continued)

Number hybrid females (males in parentheses)a

Female parent Dead, Dead, Viabilityb

(All D. melanogaster) Male parent Temp. Alive eclosed pharate Total (%)

C. D. sechellia
Oregon-R w 188 69 56 25 150 46.0

258 0 2 94 96 0
Nguruman-4 w 188 118 1 10 129 91.5

258 2 16 81 99 2.0
Oregon-R v 188 29 118 152 299 9.7

258 0 0 42 42 0
Nguruman-4 v 188 86 5 20 111 77.5

258 1 24 51 76 1.3
Oregon-R 228.1 188 78 64 75 217 35.9

258 0 1 27 28 0
Nguruman-4 228.1 258 0 2 5 7 0
Oregon-R Iso 24 188 13 12 105 130 10.0

258 0 1 55 56 0
Nguruman-4 Iso 24 188 22 0 3 25 88.0

258 0 21 37 58 0
Oregon-R Iso 4 258 0 5 70 75 0

a Excluding crosses with D. simulans Lhr males, some crosses produced a small number of live males (no
more than four) that were assumed to be exceptional and are not shown. The crosses of Nguruman-4 females
to Iso 152 and Iso 197 D. mauritiana males at 188 produced 4 and 12 dead pharate males, respectively, that
may be (nonexceptional) hybrids carrying the D. melanogaster X chromosome (see text).

b Viability equals the number of live animals divided by total animals.
c D. simulans F1 sons from the cross v f 2 females to ryi83 males.
d D. simulans F1 sons from the cross ryi83 females to v f 2 males.

respectively. The latter three species are referred to collectively dead eclosed, and dead pharate (see materials and
as siblings, abbreviated as sib. For clarity we use the designation methods). The calculated viability will therefore be an
Hmr 1 to refer explicitly to the rescue allele described in Hut-

overestimate of the true viability, if there is significantter and Ashburner (1987); this remains the only known
prepharate lethality. This may be the case for D. sechelliaallele of Hmr.

Experimental design: Most of the experimental crosses in- hybrids, because a cursory examination of the hybrid
volved comparisons of sibling hybrids of different genotypes cultures often revealed a large number of dead embryos
with respect to Hmr. A summary diagram is shown in Fig- and young larvae; we did not, however, determine the
ure 1.

sex of these dead early-stage animals.
Our results with D. simulans hybrids were consistent

with previous studies: all female hybrids were at leastRESULTS
78% viable at 188 but varied from fully viable to fully

High-temperature lethality in female hybrids: D. sim- lethal at 258. Viable escapers at 258 often displayed mor-
ulans hybrid daughters from D. melanogaster mothers phological defects including crinkled wings, rough eyes,
vary in their viability at 258, depending on the stocks and multiple necrotic patches similar to those shown
used (Watanabe et al. 1977; Lee 1978). To investigate in Figure 2B.
whether female hybrids with D. mauritiana and D. sechel- To investigate the genetic basis of the variation among
lia show similar properties, we measured hybrid viability D. simulans stocks, we made reciprocal crosses between
at three temperatures with a small number of stocks a stock that produced fully viable female hybrids with
from each species (Table 1). We used two D. melanogaster Oregon-R at 258 (v f 2) and a second stock (ry i83) that
stocks, Oregon-R and Nguruman-4, and found in most produced lethal female hybrids at 258 and crossed the
cases that hybrids with Oregon-R had viability lower than resulting F1 males to Oregon-R (Table 1B). Female hy-
that of Nguruman-4 hybrids. Quite unintentionally, we brids from both crosses had z50% viability, suggesting
used the same Oregon-R stock used previously by Lee that the difference in hybrid viability between the D.
(1978) to measure viability in D. simulans female hybrids, simulans ryi83 and v f 2 stocks is caused by an autosomal
who also found it to be strongly biased against hybrid gene (or genes). This result contrasts with the report

of Lee (1978), which implicated the X chromosomeviability. We placed hybrids into three classes—viable,
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Figure 2.—Hybrid daugh-
ters from the cross of D. melano-
gaster Df(1)N110/FM6 females
to D. simulans ryi83 males at 258.
(A) A Df(1)N110, Hmr2/Xsim an-
imal. (B) An FM6, Hmr1/Xsim

sibling. Note the rough eyes,
necrotic tissue patches, and
malformed wings. At least one
such necrotic patch was ob-
served in 93% (n 5 115) of
FM6/Xsim females that eclosed,
with none observed in Df(1)
N110/Xsim siblings (n 5 182).

as being largely responsible for differences in hybrid logical defects similar to those seen in D. simulans hybrid
escapers, albeit at a reduced frequency and intensity.viability between D. simulans stocks (based on less direct

measurements with different D. simulans stocks). De- At 188 a small number of pharate males were found in
some crosses (see Table 1, footnote a). These animalstermining whether or not this discrepancy reflects the

existence of distinct systems of hybrid viability modifiers typically had extreme morphological defects including
split and malformed nota and greatly reduced eyes.within D. simulans will require more extensive mapping

efforts. Because patroclinous males (Xmau) are viable (Hutter
et al. 1990; see also Table 6 below), these malformedAll D. simulans hybrids were essentially lethal at 298,

with rare escapers being quite sickly (Table 1B). Intrigu- pharate males may be nonexceptional hybrid “escapers”
(i.e., Xmel). The observation of these rare pharate es-ingly, the one exception occurred in hybrids between

Oregon-R and a stock homozygous for the mutation Lhr capers does not contradict the accepted fact that Xmel/
Ymau hybrid males are invariably lethal; they do serve to(Watanabe 1979). Female hybrids were 85% viable at

298 and showed none of the morphological abnormali- emphasize a point revealed by the results presented
below, namely that hybrid males and females exist onties characteristic of hybrid escapers. Male hybrids were

poorly rescued at 298 (3 live males vs. 104 females) but a single Hmr-dependent continuum of viability.
Female hybrids with D. sechellia had much lower viabil-fully rescued at 188 and 258. Several attempts at mating

Nguruman-4 females to Lhr males failed. ity than D. mauritiana or D. simulans hybrids (Table 1C).
Female hybrids at 258 were essentially lethal with allD. mauritiana hybrid females had significantly higher

viabilities than D. simulans hybrids. Of four stocks tested, five D. sechellia stocks tested; rare escapers were severely
necrotic. Even at 188 female hybrids between two differ-three produced female hybrids with Oregon-R at both

258 and 298 that were $89% viable (Table 1A). Hybrids ent stocks (v and Iso 24) and Oregon-R were only 10%
viable, and many of the surviving adults had rough eyes.from the fourth stock, Iso 197, however, were only 23

and 20% viable at 298 with Oregon-R and Nguruman- The data presented in Table 1 are derived from a
small number of strains and therefore may not be repre-4, respectively. Escapers from these crosses had morpho-

TABLE 2

Mapping suppression by Hmr 1 of male and female hybrid lethality, relative to a 9D marker

Male progeny Female progeny

Relative No. of ry Relative No. of ry
viability ry1 a brothers for viability ry1 a sisters for

Temp. (%) reference (%) reference

188 , 0.8 127b 114.3 643
278 —c 0 0.2d 1086

Progeny from the cross of y Hmr 1 v/1 P{ry1t10.7 5 hsP}22 1; ry females to D. simulans ryi83 males. A control
cross of P{ry1t10.7 5 hsP}22/FM7 females to D. simulans w501 males showed that the P-element insertion had no
effect on hybrid viability. At 258, 170 P{ry1t10.7 5 hsP}22/Xsim and 142 FM7/Xsim hybrid females were obtained;
many animals of both classes had morphological defects similar to those shown in Figure 2B.

a This value is equivalent to the map distance between Hmr and the P-element marker when the Hmr1

progeny (Hmr1/Ysim males or Hmr1/Xsim females) are fully lethal.
b Composed of 85 y v, 41 y1 v, and 1 y v1 males.
c No male progeny were recovered at 278.
d Composed of two ry1 females, one of which was necrotic.



TABLE 3

Assaying Hmr 1 and 9D/9E aberrations for suppression of hybrid female lethality

Hybrid female progeny (Hmr 1 or In(1)AB males in parentheses)

Hmr 1/Xsim,
1/Xsim In(1)AB/Xsim, or Df/Xsim

Female parent Total
(deduced Hmr Relative Number alive Estimated females
genotype) Temp. viabilitya (%) for reference viabilityb (%) (or males)c

w Hmr 1/FM6 188 111.0 82 84.1 195
(Hmr2) (1) (1.2) (138)

258 0 110 108.9 202
(0) (0) (5)

In(1)AB, w/FM6 188 79.7 79 84.9 186
(Hmr2) (28) (16.8) (167)

258 0 92 86.0 214
(33) (37.0) (89)

298 0 99 85.0 233
(0) (0) (99)

Df(1)ras203,y v /FM7c 188 109.7 154d 77.4 398
(Hmr2) 258 0.7 137 97.9 280

298 0 100 88.5 226
Df(1)N110,w/FM6 188 107.1 113 89.0 254

(Hmr2) 258 0 279 100.9 553
298 0 103 104.6 197

Df(1)HC133/FM6 188 114.0 86 80.8 213
(Hmr2) 258 43.0e 142 77.4 367

298 0.6 173 91.1 380
Df(1)ras-v17/ct oc 188 100.0 40 96.4 83

(Hmr2) 258 1.2 81 95.9 169
298 0 67 97.1 138

Df(1)v-L11,v2/FM6 188 73.9 153 100.7 304
(Hmr2) 258 2.4 126 98.8 255

298 0.5 187 96.9 386
Df(1)v-L15,v2/FM7c 258 18.5 65f 106.6 122

(Hmr2) 298 0 214 98.6 434
Df(1)RJ7, v f/FM6 188 83.0 247 107.6 459

(Hmr2) 258 15.3 202 92.4 437
298 0 135 117.4 230

Df(1)B13/FM7c 188 40.0 25 135.1 37
(Hmr2) 258 9.5 168 106.7 315

298 0 89 140.2 127
Df(1)CH6/FM7c 188 92.8 139 96.9 287

(Hmr1) 258 68.2 22 21.9 201
298 — 0 0 152

Df(1)C52/FM6 188 229.2 48 50.3 191
(Hmr1) 258 100.0 4 6.5 123

298 — 0 0 62
Df(1)AC2LABR/FM7c 188 70.2 57 114.0 100

(Hmr1) 258 — 0 0 363
298 — 0 0 233

Df(1)v-64f/FM7c 188 87.7 203 105.2 386
(Hmr1) 258 40.0 15 6.9 435

298 — 0 0 239

All crosses were D. melanogaster females of the genotype indicated in the first column crossed to D. simulans ryi83 males.
a Calculated as the number of alive 1/Xsim females relative to the number of alive reference siblings.
b Estimated viability for females is calculated as the number alive divided by one-half the total number of females; for

males, as the number alive divided by the total number of males. This calculation assumes that rescued males and both
classes of females are fully viable up to the pharate adult stage and that nonrescued males are fully lethal before the pharate
adult stage.

c Total number equals live, dead eclosed, and dead pharate animals. The lethal phase of hybrid females was predominantly
posteclosion at 258 and pharate adult at 298.

d An additional two live, six dead eclosed, and seven dead pharate exceptional females (y2 v B/B1 phenotype) were
observed.

e This cross also included 36 phenotypically wild-type males (presumed to be patroclinous exceptions), suggesting that
there was a high rate of nondisjunction. Some of these females thus may also be exceptional (Df(1)HC133/FM6/Ysim) but
would be phenotypically indistinguishable from nonexceptional (FM6/Xsim) siblings. We observed 13 and 29 phenotypically
wild-type males at 188 and 298, respectively.

f An additional single live exceptional female (v B/B1 phenotype) was observed.
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sentative of the range of variability within each species. deletions in the Hmr region have similar rescuing prop-
erties. In crosses with 12 different deletions, 1/Xsim fe-However, the relative designations of D. mauritiana, D.

simulans, and D. sechellia female hybrids as having high, males generally had similar viabilities relative to Df/Xsim

siblings at 188 (Table 3). At 258 and particularly at 298,intermediate, and low viabilities, respectively, seems to
be a justified generalization. We note the striking obser- however, the crosses fell into two discrete classes, those

that included viable Df/Xsim females of normal morphol-vation that these qualitative descriptions for each species
are the same for the strength of suppression of hybrid ogy and lethal 1/Xsim siblings and those that produced

only occasional highly necrotic escapers of both geno-male lethality by Hmr1 (Hutter and Ashburner 1987).
Suppression of female lethality by Hmr1: We began types (see Figure 2). We define the first class as being

Hmr2; these deficiencies all delete cytological region 9Dour investigation of temperature-sensitive hybrid female
lethality after obtaining the unexpected mapping results and place Hmr between the distal 9D1 breakpoint of

Df(1)ras203, Df(1)B13, and Df(1)ras-v17 and the proximalshown in Table 2. On the basis of its rescue of male
hybrids, Hmr was mapped distally to ras (1-32.41) and 9D3-4 breakpoint of Df(1)N110 (Figure 3). The second

class of nonrescuing deficiencies does not delete 9D. It isestimated to be in cytological region 9D1-9E4 (Hutter
et al. 1990). Here we have mapped Hmr1 relative to a worth mentioning that most of the rescuing deficiencies

were generated independently in unrelated screens, in-ry1-marked homozygous, viable P element inserted at
9D; this insertion had no effect on hybrid female viabil- cluding Df(1)ras-v17, which was induced on the balancer

chromosome Binsc (Lindsley and Zimm 1992).ity (see Table 2). Hybrids were generated using the D.
simulans stock ryi83, which showed strong female lethality Our results are consistent with previous mapping of

Hmr to region 9D1-9E4 (Hutter et al. 1990), as well aseffects (Table 1). At 188, all hybrid males were ry, dem-
onstrating the expected close linkage to 9D, while both mapping based on duplications (see Effects of an Hmr1

duplication in female hybrids below). We also note thatry and ry1 females were obtained in roughly equal pro-
portions. At 278, no hybrid males survived, a result con- there was no correlation between rescue of hybrid fe-

male lethality and complementation of sesB (Figure 3),sistent with the known temperature sensitivity of male
rescue (Hutter and Ashburner 1987). Surprisingly, which agrees with the conclusion that Hmr and sesB/

Ant2 are distinct loci (Zhang et al. 1999).however, only 2 ry1 females survived compared with
.1000 ry siblings (which appeared generally wild type Quantification of pharate and posteclosion lethality:

The viabilities calculated in Table 3 assumed that Hmr2/in morphology). One of these ry1 females was necrotic
and had rough eyes, suggesting that it was an escaper, Xsim and 1/Xsim hybrid females are equally viable up to

the pharate adult stage, with 1/Xsim hybrids dying atwhile the other was wild type in appearance and, thus,
may have been either an escaper or a recombinant be- high temperature as adults. To test this assumption, we

performed crosses where dead hybrid females could between Hmr and the marker. At 298 the cultures con-
tained a large number of dead pharate and eclosed genotyped readily on the basis of whether they had wild-

type (red) or white eyes (Table 4). This allowed us tofemales, and the relatively small number of viable fe-
males were all ry (data not shown). We propose that measure both viability within each sibling class as well

as relative viability between classes. In crosses to a D.the closely linked suppressors of male and female hybrid
lethality are both in fact Hmr1. simulans w strain, very few 1/Xsim females survived at

298, in contrast to their In(1)AB/Xsim or Df(1)N110/XsimSuppression by In(1)AB and deficiencies: In Table 3
we show that In(1)AB also suppressed the lethality of siblings. The majority (83 and 78%, respectively) of the

absent 1/Xsim hybrids, though, could be found amongfemale hybrids with the D. simulans ryi83 stock, by compar-
ing the viability of In(1)AB/Xsim females relative to their the dead adults.

Similar results were obtained with D. sechellia hybridsFM6/Xsim sisters (Figure 1A). As in Table 1, we have also
estimated the viability of In(1)AB/Xsim females by scoring at 258, where $75% of the relative viability difference

was due to pharate adult and posteclosion lethality. Atthe total number of females that reached pharate adult-
hood and beyond. At 188 there was little difference in 298, however, unrescued D. sechellia hybrids suffered

from extensive prepharate lethality, as only 23–58% ofviability between the sibling classes, but at 258 and 298
only In(1)AB/Xsim hybrids survived; they were of normal 1/Xsec hybrids reached the pharate adult stage relative

to their rescued siblings. In some cases there was alsomorphology. We note that a similar cross using Hmr1/
FM6 mothers also produced many viable female hybrids significant lethality within the rescued class. For exam-

ple, only 27% of the Df(1)N110/Xsec hybrids that reachedat 298, and these were probably of genotype Hmr1/Xsim,
but many had misshapen eyes and, thus, we could not the pharate adult stage were viable (Table 4C). These

data suggest that D. sechellia female hybrids suffer fromunambiguously distinguish them from their FM6/Xsim

(B/B1) siblings (data not shown). Hmr1/Xsim daughters both Hmr-dependent and Hmr-independent lethality at
high temperatures.of this cross did appear to be fully viable at 188 and 258

(Table 3). All five genotypes shown in Table 4 were crossed to
D. mauritiana w males at 188, 258, and 298 (data notBecause this rescue of hybrid female lethality is domi-

nant, we could determine whether homozygous lethal shown). No significant viability effects were found within
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Figure 3.—Genetic map of the Hmr region. Duplicated regions are indicated by solid, thick lines and deleted regions are
represented by dashed lines. Presence or absence of Hmr1 was determined from Table 3 for deficiencies, and from Table 7 and
Hutter et al. (1990) for duplications. Breakpoints relative to sesB/Ant2 and other genes shown are from Zhang et al. (1999)
and references therein.

or between sibling classes. At 298 the 1/Xmau hybrids hybrids that eclosed first often had extreme morpholog-
ical defects, including severely misshapen eyes, missingwere $82% viable relative to reference siblings, and the

maximum pharate/posteclosion lethality was 24%. ocelli, and disarrayed notal microchaetes. Their wings
were typically normal in length but reduced in width,The lethal phase of hybrid females: Hybrid females

die predominantly as pharate adults or after eclosion with absent or incomplete crossveins (Figure 5B); Stur-
tevant (1920) also noted crossvein defects in hybridat high temperatures, but the time of death does not

reveal at what stage(s) development is disrupted. We females (that were not temperature shifted). Later eclos-
ing FM6/Xsim females from the same cultures generallytherefore performed reciprocal temperature shifts of

unrescued FM6/Xsim D. melanogaster/D. simulans hybrid were more normal in morphology.
These results suggest that culture at high temperaturefemales and compared their viability relative to Df(1)-

N110/Xsim siblings (Figure 4). FM6/Xsim hybrids grown causes a general delay and disruption of development
beginning in L2 or early L3 larvae that can be alleviatedat 188 until approximately the mid-third instar larval

stage (L3) and then shifted to 298 had high viability, by transfer to low temperature, with the severity of lethal-
ity and morphological defects depending on how farwhile cultures shifted before L3 were poorly viable or

lethal. There was little apparent difference between sib- development proceeds before the temperature shift.
Both the general time course of viability and the devel-lings in time of development, even in crosses where

FM6/Xsim females were poorly viable. Escaper females opmental delay at high temperature are comparable to
that observed for Hmr1-dependent rescue of D. melano-often had rough eyes and necrotic leg patches, as seen

in nontemperature shifted escapers (Figure 2B). gaster/D. mauritiana hybrid males (Hutter and Ash-
burner 1987).In the reciprocal shift from 298 to 188, however, FM6/

Xsim females were delayed in development by z1–2 days Comparison of Hmr1, In(1)AB, and deficiencies: In
crosses to the D. simulans ryi83 stock described in Tablesrelative to their Df(1)N110/Xsim siblings. We did not de-

termine the precise phase of this developmental delay, 2 and 3, Hmr1 only weakly suppressed the lethality of
female hybrids at 298 (data not shown), but Hmr2 defi-but it was apparent in cultures shifted from 298 at 76

hr after egg laying (AEL), where FM6/Xsim hybrids were ciencies fully suppressed lethality at 298 (Table 3). In
contrast, the crosses with the D. sechellia w stock in Tablefully viable (but often had rough eyes). In cultures

shifted from 298 at 96 hr AEL or later, the FM6/Xsim 4 showed little difference between Hmr1 and deficienc-
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TABLE 4

Quantification of postpupal lethality in hybrid females

Number of hybrid progeny Relative viability of
total 1/Xsib (to total

Genotype Dead, Dead, Viabilitya Df/Xsib, In(1)AB/Xsib

Cross of progeny Temp. Alive eclosed pharate Total (%) or Hmr 1/Xsib) (%)

A Hmr 1/Xsec 188 121 6 24 151 80.1
1/Xsec 53 31 62 146 36.3 96.7
Hmr 1/Xsec 258 94 14 28 136 69.1
1/Xsec 0 24 78 102 0 75.0
Hmr 1/Xsec 298 133 18 77 228 58.3
1/Xsec 0 0 102 102 0 44.7

B In(1)AB/Xsim 188 68 1 1 70 97.1
1/Xsim 49 3 7 59 83.1 84.3
In(1)AB/Xsim 258 84 5 1 90 93.3
1/Xsim 39 40 9 88 44.3 97.8
In(1)AB/Xsim 298 22 1 0 23 95.7
1/Xsim 0 12 7 19 0 82.6
In(1)AB/Xsec 188 61 6 13 80 76.3
1/Xsec 56 8 10 74 75.7 92.5
In(1)AB/Xsec 258 75 2 10 87 86.2
1/Xsec 3 33 33 69 4.3 79.3
In(1)AB/Xsec 298 62 4 52 118 52.5
1/Xsec 0 0 34 34 0 28.8

C Df(1)N110/Xsim 188 168 6 6 180 93.3
1/Xsim 167 3 15 185 90.3 102.8
Df(1)N110/Xsim 258 345 26 24 395 87.3
1/Xsim 178 105 15 298 59.7 75.4
Df(1)N110/Xsim 298 269 9 12 290 92.8
1/Xsim 9 162 56 227 4.0 78.3
Df(1)N110/Xsec 188 249 18 56 323 77.1
1/Xsec 255 32 121 408 62.5 126.3
Df(1)N110/Xsec 258 168 21 124 313 53.7
1/Xsec 7 82 176 265 2.6 84.7
Df(1)N110/Xsec 298 77 10 201 288 26.7
1/Xsec 0 1 166 167 0 58.0

D Df(1)ras203/Xsec 188 67 0 1 68 98.5
1/Xsec 33 0 4 37 89.2 54.4
Df(1)ras203/Xsec 258 178 19 17 214 83.2
1/Xsec 1 37 136 174 0.6 81.3
Df(1)ras203/Xsec 298 124 2 2 128 96.9
1/Xsec 0 2 28 30 0 23.4

E Df(1)CH6/Xsec 188 40 0 8 48 83.3
1/Xsec 35 0 16 51 68.6 106.3
Df(1)CH6/Xsec 258 2 37 158 197 1.0
1/Xsec 0 39 154 193 0 98.0
Df(1)CH6/Xsec 298 0 1 72 73 0
1/Xsec 0 3 36 39 0 53.4

Full genotypes of females crossed to w501/Y D. simulans or w/Y D. sechellia males: (A) w Hmr 1/FM6; (B)
In(1)AB, w/FM6; (C) Df(1)N110, w/FM6; (D) Df(1)ras203, y v/FM7c, w a; (E) Df(1)CH6/FM7c, w a.

a Viability equals number alive divided by total.

ies for high-temperature rescue. These discrepancies not rescue by Hmr1 and deletions are equivalent, we
compared the viabilities of hybrids heterozygous forcould reflect a difference between hybrid rescue in D.

simulans and D. sechellia or could merely be a conse- Hmr1, In(1)AB, and Hmr2 deficiencies as sibling progeny
of the same mothers (Table 5; Figure 1B). Hybrids werequence of comparing results from different genetic

backgrounds. To determine more directly whether or made with the D. sechellia v stock, which produced poorly
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rescue of D. sechellia hybrid males, which is low at 188
and absent at higher temperatures (Hutter and Ash-
burner 1987; our unpublished data).

Dominant rescue of exceptional female hybrids: D.
mauritiana and D. simulans hybrid females carrying two
Xmel chromosomes are lethal (Sturtevant 1920; Biddle
1932; Kerkis 1933a; Hutter et al. 1990), but can be
rescued by Lhr (Takamura and Watanabe 1980) or
by Hmr1 and In(1)AB (Hutter et al. 1990). In sev-
eral crosses with Hmr2 deficiencies, we observed occa-
sional matroclinous exceptional hybrids (Xmel, Hmr2/Xmel,
Hmr1; see footnotes d–f in Table 3). To generate excep-
tional hybrid females at high frequency, we took advan-
tage of the fact that females carrying a normal sequence
X chromosome, an inverted X chromosome, and a Y
chromosome produce X-X nondisjunctional progeny at
much greater frequencies compared to the wild type
(Sturtevant and Beadle 1936). Besides being less la-
borious than constructing compound chromosomes,Figure 4.—Viability of female D. melanogaster/D. simulans

hybrids shifted between 188 and 298 during development. Per- this technique allowed us to compare the viabilities of
centage viability was calculated as the number of FM6/Xsim exceptional and nonexceptional sibling progeny from
hybrids relative to Df(1)N110/Xsim siblings, from the cross of D. a single cross (Figure 1C); the expected progeny of suchmelanogaster Df(1)N110/FM6 females to D. simulans ryi83 males.

crosses are shown in Figure 6.Cultures were shifted from 188 to 298 (open circles) or 298 to
We constructed marked-Y stocks with In(1)AB/FM7,188 (solid circles) at the times indicated; the curves were drawn

by hand. Developmental times correspond to Df(1)N110/Xsim Df(1)ras203/FM7, and Df(1)N110/FM4 (see Table 6 for
hybrids; FM6/Xsim hybrids grown at 298 were delayed in devel- complete genotypes). Because Df(1)ras-v17 is present
opment by z1–2 days. A minimum of 183 Df(1)N110/Xsim ani- on the balancer chromosome Binsc, we constructed amals were scored for each data point (mean 372). See materi-

marked-Y stock with Df(1)ras-v17 and the normal se-als and methods for further experimental details.
quence X chromosome y v f. Control crosses with D.
melanogaster males demonstrated the success of this tech-

viable hybrids with Oregon-R (Table 1). At 258 all pair- nique in generating exceptional progeny. The In(1)AB,
wise comparisons had similar viabilities. At 298, Hmr1/ Df(1)ras203, and Df(1)ras-v17 marked-Y stocks produced
Xsec hybrids were z50% viable compared to Df/Xsec sib- exceptional females at between 57 and 72% the rate of
lings, and many had wing defects (Table 5, A and B). nonexceptional In(1)AB/1 or Df/1 siblings (Table 6,
Hmr1/Xsec hybrids were only 9% viable compared to A, C, and D), while exceptional females from the
In(1)AB/Xsec siblings; this cross used a different Hmr1 Df(1)N110 stock were twice as frequent as nonexcep-
stock than the deficiency-containing crosses (Table 5C). tional siblings (Table 6B). Because these frequencies
In(1)AB/Xsec and Df(1)v-L11/Xsec hybrids were equally varied among the different stocks, the viabilities of ex-
viable at 298. ceptional female hybrids relative to regular siblings must

We conclude that Hmr1 is a somewhat weaker domi- be evaluated in comparison to the intraspecific control
nant suppressor of hybrid female lethality than In(1)AB for each cross.
or deficiencies. It is important to note, however, that One caveat in the interpretation of these crosses is
the partial rescue by Hmr1 of D. melanogaster/D. sechellia that Ymel or its markers might have effects on hybrid

viability unrelated to Hmr. The Dp(1;Y)Bs chromosomefemale hybrids at 298 stands in marked contrast to its

Figure 5.—Wings from D. melano-
gaster/D. simulans hybrid females
grown at 298 for 96–104 hr and then
shifted to 188 as described in Figure
4. (A) Wing from a Df(1)N110/Xsim

animal. (B) Wing from an FM6/Xsim

animal. Note the missing posterior
crossvein, incomplete longitudinal
veins, and substantial reduction in
width. Wings from less severely af-
fected animals ranged from having
incomplete posterior crossveins but
normal shape to being comparable
to Df(1)N110/Xsim siblings as in A.
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present in crosses with Df(1)N110/FM4 could be scored male hybrids with D. mauritiana; in some cases relative
viability again approached that seen in intraspecific con-in all progeny (Table 6B). Hybrid females with this Ymel

were $65% viable relative to siblings without it (e.g., trols. The relative viability of exceptional females could
not be precisely measured in crosses with Df(1)N110/106 Df(1)N110/FM4/Dp(1;Y)Bs vs. 162 Df(1)N110/FM4,

in the cross to D. simulans v f 2 at 188); the high viability of FM4/Dp(1;Y)Bs (see Table 6, footnote a), but we believe
the higher estimated limits shown in Table 6B for D.exceptional Xsib/Ymel sons also suggests that this marked Y

chromosome did not have significant viability effects. mauritiana hybrids are more accurate for two reasons:
first, the nonexceptional hybrids are likely to be halfDp(1;Y), y1 and especially Dp(1;Y), y1 v1 present in the

Df(1)ras-v17/y v f stock (Table 6D) did appear to reduce Df(1)N110/Xmau and half FM4/Xmau on the basis of results
with other deficiencies in Table 6 and other resultsXsib/Ymel viability compared to the intraspecific controls,

presumably due to the duplicated material. Such effects described above, and second, the higher estimates are
more consistent with the number of exceptional malesshould be less severe in females (because of the absence

of dosage compensation), and only one-half of the non- observed.
Several unexpected features concerning rescue of ex-exceptional females will carry Ymel; nonetheless, any Ymel-

induced viability reduction of these females would in- ceptional D. simulans female hybrids deserve comment.
First, viability at 258 was always similar to or even highercrease inappropriately the relative viabilities calculated

for exceptional females. than viability at 188, which is the opposite temperature
profile consistently observed for nonexceptional Xmel/The partial rescue of In(1)AB/FM7 D. mauritiana fe-

male hybrids at 188 confirms the discovery of Hutter Xsib hybrids throughout this study. This phenomenon is
most clearly demonstrated in the cross of Df(1)ras203/et al. (1990), who used a compound-X chromosome. In

the cross to D. mauritiana Iso 197 males at 258, these FM7/Dp(1;Y), y1 to D. simulans ryi83 males (Table 6C).
The exceptional Df(1)ras203/FM7 females were not onlyhybrids were fully rescued (Table 6A). In(1)AB/FM7

hybrids were 71.0% viable relative to their In(1)AB/Xmau significantly more viable at 258 than at 188, but they
were also more viable than their nonexceptional FM7/sisters, which is essentially identical to the 71.6% viability

of In(1)AB/FM7 females relative to their In(1)AB/Xmel Xsim sisters. The same appeared to be true for hybrids
between Df(1)N110/FM4 and D. simulans ryi83 (Tablesisters in the intraspecific control. At 298 exceptional

female hybrids with Iso 197 were partially rescued; most 6B). For this cross, we suspect that the higher relative
viability estimate of exceptional females is more accu-(10 of 11 scored) had rough eyes but were not ne-

crotic, while 11 of 38 of their FM7/Xmau sisters had ne- rate at 188 (29%) and the lower is more accurate at 258
(55%) and 298 (4%), for reasons analogous to thosecrotic thoracic patches (but were fully viable relative to

In(1)AB/Xmau siblings). Surprisingly, the In(1)AB/FM7 noted above for the D. mauritiana crosses. An indepen-
dent estimate of viability at 258 was provided by usingexceptional females appeared to have equivalent or

greater viability at 258 and 298 than In(1)AB/Ymau sibling the ectopic mesopleural hair phenotype associated with
the sc 8 marker of FM4. This phenotype was 50% pene-males.

All three deficiencies also produced exceptional fe- trant in Df(1)N110/FM4 exceptional females and was

TABLE 5

Direct comparison of Hmr 1, In(1)AB, and Hmr2 deletions for
suppression of female lethality in D. sechellia hybrids

Hybrid female progeny

Relative Number of
viability of genotype 2

Cross Temp. Genotype 1 Genotype 2 genotype 1 (%) for reference

A 258 Hmr 1/Xsec Df(1)ras203/Xsec 116.9 77
298 46.8a 267a

B 258 Hmr 1/Xsec Df(1)v-L11/Xsec 83.1 71
298 50.6 160

C 258 Hmr 1/Xsec In(1)AB/Xsec 106.3 48
298 9.5 95

D 258 In(1)AB/Xsec Df(1)v-L11/Xsec 71.4 133
298 95.2 62

Full genotypes of females (all crossed to D. sechellia v males): (A) Hmr 1/Df(1)ras203, v; (B) Hmr 1/Df(1)v-L11,
v2; (C) y Hmr 1 v/In(1)AB, w; (D) In(1)AB, w/Df(1)v-L11, v2.

a In cross A at 298, 81% of the Hmr 1/Xsec and 2% of the Df(1)ras203/Xsec progeny had wing defects (curled
or notched).
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background and temperature effects on Xmel/Xmel vs. Xmel/
Xsim hybrids suggest that X-linked factors other than Hmr
may influence hybrid viability (see discussion).

No exceptional female D. sechellia hybrids were recov-
ered at either 188 or 258 with Df(1)N110 (crossed to D.
sechellia v and f stocks) or with Df(1)ras203 and Df(1)ras-
v17 crossed to the D. sechellia w stock (data not shown).
We also generated exceptional females heterozygous
for Hmr1 with a stock of y Hmr1 v/FM7/Dp(1;Y), y1. A
high frequency of exceptional females was produced in
control crosses to D. melanogaster males, but none were
observed in crosses to D. mauritiana w or Iso 197 males
at either 188 or 258 (data not shown). This negative
result is consistent with the data of Hutter et al. (1990),
who found that Hmr1 only rescues compound-Xmel hybrid
females with D. mauritiana when homozygous.

Effects of an Hmr1 duplication in female hybrids:
The above results show that Hmr1 and deficiencies in
the 9D region are qualitatively equivalent in suppressing
hybrid lethality and thus imply that the wild-type Hmr1

product is deleterious to hybrids. We therefore tested
whether increasing the dosage of Hmr1 would decrease
the viability of hybrids, using the Hmr1 duplication

Figure 6.—Expected progeny from a hybrid cross of Dp(1;2)v175d (Table 7).
Df(1)Hmr2/Xmel/Ymel females and Xsib/Ysib males. To reflect their Hutter et al. (1990) showed that Dp(1;2)v175d causessimilarity to the products of nondisjunction typically observed

a modest decrease in viability of D. mauritiana femalein XX females, we refer to the products of maternal X-Y nondis-
hybrids at 188 (as well as a developmental delay). Injunction (a and b) as regular or nonexceptional progeny and

the products of maternal X-X nondisjunction (c) as excep- Table 7 we have extended this analysis to all three sib-
tional progeny. Note that the frequency of X-X nondisjunc- ling species at a range of temperatures. We first did a
tional maternal gametes varies depending on the specific series of control crosses to generate Df(1)HC133/Xsib;stocks used, as shown by control crosses to D. melanogaster

Dp(1;2)v175d/2sib and Df(1)HC133/Xsib; 2mel/2sib sibling fe-males in Table 6. Rare progeny of XXY eggs or XY sperm are
male hybrids (Table 7A). If Hmr is the only gene affect-not shown. Viability designations are as follows: 11, viable;

1, semiviable due to Hmr1-dependent hybrid lethality; – –, ing hybrid viability within these aneuploid segments,
lethal due to aneuploidy; –, lethal due to Hmr1-dependent then the hybrids should be equivalent in viability to 1/
hybrid lethality; ?, the experimental class. The 1, –, and ? Xsib and Hmr2/Xsib hybrids, respectively, and display theclasses are viable in control crosses to D. melanogaster males.

same temperature-sensitive viability profile describedCrosses were also performed with In(1)AB instead of
above (Tables 1, 3, 4, and 6). The control crosses sug-Df(1)Hmr2; hybrid sons carrying In(1)AB are semiviable.

Df(1)Hmr2/Xmel/Xmau metafemale (3X; 2A) hybrids with D. mau- gest that this assumption is correct: Df(1)HC133/Xsib;
ritiana also appear to be semiviable (see Table 6, footnote b). Dp(1;2)v175d/2sib females had high viability at all tempera-

tures in D. mauritiana hybrids, but reduced viability at
298 in D. simulans hybrids and at 258 in D. sechellia hy-

observed in 8% of the nonexceptional females, allowing brids. Lhr suppressed female lethality but failed to res-
us to estimate that 16% of the Xmel/Xsim females in this cue males at 298, as was also observed earlier (Table
cross were FM4/Xsim. We therefore estimate that the 238 1B).
total nonexceptional females included 38 (16%) FM4/ We used two different stocks to assay the effect of
Xsim and 200 (84%) Df(1)N110/Xsim; the viability of Dp(1;2)v175d in the presence of an Hmr1 Xmel (dia-
Df(1)N110/FM4 exceptions relative to Df(1)N110/Xsim grammed in Figure 1D). The second stock used (Table
would then be 65.5% (131/200). 7C) generally produced stronger lethal effects than the

A second intriguing result involves the genetic back- first (Table 7B), but qualitatively, the results were simi-
ground difference between the ryi83 and v f 2 D. simulans lar. At 258, Dp(1;2)v175d reduced the viability of D. mauri-
stocks. In these crosses and others (Table 1), the ryi83 tiana hybrids and, more strongly, that of D. simulans
stock caused much greater lethality to Xmel/Xsim hybrids hybrids. D. sechellia female hybrids carrying Dp(1;2)v175d

at 258 and 298 than the v f 2 stock; recall that the apparent were lethal at both 188 and 258 (Table 7B).
variation appeared to be entirely autosomal (Table 1B). The one notable exception involved the D. simulans
Yet both Df(1)N110/FM4 and Df(1)ras203/FM7 excep- Lhr stock (Table 7, B and C). Dp(1;2)v175d had no signifi-
tional hybrids were more viable at 258 with D. simulans cant effect on female viability in crosses to Lhr males,

suggesting that Lhr suppressed the deleterious effect ofryi83 than with the v f 2 stock. These dissimilar genetic



TABLE 6

Hmr2 deletions partially suppress lethality of exceptional female hybrids

Regular female progeny (subset
carrying marked-Y chromosome
in parentheses, where scoreable)

Exceptional progeny Viability of Xmel/Xmel/Ysib

Number Df/Xsib or exceptional females,
Relative In(1)AB/Xsib for No. of No. of relative to Df/Xsib or

Female parent viability reference [In(1)AB Xmel/Xmel/Ysib Xsib/Ymel In(1)AB/Xsib regular
(all D. mel) Male parent Temp. 1/Xsib (%) males in brackets] Total females males females (%)

(A) In(1)AB D. mel. y w 258 89.0 109 (52) 206 78 74 71.6
(control) [54 (21)] (82)
D. mau. Iso 197 188 103.1 64 130 28 83 43.8

[46 (17)]
258 82.6 69 126 49 74 71.0

[22 (5)]
298 102.7 37 75 15 42 40.5

[6 (0)]
D. sim. ryi83 188 98.8 80 159 4 63 5.0

[9 (4)]
258 4.6 109 114 2 80 1.8

[16 (0)]
298 0 45 [0] 45 0 58 0

(B) Df(1)N110 D. mel. y v f; ry 258 76.3 59 (31) 104 118 109 200.0
(control) (51)
D. mau. C164.1 188 —a —a 57 42 68 73.7–147.4a

(31)
258 — — 137 66 106 48.2–96.4

(69)
298 — — 250 90 215 36.0–72.0

(108)
D. mau. Iso 197 188 — — 192 145 136 75.5–151.0

(104)
258 — — 222 172 173 77.5–155.0

(106)
298 — — 60 44 43 73.3–146.7

(31)
D. sim. v f 2 188 81.0 268 (106) 485 18 182 6.7

(198)
258 81.0 210 (97) 380 31 204 14.8

(178)
298 64.1 103 (42) 169 8 108 7.8

(83)
D. sim. ryi83 188 —a —a 547 78 199 14.3–28.5a

(250)
258 — — 238 131 333 55.0–110.1

(150)
298 — — 76 3 110 3.9–7.9

(39)

(C) Df(1)ras203 D. mel. y w 258 78.7 155 (66) 277 102 129 65.8
(control) (109)
D. mau. w 188 70.8 120 205b 40 72 33.3

258 119.2 78 171b 8 100 10.3
298 90.0 20 38 0 14 0.0

D. mau. Iso 197 188 105.9 118 243 40 126 33.9
258 105.8 69 142 32 68 46.4
298 59.7 62 99 11 40 17.7

D. sim. ryi83 188 84.5 168 310 4 33 2.4
258 9.4 117 128 20 46 17.1
298 0.0 90 90 0 53 0.0

D. sim. v f 2 188 74.0 77 134 2 21 2.6
258 96.0 99 194 1 45 1.0

(continued)
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TABLE 6

Continued

Regular female progeny (subset
carrying marked-Y chromosome
in parentheses, where scoreable)

Exceptional progeny Viability of Xmel/Xmel/Ysib

Number Df/Xsib or exceptional females,
Relative In(1)AB/Xsib for No. of Number of relative to Df/Xsib or

Female parent viability reference [In(1)AB Xmel/Xmel/Ysib Xsib/Ymel In(1)AB/Xsib regular
(all D. mel) Male parent Temp. 1/Xsib (%) males in brackets] Total females males females (%)

(D) Df(1)ras-v17 D. mel. y w 258 120.9 148 327 85 54 57.4
(control)
D. mau. w 188 66.2 68 113 35 1 51.5

258 72.1 43 74 20 4 46.5
298 116.7 6 13 2 0 33.3

D. mau. Iso 197 188 70.0 20 34 8 3 40.0
258 130.2 43 99 12 7 27.9

D. sim. ryi83 188 82.7 98 179 9 0 9.2
258 61.1 90 145 5 3 5.6

Full genotypes of females (crossed to males of genotype indicated in column 2): (A) In(1)AB, y cv f mal/FM7c, y sc 8 w a sn v g
B/Dp(1;Y) y1; (B) Df(1)N110, w/FM4, y sc 8 w f/Dp(1;Y) B s; (C) Df(1)ras203, y v/FM7c, y sc 8 w a sn v g B/Dp(1;Y) y1; (D) Df(1)ras-
v17, sc 8 v2 B/y v f/Dp(1;Y) y1 v1.

a Df(1)N110/Xsib and FM4/Xsib regular females could not be distinguished in these crosses. The lower limit of the relative viability
calculations for exceptional females corresponds to the Df(1)N110/Xsib and FM4/Xsib classes being equally viable, while the upper
limit corresponds to complete lethality of the FM4/Xsib class.

b An additional 3 (188) and 11 (258) females of phenotype y1 w1 v1 B/B1 were observed. Most had rough and distorted eyes
and some had malformed wings. These are likely to be Df(1)ras203/FM7c/Xmau; 2A metafemales. Xmel/Xmel/Xsim; 2mel/2sim, Lhr
metafemale hybrids are also semiviable (Takamura and Watanabe 1980).

duplicating Hmr1. The opposite effect was observed in including Hmr1? One way to address this question is to
measure the effect of the Hmr1 duplication on Xsib/male progeny, where Dp(1;2)v175d appeared to strongly

suppress the rescue activity of Lhr. Duplication-con- Ymel hybrids derived from compound-X D. melanogaster
mothers. Assuming that the duplication is fully dosagetaining sons were #7% viable relative to nonduplication

brothers at all temperatures. These reciprocal effects compensated, these males will have the same dosage of
Hmr1 as Xmel hybrid males. In Table 8 we have comparedsupport a model where the Hmr1 and Lhr1 loci form a

pair of interacting genes that causes hybrid lethality (see the viability of Xsib/Ymel; Dp(1;2)v175d, Hmr1/2sib hybrids
with their nonduplication-carrying brothers (dia-discussion).

The distal breakpoint of Dp(1;2)v163i is at 9E, which grammed in Figure 1E).
Control crosses with D. melanogaster showed that non-is very close to the proximal limit of the Hmr region

defined by deficiencies (Figure 3). Hutter et al. (1990) hybrid males heterozygous for Dp(1;2)v175d have reduced
viability; this result was not unexpected considering thesuggested that this duplication does not carry Hmr1,

but the sole evidence was the absence of effects in D. large size of the duplication. Xsim/Ymel; Dp(1;2)v175d/2sim

hybrid males showed little reduction in viability at 188mauritiana hybrid females at low temperature. In con-
trast to the suppression by Dp(1;2)v175d described above, and 258 but were essentially lethal at 298. Xsec/Ymel;

Dp(1;2)v175d/2sec males were completely lethal at bothwe found that Dp(1;2)v163i did not suppress rescue of
hybrid males by Lhr (Table 7D). It also had little effect 188 and 258; scoring of dead animals showed that most

of the lethality must have occurred before the pharateon male rescue by Hmr1, even at 258, where nonduplica-
tion males were only 12% viable (relative to their nondu- adult stage (Table 8, footnotes d and e). Attempts to

make hybrids with a D. mauritiana v stock failed to pro-plication sisters; Table 7E). We also conclude that
Dp(1;2)v163i does not carry Hmr1. duce any progeny. The results with D. simulans hybrids

in Tables 7 and 8 show that Hmr1 reduces the viabilityEffects of an Hmr1 duplication in male hybrids: The
results described above show that an extra copy of Hmr1 of both male and female hybrids, but also that uncondi-

tional lethality requires hemizygosity of Xmel. While areduces the viability of Xmel/Xsib D. simulans and D. mauri-
tiana hybrid females, but does not cause unconditional male-like dosage of Hmr1 appears to be sufficient to kill

both male and female D. sechellia hybrids, other resultslethality. Yet Xmel/Ysib hybrid males, which have an equiva-
lent Hmr1 dosage, are invariably lethal. Does this dis- suggest that additional Xmel genes also influence viability

(see Dose dependence of Hmr1 in discussion).crepancy reflect a sex-specific effect of Hmr1, or the
fact that hybrid males are hemizygous for all Xmel genes, Dominant effects of Hmr1 in hybrids from D. simulans
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TABLE 7

An Hmr1 duplication reduces hybrid female viability and interacts with Lhr

Hybrid female progeny (male progeny in parentheses)a

188 258 298

Relative No. Relative No. Relative No.
Male viability 1/2sib for viability 1/2sib for viability 1/2sib for

Female parent (all D. mel.) parent Dp/2sib (%) reference Dp/2sib (%) reference Dp/2sib (%) reference

(A) D. mel. Oregon-R 62.8 242 102.2 369 117.3 139
Df(1)HC133; Dp(1;2)v175d/1 (control) (103.3)b (80.6)b (74.8)b

D. mau. Iso 197 73.9 69 96.0 99 105.6 125
D. mau. C164.1 83.1 172 88.8 322 80.0 275
D. sim. v 89.0 246 100.0 204 5.5 110
D. sim. C167.4 82.7 75 90.1 161 n.d.
D. sim. Tsimbazaza 105.2 115 63.3 496 0.6 169
D. sim. Lhr 89.7 165 88.5 78 89.8 118

(31.1)b (15.9)b (0)b

D. sech. w 107.2 263 12.5 287 1.4 138
D. sech. v 119.0 279 1.5 399 n.d.

(B) ras v; Dp(1;2)v175d/1 D. mel. Oregon-R n.d. 146.8 156 76.5 68
(control) (97.2) (176) (50.0) (68)
D. mau. Iso 197 103.0 66 21.4 28 5.7 53
D. mau. C164.1 53.6 151 55.6 459 12.7 316
D. sim. v 140.8 98 30.4 523 n.d.
D. sim. Tsimbazaza 81.0 121 21.8 110 n.d.
D. sim. Lhr 113.9 237 84.8 269 89.8 401

(4.4) (204) (6.7) (225) (0) (108)
D. sech. w 0.24 412 0 18 n.d.
D. sech. v 0 142 0 194 n.d.

(C) Dp(1;2)v175d/1 D. mau. C164.1 52.6 173 11.4 201 n.d.
D. sim. v 54.9 173 0 176 n.d.
D. sim. C167.4 42.0 143 5.7 176 n.d.
D. sim. Tsimbazaza 178.8 104 4.8 126 n.d.
D. sim. Lhr 106.8 118 119.6 46 n.d.

(3.1) (97) (0) (61)

(D) Dp(1;2)v163i/1 D. sim. y; Lhr n.d. 82.7 335 n.d.
(85.3) (312)

(E) Hmr1; Dp(1;2)v163i/1 D. mau. C164.1 128.9 152 93.0 200 n.d.
(56.6) (99) (75.0) (24)

Full genotypes of females crossed to males in column 2: (A) Df(1)HC133, Hmr2; Dp(1;2)v175d/CyO; (B) ras v; Dp(1;2)v175d/CyO;
(C) Dp(1;2)v175d/CyO; (D) Dp(1;2)v163i/CyO; (E) y Hmr 1 v; Dp(1;2)v163i/CyO. n.d., not determined.

a Excluding crosses with Oregon-R or D. simulans Lhr males, a small number of male progeny were obtained in some crosses
and are not shown. These were presumed to be exceptional males; all displayed the expected X-linked markers if present in the
cross.

b Calculated as number of Df(1)HC133/Y; Dp(1;2)v175d/1 males relative to Df(1)HC133/1; Dp(1;2)v175d/1 female siblings.

mothers: The reciprocal cross of D. simulans females to potential role of Hmr in hybrids derived from D. simu-
lans mothers.D. melanogaster males produces viable sons but poorly

viable daughters. The lethality of these female hybrids The viability of female hybrids from D. simulans moth-
ers is highly dependent on genetic background variationis embryonic and can be rescued by the D. melanogaster

mutation Zhr and the D. simulans mutation mhr, but not (Sawamura and Yamamoto 1993; Sawamura et al.
1993a; Davis et al. 1996; Orr 1996), which complicatesby Hmr1. These rescued hybrids are also sensitive to

pupal and posteclosion lethality at 238, but not at 188 the effort to determine whether Hmr might influence
pupal but not embryonic lethality in this cross. We there-(Sawamura et al. 1993a,c). Because this late lethality

seemed similar to the Hmr-dependent lethality of female fore performed two different schemes of parallel crosses
to mhr females using Hmr1 and Hmr1 sibling brothershybrids from D. melanogaster mothers that we have de-

scribed above, we decided to investigate further the (Table 9; diagrammed in Figure 1F). The first scheme
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TABLE 8

An Hmr1 duplication reduces the viability of Xsib/Ymel hybrid sons of compound-Xmel mothers

Xsib /Ymel hybrid male progeny

Male No. Dp Hmr1/2sib No. 1/2sib

parent Temp. (% relative viability) for reference

D. mel. y v f 188 44 (53.7) 82
(control) 258 85 (64.4) 132

298 57 (81.4) 70
D. sim. v 188 54 (37.8)a,b 143a,b

258 58 (43.3) 134
298 2 (1.1)a,c 188a,c

D. sech. v 188 0a,d 99a,d

258 0a,e 124a,e

Full genotype of crosses: C(1)M4/Y ; Dp(1;2)v175d, Hmr1 v1/1 females crossed to males indicated in column 1.
a Dead males were scored in these crosses; duplication and nonduplication genotypes could not be distin-

guished.
b 14 dead eclosed, 40 dead pharate.
c 7 dead eclosed, 88 dead pharate.
d 0 dead eclosed, 13 dead pharate.
e 1 dead eclosed, 3 dead pharate.

utilized the close linkage of Hmr and v (,2 cM; Hutter had similar viability (29%), but those from Hmr1 fathers
were essentially lethal (,2% viability). When dead pha-et al. 1990) to distinguish Hmr1 and Hmr1 males (Table

9A). When postembryonic cultures were grown at 188, rate and eclosed adults (many of which were necrotic)
are included, the proportion of females in the latterfemales derived from Hmr1 and Hmr1 fathers were 44

and 32% viable, respectively, relative to their Xsim/Ymel cross rose to 18%, indicating that much of the lethality
was postpupal stage (Table 9A, footnotes c and d).brothers. At 258, hybrid daughters from Hmr1 fathers

TABLE 9

Hmr 1 suppresses postembryonic lethality in mhr-rescued hybrid females

Hybrid progeny

Crossing Male parent (deduced No. of females No. of Xsim/Ymel

scheme Temp.a Hmr genotype) (% relative viability) brothers for reference

A 188 v1 (Hmr1) 37 (43.5) 85
v (Hmr 1) 25 (31.6) 79

258 v1 (Hmr1) 2 (1.5)b,c 130b,c

v (Hmr 1) 29 (28.5)b,d 102b,d

B 188 w1 (Hmr1) 29 (24.6) 118
w (Hmr 1) 31 (12.3) 253

258 w1 (Hmr1) 0 442
w (Hmr 1) 8 (3.0) 263

258 w1 (Hmr1) 1 (0.30)b,e 329b,e

w (Hmr 1) 27 (9.5)b,f 284b,f

298 w1 (Hmr1) 0 168
w (Hmr 1) 2 (0.8) 251

Crossing schemes: (A) Hmr 1 v/FM6 females were crossed to Nguruman-4 males; nonbalancer virgin daugh-
ters (Hmr 1 v/11) were crossed again to Nguruman-4 males. F2 v1 (presumed Hmr1) and v (presumed Hmr 1)
sons were crossed separately to y w f; mhr D. simulans females. (B) w Hmr 1 v/FM6 females were crossed to
w P{w1mC 5 EP}EP1093 males; nonbalancer virgin daughters (Hmr 1/P{w1}) were crossed to y w males. F2 w1

(presumed Hmr1) and w (presumed Hmr 1) sons were crossed separately to y w f; mhr D. simulans females.
a Crosses were kept at 258 for 24 hr after removing the parents and then shifted to the indicated temperature.
b Dead hybrid progeny were scored in these crosses.
c 15 dead eclosed, 9 dead pharate females; 1 dead eclosed, 14 dead pharate males.
d 0 dead eclosed, 2 dead pharate females; 0 dead eclosed, 5 dead pharate males.
e 14 dead eclosed, 26 dead pharate females; 4 dead eclosed, 2 dead pharate males.
f 2 dead eclosed, 6 dead pharate females; 3 dead eclosed, 45 dead pharate males.



1764 D. A. Barbash, J. Roote and M. Ashburner

TABLE 10

Hmr2 deficiencies suppress postembryonic lethality in mhr-rescued hybrid females

Hybrid progeny

Dp Hmr1/2sib and 1/2sib
a

Dp Hmr1/2sib

1/2sib
No. alive

Sex of (% relative No. alive No. dead, No. dead,
Male parent Temp.b progeny viability) for reference eclosed pharate

(A) Df(1)N110 258 F (Df/Xsim) 0 19 n.d.c n.d.
M (Xsim/Ymel) 0 25 n.d. n.d.

258 F (Df/Xsim) 0 12 10 9
M (Xsim/Ymel) 1 (5.3) 19 1 11

(B) Df(1)HC133 258 F (Df/Xsim) 19 (25.7) 74 41 24
M (Xsim/Ymel) 13 (22.0) 59 17 37

298 F (Df/Xsim) 1 (3.8) 26 2 24
M (Xsim/Ymel) 0 50 1 18

Full genotypes of males crossed to y w f; mhr D. simulans females: (A) Df(1)N110; Dp(1;2)v175d/CyO males; (B) Df(1)HC133;
Dp(1;2)v175d/CyO males.

a Duplication and nonduplication genotypes could not be distinguished among dead animals.
b Crosses were kept at 258 for 24 hr after removing the parents and then shifted to the indicated temperature.
c Not determined.

A second crossing scheme (Table 9B) used a homozy- after the pupal stage (Table 10). Together with the
results of Table 8, these data suggest that Xsib males aregous viable w1 P element inserted in 9E to distinguish

Hmr1 from Hmr1 males. Female viability was lower than sensitive to Hmr1 dosage, regardless of the direction of
crossing. Deleterious effects of Dp(1;2)v175d on hybridin scheme A and there was also substantial variation

among different cultures of identical genotypes. For male viability have also been observed independently
by H. A. Orr and S. Irving (personal communication).example, female viability in crosses from Hmr1 fathers

ranged from 3 to 10% at 258. As in scheme A, however,
temperature-dependent late lethality of female hybrids

DISCUSSION
was observed and only in female progeny of Hmr1 sons.
At 258 these hybrids were essentially lethal with z12% Temperature-sensitive pupal lethality in hybrids: Hy-

brid Xmel sons and Xmel/Xmel daughters of D. melanogasterof the females dying as pharate adults or posteclosion
(Table 9B, footnotes e and f ). mothers die as larvae or pseudopupae (Sturtevant

1920, 1929; Hutter et al. 1990), and much effort hasEffects of Hmr2 deletions: We also assayed two Hmr2

deficiencies for their ability to suppress late lethality been made to understand the genetic and develop-
mental basis of this lethality. Less is known about thein daughters of mhr mothers. Xsim/Df(1)Hmr 2; 2sim/2mel

females were compared with their Xsim/Df(1)Hmr2; temperature-sensitive lethality of Xmel/Xsib females, first
noted by Sturtevant (1929) in D. melanogaster/D. sim-2sim/Dp(1;2)v175d, Hmr1 siblings (Table 10, diagrammed

in Figure 1G). At 258, Xsim/Df(1)N110; 2sim/Dp(1;2)v175d ulans hybrids. After Sawamura et al. (1993b), we refer
to the lethality of Xmel male and Xmel/Xmel female hybridsfemales were lethal, while Xsim/Df(1)HC133; 2sim/

Dp(1;2)v175d females were nearly lethal at 298 and had as larval lethality and that of Xmel/Xsib females as pupal
lethality (although many females in fact survive untilreduced viability at 258 compared to their nonduplica-

tion siblings. Although dead animals were not geno- eclosion). Investigating this female lethality can poten-
tially overcome the limitations associated with assayingtyped for whether or not they carried the duplication,

the number of dead females in each cross was in approxi- X-linked alleles in hemizygous males.
We quantified female viability in hybrids between D.mate correspondence to the expected number of miss-

ing Xsim/Df(1)Hmr2; 2sim/Dp(1;2)v175d females. In combi- melanogaster and its three sibling species at three temper-
atures (Table 1). D. mauritiana hybrids had the highestnation with the data in Table 9, the results of Table 10

suggest that Hmr1 and Hmr2 deficiencies are dominant viability, followed by D. simulans and finally by D. sechellia
hybrids, which were not fully viable even at 188. Thesuppressors of late lethality in female hybrids of D. sim-

ulans mothers and D. melanogaster fathers. genetic basis of these species-specific differences in hy-
brid viability is unknown. Although F1 hybrid males ofXsim/Ymel; 2sim/Dp(1;2)v175d sons of mhr mothers also

were less viable than their nonduplication brothers at the sibling species are sterile, interspecific heterozygous
introgressions created by repeated backcrossing of hy-258, with the number of dead animals again suggesting

that the missing duplication-carrying males were dying brid females are often male fertile (Hollocher and
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Wu 1996; True et al. 1996). Such introgressions could out by Yamamoto (1992), who used a D. simulans C(1;Y)
chromosome to generate Xmel/O hybrid males and foundbe used to map the genetic differences responsible for

this variation in hybrid viability. that they remain inviable. So is Xsim (and more generally
Xsib) required for hybrid viability? Although not explicitlyEven with the small number of strains sampled, there

was substantial variation in hybrid lethality among differ- stated by Sturtevant, his second hypothesis, that hybrids
require Xsib, implies that hybrid lethality results from aent stocks of each species, as observed in previous stud-

ies of D. melanogaster/D. simulans hybrids (Watanabe et gene (or genes) on Xmel that fails to function in hybrids
or, alternatively, that Xsib provides a function that coun-al. 1977; Lee 1978). While it appears from Table 1 that

variability within D. mauritiana and D. sechellia is some- teracts a deleterious effect of Xmel (Sawamura et al.
1993a).what less than that observed among D. simulans stocks,

this result may merely reflect the fact that D. melanogas- These predictions are in contrast to our suggestion
that the activity of Hmr1 causes hybrid lethality and thatter/D. simulans viability falls in the middle of the pheno-

typic range detectable by our assay. Alternatively, the reducing its function is sufficient to rescue hybrids. The
most direct demonstration of this point is that simplyinsular species D. mauritiana and D. sechellia may in fact

harbor less variation for hybrid lethality than the cosmo- removing one copy of Hmr1 partially rescued excep-
tional Xmel/Xmel female hybrids (Table 6)—Xsib is clearlypolitan D. simulans.

The substantial genetic background variation ob- not absolutely required for hybrid viability. The rescue
of hybrid males by Lhr, Hmr1, and In(1)AB first suggestedserved can complicate the analysis of hybrid viability to

the point where meaningful conclusions about particu- that Xsib is not required for hybrid viability, but was sub-
ject to the reservation that the precise nature of theselar genotypes cannot be easily reached from any single

cross. On a more positive note, however, understanding alleles is unknown. Although it remains possible that
Xsib may have some positive effect on hybrid viabilitythe evolutionary forces responsible for the origin and

maintenance of this type of variation is relevant to un- (see Dose dependence of Hmr below), in accordance with
Sturtevant’s second hypothesis, our results strongly sup-derstanding the process of speciation. Several other

studies have identified intraspecific variation for traits port a third, alternative hypothesis that hybrid lethality
results from the presence of Xmel and, more specifically,that cause hybrid breakdown and reproductive isola-

tion. Wade et al. (1997) discovered substantial popula- Hmr1.
Are larval and pupal lethality caused by the sametion-level variation in beetles for inviability and morpho-

logical defects of interspecific hybrids, while Takano mechanism? If we wish to use the temperature-sensitive
pupal lethality of hybrid females as a new assay for in-(1998) has found that loss of macrochaetes in D. melano-

gaster/D. simulans hybrids is highly dependent on varia- vestigating Hmr, it is important to consider whether this
lethality is caused by the same mechanism that causestion within D. simulans stocks.

The wild-type Hmr1 causes hybrid lethality: One im- larval lethality. Orr et al. (1997) have proposed that
hybrid larval lethality may be due to a mitotic defect.portant question raised by the discovery of rescue alleles

such as Lhr and Hmr1 is whether the wild-type allele of The rough eyes, malformed wings, and necrotic tissue
found in hybrid female escapers are consistent with thisthe rescue gene causes hybrid lethality. Addressing this

requires the ability to manipulate the wild-type gene in hypothesis, as similar phenotypes also occur in certain
hypomorphic cell cycle alleles (White-Cooper et al.hybrids. We have done so for Hmr and found that Hmr2

deficiencies and an Hmr1 duplication have reciprocal 1996; Secombe et al. 1998). However, this syndrome
of defects is also reminiscent of phenotypes associatedeffects on hybrid viability. The qualitatively similar activi-

ties of Hmr1 and Hmr2 deficiencies further suggest that with mutations in pleiotropic signaling molecules such
as Notch (Artavanis-Tsakonas et al. 1999) and epider-Hmr1 rescues hybrids by reducing the level of Hmr1, as

proposed by Hutter et al. (1990). In other words, hy- mal growth factor (Freeman 1998). These possibilities
are not mutually exclusive and can be addressed bybrid rescue does not require a mutation that switches

Hmr1
mel to an Hmr1

sib-like allele. detailed examination of rescued and unrescued female
hybrids. The temperature dependence of unrescuedTwo previous studies failed to detect any effect on

hybrid female viability of deletions that we have defined female hybrids and the use of temperature shifts at
different developmental stages will be particularly usefulhere as being Hmr2. This discrepancy probably reflects

the fact that viability was assayed under conditions less for identifying the most direct consequences of Hmr1

activity in hybrids.stringent than used in this study: Hutter et al. (1990)
looked only in D. mauritiana hybrids while Coyne et al. The strongest available evidence that larval and pupal

lethality are caused by the same mechanism is that both(1998) examined D. simulans hybrids at 248.
On the basis of his pioneering analysis of D. melanogas- are suppressed by the rescue mutations Hmr1, In(1)AB,

and Lhr. Using similar logic, Sawamura et al. (1993a,c)ter/D. simulans hybrids, Sturtevant (1929) proposed
that hybrid lethality is caused by either the presence of have convincingly argued that the embryonic lethality

of hybrid daughters of sibling species mothers and D.the D. simulans Y chromosome or the absence of the D.
simulans X chromosome. The first hypothesis was ruled melanogaster fathers is mechanistically unrelated to larval
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lethality because it is rescued by a distinct set of muta- 1993a,c). We have shown that Hmr1 and Hmr2 deficien-
cies suppress this lethality (Tables 9 and 10), just astions. The relative degree of lethality with the different

sibling species is a second common character. As noted Hmr1 suppresses larval lethality of Xmel hybrid sons from
sibling species mothers (Hutter et al. 1990; Sawamuraabove for pupal lethality, larval lethality appears to be

strongest with D. sechellia, intermediate with D. simulans, et al. 1993a,c). Likewise, we also found that Dp(1;2)v175d

causes pupal lethality to both male and female hybridsand weakest with D. mauritiana, with strength of lethality
measured by its inverse correlation to strength of rescue in both directions of crossing (Tables 7, 8, and 10). Our

results do not contradict the hypothesis of Sawamuraof exceptional females by Hmr2 deletions (Table 6) and
of hybrid males by Hmr1 (Hutter and Ashburner et al. (1993b) that embryonic and larval lethality have

distinct causes, because the Hmr-dependent effects we1987). This ranking of the sibling species also holds for
the effects of the Hmr1 duplication on both female observed were clearly postembryonic. Particular care

must be taken when attempting to distinguish between(Table 7) and Xsib male (Table 8) hybrids.
However, the patterns of conditional variability for these systems, however, because the penetrance of em-

bryonic lethality in hybrids from D. simulans motherslarval and pupal lethality are not entirely equivalent.
First, larval lethality was more severe with the D. simulans appears to be at least as variable as we have found for

Hmr-dependent lethality (Sawamura and Yamamotov f 2 stock than with the ryi83 stock, while the opposite
was true for pupal lethality (Tables 1 and 6; note that 1993; Sawamura et al. 1993a; Davis et al. 1996; Orr

1996).larval lethality here refers to that found in Xmel/Xmel ex-
ceptional females). Second, pupal lethality is clearly Has Hmr diverged in the melanogaster complex? It is

important to emphasize that none of the available datatemperature sensitive, with little or no lethality detected
at 188 and increasing lethality at higher temperatures. prove that the different effects of Xmel and Xsib in hybrids

are caused by species-specific differences at the HmrLarval lethality, however, appears to be temperature
insensitive (below 298) or even somewhat cold sensitive. locus itself. An alternative possibility, first raised by Hut-

ter et al. (1990), is that Hmr is identical in the melano-Rescue was generally equivalent or lower at 188 than at
258 for In(1)AB males (Table 3; see also Hutter et al. gaster complex species, with hybrids being sensitive to

Hmr1 dosage due to allelic differences at other X-linked1990) and for Xmel, Hmr2/Xmel females (Table 6). [The
temperature profile of Hmr1 is more complicated. Res- gene(s). Without the ability to manipulate the dosage

of Hmrsib alleles in hybrids, we see no way to distinguishcue of male lethality is most effective at 188 (Hutter
and Ashburner 1987; our unpublished data). If larval between these hypotheses by genetic means.

Modeling hybrid viability: Our conclusions regardinglethality is not itself a temperature-sensitive trait, as sug-
gested by our results with deficiencies in females, then the relationship between Hmr1 dosage and hybrid viabil-

ity rest on several assumptions. First, we assume thatthe preferential rescue at cold temperatures by Hmr1

may mean that it is a cold-sensitive loss-of-function al- the effects of Hmr1, Dp(1;2)v175d, and the deficiencies
defined as Hmr2 (Figure 3) reflect the activity of a singlelele.]

Unknown gene(s) on the X chromosome are proba- gene in region 9D. Although we will discuss the rescue
activity of the In(1)AB chromosome in comparison tobly responsible for these differences between larval and

pupal lethality, since the autosomal component is iden- Hmr1, there is no evidence that they are in fact allelic.
We do know that neither breakpoint of In(1)AB (9E7-8;tical in all classes of hybrids, but whether Xmel, Xsib, or

both are involved is unknown. Our interpretation of 13E1-2) is itself likely to cause hybrid rescue. The distal
breakpoint of In(1)AB is very close to the genes sesB/the possible role of Xsib differs from Sawamura et al.

(1993b), who suggested that temperature-sensitive pu- Ant2 (Hutter and Karch 1994), which have no appar-
ent effect on hybrid viability (Zhang et al. 1999). Wepal lethality is caused by Xsib and is distinct from larval

lethality, which they associated with hybrids that do not can also rule out a role for the proximal breakpoint
because it is absent in Dp(1;1)ABLAC2R, which retainscarry Xsib. We propose instead that the primary cause of

both larval and pupal hybrid lethality is Xmel and, more male rescue (J. Roote, unpublished observations), and
present in Df(1)AC2LABR, which does not retain femalespecifically, Hmr1, with Xsib possibly functioning as a

modifier of hybrid lethality. Results presented in Table rescue (Table 3).
A second caveat is that Dp(1;2)v175d is the only Hmr16 showed that Xmel, Hmr2/Xmel, Hmr1 hybrids are, in some

crosses, more viable than Xmel, Hmr1/Xsib siblings, sug- duplication available. Our model assumes that it con-
tains full Hmr1 activity and is fully dosage compensatedgesting that Xsib may have a deleterious effect on hybrids.

Such an effect would have to involve an interaction in hybrid males.
Our final assumption, that the viability differenceswith Xmel, since Xsib/Ymel hybrid males are viable at all

temperatures (Tables 6 and 8). between male and female hybrids are due to their differ-
ent composition of sex chromosomes, and not theirHmr1 causes lethality in both directions of crossing:

Hybrid daughters of sibling mothers that are rescued sexual phenotype per se, is supported by several find-
ings. Sturtevant (1920) first noted that Xmel/Xmel/Ysimfrom embryonic lethality die as pupae or young adults

if cultured at high temperature (Sawamura et al. hybrid females are lethal, and this was confirmed with
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compound-Xmel chromosomes (Sturtevant 1929; Bid- mechanism of these additional hypothetical X-linked
alleles may be, their effects on hybrid viability are diffi-dle 1932; Kerkis 1933a). More direct evidence is that

the lethal phase of C(1)mel female hybrids is similar to cult to predict, other than to suggest that they are likely
to be synergistic with Hmr1. Since at present we canthat of hybrid males, and both sexes show comparable

levels of rescue when homozygous or hemizygous for detect their phenotypic effects only in the context of
manipulating the entire X, it seems premature to makeHmr1 (Hutter et al. 1990). Lhr also rescues both male

and C(1)mel female hybrids (Takamura and Watanabe any detailed mechanistic speculations.
Recall that while Dp(1;2)v175d-induced lethality was1980). Additional evidence is that increasing Hmr1 dos-

age is deleterious to both sexes. Dp(1;2)v175d was lethal fully penetrant in D. sechellia hybrids, no rescue was
observed in the exceptional female assay (see results).to both Xmel/Xsib female and Xsib male hybrids, at 258 or

298 with D. simulans, and at 188 with D. sechellia (Tables These data suggest that while two doses of Hmr1 are
sufficient to cause complete lethality, even in the ab-7 and 8).

It remains possible, however, that sexual phenotype sence of Xmel, the effects of the additional Xmel genes
proposed above can also be observed in D. sechellia hy-may have some influence on hybrid viability. Orr

(1999) has recently suggested that Lhr-dependent res- brids.
Hmr1 retains $50% of the activity of Hmr1: The directcue of hybrid males is enhanced if they are feminized

by constitutive expression of the sex-determining gene comparison of Hmr1 and deficiencies for dominant res-
cue in Xmel/Xsec hybrid females (Table 5) suggests thattransformer (tra). A similar effect of sexual phenotype

might explain the puzzling fact that In(1)AB appeared Hmr1 is a hypomorphic mutation, as proposed by Hut-
ter et al. (1990). A more stringent test is to measureto rescue both exceptional female and regular male D.

mauritiana hybrids to a comparable extent (Table 6). rescue in hybrids homozygous or hemizygous for Xmel.
The relevant genotypes to compare are Hmr1 hybridFurther experiments are necessary to evaluate this ques-

tion, as neither our experiments nor Orr’s excluded the males and Xmel/Xmel exceptional females heterozygous for
Hmr2 deficiencies [note that Hmr1 rescues exceptionalpossibility that the balancer chromosomes used might

influence hybrid rescue. females when homozygous, but not when heterozygous
(Hutter et al. 1990; see also Dominant rescue of exceptionalDose dependence of Hmr1: In Table 11 we have sum-

marized the range of viabilities observed in different female hybrids in results)]. Several factors complicate
this comparison. First, exceptional female hybrids varygenotypes of D. melanogaster/D. simulans hybrids. The

ordering of genotypes (other than those involving Lhr) greatly in viability (Table 6). Likewise, Hmr1 was origi-
nally reported to fully rescue D. mauritiana and D. sim-can also generally be applied to hybrids with D. mauri-

tiana and D. sechellia, provided that one shifts the viability ulans hybrid males at 188 (Hutter and Ashburner
1987), but subsequent experiments have shown lowerdesignations upward and downward, respectively. This

observation suggests that the same general mechanism levels of rescue, especially with D. simulans (Tables 2
and 3; D. A. Barbash and J. Roote, unpublished obser-of lethality exists in all three species hybrids, with un-

characterized species-specific modifiers affecting the vations; see also Table 6 of Hutter et al. 1990; Orr et al.
1997). A second complication is that Hmr1 male rescue ispenetrance of lethality.

Complete lethality of hybrids requires two conditions: strongest at 188, while rescue of exceptional females is
strongest at 258. Considering all the available data, ittwo doses of D. melanogaster Hmr1 and two “doses” of

Xmel. Full viability, in turn, requires either a strong reduc- nevertheless seems reasonable to generalize that Hmr1

males are not more viable than Xmel, Hmr2/Xmel, Hmr1tion in or removal of one of these conditions. The rank-
ing in Table 11 of intermediate cases such as Xmel/Xsim hybrid females. In other words, Hmr1 appears to retain

$50% of the function of Hmr1.females is somewhat problematic because their viability
tended to be highly variable, depending on genetic Using similar arguments, In(1)AB is a stronger loss-of-

function allele than Hmr1. In(1)AB rescues male hybridsbackground and temperature.
It is clear, however, that two doses of Hmr1 are not better than does Hmr1 (Table 3; Hutter et al. 1990)

and is equivalent to deficiencies in high-temperaturesufficient to account fully for the unconditional lethal-
ity of Xmel/Ysib and Xmel/Xmel/Ysib hybrids because hybrids female rescue (Table 5). However, In(1)AB strongly res-

cued exceptional female hybrids with D. mauritiana, butcarrying Dp(1;2)v175d were not invariably lethal (Tables
7 and 8) and exceptional females heterozygous for only weakly with D. simulans (Table 6), suggesting that

In(1)AB may not be amorphic. We conclude that In(1)ABHmr2 deficiencies were not fully rescued (Table 6), even
at low temperatures where pupal lethality is not ob- has somewhere between 0 and 50% the activity of Hmr1.

Hmr and Lhr interact: The Dobzhansky/Muller modelserved. The “remaining” lethality must result from the
activity of additional dosage-sensitive deleterious of hybrid lethality and sterility states that hybrid incom-

patibilities must be caused by a minimum of two inter-gene(s) on Xmel, the loss of activity of essential Xmel genes
(and thus the absence of Xsib), or both. A positive effect acting genes, one from each species. The second chro-

mosome D. simulans Lhr allele rescues hybrid males andon hybrid viability of the wild-type Hmrsib is one possible
explanation of the hypothetical Xsib effect. Whatever the has been proposed to correspond to a gene that inter-
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TABLE 11

Summary of viabilities of hybrid progeny from D. melanogaster females and D. simulans males

Dosage of Dosage of other
Genotype D. mel. Hmr1 a Xmel genes a Viability b References

Xmel, Hmr2/Xsim females 0 1 High Tables 3–5
Xmel, In(1)AB/Xsim females ,0.5 1 Tables 3–5
Xmel/Xsim ; 1/Lhr females 1 1 Tables 1, 7
Xsim males 0 0 Sturtevant (1920);

Tables 6, 8
Xmel, Hmr 1/Xsim females $0.5 1 High, ,298 Tables 2, 3, 5
Xmel; 1/Lhr males 2 2 Intermediatec Watanabe (1979);

Tables 1, 7
Xmel, In(1)AB males ,1 2 Hutter et al. (1990);

Table 3
Xsim; Dp Hmr1 males 2 0 Tables 8, 10
Xmel/Xsim females 1 1 Sturtevant (1929),

Kerkis (1933b),
Watanabe et al. (1977),
Lee (1978); Table 1

Xmel/Xsim; Dp Hmr1 females 2 1 Lowc Table 7
Xmel, Hmr2/Xmel females 1 2 Table 6
Xmel, In(1)AB/Xmel females ,1.5 2 Hutter et al. (1990);

Table 6
Xmel, Hmr 1 males $1 2 Hutter and Ashburner

(1987); Tables 2, 3
Xmel, Hmr 1/Xmel, Hmr1 females $1.5 2 Lethal Hutter et al. (1990);

see also Dominant rescue
of exceptional female hybrids
in results.

Xmel/Xmel females 2 2 Sturtevant (1920)
Xmel males 2 2 Sturtevant (1920)

a Dosage calculations assume that X-linked genes are fully dosage compensated in hybrid males. See Hmr 1 retains $50% of the
activity of Hmr1 in discussion for the estimation of Hmr1 dosage for the Hmr 1 and In(1)AB rescue alleles.

b The order of genotypes listed within each viability class is not significant.
c Viabilities of genotypes in these classes were often highly variable. See references for details.

acts with Hmr to cause hybrid lethality (Hutter et al. autosomal genotype 2mel/2sim; 3mel/3mel, and not with 2mel/
2mel; 3mel/3sim, a small number of both autosomal classes1990; Sawamura et al. 1993b). Our results provide the

first experimental evidence in support of this hypothe- of Xmel males were obtained by Coyne (1983) from com-
pound-chromosome rather than triploid D. melanogastersis. We found that Lhr suppressed Hmr1-dependent

high-temperature female lethality (Table 1). Data in females.
These data from partial hybrids suggest that hybridTable 7 also showed that Hmr1 and Lhr have antagonistic

effects on hybrid viability. Lhr suppressed the deleteri- lethality may result from an interaction involving (at
least) three loci, and furthermore, that removing anyous effect of Dp(1;2)v175d on female hybrids, while

Dp(1;2)v175d suppressed the male rescue activity of Lhr. one of the three causal alleles is sufficient to suppress
lethality. A study using interspecific introgression be-If Lhr is a loss-of-function allele of the sibling Lhr1 locus,

then these data suggest that the D. melanogaster Hmr1 tween D. buzzatii and D. koepferae has also found evidence
for a system of hybrid lethality involving three loci (Car-and the sibling Lhr1 loci interact to cause lethality in

hybrids. This hypothesis is consistent with data from vajal et al. 1996). Although Pontecorvo (1943) in-
voked a total of nine alleles to explain the lethality of“partial” hybrids obtained by mating triploid D. melano-

gaster females to heavily irradiated D. simulans males D. melanogaster/D. simulans hybrids, the small number
of partial hybrids obtained, as well as other potential(Pontecorvo 1943). Pontecorvo obtained several Xmel/

Xmel; 2mel/2mel; 3mel/3sim hybrids; in terms of the Hmr-Lhr complications, makes this conclusion somewhat uncer-
tain (Coyne et al. 1998; Sawamura 2000).model their viability would be due to the absence of

D. simulans Lhr1. Sawamura (2000) has noted that an How many genes cause hybrid lethality? We have dis-
cussed three lines of evidence that suggest that addi-analogous third chromosome locus may exist, as several

Xmel/Xmel; 2mel/2sim; 3mel/3mel hybrids were also obtained. tional unknown gene(s) on both the X and third chro-
mosomes contribute to larval and pupal hybrid lethality:Although Pontecorvo recovered only Xmel males with the
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(1) the existence of distinct systems of variation that females because they are genetically imbalanced: their
X chromosome derives from one species but their au-modify larval and pupal lethality; (2) the incomplete

penetrance of lethality and rescue associated with an tosomes are from both, while hybrid females have a
balanced set of both X chromosomes and autosomesHmr1 duplication and Hmr2 deficiencies, respectively;

and (3) data from experiments with partial hybrids. Two (Muller 1940). This model can be tested by con-
structing female hybrids carrying both X chromosomesreports have recently surveyed the literature of hybrid

genetics and concluded that hybrid inviability in D. mela- from one of the parental species, with the expectation
that these unbalanced females will be as unfit as malenogaster (and in other Drosophila as well) is likely to be

caused by a relatively small number of genes (Hutter hybrids (Coyne 1985; Orr 1993a). This prediction
holds for the D. melanogaster female/sibling male cross1997; Coyne et al. 1998). Considering the available data,

we do not disagree with this conclusion, but it is impor- and is further supported by the fact that both unbal-
anced sexes are rescued by Lhr, Hmr1, and In(1)AB (dis-tant to recognize that the evidence remains largely indi-

rect. cussed above). The X:A imbalance model is falsified
only if hybrid lethality is specific to the heterogameticThe only systematic search for inviability genes in D.

melanogaster hybrids is that of Coyne et al. (1998), who sex because of its sexual phenotype rather than chromo-
somal constitution or because of deleterious X-Y or Z-Wsampled approximately half of the genome using D.

melanogaster deficiencies in female hybrids with D. sim- interactions.
A model dubbed the “dominance theory” has beenulans. Their study was designed to detect D. simulans

genes that fail to function in female hybrids, that is to developed to quantify the conditions under which X:A
imbalances will lead to Haldane’s rule (Orr 1993b;say loss-of-function D. simulans alleles that are normally

complemented by the homologous D. melanogaster al- Turelli and Orr 1995). The dominance theory con-
cludes that Haldane’s rule will result when the deleteri-lele. Two deficiencies that reduced greatly the viability

of hybrids made with several different D. simulans stocks ous contributions of X-linked alleles in females are, on
average, less than one-half those in males; such allelesas well as with D. mauritiana and/or D. sechellia were

found. These lethal effects are opposite to the rescue are defined as recessive.
The genetic properties of Hmr are consistent withwe observed with Hmr2 deficiencies, but the magnitude

of the viability differences relative to control siblings both the X:A imbalance model and the dominance the-
ory. We emphasize, however, that our data suggest thatwere comparable. Whether these two deficiencies are

uncovering single loci with large effects on hybrid viabil- female viability is not due to the heterospecific X “pre-
venting” or “masking” the deleterious effect of Hmr1,ity remains to be investigated.

The screen of Coyne et al. (1998) was unlikely to as recessive hybrid lethals are often described (Muller
1942; Turelli and Orr 1995). Rather, we propose thatdetect alleles like Hmr1 that cause lethality because tem-

peratures of 248 or lower were used, and in fact the Haldane’s rule in D. melanogaster hybrids depends on
the lower dosage of Hmr1 in females vs. males and,Hmr2 deficiency Df(1)v-L15 showed no viability differ-

ence compared to a reference balancer chromosome. more importantly, the nonlinear relationship between
Hmr1 dosage and hybrid fitness.A similar deficiency screen to look for suppressors of

high-temperature female lethality will be needed to de- We also note that while the fitness effects of Hmr1 can
be described accurately as recessive at low temperatures,termine whether or not additional Hmr-like genes exist

in D. melanogaster. where Haldane’s rule holds, Hmr1 is a dominant lethal
at high temperatures. The conditional nature of domi-Hmr and Haldane’s rule: A widespread pattern of

hybrid breakdown is described by Haldane’s rule. Hal- nance properties with respect to genetic background
and environmental variation is not unexpected in hy-dane (1922) observed that if one sex of hybrids suffers

from sterility or inviability, it is most commonly the brids (Wu and Davis 1993). As a general and noncontin-
gent description of Hmr1 we suggest the term “dosageheterogametic sex (for simplicity we refer to this sex as

being male, as in Drosophila, but it is also valid in taxa sensitive,” as opposed to “additive,” to avoid the impli-
cation that the fitness effects of Hmr1 as a functionwith ZZ/ZW sex chromosomes). Haldane’s rule holds

in many taxa including insects, mammals, and birds of gene dosage are likely to be either linear or continu-
ous. The dosage-sensitive nature of Hmr1 is apparentand therefore has been studied intensively, with the

expectation that it will have general implications for in the developmental delay and morphological defects
of 1/Xsib females that occur even when they are fullyunderstanding the genetics of reproductive isolation

(reviewed in Coyne 1992; Wu and Davis 1993; Wu et viable compared to Hmr2/Xsib siblings. Likewise, we pro-
pose that the earlier larval lethal phase of hybrid malesal. 1996; Laurie 1997; Orr 1997).

Haldane’s rule for hybrid lethality appears to be best compared to the later pharate/posteclosion lethality of
females also results from differential Hmr1 dosage.explained by the X:A imbalance of hybrid males (Wu

and Davis 1993; Hollocher and Wu 1996; True et al. Like the results presented here, the hybrid lethality
effects reported by Coyne et al. (1998) were also highly1996; Coyne et al. 1998). This model proposes that

hybrid males will be inviable more often than hybrid dependent on temperature. As these authors noted,
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among three sibling species of Drosophila. Evolution 37: 1101–most other reports of hybrid lethals have not investi-
1118.

gated whether the phenotypic effects observed might Coyne, J. A., 1985 The genetic basis of Haldane’s rule. Nature 314:
736–738.be similarly conditional. Therefore, while several studies

Coyne, J. A., 1992 Genetics and speciation. Nature 355: 511–515.have shown that hybrid lethals in Drosophila can act
Coyne, J. A., and H. A. Orr, 1998 The evolutionary genetics of

recessively under fixed conditions (Carvajal et al. 1996; speciation. Phil. Trans. R. Soc. Lond. Ser. B 353: 287–305.
Coyne, J. A., S. Simeonidis and P. Rooney, 1998 Relative paucityHollocher and Wu 1996; True et al. 1996), it remains

of genes causing inviability in hybrids between Drosophila melano-uncertain whether phenotypic recessivity will be a gen-
gaster and D. simulans. Genetics 150: 1091–1103.

eral characteristic of hybrid lethals. Davis, A. W., J. Roote, T. Morley, K. Sawamura, S. Herrmann et al.,
1996 Rescue of hybrid sterility in crosses between D. melanogasterImplications of Hmr-like effects: Considering the lim-
and D. simulans. Nature 380: 157–159.ited data available from other species, the potential gen-

Dobzhansky, T., 1937 Genetics and the Origin of Species. Columbia
erality of conclusions drawn from the study of Hmr and University Press, New York.

FlyBase, 1999 The FlyBase database of the Drosophila genomeD. melanogaster hybrids is unknown. But it is instructive
projects and community literature. Nucleic Acids Res. 27: 85–88to consider the implications if other examples of hybrid
(available from http://flybase.bio.indiana.edu).

lethality are caused by similar alleles of large effect. Freeman, M., 1998 Complexity of EGF receptor signalling revealed
in Drosophila. Curr. Opin. Genet. Dev. 8: 407–411.Surveys of the literature on hybrid breakdown suggest

Haldane, J. B. S., 1922 Sex ratio and unisexual sterility in hybridthat examples of Haldane’s rule for inviability are infre-
animals. J. Genetics 12: 101–109.

quent (in male-heterogametic species), compared to Hollocher, H., and C.-I. Wu, 1996 Genetics of reproductive isola-
tion in the Drosophila simulans clade: X vs. autosomal effects andexamples of hybrid sterility (Wu and Davis 1993; Lau-
male vs. female effects. Genetics 143: 1243–1255.rie 1997; Orr 1997; Turelli and Begun 1997; Pres-

Hutter, P., 1997 Genetics of hybrid inviability in Drosophila. Adv.
graves and Orr 1998). This may be because sex-limited Genet. 36: 157–185.

Hutter, P., and M. Ashburner, 1987 Genetic rescue of inviablelethality requires the existence of X-linked hybrid lethal-
hybrids between Drosophila melanogaster and its sibling species.ity alleles with a viability threshold that occurs between
Nature 327: 331–333.

the dosage of females and males. More common out- Hutter, P., and F. Karch, 1994 Molecular analysis of a candidate
gene for the reproductive isolation between sibling species ofcomes would be either both sexes lethal (viability thresh-
Drosophila. Experientia 50: 749–762.old lower than female dosage or presence of strong

Hutter, P., J. Roote and M. Ashburner, 1990 A genetic basis for
autosomal alleles) or both sexes viable (no major effect the inviability of hybrids between sibling species of Drosophila.

Genetics 124: 909–920.lethal alleles). It seems remarkable that by simply ad-
Joly, D., C. Bazin, L.-W. Zeng and R. S. Singh, 1997 Genetic basisjusting culture temperature and varying Hmr1 dosage

of sperm and testis length differences and epistatic effect on
by twofold, both of these outcomes can be obtained in hybrid inviability and sperm motility between Drosophila simulans

and D. sechellia. Heredity 78: 354–362.a hybridization that otherwise conforms to Haldane’s
Kerkis, J., 1933a Development of gonads in hybrids between Drosoph-rule.
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