
BMP2, BMP4, anil BMP7 ( 9 ,  10, 26). In 
dnBMPR-infected limbs, all RNAs are de- 
tected a t  relatively normal levels in the 
webbed interdigital tissue except MSX2, 
which is a t  lower levels compared to  that in 
the wild-type lilnhs (Fig. 5 )  (20). In all 
cases, the  expression pattern was altered 
such that these RNAs were detected in soft 
tissue distal to the  truncated digits as well as 
in the  interdigital tissue. In addition, BMP4 
R N A  was noticeably absent in mesenchyme 
surrounding the phalanges of infected lilnhs 
at later developlnental stages. There is evi- 
dence to illdicate that BMP4 regulates its 
own expression (8 ,  27).  Perhaps the  lack of 
phalangeal expression is related to the  re- 
duction in BMP signaling caused by the  
dnBMPR. HOXD13, which may be in- 
volved in groa.th and patternillg of the 
phalanges, was expressed similarly in infect- 
ed and noninfected lilnhs at stage 26 and 
stage 32 of lilnh development, as was 
HOXDl  1 (Fig. 5)  (20,  28). 

Here, we used a dominant negative BMP 
receptor to block BMP signaling in the devel- 
oping limh. Infection with dnBMPR-IB con- 
sistently res~llted in a reduction in apoptosis 
that led to soft tissue syndactyly. Moreover, 
scales were converted into feathers, and distal 
iieveloplnellt of the digits was affected, lead- 
ing :o loss of the distal phalanges. It cvas not 
possible to determine whether the dolninallt 
negative BMPR i~lhibited apoptosis hy hlock- 
ing the action of a single BMP ligand or 
whether different BMP ligands acted in corn- 
bination. However, BMP4 is an  attractive 
candidate for lnediating cell death in the 
limb. Expression of BMP4 correlates closely 
with regions of PCD in the limh: the anterior 
and posterior llecrotic zone and the interiligi- 
tal region. Moreover, BMP4 has recently been 
implicated in apoptosis of neural crest cells in 
the hindbrain in chickens (3). Taken togeth- 
er, this evidence suggests that BMP4 may play 
an  important role in lnediating apoptosis in 
different tissues at different tilnes d~lrillg em- 
hryogenesis. Moreover, our results indicate 
that a f~lnctional type I BMP receptor is re- 
quired for BMP-mediated apoptosis. T h e  in- 
terdigital region provides a Inoilel in vivo 
system to potentially link an extracellular ap- 
optotic signal and translne~nbrane receptor 
kinase to the downstream intracellular cell 
death machinery. 

Note added in proof: Subsequent exper- 
iments in  our laboratory using chicken 
dnBMPR-IB (K231R) result in similar 
phenotypes as illfectioll with the  lnouse 
dnBMPR-IB. 
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Role of Gene Interactions in Hybrid Speciation: 
Evidence from Ancient and Experimental Hybrids 

Loren H. Rieseberg,* Barry Sinervo, C. Randal Linder, 
Mark C. Ungerer, Dulce M. Arias 

The origin of a new diploid species by means of hybridization requires the successfuI merger 
of differentiated parental species' genomes. To study this process, the genomic compo- 
sition of three experimentally synthesized hybrid lineages was compared with that of an 
ancient hybrid species. The genomic composition of the synthesized and ancient hybrids 
was concordant (r, = 0.68, P < 0.0001), indicating that selection to a large extent governs 
hybrid species formation. Further, nonrandom rates of introgression and significant asso- 
ciations among unlinked markers in each of the three synthesized hybrid lineages imply that 
interactions between coadapted parental species' genes constrain the genomic compo- 
sition of hybrid species. 

Rei luced  hybrid fertility or viability ap- 
pears to result from unfavorable interac- 
tions hetween parental species' genolnes 
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(1 ). '4s a result, species' genolnes are tor- 

sidered to  he coadapted and thereby resis- 
tant  to  the  introgressioll of alien genes 
(1 ). However, the  successf~~l  origin of new 
diploid species hy means of hybridization 
ralses the  possibility that  interactions he- 
tcveen parental species' genes are not  uni- 
versally unfavorable ( 2 ) .  Little is kllocvn 
about the strength and fitness consequences 
of gene interactions in hybrids or their role 
in hybrld speciation (3). Here we colnpare 

SCIENCE VOL. 272  3 MAY 1996 741 



the genomic composition of three experi- 
mentally synthesized hybrid lineages (He- 
lianthus annuus X H. petiolaris) with that 
of an ancient hybrid species (H. anomalus) 
(4) to determine whether the genetic fac- 
tors governing the genomic composition 
of artificial hybrids are similar to those 
involved in hybrid speciation. We then 
analyze parental marker segregation in the 
experimentally synthesized hybrid lineages 
to detect interactions among genes that 
affect hybrid fitness and, indirectly, hybrid 
genomic composition. 

The three sunflower s~ecies studied 
here are self-incompatible annuals native 
to North America (5). The parents, H.  

annuus and H.  petiolaris, are common in 
the western United States (5). Although 
differing in karyotype, morphology, and 
habitat requirements, they frequently grow 
together, and hybrid swarms are common 
(6). First generation hybrids are semister- 
ile, but full fertility can be regained in 
later generation hybrids (6). The stabi- 
lized hybrid, H. anomalus, is restricted to 
xeric habitats in northern Arizona and 
southern Utah, well within the range of its 
parental species (7). Although morpho- 
logically distinct (7), it combines parental 
ribosomal DNA-repeat units, allozymes, 
chloroplast DNA haplotypes, and random 
amplified polymorphic DNA (RAPD) 

Percentnga a1 indlvidb mth 
H. pslidarif markers w linkage blocks: 

l b 2 5 %  

I I  \ 
Hybrid lineages: I, ll! Ill 'Markers Wh e m  mlsrachons 

Fig. 1. Composite graphical genotypes of three experimentally synthesized hybrid lineages. Graphical 
genotypes for hybrid lineages I ,  I I ,  and Il l  are in the left, center, and right side, respectively, of each linkage 
group. The graphical genotypes are based on the 1084-cM map of H. annuus, extended here by -290 
cM because several H. petiolaris markers occur outside currently mapped regions in H. annuus (4). 
Letters at the left of each linkage group designate major linkage blocks and indicate their relation to 
homologous linkages in H. petiolaris (4). These letters also indicate whether the linkage groups are 
collinear (normal type) or rearranged (bold type) between the parental species (4). Horizontal lines 
extending to the right of linkage groups indicate the genomic location of the 197 H. petiolaris RAPD 
markers surveyed (10); introgressed markers are identified by primer number. Because of dominance, we 
often were unable to determine whether the H. petiolaris markers or segments were present in the 
homozygous or heterozygous condition. 

markers (4, 8). The near absence of ribo- 
somal DNA and chloroplast DNA se- 
quence divergence between H.  anomalus 
and its parents suggests a recent origin of 
the hybrid species, probably within the 
last 170,000 years (8). Reproductive isola- 
tion between H.  anomalus and its parental 
species has been facilitated by rapid karyo- 
typic evolution (4). 

To  study the genetic processes accom- 
panying hybrid speciation, we synthesized 
three hybrid lineages between H.  annuus 
and H.  petiohris: lineage I, P-Fl-BCl-BC2- 
F,- F3; lineage 11, P-Fl-F,-BC,-BC,-F,; 
and lineage 111, P-F,-F2-F,-BCl-BC, (9): 
For each hybrid lineage, total DNA was 
isolated from 56 or 58 progeny from the 
final generation (JO), and these 170 
DNAs were surveyed for 197 H.  petiolaris 
RAPD markers of known genomic loca- 
tion (4, 10). O n  completion of the marker 
survey, H.  petiolaris markers present in the 
hybrid lineage were plotted onto the 
genomic map of H.  annuus, thereby gen- 
erating a graphical genotype (1 1 ) for each 
hybrid lineage (Fig. 1). 

Concordance in genomic composition 
among the three synthesized hybrid lineages 
was tested by comparing distributions of in- 
trogressed H. petiolaris markers (Fig. 1). Pat- 
terns of introgression were strongly correlat- 
ed among the three synthesized lineages 
[(12); (P < 0.0001 for all combinations)], 
indicating that to a large extent selection 
rather than chance governs the genomic 
composition of hybrids between H. annuw 
and H. petiolaris. 

To  determine whether the genomic 
composition of the synthesized hybrids 
was concordant with that of the ancient 
hybrid species, H. anomalus, we compared 
the distribution of species-specific markers 
in the H. anomalus genome (4) to the 
distribution of parental genomic regions in 
the synthesized hybrids (Fig. 2). The 
genomic composition of the ancient hy- 
brid species was recognizably similar to 
that of experimental hybrid lineages [(I 3); 
(r, = 0.68, N = 140, P < 0.0001)], sug- 
gesting that genomic structure and com- 
position of hybrid species may be essen- 
tially fixed within a few generations after 
the initial hybridization event and remain 
relatively static thereafter (14). 

Several genetic factors appear to gov- 
ern hybrid genomic composition. First, the 
parental species are chromosomally diver- 
gent, and certain rearranged linkage 
blocks (for example, linkage group T )  ap- 
pear to resist recombination in both the 
experimental and ancient hybrids (Figs. 1 
and 2). Moreover, because all backcrosses 
in the synthesized hybrids were in the 
direction of H. annuus, chromosomal re- 
arrangements to a large extent account for 
the low frequency of H. petiohris markers 
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in the rearranged portion of the genome 
( 10) (Fig. 1 and Table 1 ). However, chro- 
mosomal rearrangements alone cannot ex- - 
plain the concordance between the 
genomic composition of the synthesized 
and ancient hybrids because strong corre- 
lations are observed within both the col- 
linear [(13); r, = 0.66, P < 0.00011 and 
rearranged [(I 3); rs = 0.69, P < 0.00011 
portions of the genome (Fig. 1). 

Gene interactions provide a more com- 
pelling explanation for concordance in 
genomic composition, particularly in col- 
linear genomic regions. Evidence for the 
importance of gene interactions comes 
from two sources: marker frequencies and 
associations. Most H. petiolaris markers 
(71 to 85%) introgressed at significantly 
lower than expected frequencies in the 
synthesized hybrids (Table I ) ,  suggestive 
of unfavorable interactions between loci 
t i~h t lv  linked to these markers and H. - ,  
annuus genes. By contrast, favorable inter- 
specific gene interactions are implied by 
the significantly higher than expected 
rates of introgression observed for 5 to 6% 

H peooiarrs marhers or 
Ilnkage blocks 

H annuus markers 01  

lbnkage blocks 

Fig. 2. Genomic composition of experimental and ancient hy- 
brids. Letters at the left of each linkage group designate major 
linkage blocks in H. anomalus and indicate their relation to ho- 
mologous linkages in the parental species (4). These letters also 
indicate whether the linkage groups are collinear (normal type) or 
rearranged (bold type) between the parental species (4). The 
distribution of parental markers within the H. anomalus genome 
is indicated by colored bars within linkage groups, whereas 
colored bars at the left of each linkage group indicate the distri- 
bution of parental genomic regions in the synthesized hybrids 
(73). Areas lacking information regarding parental origin are 
white. 

that influence hybrid fitness and, indirect- 
ly, hybrid genomic composition. To  test 
for these interactions, we analyzed the 
locus X progeny array from each hybrid 
lineage for significant negative and posi- 
tive associations between every two- and 
three-way combination of unlinked loci 
( 18). Analyses of higher order interactions 
were ~recluded bv the number of combi- 

of H. petiolaris markers. These markers 
represent 10 of the 17 linkage groups and 
show significant linkage to  adjacent mark- 
ers. In light of these genome-wide patterns 
of introgression, alternative explanations 
for higher than expected rates of introgres- 
sion-such as meiotic drive or gene con- 
version-are untenable. Concordance of 
marker frequency across the three synthe- 
sized hybrid lineages further suggests that 
these interactions to a large extent remain 
constant, regardless of hybrid genealogy 
(15). 

Analyses of associations among segre- 
gating parental markers allow detection of 
specific interactions among chromosome 
segments that affect hybrid fitness rather 
than the general interactions inferred 
from the freauencv data. The rationale for 
this approach is that interacting genes 
may have nonadditive (epistatic) effects 
on hybrid fitness (16, 17). This fitness 
epistasis should be detectable as two-way, 
three-way, and higher order associations 
among unlinked markers that are them- 
selves tightly linked physically with loci 

natorial possibilities. 
For hybrid lineages I, 11, and 111, we 

observed 10, 15, and 10 significant ( a  5 
0.0001; Fig. 3, A to C) two-way associa- 
tions, respectively, whereas 0 were expect- 
ed by chance, given the total number of 
pairwise comparisons. In the more power- 
ful three-way analysis, we observed 21, 29, 
and 15 three-way associations ( a  5 
0.0001; Fig. 3, D to F), whereas 0, 1, and 
2, respectively, were expected by chance. 
Significantly, even at the high stringency 
levels used here, many of the same two- 
and three-way associations were observed 
in multiple hybrid lineages (Fig. 3). Be- 
cause the hybrid lineages were generated 
independently (9), selection rather than 
random population bottlenecks must ac- 
count for these associations. Moreover, 
markers with epistatic interactions were 
more likelv to be found in all three lin- 
eages than markers lacking epistasis (19), 
suggesting that these interactions influ- 
ence hybrid genomic composition. 

In all, 35 H. petiolaris loci representing 
15 linkage groups exhibited significant 
two- and three-way associations, generat- 
ing the complex epistatic webs shown in 
Fig. 3. Furthermore, because much of the 
H. betiohris genome was eliminated from - 
the hybrid lineages in early generations 
not analyzed here, the epistatic interac- 
tions implied by these marker associations 
represent only the H. petiolaris coadapted 
gene complexes that have neutral or fa- 
vorable interactions with the H. annuw 
genomic background. Analyses of nega- 
tively selected markers might reveal addi- 
tional evidence for epistatic interactions 
such as those reported among male steril- 
ity genes in Drosophila (1 7). 

A major question that remains con- 
cerns how these gene interactions affect 
the fitness of sunflower hybrids. Lowered 
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fitness of hvbrids he tween H. annzcus and  fertilitv 1>90% nollen viahilitv) was re- , ~ , , 
H. petiolaris appears t o  result from reduced covered by t h e  fif th generation in  all three 
fertility; F,'s exhibit  pollen viabilities of synthesized hybrid lineages. Thus ,  Inany of 
less t h a n  I@% and  seed set less t h a n  1% the  gene interactions reported may affect 
(6) .  I n  this experiment,  uniformly h igh hybrid fertility. Interspecific c o ~ n p e t i t i o ~ l  

6 0.4 

N =  392 N =  956 

0 0.2 0.4 0.6 0.8 1 0 0.2 0 4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 

Expected p Expected p Expected p 

Fig. 3. Epistatic interactions among introgressed H. petiolaris lnarkers in synthesized hybrid lineages. (A 
through C) Scatter plots of observed and expected p's, a measure of associaton (18), fortwo-way eps ta tc  
Interactions In hybrld llneages I (A), I I  (B), and I (C), iV is the total number of two-way associations. (A) P < 
0.0001; (C) P 5 0.001; (0) P 5 0.01; (. ) not s~gnif~cant. Symbols (A. C .  0) above the cluster of 
nonsgniflcant lnteractons ( ) are posltve assoc~at~ons (21); symbols below are negatve assocations (22). 
(D through F) "Webs" of signflcant three-way epistatc interactions (P 5 0.0001) for hybrd neages  I (D), 
I (E), and I l l  (F) a s  lndlcated by triangles connectlng three unlinked markers. Marker desgnatlons Indicate 
primer number and nkage block (compare with Fg.  1). Any three lnarkers that interacted epistatlcaly are 
connected as  a tr~angle. (a) Markers nvolved In three-way eplstatlc nteractlons In a three hybrld 
lineages; (W) markers lnvolved In three-way eplstatlc nteract~ons in two hybrld lineages: ( 0 )  markers 
involved in three-way epistatlc lnteractlons In one hybrld Ilneage, Lengths connecting lnarkers are 
arbtrary Postve assoc~ations are indicated by s o d  lines and negative assocatlons by dashed Ilnes. For 
example, the three unlinked markers 241,, 149, (both at the base of all three webs) (D through F), and 
marker 376, (web nterlor) were posltlvely assocated In all three hybrld lineages, a s  indicated by the 
connectlng trlange. 

Table 1. Observed and expected proporions of markers ntrogressed Into 0%, 1 to 25O16. 26 to 50?0. and 
>50% of ~ n d ~ v d u a s .  

Percentage of Entre genome Collnear porilon Rearranged porion 
indvlduas in whch (1 97 markers) (58 markers) (1 39 markers) 

lnarkers 
intsogressed Observed Expected" Observed Expected Observed Expected 

Hybrid lineage 1 
0 0.85 0.0009 0.57 0.0006 0.96 0.0008 
1 to 25 0.07 0.9662 0.17 0.9755 0.02 0 9656 
26 to 50 0.06 0.0329 0.1 7 0.0239 0 01 0.0336 
>50 0.03 10,0001 0.09 10.0001 0.0 <0.0001 

Hybrid lineage 11 
0 0.76 0.0001 0.40 0.0003 0.91 0.0003 
1 to 25 0.08 0.8868 0.19 0.8596 0.03 0.8746 
26 to 50 0.12 0.1131 0.24 0.1401 0.06 0.1251 
>50 0.05 <0.0001 0.17 <0.0001 0.0 10.0001 

Hybrid lineage Ill 
0 0.71 10.0001 0.38 10,0001 0.85 10.0001 
1 to 25 0.17 0.5080 0.32 0.4443 0.1 1 0.4880 
26 to 50 0.05 0.4920 0.12 0.5557 0.02 0.51 20 
>50 0.07 <0.0001 0.17 <0.0001 0.02 10.0001 

-Expected va l~~es  were calculated w t h  the mean SD calculated froln the SDs of 100 s~mulat~ons of unrestr~cted lnarker 
ntrogresson for the entlre genome, as w e  as w~thin tile conea r  and rearranged portons of the genome (70). Hybr~d 
lineage I. 0 156 i 0.0504 (mean i SD), hybr~d hneage I .  0.1878 i 0.0515. hybrd hneage I 0.2a87 i 0.0578. 

among viahle pol le~l  grains also serves as a 
reprocluctive harrier hetween H. annuus and 
H. petiolnris (20), so s o ~ n e  of t he  epistatic 
gene co~nbinations observed here possibly 
affect nollen tube r rc~wth rates. Further stud11 " 

will focus o n  identifying fitness traits physi- 
cally linked to  these markers. 

Interactions hetween divergent species' 
genornes are often viewed as uniforlnly 
d i sha r lnon io~~s  ( I  ), resulting in  hybrid in- 
viability or sterility. T h e  data  presented 
here suggest t h a t  a l though t h e  majority of 
interspecific gene interactions are indeed 
unfavorable or neutral ,  a small percentage 
of alien genes ilo appear t o  interact  favor- 
ahlv in  hvbrids. These  favorable gene in- 
t e r~c t lons '  might  provide t h e  raw mater ia l  
for adantive evolution in  h v b r ~ d  taxa.  A l -  
though we detected gene interactlolls i n  
interspeciflc crosses, it seems plausik~le 
t ha t  wi th  I ~ L I C ~  larger progenies, this ap- 
proach might  also be useful for estimating 
genome-wide fitness epistasis \vithin spe- 
cies or populations. 
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Origin of Replica tion of Mycoplasma genitalium 

T h e  complete sequence of the  genome of 
M?lcoplasma genitalium  as reported and an- 
alvzeci h\; Claire bl. Fraser et al. ( 1  ). T h e  
origin of'replication of the  chromosmne  as 
not localized ~recise lv  hecause of the  lack of 
consensus patterns, "DnaA boxes," in this 
specles, but ~t  as suggested that tlhe origin 
might be In an  untranscrihed AT-rich re- 
gion between d n a A  and dnahl. This location 
can be conflrtlleii using a new tnetlhoii hasell 
o n  the  results of the  rnathell~atical analysis 
of the rnodel of D N A  e v o l ~ ~ t i o n  under no- 
strand-hias condi t~ons (2)-that is, when 
there is no  strand-hias for the mutation 
proces  or for the selective process between 
the two strands of DNA. 

Under no-strand-bias conditions, the 

equilibrium point is such that tlhe base fre- 
quencies in each strand always respect 
[A] = [TI and [C] = [GI equalities, regardless 
of the  Initla1 state of the D N A  sequence 
and of details of the  substitution patterns. 
Any  significal~t deviation frorn the  intra- 
strand rules [A] = [TI or [C]= [GI is a n  
indication that there 1s a n  inequality In 
the  suhstltutlon patterns hetween the  two 
strands of D N A .  T h e  null hypothesis for 
the  detection of such a n  inequalit\; is then  
the  appearance of intra-strand equifre- 
i l ~ ~ e n c i e s  [A]=[T]  ancl [C]=[G].  Because 
the  mechanisms for D N A  reulication ciif- 
fer between the  leading strand and the  
lagglng strand (S) ,  a t  least in  vitro, muta- 
t ion patterns could differ depending o n  

Putative origin of replication 
I 

Distance from putative origin (kb) 

Fig. 1. Or~gin of repcation n M, genitalium, showing switch of polarity of base composit~on asymmetres 
Mov~ng window size and step: top 10 kb, 1 kb, bottom 1 kb, 0.1 kb. Each data point is at the middle of its 
w~ndow 
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