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ABSTRACT 
This  article  reports the breaking of ethological barriers  through  the constitution of soma-germ line 

chimeras  between species of the melanogaster  subgroup of Drosophila, which  are ethologically isolated. 
Female Drosophila yakuba and D. teissieri germ cells in  a D. mlanogaster ovary produced functional oocytes 
that,  when  fertilized by D. melanogastersperm, gave  rise to  sterile yakuba-melanogasterand teissia'-melanogas- 
ter male and female hybrids.  However, the erecta-melanogaster and wena-melanogaster hybrids  were lethal, 
since female D. erecta and D. wenu germ cells in  a D. melanogaster ovary failed to form  oocytes with the 
capacity to develop normally.  This  failure  appears to be  caused by an altered interaction  between  the 
melanogaster soma and the erecta and orena germ lines. Germ cells of D. teissieri and D. orena in a D. 
melanogaster testis produced motile sperm that  was not stored  in D. melanogaster females. This might 
be due to incompatibility  between the teissieri and wena sperm and the melanogaster seminal fluid. A 
morphological analysis of the  terminalia of yakuba-melanogaster and teissieri-melanogaster hybrids was per- 
formed. The effect on the terminalia of teissieri-melanogasterhybrids of a  mutation in doublesex, a  regulatory 
gene that controls the development of the  terminalia, was also  investigated. 

S PECIES are  defined as Mendelian populations 
whose individuals share a common  gene pool and 

between which gene exchange is prevented by repro- 
ductive isolating mechanisms (RIMs). Speciation refers 
to  the process by which a population  that belongs to a 
given species permanently separates its lineage. Subse- 
quently, two gene pools (species) evolve independently. 
RIMs are  grouped  into two broad classes:  prezygotic 
RIMS, which do not allow the  formation of hybrid zy- 
gotes between different species, and postzygotic RIMs, 
which reduce viability or fertility of the hybrids. The 
question arises as to how  many genes contribute  to re- 
productive isolation between closely related species? 
Also, how do these genes interact to cause hybrid invia- 
bility or sterility? Is reproductive isolation caused by 
mutations in conventional genes or is it the result of 
novel genetic elements, understood as a class  of genes, 
specifically responsible for  the  generation of RIMs be- 
tween  evolving species? These and  other similar evolu- 
tionary questions have been addressed through  the 
analysis of interspecific hybrids. 

Hybrid  sterility  has been  studied in Drosophila spe- 
cies-pairs  whose F1 female hybrids are fertile but whose 
male hybrids are sterile. The genetic basis  of  hybrid 
sterility has been investigated by the classical  analysis  of 
individuals of F2 backcrosses or through introgression 
analyses. It was found  that hybrid  sterility appears to 
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be of polygenic nature (reviewed  in WU and PALOPOLI 
1994). Discrepancies do exist, however,  with respect to 
the genetic organization of these polygenic  systems, i e . ,  
whether they are composed of either major- or minor- 
effect genes. Hybrid sterility was interpreted as a conse- 
quence of disrupting co-adapted gene complexes. In 
the above  analysis, it was also found  that certain recom- 
binant hybrids  were  inviable. It has been claimed that 
the X chromosome is mainly responsible for causing 
hybrid sterility and inviability.  However, it has recently 
been  found  that  there is no evidence to support a strong 
Xchromosome bias  over autosomal effects in the evolu- 
tion of hybrid  sterility and inviability (HOLLOCHER and 
Wu 1996). The results support  the idea that HALDANE'S 
(1922) rule (the heterogametic sex is preferentially af- 
fected in interspecific hybrids) actually represents a 
composite phenomenon (ORR 1993; Wu and DAVIS 
1993). 

Due to the fact that in  most  cases both male and 
female interspecific hybrids are sterile, the analysis can- 
not be taken beyond the first generation. This has been 
partly overcome, in the case  of the genetic basis of 
hybrid inviability, through clonal analysis  in  viable hy- 
brids. Thus,  the cross of D. melanogaster females and D. 
simuluns males renders viable  hybrid females and lethal 
hybrid males  (STURTEVANT 1920). The viability of cellu- 
lar clones induced by mitotic recombination in melano- 
gaster-simulans hybrid females during larval growth has 
been analyzed. These clones contained a portion of 
either melanogaster or simulans genomes in homozygos- 
ity in combination with a hybrid melanogaster-simulans 
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genome.  It has been  found  that  the bigger the  portion 
of the  genome  that is homozygous, the less  viable is the 
recombinant hybrid clone (SANCHEZ et al. 1994). This 
holds for all the tested chromosome arms that were 
analyzed and,  then,  supports  the idea of a polygenic 
basis  as the cause  of hybrid lethality. The results  were 
interpreted by considering that  the two species D. mela- 
nogasterand D. simulans have diverged to such a  degree 
that the absence of part of the  genome of one species 
cannot be substituted by the  corresponding  part of the 
genome of the  other, probably due to the formation of 
co-adapted gene complexes in both species following 
their divergent evolution after speciation. The disrup- 
tion of the co-adapted gene complexes would  cause the 
lethality of the  recombinant hybrid clones. Recently, it 
was found  that X 0  clones, carrying the D. melanogaster X 
chromosome, in otherwise female melanogaster-simulans 
hybrids are basically lethal and those that survived  were 
very small ( O m  et al. 1997). This holds also for the X 0  
clones induced in female melanogaster-mauritiana and 
melanogaster-sechellia hybrids (Om et al. 1997).  The anal- 
ysis  of larval neuroblasts revealed that  the lethal male 
melanogaster-simulans hybrids suffer a  profound mitotic 
defect characterized by a nearcomplete failure to con- 
dense chromosomes (ORR et al. 1997). 

The barriers to gene flow between species, if not nec- 
essarily a cause  of speciation, are  at least necessary for 
maintenance of  species identity. Ultimately, these barri- 
ers arise as a consequence of genetic diversity among 
species. The degree of genetic diversity  between two 
species that have  evolved from a  common ancestor can 
be measured by comparing  protein variation or DNA 
sequences of single genes. This is a partial estimation 
of the  degree of genetic divergence between the two 
species, since organisms are not a  mere aggregation of 
genes. They are  made of coherent  and  coordinated 
genetic complexes. Therefore,  an additional and im- 
portant way of gathering information about genetic di- 
versity  between two species is to put the  genome of both 
species together in a cell and see how  they interact 
and cooperate to give rise to hybrids and/or functional 
gametes. In this respect, two processes are  pertinent 
for the results presented  here. Both male and female 
gametogenesis and  the  elaboration of maternal mor- 
phogenetic information deposited in the oocyte during 
oogenesis require  the  interaction of the germ line (oo- 
cyte) and  the gonadal somatic tissues (follicle cells) 
(ST. JOHNSTON and NOSSLEIN-VOLHARD 1992; RAY and 
SCHUPBACH 1996). Transplantation of germ cells  be- 
tween species allows the investigation of the capacity of 
the soma of one species to  cooperate with the germ 
line of another in the  production of functional gametes 
with the capacity to form zygotes  which undergo  normal 
development (SANTAMARIA 1977; SANCHEZ and SCHMID 
1984; SCHMID et al. 1984; LAWRENCE et al. 1993). 

When D. melanogaster females are mated with  two 
males, most  of their progeny derive from the second 
male, as a  consequence of the sperm from the first male 

being replaced by the sperm of the second (last-male 
advantage) (BIRKHEAD 1996).  It has been shown that 
seminal fluid, without sperm, reduces the competitive 
ability of sperm from other males and incapacitates 
stored sperm (which is  effectively lost), thereby increas- 
ing male fitness ( W H M A N  and PROUT 1994). This 
indicates that  a coevolutionary process  between sperm 
and seminal fluid is in action. With the present experi- 
mental  approach, if sperm from a donor species is pro- 
duced in the soma of a host species, this would  allow 
the study of the compatibility of the sperm of one spe- 
cies (donor species) and the seminal fluid produced by 
the accessory glands of the host species.  Both sperm 
and seminal fluid will be transmitted together to the 
females during copulation of the chimeric males. 

Evolutionary changes in morphology do  not usually 
involve the  generation of  novel  cell  types but  rather 
changes in morphogenesis; i.e., in the processes that 
are responsible for the  generation of three-dimensional 
arrangements of  various  cell  types (RAFF and KAUFFMAN 
1983). What is the genetic basis for morphological evo- 
lution? This question has been also addressed through 
the analysis of interspecific hybrids.  However,  analysis 
has been focused on the effect of quantitative trait loci 
(QTL), in the different shape of particular structures 
of a given adult  pattern (e.g., COYNE 1983; COYNE et al. 
1991;  LIU et al. 1996). Evidence  has been found for a 
polygenic  basis of these QTLs. These analyses  have been 
limited to species-pairs that  produce fertile females, in 
order that classical  analysis  of  individuals  of F2 back- 
crosses could be performed. Analysis  of morphological 
variation in other interspecific hybrids cannot be car- 
ried out because, in the majority of cases, the species 
never interbreed, due to ethological isolation or  other 
causes. A way of circumventing this problem is to trans- 
plant germ cells between species. If the germ cells from 
the donor species can develop in the soma of a host 
species, this may lead to the possibility of producing 
interspecific hybrids when the chimeric adult hosts are 
mated with individuals of their own species. 

The present analysis focused on the species that form 
the melanogaster subgroup. This has been divided into 
three complexes (LACHAISE et al. 1988).  The melanogas- 
ter complex consists of D. melanogaster, D. simulans, D. 
mauritiana and D. sechellia. The yakuba complex consists 
of D. yakuba and D. teissieri; and  the erecta complex is 
formed by D. erecta and D. orena. The proposed phyloge- 
netical relationships between these species is shown  in 
Figure 1. It is believed that  the first radiation gave  rise 
to the  erecta complex. The yakuba complex lineage was 
subsequently separated from the melanogaster complex 
(LEE and WATANABE 1987; LACHAISE et al. 1988). The 
production of interspecific hybrids  between  all of  the 
species that form the melanogaster complex has been 
reported  (LEE  and WATANABE 1987). No  hybrids  have 
been  obtained between the species of the yakuba or 
the erecta complexes nor between  species of the three 
complexes with the following exceptions: interspecific 
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erecta complex yakuba  complex melanogaster  complex 

ORE ERE TElS YAK MEL SEC SIM  MAU 

D. mdamgaster D. yalcuba 

osk I osk x d + I + 9 x 4  + I  + 

T- 1 I 
FIGURE 1.-Cladogram  showing the phylogenetic relation- 

ships among  the species of the melanogaster subgroup (LA- 
CHAISE et al. 1988). 

hybrids  have been  obtained between D. mauritiana and 
the species of the yakuba and erecta complexes (except 
for D. orena), but only when the males  were D. mauri- 
tiana; and interspecific hybrids  have been also reported 
between D. simulans females and D. teissim' males, but 
not in the reciprocal cross (LEE and WATANABE 1987). 

This article reports  the breaking of ethological barri- 
ers through  the constitution of soma-germ line chime- 
ras between D. mlanogaster and the  four species that 
form the yakuba and erecta complexes. This experi- 
mental  approach allows the study  of different RIMS op- 
erating in the same species-pairs, rather  than analyzing 
them  independently of each other in different species- 
pairs (till now the most common  procedure). An analy- 
sis  was made of the capacity  of germ cells  of the species 
of the yakuba and erecta complexes to form functional 
gametes in D. melanogustergonads. The viability,  fertility 
and morphology of the terminalia of interspecific hy- 
brids between D. mlanogaster and the  four donor spe- 
cies  were  also made. In  addition,  the compatibility of 
seminal fluid from D. melanogaster and sperm from the 
donor species was evaluated. Further,  the effect in the 
hybrids of a  mutation in a regulatory gene  that controls 
the development of the terminalia was also investigated. 
Different levels  of reproductive isolation were observed, 
which might be the  consequence of changes in  co- 
adapted  gene complexes. 

MATERIALS AND METHODS 

Flies  were cultured on standard food at 25". For description 
of mutations and chromosomes see LINDSLEY and ZIMM 
(1992). 

Transplantation of pole cells Pole  cells  were transplanted 
according to the SANTAMAIUA (1986) procedure. To generate 
the host embryos, @ osk3" &homozygous females were  crossed 
with Cantons males. All embryos from this cross  lacked their 

f 

or d Soma: melanogaster 

Germ line: yalntba 
X d or  melanogaster, w 

+ 
9 or d yalo~ba 1 melanogastet 

FIGURE  2.-Scheme  showing the pole cell transplantation 
procedure followed  in order to produce chimeric flies and 
the crosses to generate interspecific hybrids. 

own pole cells because they come from mothers homozygous 
for  the oskar (osk) mutation (LEHMAN and NUSSLEIN-VOLHARD 
1986) (see Figure 2).  The transplantation of pole cells  was 
carried out  at 18" and the injected embryos  were kept at 
this temperature until the larvae hatched. They were then 
transferred to vials  with Drosophila food and cultured at 25" 
for the rest of their development. The  adult hosts  were indi- 
vidually  test-crossed  with either D. melanogaster females or 
males  homozygous for the white ( w )  mutation. In the case 
of chimeric females, this allowed the identification of the 
expected normal hybrid  males carrying the X chromosome 
of the donor species. These showed the dark-red eyes pheno- 
type. The putative patroclinous hybrid  males carrying the D. 
melanogaster X, w chromosome showed the white eyes pheno- 
type. In the case  of chimeric males, the normal hybrid  males 
showed  white  eye phenotype, corresponding to the presence 
of the D. melanogaster X, w chromosome, whereas  putative 
patroclinous hybrid  males  showed dark-red eye phenotype 
due to the presence of the Xchromosome of the donor spe- 
cies. 

Analysis of the  sterility of chimeric  males: Each adult host 
male was mated with D. melanogaster females (single crosses 
were performed). As a  control, single  crosses  between D. mela- 
nogaster females and males  were performed. In both experi- 
mental and control crosses, the females  were  sisters of the 
same age. Copulation was directly observed. After copulation, 
each female was isolated and subsequently dissected to check 
for the presence of sperm in the uterus and/or vagina. If 
sperm was not found, the male was dissected and the testes 
analyzed to check whether the donor germ cells  were inte- 
grated in the host testis and, if so, whether they had started 
to develop, at what  stage development was arrested or if the 
tissue had  degenerated. If sperm was found in the females, 
then the chimeric male was kept for further analysis. This 
consisted of crossing these males with D. melanogaster females 
(single crosses  were performed). As a  control, single  crosses 
between D. melanogaster females and males  were performed. 
In both experimental and control crosses, the females  were 
sisters of the same age. Copulation was directly  observed.  After 
copulation, each female was isolated and kept for either 7 or 
24 hr before being dissected to check for the presence of 
stored sperm in the spermathecae and/or the seminal recep 
tacle. The dissection of the adults was carried out in  Ringers 
solution. 

Analysis of the  external  terminalia of hybrids: Flies  were 
kept in a mixture of ethanol/glycerol (3:l) for several  days. 
Afterward,  they  were macerated in 10% KOH at 60" for 15 
min, thoroughly washed with H20, and mounted in Faures 
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TABLE 1 

Transplantation of germ cells  from species of the yakuba  and  orena complexes into D. rnehmgmter species 

No. of adult hosts that 
produced  interspecific 
hybrids when crossed 

No. of  adult  hosts with D. melanogaster flies 

Host  species species embryos  Females  Males  Females Males“ 
Donor No. of injected 

D. melanogaster D. yakuba 379 47 40 3 0 
D. melanogaster D. teissieri 2359  239 306 15 0 
D. melanogaster D. erecta 2672 163 206 18 0 
D. melanogaster D. orena 1070 53 79 5 0 

None of the male  hosts  produced  descendants,  although  some of them  were  chimeric  and  contained male donor germ cells 
that  developed into motile  sperm  (see text for  further  explanation). 

solution for inspection  under a compound  microscope. To 
generate  the  intersexual teissieri-melanogaster hybrids,  chimeric 
D. melanogaster females  carrying D. teissieri germ cells were 
crossed with D. melanogaster males of genotype y/@E dm? 
Sb t?/TM6. The  intersexual  hybrids  were  recognized by their 
Stubble  phenotype  due  to  the  dominant Sb mutation  located 
in the  chromosome  carrying  the dsx? mutation. 

Analysis of hybrid  embryos  and  larvae: Embryos  were DAPI 
stained  and  the  cuticle of larvae  were prepared following stan- 
dard  procedures (ASHBURNER 1989). 

RESULTS 

Interspecific  chimeras  between D. mehnogmter and 
the species  of the  yakuba and erecta  complexes: Since 
only in D. melanogaster species the genetic tools exist 
to produce embryos lacking their own pole cells (the 
precursors of the germ line), this species was used as 
the host in the pole cell transplantation  experiments 
reported  here. A comparison was made of the capacity 
of the germ cells from the  four  donor species that  form 
the yakuba and erecta complexes to interact with the 
soma of D. melanogaster in  the making of functional 
gametes. Further, by crossing the chimeric adults with 
males and females of D. melanogaster, an analysis was 
made of the capacity  of  this species to produce  interspe- 
cific hybrids with species of the yakuba and erecta com- 
plexes. The results are shown in Table 1. 

Donor: D. yakuba: Of  47 adult  host females, three were 
fertile and  produced yakuba-melanogaster interspecific 
hybrids. None of the 40 adult host males produced 
offspring. The  three chimeric females gave  rise to fe- 
male and male hybrids: 97 females and 82 males, 20 
females and 19 males and 80 females and 35 males, 
respectively. None of these interspecific hybrids were 
fertile. All had  rudimentary  gonads, similar in  pheno- 
type to the  gonads  of D. mlanogaster flies carrying muta- 
tions that  prevent the development of the germ cells. 
The  apparent lack of male chimeras in this and  other 
experiments will be discussed later. 

Donor: D. teissim’: Of  239 adult host females, 15 were 
fertile and  produced teissieri-melanogaster interspecific 
hybrids. None of the 306 adult  host males gave  rise 
to descendants. All of the chimeric females produced 

female hybrids (797 females in  total)  but only four pro- 
duced male hybrids (17 females and 10 males, 18 fe- 
males and 16 males, 35 females and 19 males and 97 
females and 2 males, respectively). The remaining 11 
chimeric females, with the  exception of one that pro- 
duced only nine  descendants, gave  rise to a large prog- 
eny (>50 females each one). None of the teissieri-melano- 
gaster interspecific hybrids was fertile. All had  rudimen- 
tary gonads like those of the yakuba-melanogaster hybrids 
described above. 

Donor: D. erecta: Of 163  adult host females, 18 were 
fertile. None of the 206 adult host males produced 
progeny. The chimeric females laid eggs but  none de- 
veloped into  adult hybrids. 

Donor: D. orena: Of 53  adult  host females, five were 
fertile. None of the 79 adult  host males produced de- 
scendants. The chimeric females laid eggs but  none 
developed into adults, even into larvae. 

The D.  mlanogaster soma provided D. erecta and D. 
orena germ cells  with functions necessary for oogenesis, 
including yolk intake. These  germ cells in a D. melano- 
gaster ovary form oocytes that can be fertilized by D. 
melanogaster sperm. However, the  development of these 
erecta-melanogaster and orena-melanogaster hybrid zygotes 
was arrested  in early development. Of a sample of 408 
erecta-melanogastereggs, 287 remained white, 109 turned 
brown and 12 developed into larvae that  hatched,  but 
these could hardly move or eat and died soon after. 
These eggs  were DAPI stained. They showed a  nonho- 
mogeneous  distribution of  syncytial nuclei that, in addi- 
tion,  could form aggregates. The eggs that  turned 
brown represented hybrid zygotes that developed fur- 
ther  than  the blastoderm stage. Some formed larvae 
with different  degrees of differentiation but  none were 
normal.  In  the majority of cases, these larvae showed 
very poorly developed terminal anterior  and posterior 
structures. Occasionally, the main trunk also showed 
an  altered  segmentation  pattern. Not all the ventral 
denticle belts corresponding to the  different segments 
were always present.  In some cases they were fused. The 
dorsal hair  pattern showed deletions or was completely 
absent. 
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In  the case  of orena-melanogaster eggs,  of a sample of 
257  eggs, 28 turned brown but only in some regions; 
229 remained white.  Of these, 35  were smaller than 
normal melanogasteror orena eggs. None of the eggs  gave 
rise to larvae. As in the erecta-melanogaster hybrids, the 
white  orma-melanogastereggs represented hybrid zygotes 
that  did  not  reach  the blastoderm stage and showed a 
nonhomogeneous distribution of  syncytial nuclei. The 
eggs that were  partially  brown represented zygotes that 
showed a certain  degree of differentiation but in no 
case  were clear larval structures  formed.  Furthermore, 
orena-melanogaster chimeric females laid some eggs that 
were smaller and soft looking. They also  showed abnor- 
mal chorion and were  very  easily broken when touched. 
The chorion is secreted by follicle  cells (soma)  around 
the oocyte-nurse cell complex (germ  line) and is the 
result of the  interaction between these two cell  types 
(MAHOWALD and KAMBYSELLIS 1980; SCHMID et al. 1984; 
LAWRENCE et al. 1993). 

In conclusion, the hybrid zygotes from D. melanogaster 
sperm and  the yakuba complex species oocytes are via- 
ble, whereas those from D. melanogastersperm and  the 
erecta complex species oocytes are lethal. 

Germ cells from  species of the yakuba and  erecta 
complexes in a D. melanogaster testis  produce  motile 
sperm  that is not  stored in D. mlumgasterfemales: The 
experimental germ cell transplantation method used 
was based on  the use of host embryos that lack their 
own pole cells. The production of gametes by these 
hosts necessarily indicates that  the donor germ cells 
develop into  either oocytes or sperm in female and 
male hosts, respectively. The identification of chimeric 
female hosts was straightforward since they lay  eggs. 
The identification of chimeric male hosts  necessarily 
requires the analysis  of their female partners and their 
eventual offspring. 

None of the D. melanogastermales that were injected 
with germ cells  of  any  of the  four  donor species, D. 
yakuba, D. teissieri, D. erecta and D. orena, produced prog- 
eny when crossed with D. melanogaster tester females 
(see Table 1). The sterility  of these chimeric males can- 
not be  explained by technical pole cell transplantation 
failure since chimeric females were obtained  nor can it 
be  attributed to intrinsic causes such as the osk mutation 
(LEHMAN  and NUSSLEIN-VOLHARD 1986), as male and 
female chimeras have been  obtained in other experi- 
ments (STEINMANN-ZWlCKY  et al. 1989; GRANADINO et al. 
1993).  Therefore, this sterility could  be due  either  to 
the lack of success  of the  donor male germ cells to 
integrate  into D. melanogastertestes or to their incapacity 
to produce  functional  sperm. To analyze the origin of 
the sterility  of the putative chimeric males, we followed 
the  experimental  procedure described in MATERIALS 
AND METHODS. This analysis was carried out for teissieri- 
melanogaster and orena-melanogaster chimeric males as 
representatives of the two phylogenetic lineages to 
which the  four  donor species analyzed in this report 
belong. 

Of  306 teissieri-melanogaster and 79  orena-melanogaster 
male hosts, 31 and 13, respectively, produced motile 
sperm  that was ejaculated into D. mlanogaster female 
partners  during copulation. The rest of both types  of 
males had  the characteristic rudimentary agametic tes- 
tes  of  males  with osk homozygous mothers. Therefore, 
it may be concluded  that  both D. teissim’ and D. orena 
germ cells can develop in a D. melanogaster testis and 
produce motile sperm whose  motility is indistinguish- 
able from that of D. melanogaster sperm.  The question 
that arises is  why this motile sperm does not give  rise 
to progeny. One possibility is that this sperm,  though 
motile, does not have the capacity to fertilize the D. 
melanogasteroocyte. Another possibility, though not mu- 
tually  exclusive, is that this sperm might not be stored 
by D. melanogaster females. Each chimeric male was 
therefore  mated with a single D. melanogaster female 
(experimental cross). As a control, single crosses  be- 
tween D. melanogaster females and males  were per- 
formed (see MATERIALS AND METHODS). After copula- 
tion the females were isolated and 7 hr later were  dis- 
sected. In  the  control crosses, all of the females (n = 11) 
had  their seminal receptacles and the two spermathacae 
full of  very active sperm. No sperm was found in the 
uterus or vagina. In  the  experimental crosses, 11 of 
13 females in the case of  teissieri-melanogaster chimeric 
males, and also 11 of 13 females in the case of orena- 
melanogaster chimeric males,  showed their seminal re- 
ceptacles and  the two spermathecae to contain no 
sperm.  These exceptional females showed a few sperma- 
tozoa in the seminal receptacle. However, the sperm 
was either  nonmotile or its  motility was clearly reduced. 
In  addition, all exceptional females had empty sperma- 
thecae. Some of the  experimental females showed 
clumps of nonmotile  sperm in their  uterus and/or va- 
gina. When females  were isolated for 24 hr (instead of 
7 hr) after copulation and before dissection, none of 
the  experimental females showed sperm in the seminal 
receptacle nor in the  spermathecae. Neither was sperm 
observed in the  uterus and/or vagina. The  control fe- 
males,  however, had  their seminal receptacle and the 
two spermathecae full of  very motile sperm  (data not 
shown).  Therefore,  the D. melanogaster soma can sup- 
port  the development of D. teissim’ and D. orena male 
germ cells to produce motile sperm. This sperm, how- 
ever, cannot  be  stored by D. melanogaster females. 

Morphological  studies of the  external  terminalia of 
~aktdmmlumgaster and teissihmlumgaster interspe- 
cific  hybrids The terminalia are  produced by a single 
imaginal disc called the genital disc. At the blastoderm 
stage, the anlage of the genital disc of both sexes con- 
sists of three primordia: the female and male genital 
primordia  (from abdominal segments A8 and A9,  re- 
spectively), plus the  anal  primordium  (from abdominal 
segments A10-All) (NOTHIGER et al. 1977; SCHUPBACH 
et al. 1978). In every individual, only one of the two 
genital primordia will grow depending  on its genetic 
sex. The genital primordium  that does not develop has 
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been  named  the "repressed genital primordium."  The 
anal  primordium grows in both sexes. 

Female external terminalia are very similar in the 
three species D. melanogaster, D. yakuba and D. teissieri. 
The  external male terminalia, however,  display great 
differences; indeed,  it is one of the main features used 
in taxonomy (for  a description of these species see TSA- 
CAS and BOCQUET 1976). The morphology of the exter- 
nal terminalia of yakuba-melanogaster and teissieri-melano- 
gaster males  varied between these two  classes  of hybrids 
and their  parental species, but was constant for all  males 
belonging to each hybrid class (Figure 3).  The  morpho- 
logical differences of the male external terminalia of 
these hybrids and their  parental species could be as- 
cribed to four main categories. (1) There were struc- 
tures in the  three species that showed a different shape 
in each and were intermediate in shape in their hybrids; 
for example, the edeagus, the hypandrium and  the lat- 
eral lobe. (2) There were structures  that in the hybrids 
showed the characteristic shape of one of the  parental 
species; for example, the dorsal parameres in teissieri- 
melanogaster resembled those of D. teissieri. (3) There 
were structures present in the hybrids and in  only one 
of the  parental species; e.g., the penis mantle was absent 
in D. teissieri and present in D. melanogaster and in teis- 
sieri-melanogaster hybrids. D. yakuba lacked the ventral 
parameres but these were present in the yakuba-melano- 
gaster hybrids. (4) There were structures absent in the 
hybrids but  present in the two parental species; e.g., the 
ventral parameres were present in D. melanogaster and 
D. teissieri but  absent in their hybrids. 

Morphological  studies of intersexual teissieri-melam 
gaster terminalia: The sexually dimorphic development 
of the genital disc is controlled by the sex-determina- 
tion genes (BAKER 1989; STEINMANN-ZWICKY et al. 1990). 
A hierarchical interaction exists between these genes. 
The last gene in this hierarchy is doublesex (dsx). This 
gene is transcribed in  both sexes but its primary tran- 
script follows alternative sex-specific splicing pathways 
that result in the  production of  male-specific (DSX') 
and female-specific  (DSXF) products (BURTIS and 
BAKER 1989; HOSHIJIMA et al. 1991). In the case of the 
genital disc, genetic data  are compatible with the idea 
that DSXM and DSXF control  the expression of  two sets 
of genes, one set responsible for  the male and  the  other 
for the female phenotypes, which  would be expressed 
in the genital disc unless they are repressed by the DSX 
products. The doublesex-dominant (dsp) mutations trans- 
form females into intersexes while  having no effect on 
males  (STEIMANN-ZWICKY 1988; BAKER 1989). The XX; 
dsd'/+ intersexual flies contain  the DSXM (from  the 
&x" allele) and  the DSXF (from  the &x+ allele) prod- 
ucts (NAGOSHI and BAKER 1990). Since the intersexual 
phenotype of XX; drip/+ flies is indistinguishable from 
that  produced by loss-of-function dsx mutations, the si- 
multaneous presence or absence of  DSXM and DSXF 
products within a cell has the same phenotypic effect 
on the development of the genital disc as if DSXM and 

DSXF counteracted each others  function, allowing the 
simultaneous expression of both male and female sets 
of genes. 

The most conspicuous feature of the intersexual ter- 
minalia of XX; dd/+ melanogasterflies is the presence 
of both male and female genital structures (GOWEN 
1942; DENELL and JACKSON 1972; EPPER 1981). These 
are  reduced  and  arranged in two separate genitalia. 
Usually, the vagina encloses a small duplication con- 
taining rudimentary structures of the penis apparatus. 
Some intersexual flies  show a  reduction of genital struc- 
tures to such an  extent  that only traces of  male and/ 
or female genitalia are  present,  but these are  rare ex- 
ceptions. The anal plates are always present  and  their 
shape resembles neither  the wild-type male nor  the nor- 
mal female in appearance. Rather, they  display an inter- 
mediate sexual phenotype (Figure 4) .  

The dsd' allele was introduced  into the hybrid via D. 
melanogasterfathers (see MATERIALS AND METHODS). The 
most salient characteristic of the intersexual terminalia 
of XX; d s p / +  teissieri-melanogaster hybrids was the great 
difference in the inventory of male us. female genital 
structures. In  general terms, the  external genitalia of 
XX; dsP/+ teissieri-melanogaster hybrids could be defined 
as  male-like more  than intersex (Figure 4). There was 
an almost completely normal  set of male genital struc- 
tures. Vaginal plates were never found ( n  = 17) with the 
exception of one case,  in  which a rudimentary vagina 
carrying a single thorn bristle was present. The female 
eighth tergite was not always present  and if so was in- 
complete. The penis apparatus,  though  incomplete, was 
much closer to normality, in terms of inventory of struc- 
tures and degree of differentiation, than  that of XX; 
d d / +  melanogaster intersexes. The rudimentary dupli- 
cated penis was never present. The analia was intersex. 

Another  important difference between the melanogas- 
ter and melanogaster-teissim' intersexes concerned  the  de- 
velopment of the sexually dimorphic abdominal seg- 
ment A7. In wild-type females, segment A7 gives rise to 
the seventh tergite, dorsally, and to the seventh sternite, 
ventrally.  Both structures are missing  in  wild-type males. 
In XX; dm?/+ melanogaster intersexes, the seventh ter- 
gite and sternite  are  present. On the contrary, in XX; 
dd/+ teissieri-melanogaster intersexes, the seventh ster- 
nite was absent and the seventh tergite was present in 
some cases but it was rudimentary (data  not  shown). 
Thus, in the intersexual hybrids, the dsd'mutation gives 
a  more male developmental pathway to the abdominal 
segment A7 than it does in melanogaster intersexes. 

DISCUSSION 

Viability  pattern of hybrids  between D. melanogaster 
and the species of yakuba and erecta  complexes: The 
cross between D. simulans females and D. mlanogaster 
males  yields  viable  male  hybrids and lethal females. Via- 
ble females are  rare exceptions. Hybrid females die as 
embryos. The reciprocal cross leads only to female hy- 
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brids; the male hybrids die as third instar larvae (STUR- 
TEVANT 1920; LACHAISE et al. 1986; LEMEUNIER et al. 
1986; SAWAMURA et al. 1993a,b). The same pattern of 
interspecific hybrid progeny is obtained when D. melano- 
gaster  is crossed with the other two sibling species that 
form the melanogaster complex; namely, D. mauritiana 
and D. sechllia (LACHAISE et al. 1986; LEMEUNIER et al. 
1986).  The cross between D. yakuba females and D. mau- 
ritiana males yields male and female sterile hybrids (LEE 
and WATANBE 1987). The same pattern of interspecific 
hybrid progeny between D. yakuba and D. melanogaster 
has been  found in the  present study since male and 
female hybrids were found when D. yakuba oocytes 
(from  the yakuba-melanogaster chimeric females) were 
fertilized by D. melanogaster sperm. The cross  between 
D. teissieri females and D. mauritiana  males  yields female 
and male sterile hybrids (LEE and WATANABE 1987). 
In  the  present study, D. teissieri oocytes (from teissieri- 
melanogaster chimeric females) that were fertilized by 
D. melanogaster sperm always  gave rise to sterile hybrid 
females and, occasionally, to sterile hybrid  males. This 
occasional absence of male hybrids cannot  be ascribed 
to sampling errors in the progeny size (see RESULTS) 
but  rather is of biological origin. Genetic variation in 
gene(s) of D. teissieri (with maternal or zygotic effect) 
or in D. melanogaster (with  zygotic effect) might explain 
the differences observed in the viability  of the teissieri- 
melanogaster hybrid males from different teissieri-melano- 
gasterchimeric females. Moreover, it was seen that  both 
D. erecta and D. orena oocytes (from erecta-melanogaster 
and orena-melanogaster chimeric females) fertilized by D. 
melanogaster sperm  did  not  produce viable  hybrid zy- 
gotes. All these results suggest that hybrid lethality 
within the melanogaster complex species might have a 
different cause from  that of hybrid lethality between 
the species of the melanogaster and  either yakuba or 
erecta complexes. Furthermore,  the results of the pres- 
ent study are in agreement with the idea that  the larger 
the phylogenetical distance between the species, the 
lower the capacity  of the interspecific hybrid zygotes to 
develop, and  the lower the capacity  of germ cells from 
one species to develop normally in the gonads of an- 
other. This might be explained by the  disruption of co- 
adapted  gene complexes in the different species follow- 
ing  their divergent evolution. The results of the  present 
study  would fit with the  proposed evolutionary tree  for 
the species of the melanogaster subgroup of Figure 1. 

Altered  interaction  between rnelanogastm follicle  cells 
and ere& or wens germ cells: Germ cells  of D. erecta 
and D. orenu in a D. melanogaster  ovary form oocytes that 
can be fertilized by D. melanogastersperm.  However, the 
development of these erecta-melanogaster and orena-mela- 
nogaster hybrid zygotes  was arrested in  early develop- 
ment. The great majority  of erecta-melanogaster eggs 
showed a  nonhomogeneous distribution of syncytial nu- 
clei, and  the few that developed further  than  the blasto- 
derm stage formed larvae  with  very poorly developed 
terminal  anterior and posterior structures and alter- 

ations in the  segmented and dorsal patterns. In the case 
of the orena-melanogaster hybrid zygotes, the develop- 
mental alterations were  even more dramatic. It was not 
easy to discriminate between the  maternal deleterious 
effect of the soma-germ line interaction in the  chimera 
and the incompatibility of the erecta-melanogaster and 
orena-melanogaster genomes in the hybrid zygote.  How- 
ever, the phenotype shown by these lethal hybrid zy- 
gotes suggests that this lethality is due to the  abnormal 
oocytes produced by the chimeric females  as a conse- 
quence of a  disrupted interaction between the erecta or 
orena germ cells and melanogaster follicle  cells during 
oogenesis. A similar phenomenon might occur when 
female D. rajasekari germ cells are  transplanted  into D. 
melanogaster hosts (LAWRENCE et al. 1993). 

It has been  reported  that  inhibitors of actin filaments 
disrupt nuclear spacing and chromosome segregation 
during syncytial  divisions (MILLER 1995). Microtubule 
assembly inhibitors also  block cortical nuclear migra- 
tion and  the migrating nuclei are linked by an interdig- 
iting network of microtubules that form aggregates 
(FOE and ALBERTS 1983; KARR and ALBERTS 1986).  The 
nuclear migration pattern is not  inhibited by the injec- 
tion of a-amanitin (EDGAR et al. 1986; BAKER et al. 1993). 
This indicates that zygotic transcription is not  required 
in the regulation of nuclear migration and  that  the 
cytoskeletal organization of the egg involved  in this mi- 
gration is  of maternal origin. The cytoskeletal organiza- 
tion of the oocyte is required  for  the specific  localiza- 
tion of maternal RNAs from genes such as  bicoid and 
nanos that participate in the  generation of anterior- 
posterior polarity. Furthermore, signals  between the de- 
veloping oocyte and  the  surrounding follicle  cells are 
required to define the terminal regions and  the dorsal- 
ventral axis  of the egg chamber and of the future em- 
bryo (RAY et al. 1991; ST. JOHNSTON and NUSSLEIN- 
V O L m  1992; KNoWLEs and COOLEY 1994; POKRYWKA 
1995). During midoogenesis, microtubule nucleation 
centers  that  are  present  at  the posterior end of the 
oocyte disappear; instead microtubule nucleation cen- 
ters are established at  the  anterior  end of the oocyte. 
This process, which depends  on signals from the follicle 
cells, precedes the movement of the oocyte nucleus 
from the posterior end to an anterior-dorsal cortical 
position. Then, the nucleus sends signals to the nearby 
follicle cells,  which respond by acquiring a dorsal iden- 
tity. 

Based on these data, it can be reasoned that  the pos- 
tulated,  altered interaction between erecta or orma germ 
cells and melanogasterfollicle  cells might prevent normal 
cytoskeletal organization in the oocytes. This disorga- 
nized cytoskeleton  would  cause the  nonhomogeneous 
distribution of  syncytial nuclei observed in the hybrid 
zygotes. Furthermore,  during oogenesis the normal lo- 
calization  of maternal RNAs involved  in the formation 
of the embryonic spatial signals for the  future embryo 
would  also  be affected. The formation of anterior  and 
posterior structures, as  well  as segments, could there- 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/147/1/231/6054017 by guest on 25 M

ay 2023



A 

, 
I 

i Lp 
1 

- ~ "  L I  

\ 

( 

E' 

I 

I 

. " .... 

3 - 4  

FIGURE 3.-Photographs showing the male external terminalia of D. mehogaster (A and B), D. yakuba (C and D), D. teissia' 
(E and F), yakuba-melanogmter hybrids (G  and H) and teissier-whnogmter hybrids (I and J). GA, genital arch;  Lp,  lateral plate; 
LI, lateral lobe; C1, clasper; Ap,  anal plate; Ad, apodeme; Hy,  hypandrium; Pe, penis (edeagus), Pa,  paramere;  Pm, penis mantle. 
For further description see text. 
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G 

FIGURE 3.- Continued 

fore  be  altered. The migration of the oocyte nucleus 
or signaling between the nucleus and  the nearby follicle 
cells could also be disrupted. Consequently, so too 
could  be  the specification of dorsal identity. This could 
explain the  alteration of the dorsal structures seen in 
the hybrid zygotes. 

The failure of female germ cells  of D. erectu and D. 
orenu in a D. mlanogaster gonad  to form oocytes  with 
the capacity to  support  normal  development  might  be 
explained by genetic  changes  that  occurred in the co- 
adapted  gene complexes responsible for soma-germ 
line  interaction in these species, following their diver- 
gent evolution after speciation. Signals from one tissue 
and their  receptors in another might no longer  be com- 
patible. It is likely that these genetic  changes arose after 
the phylogenetic lineage of the  erecta  complex sepa- 
rated from the  other phylogenetic lineages that gave 
rise to the melanogaster and yakuba complexes, since 
female germ cells  of the  latter complex can form func- 
tional oocytes in a D. mlanogastergonad. 

Failure of teissia' and orena sperm to be  stored in D. 

mhmgusfer females: Germ cells from D. t&sieri and 
D. orenu in a D. mlunogaster  testis produced motile 
sperm  that is not stored in D. mlunogaster  females. This 
could  be due to a rejection reaction by these females 
against the teissia' and orenu sperm, which may not be 
recognized as sperm of  its own species.  Anti-alien or 
self-recognition peptides  are expressed in the genital 
tract (HETRU et ul. 1994; KAPPLER et ul. 1994; HOFFMAN 
1995). Even if their  role is  mostly antibacterial, they 
could be the  forerunners of a primary immune reac- 
tion. Another possibility, not mutually exclusive, is the 
existence of incompatibility between the  sperm pro- 
duced by the teissia'or orenu germ cells and  the seminal 
fluid synthesized by the mlanogaster  accesory glands of 
the same males.  Both are transmitted together  to  the 
females during copulation.  It has been shown that semi- 
nal fluid, without sperm,  reduces  the competitive ability 
of sperm from other males and incapacitates stored 
sperm (which is  effectively lost), thereby increasing 
male fitness (HARSHMAN and PROUT 1994). This indi- 
cates that a coevolutionary process between sperm and 
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FIGURE 4.-Photographs  showing  the  male  external  termi- 
nalia of XX; a!#/+ melanogaster intersexual flies (A) and XX; 
d d / +  teissieri-melanogasterintersexual hybrids (B). Vp, vaginal 
plate; T8, eight  tergite. For the rest  of the symbols  see  Figure 
3 legend. For further  description see text. 

seminal fluid is in action. Studies on polymorphism and 
divergence in genes  producing seminal fluid proteins 
from species of the melanogaster complex reveal a high 
degree of variation, indicative of high rates of evolution 
(AGUADB et al. 1992). This is inconsistent with a "neu- 
tral" theory of molecular evolution and confirms that 
the seminal fluid proteins  are targets of adaptive evolu- 
tion. In fact, this male adaptation has recently received 
experimental  support. When D. mhnogasterfemales are 
experimentally prevented from coevolving  with males, 
these females become more sensitive to  the seminal 
fluid of separately evolving  males, so that this seminal 
fluid has an increased toxicity for  the females (RICE 
1996). In the case  of the teissieri-mhnogaster and menu- 
mhnogaster chimeric males, the present study placed 
together teissieri and menu sperm with mhnogastersemi- 
nal fluid after these species have  evolved separately for 
a long time. It is suggested that  the  sperm and seminal 
fluid are no longer compatible. This could explain why 
the  sperm was not stored. The mechanism by which the 
sperm fails to  be  stored in females might  constitute a 
RIM between these species. 

Morphological evolution of Drosophila terminalia: 
The morphological differences in the  external termi- 
nalia of yakuba-mhnogasterand teissieri-mhnogastermale 
hybrids and those of their  parental species can be either 
qualitative or quantitative. It is speculated that these 
morphological differences correspond to changes in 
two basic genetic mechanisms controlling  the genera- 
tion of morphological patterns. Qualitative differences, 
which refer to the fact that a given structure of the 
pattern is either  present or absent, probably reflect a 
simple genetic basis in which a single gene is at work 
(or a combination of a few genes, each one having a 
qualitative effect). Quantitative differences, however, 
are characterized because the  structure displays more 
or less continuous variation, or intermediate  pheno- 
type, suggesting that a polygenic system  is at work (each 
gene in the system  has a minor effect and shows addi- 

The effect of a regulatory mutation, dsd', in the devel- 
opment of the teissieri-mhnogaster terminalia has been 
also investigated: The different effect of this mutation 
in mhnogaster and in teissit??"mhnogaster  flies might be 
explained in terms of regulatory changes in gene ex- 
pression that  occurred during  the evolution of the spe- 
cies D. mhnogasterand D. teissieri. As mentioned above, 
&xis  the last gene in the  genetic hierarchy that controls 
the  development of the sexually dimorphic regions of 
the fly. The  gene dsx must act in concert with another 
regulatory gene(s)  to  determine  the genital primordia 
that will develop in each sex. In females, the abdominal 
embryonic segment A8 develops to form the female 
genitalia. In males, the  abdominal embryonic segment 
A9 develops to form the male genitalia (NBTHIGER et 
al. 1977; SCH~PBACH et al. 1978; EPPER and N~THIGER 
1982;JORGENS and HARTENSTEIN 1993).  A possible can- 
didate  for this additional regulatory element is the ho- 
meotic gene Abdominal-B  (Abd-B), since this gene is re- 
sponsible for specification of posterior abdominal em- 
bryonic segments A7, A8 and A9 (SANCHEZ-HERRERO et 
al. 1985; CASANOVA et al. 1986; DUNCANV 1987). We 
cannot eliminate the possibility that Abd-B itself was not 
the additional regulatory gene.  It  might have been any 
other  gene  under its control.  It has been  argued  that 
changes in homeotic  genes (SLACK et al. 1993; TABIN 
and LAUFER 1993; CARROLL 1995) and/or their regula- 
tory genes, such as PC-G genes ( SANTAMARLA 1993; WANC 
et al. 1996) play an  important role in morphological 
evolution. Then, species-specific variations in Abd-B 
might also constitute a source for the morphological 
changes observed in the terminalia of the different spe- 
cies. 

It may be speculated that, during  the evolution  of 
these species, genetic changes have occurred in the regu- 
latory genes, such as dsx and/or Abd-B, and/or the genes 
controlled by these regulators, which are responsible for 
the development of the terminalia. These species-specific 
variations  would be responsible for the morphological 
changes observed  in the terminalia of these  species. 

tivity). 
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When the genomes of  two species are  put  together within 
a hybrid cell, divergent co-adapted gene complexes are 
confronted. This might result in the formation of hybrid 
patterns different from  that of their  parental species; i.e., 
in  the  production of morphological diversity. This effect 
would be  stronger if the hybrid cell  receives an ambigu- 
ous regulatory signal, as occurs in  the case  of XX; ~ 2 /  
+ intersexes, whose  cells contain both male- and female- 
specific DSX regulatory products. 

Conclusion: To  understand evolution it is crucial to 
understand how RIMS form during speciation. It is not 
known whether speciation of the melanogaster, yakuba 
and erecta complexes was sympatric or allopatric (LA- 
CHAISE et al. 1988), as we do  not know whether it was 
due to genetic variation in a small number of genes or if 
this required extensive genetic variation. In this respect, 
multilocus weak allele interactions ( W O T  et al. 1994) 
and epistatic interactions between  conspecific genes 
(DAVIS et al. 1994) have been proposed as  having  im- 
portant roles as RIMs within the melanogaster complex. 

Different levels  of reproductive isolation were ob- 
served between D. melanogaster and  the species of the 
yakuba and erecta complexes. It was found  that female 
germ cells of D. erecta and D. orena in  a D. melanogaster 
gonad failed to  form oocytes  with the capacity to sup- 
port  normal  development. This failure might be ex- 
plained by genetic changes that  occurred  in the co- 
adapted  gene complexes responsible for soma-germ 
line  interaction  in  these species, following their diver- 
gent evolution after speciation. It was also found  that 
sperm  from  the species of the yakuba and erecta com- 
plexes cannot be stored by melanogaster females. This 
might be also explained by genetic  changes  that af- 
fected  the co-adaptation of sperm and seminal fluid or 
the vaginal environment. The morphological differ- 
ences  in  the  external terminalia of these species, as 
revealed by the comparative analysis  of yakuba-melano- 
gaster and teissieri-melanogaster male hybrids and their 
parental species, and  the different effect in D. melanogas- 
ter and in teissieri-melanogaster hybrids of a  mutation in 
dsx, a regulatory gene  that  controls  the  development of 
the genital disc, can be  understood  in terms of changes 
in co-adapted gene complexes that govern the  morpho- 
genesis of the terminalia. Thus,  the  different levels  of 
reproductive isolation observed here would constitute 
examples of  how RIMs would arise as secondary effects 
of genetic  changes  operating in the co-adapted gene 
complexes responsible for  the  development,  the physi- 
ology and  the behavior of the organisms. 
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