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ABSTRACT
We show that, contrary to claims in the literature, “sterile” males resulting from the cross of the Bogota

and USA subspecies of Drosophila pseudoobscura are weakly fertile. Surprisingly, these hybrid males produce
almost all daughters when crossed to females of any genotype (pure Bogota, pure USA, hybrid F1). Several
lines of evidence suggest that this sex ratio distortion is caused by sex chromosome segregation distortion
in hybrid males. We genetically analyze this normally cryptic segregation distortion and show that it involves
several regions of the Bogota X chromosome that show strong epistatic interactions with each other. We
further show that segregation distortion is normally masked within the Bogota subspecies by autosomal
suppressors. Our analysis shows that the genetic basis of hybrid segregation distortion is similar to that
of hybrid male sterility between the same subspecies. Indeed the severity of segregation distortion is
correlated with the severity of sterility among hybrids. We discuss the possibility that hybrid sterility in
this paradigmatic case of incipient speciation is caused by segregation distortion.

SELFISH genetic elements may play a role in the origin It is easy to imagine how mutations causing meiotic
drive could ultimately give rise to intrinsic postzygoticof species (Grun 1976, pp. 352–354; Cosmides and

Tooby 1981; Hurst and Pomiankowski 1991; Hurst isolation between taxa: two allopatric populations might
each be invaded by different meiotic drive mutations;and Werren 2001; Coyne and Orr 2004). While this

idea has appeared in many guises, involving transposable if each mutation later becomes suppressed, both popu-
lations will return to normal segregation ratios; if, how-elements, infectious endosymbionts like Wolbachia, and

mitochondrial mutations that cause cytoplasmic male ste- ever, these populations later come into secondary geo-
graphic contact and hybridize, this normally crypticrility, one version has proved particularly attractive. Ac-

cording to this idea, alleles that cause meiotic drive meiotic drive could become reexpressed (assuming that
the suppressors of meiotic drive are less than fully domi-might systematically give rise to postzygotic isolation

generally and to hybrid sterility specifically (Frank nant). In the simplest (although not the only) scenario,
X-linked drive alleles might inactivate Y-bearing sperm1991; Hurst and Pomiankowski 1991; Henikoff et al.

2001; Tao et al. 2001; Henikoff and Malik 2002; Tao in hybrids, while Y-linked alleles would inactivate X-bear-
ing sperm, rendering XY hybrids sterile. Such a scenarioand Hartl 2003).
might even help to explain “Haldane’s rule,” the prefer-Mutations that cause meiotic drive distort Mendelian
ential sterility or inviability of hybrids of the heteroga-ratios to their own advantage, usually by inactivating
metic (XY) sex, an idea that was proposed indepen-sperm that carry a homologous chromosome. X chromo-
dently by Frank (1991) and Hurst and Pomiankowskisome-bearing sperm might, for instance, inactivate Y
(1991).chromosome-bearing sperm. While obviously advanta-

Tao and Hartl (2003), Henikoff et al. (2001), andgeous for the driving mutation, meiotic drive imposes
Henikoff and Malik (2002) have recently suggesteda fertility cost on its bearers (since many gametes are
variations on the meiotic drive theory of postzygoticrendered nonfunctional) as well as a fitness cost on
isolation. In Tao and Hartl’s scenario, struggles overmost other genes in the genome (Lyttle 1991). When
sex ratio are especially acute in the heterogametic sexresiding on the sex chromosomes, mutations causing
as different portions of the genome in heterogameticmeiotic drive also bias sex ratios away from the 50:50
individuals “prefer” different sex ratios (the Y chromo-favored by Fisherian selection. For all these reasons,
some in Drosophila, for instance, prefers more sons). Inthere will usually be strong selection to suppress meiotic
Henikoff and colleagues’ scenario, struggles over whichdrive (Sandler and Novitski 1957; Lyttle 1991; Jae-
chromosome segregates into an egg (and not into anike 2001).
polar body) in female meiosis give rise to bouts of mei-
otic drive followed by suppression of drive; these bouts,
they suggest, involve evolution at centromeric sequences1Corresponding author: Department of Biology, University of Roches-

ter, Rochester, NY 14627. E-mail: aorr@mail.rochester.edu and at the special histones that bind these sequences.
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Despite their differences, these models all share a cen- D. pseudoobscura, taxa that have often been viewed as
paradigmatic of the earliest stages of speciation (e.g.,tral theme: segregation distorters appear and are then

suppressed within species, only to be reexpressed in Lewontin 1974). The Bogota subspecies is restricted
to high elevations near Bogota, Colombia and is geo-species hybrids.

Although the meiotic drive theory of postzygotic isola- graphically isolated from the USA subspecies of North
and Central America by �2000 km (Prakash 1972).tion is attractive—especially as segregation distortion oc-

curs in a wide variety of organisms, including insects, The Bogota-USA system represents an especially young
hybridization: DNA sequence analysis shows that themammals, plants, and fungi (Lyttle 1991)—it fell out

of favor in the early 1990s. The main reason was that Bogota and USA subspecies may have separated as re-
cently as 155,000–230,000 years ago (Schaeffer andexperiments by Coyne (1986), Johnson and Wu (1992),

and Coyne and Orr (1993) found no segregation dis- Miller 1991; Wang et al. 1997; Machado et al. 2002;
Machado and Hey 2003). Not surprisingly, the Bogotatortion in hybrids between several pairs of Drosophila

species. (These hybridizations produce partially fertile and USA subspecies are incompletely reproductively iso-
lated: they show little or no prezygotic isolation (Pra-F1 hybrids, allowing tests of segregation distortion in hybrid

gametogenesis.) These findings were widely viewed as fatal kash 1972) or conspecific sperm precedence (Dixon et
al. 2003) and produce completely fertile female hybrids.to the meiotic drive theory of speciation (a view once

shared by the senior author). Male hybrids are also fertile in one direction of the
hybridization (USA mothers), while male hybrids fromMore recent studies, however, suggest that Coyne, Orr,

Johnson, and Wu may have been unlucky in their choice the reciprocal direction of the hybridization (Bogota
mothers) have traditionally been described as com-of species pairs or of hybrid genotypes. Several cases of

normally cryptic segregation distortion have now been pletely sterile. This hybrid male sterility has been the
subject of several genetic studies (Prakash 1972; Dobz-described. All occur in Drosophila, presumably re-

flecting the intense genetic scrutiny of this genus. By hansky 1974; Orr 1989a,b; Orr and Irving 2001).
Here we show that hybrid males having Bogota mothersfar the best studied of these cases involves the species

pair Drosophila simulans and D. mauritiana. Tao et al. are not, in fact, completely sterile; instead these hybrids
become weakly fertile when aged. Surprisingly, these F1(2001) showed that otherwise D. simulans males that are

homozygous for a small region of the D. mauritiana third hybrid males produce almost all daughters. The results
presented below suggest that this sex ratio distortion re-chromosome suffer sex ratio segregation distortion, pro-

ducing �80% daughters. Tao et al. suggest that the flects normally cryptic segregation distortion in hybrid
males. We also present the results of a preliminary ge-D. simulans genome carries an X-linked meiotic drive

factor(s) that is normally suppressed within species by netic analysis of this distortion.
a dominant autosomal suppressor on the D. simulans
third chromosome. When this dominant suppressor is

MATERIALS AND METHODSreplaced by recessive autosomal material from D. mauri-
tiana, sex chromosome meiotic drive results. Tao et al. Stocks and crosses: Our methods generally follow those of
(2001) map this autosomal suppressor to �80 kb of Orr (1989a,b) and Orr and Irving (2001). These articles

also describe many of the stocks used. The Sex Ratio (SR) andDNA; they call the putative suppressor gene residing in
Standard (ST) arrangement stocks were kindly provided bythis region too much yin (tmy). Similarly, Dermitzakis
John Jaenike and were collected in Tucson, Arizona. Theet al. (2000) showed that certain hybrid introgression lines
wild-type iso-female lines of D. pseudoobscura USA were kindly

between D. simulans and D. sechellia suffer male meiotic provided by Mohamed Noor. All crosses were performed at
drive, which causes sex ratio distortion among their room temperature unless otherwise indicated. All map posi-

tions are from Anderson and Norman (1977), except forprogeny. Although several different introgression lines
those of the X chromosome, which are from Orr (1995a).show such distortion, complementation tests suggested

Male fertility: Male fertility was measured by assessing spermthat the same autosomal region is involved in all lines
motility, which is standard in studies of hybrid male sterility

(Dermitzakis et al. 2000). While the above cases involve in Drosophila (e.g., Coyne 1985; Vigneault and Zouros
hybrids between named “good” species, other cases in- 1986; Orr 1987; Orr and Coyne 1989; Davis and Wu 1996).

Testes were dissected from 4- day-old virgin males and exam-volve hybrids between populations or strains within spe-
ined under a compound microscope with dark field optics.cies. In one, D. simulans flies produced by crossing indi-
Males were classified into three sperm motility classes: Many,viduals from Tunisia with individuals from Seychelles
wherein a male had a large number of motile sperm that filled

or New Caledonia suffer meiotic drive, while pure-popu- the field of vision; Few, wherein small pockets of motile sperm
lation individuals do not (Mercot et al. 1995; Cazema- were seen; and None, wherein no motile sperm were seen.

While sperm motility is not equivalent to fertility, the two arejor et al. 1997; Montchamp-Moreau and Joly 1997). In
strongly correlated (Orr 1987). In one large cross describedanother, hybrids between certain stocks of D. subobscura
below, male fertility was measured by counting number of off-suffer meiotic drive, while pure-stock individuals do not
spring produced, as these offspring were produced for other

(Hauschteck-Jungen 1990). reasons.
Here we report the discovery of segregation distortion Egg to adult lethality: The frequency of lethality among

offspring of hybrid males was measured by aging hybrid F1in hybrids between the Bogota and USA subspecies of
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males for 8–9 days and then single-pair mating them to 3- to
4-day-old virgin Bogota females. When a pair of flies began
to produce first instar larvae, the pair was transferred to an
egg-counting vial. This vial contained a small plastic spoon
filled with standard media dyed purple to ease visualization
of eggs. The adult pair was left in this vial for 24 hr and
then transferred to a new egg-counting vial for another 24
hr. Because hybrid males are almost completely sterile, almost
all eggs are unfertilized. It is thus impractical to measure hatch
rates among the very rare fertilized eggs. Instead, we simply
counted the number of dead offspring. In particular, each egg-
counting vial was scored for number of dead eggs and dead
first instar larvae 24 and 48 hr after the parents were removed.
(Dead eggs and larvae of D. pseudoobscura are necrotic and
unmistakably brown.) The media from the egg-counting vials
were transferred to fresh vials and maintained at room temper-
ature. Vials were scored for further larval lethality 7 days after
the parental pair was removed. Vials were later scored for

Figure 1.—Percentage of females among F1 offspring fromnumber of emerging adults. After 3 consecutive days in which
the cross Bogota-ER females � USA males. Each cross involvedno adults emerged, pupae were scored for lethality. (Empty
a different USA iso-female line; 97 lines were tested.pupal cases are easily distinguished from those containing a

dead individual.) Pupal cases containing dead individuals were
dissected to score sex; this is typically possible as D. pseudoob-
scura males have bright orange testes. SD, 55.1 � 4.6%; Figure 1), suggesting mild hybrid male

Statistics: When comparing sex ratios produced by males of inviability in the F1 generation. Surprisingly, however,
different genotypes, we treat each father as a single data point; 18 of 97 lines produced some F2 hybrids. These cases
i.e., each father produces a percentage of daughters. This is

did not reflect contamination as, in all instances, crossesmuch more conservative than treating each offspring as a single
were extremely difficult and very few F2 hybrids ap-data point. The null hypothesis of no difference in sex ratio

between genotypes was tested with unpaired t-statistics on arcsin peared (sometimes only a single fly). Several USA iso-
square-root transformed proportion daughters (Sokal and female lines that produced F2 hybrids were retested;
Rohlf 1981). Nonparametric tests (Mann-Whitney U-test) on most consistently produced a few F2 offspring (results
untransformed proportions usually yielded similar results. In

not shown). As the “Flagstaff-5” iso-female line pro-our large X chromosome mapping experiments, the effect of
duced the largest number of F2 hybrids, this line waschromosome regions on sex ratio was tested by comparing

the sex ratios produced by all fathers that differ at a marker; divided into sublines and each subline was tested fur-
only fathers producing 10 or more offspring were included ther. We chose the subline that produced the most F2
in these mapping experiments, to ensure some accuracy in hybrids for further analysis. (The number of F2 hybrids
sex ratio measurements.

produced by this subline varied with the Bogota stock
to which it was crossed. In the best case, an average of
1.7 F2 progeny were produced per F1 male; in the worstRESULTS
case, an average of 0.02 F2 progeny were produced per

A hybrid fertility rescue mutation: Our study began F1 male; see below and some results not shown.) As the
as a search for a hybrid fertility “rescue mutation.” It is results presented below suggest that this subline carries
well known that certain single mutations can rescue the a Mendelizing hybrid fertility rescue mutation, we refer
viability of normally lethal hybrids in the D. melanogaster to this stock as Hybrid male fertile (Hmf ).
group (Watanabe 1979; Hutter and Ashburner 1987; Hmf represents a USA allele; it is not a Bogota contam-
Hutter et al. 1990; Sawamura et al. 1993a,b,c; Orr and inant. This is confirmed by several lines of evidence.
Irving 2000; Coyne and Orr 2004, Chap. 8). We hoped First, as expected, the cross of Hmf female � USA ct sd
to recover a similar mutation that would rescue the y se sp male produces all fertile F1 males (sperm motility:
fertility of normally sterile hybrid males produced in 81 Many, 0 Few, 0 None). Second, also as expected, the
the cross of Bogota females to USA males. We screened cross of Bogota-ER female � Hmf male produces almost
97 wild-type iso-female USA lines for fertility rescue. In all sterile F1 males (4 Many, 96 Few, 101 None). Hmf
particular, we mass mated wild-type Bogota-ER females thus only weakly rescues the fertility of F1 males.
to males from each of the 97 USA lines, establishing We crossed hybrid F1 males carrying Hmf to many differ-
multiple vials of each cross. We scored the number of ent genotypes of D. pseudoobscura females. The results are
emerging hybrid F1 females and males and transferred shown in Table 1. Remarkably, these normally sterile hy-
all F1 hybrids to fresh vials, testing for the appearance brid F1 males produce almost all daughters (88–99%).
of F2 hybrid (larval, pupal, or adult). As we expect F1 males This is true regardless of the Bogota strain to which Hmf
to be sterile, the appearance of F2 hybrids shows that F1 was initially crossed and regardless of whether the re-
male fertility has been at least partially rescued. sulting F1 males were subsequently crossed to pure USA

The sex ratio among adult F1 hybrids was close to even, females, to pure Bogota females, or to hybrid F1 females
(having USA or Bogota cytoplasm). The reciprocal classalthough there was a slight excess of females (mean �
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TABLE 1

Hybrid males carrying Hmf produce almost all daughters

No. of No. of
Hybrid father a Mother daughters sons % females

Bog-ER � Hmf Bog-ER 93 4 95.9
Bog-ER � Hmf Hmf 155 21 88.1
Bog-ER � Hmf Bog-ER � Hmf 433 21 95.4
Bog-ER � Hmf Hmf � Bog-ER 82 1 98.8
Bog-ER � Hmf USA y gl or inc 117 2 98.3
Bog Toro-1 � Hmf Bog Toro-1 464 26 94.7
Bog Toro-1 � Hmf Hmf 190 26 88.0
Bog Toro-1 � Hmf Bog Toro-1 � Hmf 335 35 90.5
Bog Potosi-1 � Hmf Bog Potosi-1 26 2 92.9
Bog Potosi-3 � Hmf Bog Potosi-3 45 1 97.8

a The cross is that used to produce the hybrid male; the female in the cross is listed first.

of Hmf F1 males—those having a USA mother—do not species pair, D. pseudoobscura and D. persimilis. It does not,
although only a single line of D. persimilis was testedproduce distorted sex ratios. Instead, these normally

fertile F1 males produce offspring having nearly even (Table 4).
Evidence for hybrid segregation distortion: The factsex ratios (Table 2).

Because normally sterile F1 males carrying Hmf do that hybrid males with Bogota mothers produce almost
all daughters could be an artifact of Hmf. After all, wenot receive their X chromosome or cytoplasm from USA,

the gene(s) underlying fertility rescue must reside on know nearly nothing about this mutation except that it is
zygotically acting, dominant, and resides on the secondthe USA autosomes or Y. This was confirmed in a large

analysis involving chromosome substitution between the chromosome. To our surprise, however, we discovered
that “normal” hybrid males between arbitrary strains of(rescuing) Hmf stock and (nonrescuing) USA stocks

containing balancer chromosomes on the second (Ba; Bogota and standard marker strains of USA become
weakly fertile when aged for several weeks. Although2-62.1, associated with an inversion) or third (L; 3, asso-

ciated with medial Santa Cruz inversion chromosomes). these F1 males almost never produce offspring within
the first 2 weeks of a cross, they often produce offspringBriefly, 130 single hybrid males that either did or did not

carry a second or third chromosome from Hmf were after several weeks of repeated transfers to fresh vials
(Table 5; although we did not perform precise timingcrossed to Bogota-ER females. The results show that

hybrid males must carry a second chromosome from experiments, we did not notice a sharp critical period
after which hybrids produce progeny). Cytological ex-Hmf to produce offspring (Table 3; Fisher’s exact test,

P � 0.025). The Hmf fertility rescue mutation thus ap- amination of hybrid testes confirms an effect of age
on hybrid sperm motility (Table 6): although “normal”pears to reside on the second chromosome. Impor-

tantly, fertility-rescued F1 males again showed distorted hybrid F1 males sometimes produce a few motile sperm
sex ratios among their offspring. Indeed only daughters
appeared (79 females,0 males; Table 3).

TABLE 3Finally, we tested whether Hmf also rescues hybrid
male fertility between the more evolutionarily distant Mapping of the autosomal hybrid fertility rescue mutation

Vials Vials with Total progeny
Hybrid father set up progeny (female:male)TABLE 2

Reciprocal hybrid males carrying a USA X XBog/YUSA; 2Hmf/2Bog 37 6 41:0
produce even sex ratios XBog/YUSA; 2Ba/2Bog 36 0 0:0

XBog/YUSA; 3Hmf/3Bog 27 4 28:0
XBog/YUSA; 3L/3Bog 30 4 10:0No. of No. of

Hybrid fathera Mother daughters sons % females
The second chromosome experiment involved crossing y;

Ba/Delta; or females � Hmf males and crossing the resultingHmf � Bog-ER Bog-ER 223 195 53.3
phenotypically y Ba males to Bogota-ER females, producingHmf � Bog-ER Hmf 909 724 55.7
two genotypes of males (rows 1 and 2). The third chromosomeHmf � Bog-ER Hmf � Bog-ER 1685 1357 55.3
experiment involved crossing or L/or L�; spa females � HmfHmf � Bog-ER Bog-ER � Hmf 1245 1154 51.9
males and crossing the resulting phenotypically L males to
Bogota-ER females, producing two genotypes of males (rowsa The cross is that used to produce the hybrid male; the

female in the cross is listed first. 3 and 4).
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TABLE 4 derive from sperm that carry an X chromosome. The
sex transformation hypothesis is more plausible than itTest of whether Hmf rescues the fertility of D. pseudoobscura-
might first seem: partial or complete sex transformationD. persimilis hybrid males
has been observed in species hybrids both in Drosophila
(Sturtevant 1946) and in Caenorhabditis (Baird 2002).F1 male fertility
We were, however, able to rule out this possibility by

Female Male Many Few None using X-linked visible markers: we crossed Hmf-rescued
D. pseudo y ; gl ; D. persimilis or 0 0 91 hybrid F1 males to USA females carrying the X-linked

or ; inc mutation, yellow (1-74.5). As expected, almost all off-
D. persimilis or D. pseudo y ; gl ; 0 0 41 spring were again female (Table 1, line 5). These daugh-

or ; inc ters were all phenotypically y�, while the few emerging
D. pseudo Hmf D. persimilis or 0 0 102

sons were phenotypically y. Sex transformation does not,D. persimilis or D. pseudo Hmf 0 0 58
therefore, occur among the offspring of F1 males.

The top two rows confirm that “normal” F1 hybrid males We tried to distinguish the hybrid inviability and seg-
between D. pseudoobscura and D. persimilis are sterile in both regation distortion hypotheses in two ways. The first was
directions of the hybridization. The bottom two rows show

indirect: with hybrid inviability, we expect the fitness ofthat the D. pseudoobscura Hmf stock does not rescue this steril-
the sons of F1 males to depend on their genotype, e.g., onity. Hybrid male fertility was assessed cytologically in testis

squash preparations. whether sons carry a Bogota or a USA X chromosome.
As emphasized, however, F1 males produce almost all
daughters regardless of whether F1 males are crossed to

at day 2, they produce significantly more at day 14. This pure Bogota, pure USA, or hybrid females—and so re-
age effect is also seen in hybrid males that carry the gardless of whether their sons carry a pure Bogota X, a
Hmf mutation (Table 6). pure USA X, or a recombinant X chromosome. This

Remarkably, hybrid F1 males between “normal” stocks pattern differs qualitatively from that expected with hy-
of Bogota and USA also produce almost all daughters. brid inviability.
Indeed F1 males from all stock combinations showed The second approach was more direct: if the absence
sex ratio distortion among their offspring (Table 5). of sons reflects hybrid inviability, massive lethality must
Once again, distortion occurs whether F1 males are occur among the offspring of hybrid F1 males. To assess
crossed to pure Bogota females, to pure USA females, this, we measured egg, larval, and pupal lethality in a large
or to hybrid F1 females. The sex ratio distortion seen cross involving hybrid F1 males, as described in materials
among the offspring of hybrid males is not, therefore, and methods and in Table 7. Once again, we found
an artifact of Hmf—distortion seems to always occur that hybrid F1 males produced almost all daughters (485
among the offspring of hybrid males, regardless of females, 29 males; Table 7). Not surprisingly, some le-
which stocks are used. (Additional examples involving thality was seen in this cross (which does, after all, in-
other stock combinations appear below.) The key ques- volve subspecific hybridization). The observed lethality
tion is: Why do hybrid F1 males produce almost all daugh- was, however, far too rare to explain the near-absence
ters? of sons. Although �456 sons are “missing” (485 � 29 �

There are at least three possibilities. First, sex transfor- 456), we observed very few dead embryos or larvae and
mation may occur among the progeny of hybrid males, only 37 dead pupae (Table 7). Importantly, we could
with genetic males transformed into somatic females. score the sex of 21 of these dead pupae and almost all
Second, hybrid inviability may occur among the progeny were female (17 females, 4 males). Sex ratio distortion
of F1 males, with most sons dying. Third, segregation thus appears before the pupal stage, but there is very little

embryonic or larval lethality (Table 7).distortion may occur in F1 males, such that most zygotes

TABLE 5

“Normal” hybrid males also produce almost all daughters

No. of No. of
Hybrid father Mother daughters sons % females

Bog Poto-1 � y gl or inc Bog Potosi-1 32 0 100.0
Bog Poto-3 � y gl or inc Bog Potosi-3 12 1 92.3
Bog Toro-1 � y gl or inc Bog Toro-1 69 2 97.2
Bog Toro-1 � y gl or inc y gl or inc 71 26 73.2
Bog Toro-1 � y gl or inc Bog Toro-1 � y gl or inc 27 6 81.8
Bog Toro-1 � USA Tempe-5 Bog Toro-1 348 34 91.1
Bog w � y gl or inc Bog w � y gl or inc 83 9 90.2
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TABLE 7TABLE 6

Effect of age on hybrid male fertility Lethality among offspring of hybrid F1 males

Stage NumberF1 male fertility

Dead eggs (24 hr) 15Mother Father Day Many Few None �2

Dead eggs (48 hr) 19
Bogota-ER USA y gl or inc 2 0 24 177 Dead larvae 6

14 0 77 125 37.7*** Dead pupae (unemerged female) 17
Dead pupae (unemerged male) 4

Bogota w USA y gl or inc 2 0 1 206 Dead pupae (sex undetermined) 16
14 4 80 199 70.8*** Total dead offspring 77

Emerged adult females 485
Bogota-ER USA Hmf 2 4 96 101 Emerged adult males 29

14 22 158 22 78.0***
Offspring resulted from the cross of F1 males (Bogota Toro-1

females � USA Hmf males) � Bogota Toro-1 females. A totalBogota w USA Hmf 2 7 75 120
of 50 F1 males were single-pair mated to Bogota females. See14 20 136 47 55.8***
materials and methods for detailed protocol.

The �2 values reflect comparing sperm motility within a
genotype after males were aged 2 vs. 14 days. In cases in which
a cell value equaled 0, it was set to 0.1 to allow calculation of

sex ratios, while males that have a Bogota-like genotypea �2 statistic; other small values do not substantially change
the above probabilities. ***P � 0.0001. (ct� sd� y� se�; genotype 16) produce mostly daughters.

Figure 2 also shows that gene(s) tightly linked to se
are essential for segregation distortion: genotypes 1–8,
which carry USA material at se, produce nearly evenTaking these facts together—(i) hybrid males pro-
sex ratios, while genotypes 9–16, which carry Bogotaduce almost all daughters regardless of whom they are
material at se, often produce biased sex ratios (t � 8.08,crossed to and (ii) hybrid males produce few dead off-
P � 0.0001). Perhaps most remarkably, ct� sd� y� sespring—it appears that hybrid F1 males show sex chro-
males (genotype 8), which carry Bogota material at allmosome segregation distortion. We do not, however, yet
markers except se, produce nearly even sex ratios, whileknow the functional basis of this distortion (see below).
ct� sd� y� se� males (genotype 16), which also carryGenetic basis of hybrid segregation distortion—X
Bogota material at se, produce very biased sex ratios.chromosome mapping: We would like to understand
Segregation distortion thus requires Bogota materialthe genetic basis of hybrid segregation distortion. Given,
near se. Restricting our attention to hybrids that carryhowever, that even “fertility-rescued” hybrid males remain
se�, Figure 2 also shows that the y and sd regions havehighly sterile, all genetic analyses proved extraordinarily
large effects on sex ratio (y : t � 5.02, P � 0.0001; sd:difficult and our sample sizes were, consequently, often
t � 2.65, P � 0.0099). The ct region has a lesser effectless than ideal. Nonetheless, we were able to establish
on sex ratio (t � 1.53, P � 0.13, although this contrastseveral facts, which we describe for the remainder of
is significant with a nonparametric test). Looking acrossthis article.
Figure 2, it appears that genes residing on both the leftGiven that hybrid segregation distortion occurs in F1

arm (XL: sd, y, and perhaps ct) and the right arm (XR:males that carry a Bogota X and a USA Y and that almost
se) of the X chromosome affect offspring sex ratio.all daughters result, it seems likely that the Bogota X

The X-linked genes causing segregation distortion alsochromosome carries gene(s) that cause segregation dis-
show strong conspecific epistasis: comparisons among ge-tortion. To confirm this and to roughly map these puta-
notypes 1–4 and 9 reveal that no single X chromosometive X-linked genes, we produced backcross hybrid males
region from Bogota has any effect on sex ratio by itself.that carried recombinant X chromosomes, a USA Y
Instead, sex ratio distortion appears only when severalchromosome, and mostly USA autosomes. In particular,
X chromosome regions from Bogota are jointly intro-we backcrossed F1 females from the cross of Bogota
gressed into a USA background. It also appears that atToro-1 females � USA ct (1-22.5) sd (1-43.0) y (1-74.5)
least one gene causing segregation distortion is looselyse (1-156.5) males to USA Hmf males. Recombinant back-
linked to our X-linked markers, since the most Bogota-cross males of known X chromosome genotype were
like of our backcross genotypes (ct� sd� y� se�; genotypethen singly mated to wild-type Bogota Toro-1 females
16) does not suffer full F1-male-like levels of segregationand the sex ratio of the resulting progeny was scored.

The results are shown in Figure 2, which is arranged to distortion.
Hybrid segregation distortion and hybrid male steril-match Figure 2 of Orr and Irving (2001).

As expected, segregation distortion depends on X ity: Although crude, the above mapping results resem-
ble those from our previous work on hybrid male sterilitychromosome genotype. Males that have a USA-like X

genotype (ct sd y se ; genotype 1) produce nearly even between the Bogota and USA subspecies (Orr and Irv-
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Figure 3.—Scatterplot of percentage of daughters vs. num-
ber of offspring produced by the hybrid backcross males stud-
ied in Figure 2. Because these backcross males were produced
through F1 females (that undergo recombination), they are

Figure 2.—Mapping of X chromosome segregation distor- genetically heterogeneous. This plot includes data from all
tion genes. The x-axis shows the average percentage of daugh- backcross fathers, even if they produced very few offspring.
ters produced by hybrid backcross males of a given genotype;
the y-axis shows the X chromosome genotypes studied. Back-
cross males resulted from the cross of F1 females (Bogota
Toro-1 females � USA ct sd y se males) � USA Hmf males. ratio and number of daughters produced by a hybridData derive from backcross males of known genotype that

male are also strongly correlated (r � �0.372, P �successfully produced offspring when singly mated to Bogota
0.0001; Kendall’s 	 � �0.205, P � 0.0001). AlthoughToro-1 females. N is the number of fathers of a given genotype

that produced progeny; n is the total number of progeny that the evidence presented in this section certainly does not
they produced. A total of 59,632 offspring were scored for prove that the same genes cause both hybrid segregation
sex. The modest sample sizes reflect the extreme difficulty distortion and hybrid male sterility, we cannot excludeof some of the crosses. All backcross hybrid males carry a

this possibility.recombinant X chromosome, a USA Y chromosome, and
Genetic basis of hybrid segregation distortion—auto-mostly USA autosomes. White chromosome regions represent

USA material, while black chromosome regions represent Bo- somal suppressors: The genes on the Bogota X chromo-
gota material. some that cause segregation distortion do so only in

hybrids, not within the Bogota subspecies. The Bogota
genome must therefore carry suppressors of segregation
distortion. Moreover, these suppressors must be Y linkeding 2001). Indeed the same regions of the Bogota X
and/or autosomal and must be incompletely dominantchromosome are involved in both hybrid male sterility
(as a single dose of Bogota autosomes does not fullyand hybrid segregation distortion and these regions show
suppress distortion in F1 hybrid males).a similar pattern of complex conspecific epistasis for

The existence of Bogota suppressors of segregationboth phenotypes. Moreover, the region near se plays a
distortion is confirmed in the top panel of Figure 4.large—and necessary—role in both hybrid segregation
Genotypes A and B both carry an unrecombined X chro-distortion and hybrid male sterility. Our findings are,
mosome from Bogota as well as pure Bogota cytoplasm.then, at least consistent with the idea that the same
But genotype A carries a Y chromosome from USA andgenes cause both phenomena. Indeed throughout many
only half of its autosomes from Bogota and shows strongof the above crosses we noticed that hybrid males that
segregation distortion; genotype B, on the other hand,show segregation distortion produce few progeny, while
carries a Y chromosome from Bogota and three-fourthsmales that do not show segregation distortion produce
of its autosomes (on average) from Bogota and showsmany progeny.
little segregation distortion (t � 4.58, P � 0.0001). Re-To better assess this possible association between hy-
placing the Y chromosome and/or autosomes from USAbrid segregation distortion and hybrid male sterility,
with those from Bogota thus suppresses distortion. Thewe scored the number of offspring produced by each
middle panel of Figure 4 confirms that at least some ofrecombinant backcross male from the above X chromo-
the suppressors of segregation distortion reside on thesome mapping experiment. The results are shown in
Bogota autosomes. Genotypes C and D both carry anFigure 3. There is a highly significant correlation be-
unrecombined X chromosome from Bogota and a Ytween sex ratio among progeny and the number of
chromosome from USA; they differ only in the fractionoffspring produced by a male (r � �0.472, P � 0.0001;
of the autosomes that, on average, derive from BogotaKendall’s 	 � �0.297, P � 0.0001). This negative corre-

lation is not an artifact of any inviability of sons, as sex (one-half in genotype C and three-fourths in genotype
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TABLE 8

Sex ratio among the offspring of F1 and
repeated backcross males

Cross % daughters N n

Bogota Toro-1 � USA Hmf
F1 89.2 18 238
BC1 78.4 14 5724
BC2 65.0 22 3782
BC3 62.3 15 2874

Bogota Toro-1 � USA Tempe-5
F1 90.3 13 110
BC1 71.3 13 5301
BC2 60.4 23 4314
BC3 60.1 17 1954

Hybrid males were backcrossed to Bogota Toro-1 females
each generation. The sex ratios shown were calculated by
averaging the percentage of daughters produced by individual
hybrid fathers. The number of fathers (N) producing off-

Figure 4.—Evidence for autosomal suppressors of segrega- spring, as well as the total number of offspring scored each
tion distortion in Bogota. Plot shows percentage of females generation (n), is shown. Due to hybrid sterility, many more
produced by hybrid males of various genotypes. The short fathers were typically set up than produced offspring, espe-
chromosomes at the left represent the sex chromosomes (X cially among F1 males. “BC1” represents first-generation back-
on top, Y on bottom; Y shown with hook). The long chromo- cross hybrids and so on.
somes at the right represent haploid sets of autosomes. Black
chromosomes derive from Bogota and white from USA. Geno-
type A resulted from the cross of Bogota Toro-1 females �

�60% females). While the top half of Table 8 involvesUSA Hmf males; genotype B resulted from Bogota Toro-1
female � F1 male (Hmf female � Toro-1 male). Genotype C Hmf, the bottom half does not. In both cases, the au-
again resulted from Bogota Toro-1 females � USA Hmf males; tosomes affect the strength of hybrid segregation distor-
genotype D resulted from Bogota Toro-1 female � F1 male

tion.(Toro-1 female � Hmf male). Genotype E resulted from Bo-
While the results of this section show that the Bogotagota Toro-1 females � USA Tempe-5 males; genotype F re-

sulted from Bogota Toro-1 female � F1 male (Toro-1 female � autosomes carry suppressors of hybrid segregation dis-
Tempe-5 male). N is the number of fathers of a particular tortion, we have not yet succeeded in mapping these sup-
genotype that produced progeny; n is the total number of pressors to particular autosomes. The necessary crosses
progeny produced.

involved passing dominantly marked balancer chromo-
somes through F1 males that carry a USA Y chromosome
and that are therefore nearly completely sterile; theseD). Genotype C shows strong segregation distortion,
crosses were extremely difficult and mostly failed.while genotype D shows weaker distortion (although

Genetic basis of hybrid segregation distortion—Y chro-this difference has borderline significance: t � 1.92, P �
mosome: It appears that segregation distortion is strongest0.065). While this contrast involved the Hmf stock, the
when hybrid males carry a USA Y chromosome. Webottom panel in Figure 4 shows that these findings do
performed a number of crosses that were essentiallynot depend on Hmf. Instead, hybrid males that carry
identical to many described above but in which hybridfewer autosomes from Bogota (genotype E) show sig-
males carried a Bogota Y chromosome. In all cases, wenificantly stronger segregation distortion than do those
observed little sex ratio distortion among offspring. Onethat carry more autosomes from Bogota (genotype F),
example is shown in Figure 5. The backcross maleseven when Hmf is not used (t � 2.63, P � 0.015).
shown there are similar to those shown in Figure 2. TheFurther crosses involving repeated backcrosses to Bo-
key difference is that the males in Figure 2 carry a USAgota show that the severity of segregation distortion
Y chromosome (and show strong sex ratio distortion),gradually decreases as the autosomes become more Bo-
while the males in Figure 5 carry a Bogota Y chromo-gota. In particular, we backcrossed hybrid males for
some (and show little sex ratio distortion; indeed allthree generations to pure Bogota females. All backcross
sex ratios are within 7% of each other). It is especiallymales in each generation carried an unrecombined X
interesting to note that males having a Bogota-like Xfrom Bogota, unrecombined autosomes (as backcross-
chromosome genotype (ct� sd� y� se�) produce �65%ing proceeded through males), a USA Y chromosome,
daughters when carrying a Bogota Y chromosome (Fig-and Bogota cytoplasm. Table 8 shows that increasing
ure 5); the same genotype produces �85% daughtersthe fraction of autosomes from Bogota causes the sex
when carrying a USA Y chromosome (Figure 2). Thusratio among the progeny of backcross males to become

progressively more even (eventually leveling off at while some segregation distortion may occur on a Bogota
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offspring from 52 F1 fathers (singly mated to USA Stan-
dard females), the average sex ratio was 96.5% daugh-
ters. The experimental hybrid F1 males also showed segre-
gation distortion, although not as strong: scoring offspring
from 75 F1 fathers (singly mated to USA Standard fe-
males), the average sex ratio was 87.4% daughters.
While highly significant (t � 7.26, P � 0.0001), this
difference is small and SR segregation distortion clearly
still occurs in hybrid males. We also attempted to pro-
duce backcross hybrid males that carry an SR X chromo-
some on a homozygous autosomal Bogota background.

Figure 5.—Segregation distortion is weaker on a Bogota Y Unfortunately, these crosses proved extremely difficultgenetic background. The backcross males shown are analo-
and we could not recover progeny from a meaningfulgous to those in Figure 2 except that these males carry a
number of SR backcross males.Bogota Y chromosome (genotypes are numbered to match

those in Figure 2). Backcross males resulted from the cross It thus appears that SR may be slightly less effective on
of F1 females (USA ct sd y se female � Bogota Toro-1 male) � a Bogota genetic background. However, SR still causes
Bogota Toro-1 males. Data derive from backcross males of strong segregation distortion when paired with a Bogotaknown genotype that successfully produced offspring when

Y chromosome, unlike the X-linked hybrid segregationsingly mated to Bogota Toro-1 females. N is the number of
distortion genes described above. The hybrid and SRfathers of a given genotype that produced progeny; n is the

total number of progeny that they produced. A total of 16,512 meiotic drive systems thus appear mostly independent.
offspring were scored. All other details are as in Figure 2.

DISCUSSION

Y genetic background, it is weaker than that on a USA We can draw three main conclusions from our study.
Y background. First, male hybrids between the Bogota and USA subspe-

Connection to Sex Ratio rearrangement: Finally, we cies of D. pseudoobscura are not completely sterile. Al-
tested whether the segregation distortion seen in though F1 hybrid males having Bogota mothers have
Bogota-USA hybrids is connected to the meiotic drive been described as sterile throughout several decades of
caused by the Sex Ratio (SR) chromosome, an X-linked study (Prakash 1972; Dobzhansky 1974; Orr 1989a,b;
rearrangement that segregates in some USA popula- Orr and Irving 2001), our results reveal that this is
tions of D. pseudoobscura. [SR is associated with three incorrect. It is clear, however, why the fertility reported
inversions on XR; see review in Jaenike (2001).] Dobz- here went unnoticed by previous workers (including
hansky et al. (1963) showed that the SR inversions are the authors of this study): hybrid fertility is very weak
not present in Bogota; we confirmed this by salivary and hybrid males typically produce offspring only after
gland preparations of Bogota-USA F1 hybrids (not being aged for several weeks. Our results further show
shown). Nonetheless, hybrid segregation distortion and that the extent of hybrid male fertility varies somewhat
SR drive might still be connected as the segregation with the particular parental strains used. In particular,
distortion seen in SR males is almost certainly due to we isolated a subline of D. pseudoobscura USA deriving
genes within the SR inversions, not to the inversions per from Flagstaff, Arizona that allows the recovery of con-
se (Wu and Beckenbach 1983; Jaenike 2001). We also siderably more progeny from F1 males than is usually
know, though, that hybrid segregation distortion in- possible. Because our results suggest that the weak hy-
volves genes on both XL and XR (Figure 2), whereas brid fertility rescue seen with this strain involves a fac-
SR drive involves genes on XR only. At most, then, the tor(s) on the second chromosome, we refer to this strain
genetic bases of the two types of segregation distortion as Hybrid male fertile (Hmf ). The important point, how-
might be partly overlapping. ever, is that—with enough effort—offspring can appar-

To test this, we asked whether the SR chromosome ently be obtained from hybrid F1 males between essen-
causes segregation distortion on a largely Bogota genetic tially any arbitrary stocks of the Bogota and USA
background, i.e., on a background that contains some subspecies.
suppressors of hybrid segregation distortion. In particu- Our second main conclusion is that Bogota-USA hy-
lar, we crossed USA SR females to Bogota Toro-1 males; brid males show segregation distortion. More precisely,
the resulting F1 males carry an SR X chromosome, but Bogota-USA hybrid males having Bogota mothers pro-
a Y chromosome and haploid complement of autosomes duce almost all daughters (typically �90%). Several
from Bogota. As a control, we crossed USA SR females lines of evidence suggest that this sex ratio bias is caused
to USA Standard arrangement males; the resulting F1 not by male inviability or sex transformation, but by
males carry an SR X chromosome on an entirely USA sex chromosome segregation distortion. This distortion
genetic background. As expected, SR causes strong seg- occurs in crosses between all Bogota and USA strains

tested. Reciprocal F1 hybrid males (those that have aregation distortion in control USA F1 males: scoring
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USA mother and are highly fertile) do not produce over, segregation distortion is more extreme when the
Bogota X chromosome is paired with a USA Y chromo-distorted sex ratios. It is important to note that this case

of hybrid segregation distortion, unlike those recently some than with a Bogota Y chromosome.
These mapping experiments lead to our third anddescribed in the D. simulans clade (e.g., Tao et al. 2001),

affects not only later-generation hybrids but also F1 hy- final main conclusion: the genetic basis of segregation
distortion in the Bogota-USA hybridization is similar tobrids.

We do not yet know the precise functional basis of that of hybrid male sterility between the same taxa. Our
experiments confirm that the genes causing both phe-hybrid segregation distortion. The possibilities include

“classic” meiotic drive in which X-bearing sperm inacti- nomena map to the same regions of the X chromosome.
More remarkably, both hybrid phenotypes show thevate Y-bearing sperm, which are not transferred to fe-

males (Lyttle 1991); failure of Y-bearing sperm to same pattern of conspecific epistasis: both hybrid male
segregation distortion and hybrid male sterility appearfunction properly in the female reproductive tract (e.g.,

failure to migrate to sperm storage organs); or failure of only when hybrids carry the appropriate combination
of X-linked alleles from the Bogota subspecies, and noY-bearing male pronuclei to fuse with X-bearing female

pronuclei following fertilization (yielding eggs that suf- single X-linked region can, by itself, cause any hybrid
segregation distortion or hybrid sterility (Orr and Irv-fer no obvious necrosis, etc.). We currently know only

that hybrid males produce few necrotic eggs or dead ing 2001). Moreover, one or more genes tightly linked
to sepia play a large and necessary role in both phenom-larvae; that sex ratio distortion appears before the pupal

stage; and that hybrid segregation distortion is largely ena. Our results also show a strong correlation between
the fertility of individual backcross hybrid males andindependent of the meiotic drive caused by the Sex Ratio

(SR) X chromosomal arrangement. Because F1 hybrid the sex ratio of their offspring. (The fact that this corre-
lation is imperfect is not surprising, as individual malesmales are highly sterile—and show disrupted spermato-

genesis—our preliminary work suggests that cytological often produced very few offspring, causing sex ratio to
be measured with considerable error.)approaches alone will not cleanly resolve the functional

basis of segregation distortion. We are thus planning Although these findings are suggestive, we do not
claim that hybrid segregation distortion causes Bogota-real-time PCR analyses to characterize the stage at which

sex chromosome segregation distortion first appears USA hybrid male sterility. Indeed there are some rea-
sons for thinking that segregation distortion cannot be(e.g., in hybrid males vs. in the uterus of females immedi-

ately after copulation vs. in sperm storage organs several the sole cause of hybrid male sterility. For one thing,
the segregation distortion discovered here—if involvinghours after copulation).

There are at least two possible interpretations of the classic meiotic drive—would inactivate only half of all
sperm (i.e., those carrying a Y chromosome), which couldpresent—and other—cases of normally cryptic hybrid

segregation distortion. The first is that described in the not explain the near-complete sterility of F1 males hav-
ing a Bogota mother. Although additional meiotic driveIntroduction: a mutation causing segregation distortion

appears within one of the parental taxa, is subsequently systems might act within Bogota-USA hybrids, perhaps
also inactivating many X-bearing as well as Y-bearingsuppressed, and becomes reexpressed upon hybridiza-

tion of two taxa. The second is that segregation distor- sperm, we presently have no evidence for such systems.
We also do not claim, however, that segregation dis-tion never appeared in the evolutionary histories of ei-

ther lineage leading to the present species and instead tortion plays no role in Bogota-USA hybrid sterility. In-
stead, while our results suggest an association betweenrepresents a hybrid pathology (Dermitzakis et al. 2000;

Orr and Presgraves 2000). Under this second inter- hybrid segregation distortion and hybrid male sterility,
they do not currently allow us to either accept or rejectpretation, hybrid segregation distortion is a conse-

quence of the inappropriate interaction of genes from the hypothesis that segregation distortion causes hybrid
sterility. Indeed it is worth noting that all of our findingstwo taxa and represents a special case of Dobzhansky-

Muller incompatibilities between taxa (Orr 1995b). Un- can be accommodated by the more moderate hypothesis
that hybrid segregation distortion contributes to, but isfortunately, we currently know of no way to distinguish

between these possibilities. not the sole cause of, hybrid male sterility. Interestingly,
Tao et al. (2001) arrived at a similar conclusion in theirWe also report the results of a preliminary genetic analy-

sis of Bogota-USA hybrid segregation distortion. Although analysis of D. simulans-D. mauritiana hybrids. Through
an impressively fine-scale genetic analysis, Tao et al.the near-complete sterility of hybrid males showing segre-

gation distortion obviously compromises any such analysis, showed that the same 80-kb region that allows hybrid
segregation distortion also causes partial hybrid maleseveral facts seem reasonably clear. For one thing, segrega-

tion distortion requires genes from several regions of the sterility. They further showed, however, that complete
hybrid male sterility requires the action of at least oneBogota X chromosome. Also, the effect of these genes

is suppressed within the Bogota subspecies by (incom- additional autosomal locus (which they mapped and
named broadie). Indeed Tao et al. (2001) speculate thatpletely dominant) autosomal alleles (we have not yet

succeeded in localizing these autosomal genes). More- hybrid segregation distortion and hybrid male sterility
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induced by the sex chromosome gene arrangement A2�3�5�7.may often involve partially (but not completely) overlap-
Genetica 83: 31–44.

ping sets of genes. Henikoff, S., and H. S. Malik, 2002 Selfish drivers. Science 417:
227.In conclusion, the most important unanswered ques-

Henikoff, S., K. Ahmad and H. S. Malik, 2001 The centromeretion now confronting us is clear: Do the genes that cause
paradox: stable inheritance with rapidly evolving DNA. Science

hybrid segregation distortion between the Bogota and 293: 1098–1102.
Hurst, G. D. D., and J. H. Werren, 2001 The role of selfish geneticUSA subspecies also contribute to hybrid male sterility?

elements in eukaryotic evolution. Nat. Rev. Genet. 2: 597–606.Fortunately, this question can be resolved in a straight-
Hurst, L. D., and A. Pomiankowski, 1991 Causes of sex ratio bias

forward way: one need only determine if, in some chro- may account for unisexual sterility in hybrids: a new explanation
of Haldane’s rule and related phenomena. Genetics 128: 841–mosome region of large effect on both phenotypes,
858.the genes causing hybrid segregation distortion can be

Hutter, P., and M. Ashburner, 1987 Genetic rescue of inviable
separated meiotically from those causing hybrid male hybrids between Drosophila melanogaster and its sibling species.

Nature 327: 331–333.sterility (e.g., Tao et al. 2001). We are now attempting
Hutter, P., J. Roote and M. Ashburner, 1990 A genetic basis forto answer this question via a large introgression experi-

the inviability of hybrids between sibling species of Drosophila.
ment in which the genes causing hybrid segregation Genetics 124: 909–920.

Jaenike, J., 2001 Sex chromosome meiotic drive. Annu. Rev. Ecol.distortion and hybrid male sterility in the sepia region
Syst. 32: 25–49.of XR will be fine mapped using molecular markers. Johnson, N. A., and C.-I Wu, 1992 An empirical test of the meiotic

This analysis will obviously be facilitated by the availabil- drive models of hybrid sterility: sex ratio data from hybrids be-
tween Drosophila simulans and Drosophila sechellia. Genetics 130:ity of the complete D. pseudoobscura genome sequence.
507–511.
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