
Copyright 0 1995 by the  Genetics  Society of America 

Chromosomal and Genic Barriers to Introgression in Helianthus 

Loren H. Rieseberg,” C. Randal  &der* and Gerald J. Seilert 

*Department of Biology, Indiana University,  Bloomington,  Indiana 4 7405 and USDA-Am, Northern  Crop Science 
Laboratory, Fargo, North  Dakota 58105 

Manuscript received June 2, 1995 
Accepted for publication August 17, 1995 

ABSTRACT 
The sexual transfer of genes between taxa possessing different  structural karyotypes must involve the 

passage  of genes through a chromosomal sterility barrier. Yet little is known about the effects of structural 
differences on  gene introgression within or adjacent to the  rearranged  chromosomal  fragments or  about 
the patterns of introgression in collinear regions. Here, we employ 197 mapped molecular markers to 
study the effects of chromosomal  structural differences on introgression in backcrossed progeny of the 
domesticated sunflower, Helianthus  annum, and its  karyotypically divergent wild relative, H. petiolaris. 
Forty percent of the genome from the seven collinear linkages introgressed, whereas only 2.4% of the 
genome from  the 10 rearranged linkages was transferred.  Thus,  chromosomal  rearrangements appear 
to provide an effective mechanism for reducing or eliminating introgression in rearranged  chromosomal 
segments. On the  other  hand, observations that 60% of the markers from within the  collinear  portion 
of the  genome  did  not introgress suggests that genic factors also resist introgression in Helianthus. That 
is, selection against H. petiolaris genes in concert with linkage may  have reduced or eliminated  parts of 
the genome  not protected by structural  changes.  Thus,  barriers  to introgression in Helianthus appear 
to include both chromosomal  structural and genic factors. 

F EW areas of plant evolutionary biology  have at- 
tracted more  interest and discussion than  intro- 

gressive hybridization and its evolutionary significance. 
Some botanists have held  the view that introgression is 
a  potent evolutionary force, fostering the acquisition or 
development of novel adaptations (e.g., ANDERSON 
1949; STEBBINS 1950; RAVEN 1976; GRANT 1981). In con- 
trast, others have accorded little evolutionary signifi- 
cance to introgression suggesting instead that it should 
be considered  a primarily local phenomenon with  only 
transient effects, a kind of “evolutionary noise” (BAR- 
BER and JACKSON 1957; RANDOLPH et al. 1967; WAGNER 
1969, 1970; HARDIN 1975). Until recently, however, it 
has been difficult to evaluate these divergent views, be- 
cause supportive evidence for introgression often has 
had alternative explanations (GOTTLIEB 1972; HEISER 
1973). 

This situation has changed dramatically during  the 
past decade. A major contributing factor has been tech- 
nological advances in molecular biology that have pro- 
vided students of hybridization access to an almost un- 
limited number of markers (HARRISON 1990). These 
molecular markers have greatly enhanced  our ability to 
detect and quantify introgression (e.g., KEIM et al. 1989; 
ARNOLD et al. 1990, 1991; WHITTEMORE and SCHAAL 
1991; BRUBAKER et al. 1993), with perhaps  a less dra- 
matic influence on our ability to perceive its evolution- 
ary consequences. Equally important have been molec- 
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ular phylogenetic studies that have detected many 
unexpected instances of hybridization and introgres- 
sion (e.g., DOEBLEY 1989; SMITH and ~ S M A  1990; 
RIESEBERG et al. 1991; BRUNSFELD et al. 1992). These 
studies indicate that introgression is widespread both 
geographically and phylogenetically in plants, generat- 
ing renewed interest in the subject and stimulating sev- 
eral recent reviews (e.g., RIESEBERG and SOLTIS 1991; 
RIESEBERG and BRUNSFELD 1992; ~ B O ’ M  1992; ARNOLD 
1992, 1994; RIESEBERG and WENDEL 1993). Most  of 
these studies and reviews  have focused on the  extent, 
distribution, or consequences of hybridization and in- 
trogression, with  less emphasis on the factors that pro- 
mote hybridization or affect the passage  of genes across 
a species barrier  (although see ARNOLD 1994; RIESE- 
BERG and ELLSTRAND 1993). Yet these factors must be 
understood before any general rules or predictions can 
be made  concerning hybridization and its conse- 
quences. This article focuses on  one of the critical fac- 
tors that influences the movement of genes or linkage 
groups across species barriers-chromosomal struc- 
tural differences. 

The sexual transfer of genes between populations 
possessing different structural karyotypes must involve 
the passage  of genes through  a chromosomal sterility 
barrier. This process has been  modeled genetically (e.g., 
STEBBINS 1971; GRANT 1981; JACKSON 1985; SYBENGA 

1992) and  the following  basic conclusions can be made. 
First, structural differences between homologous chro- 
mosomes often lead to reduced  pairing or unbalanced 
gametes in hybrids, and the hybrids sometimes exhibit 
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chromosomal sterility or  semisterility (although  see 
COYNE et al. 1993).  This will have the effect  of  reducing 
map  lengths  and will disrupt  or  inhibit  introgression 
within or  adjacent  to  the  rearranged  chromosomal seg- 
ments (HANSON 195913). Second,  although  introgres- 
sion  should  be  reduced  in  these  regions, given appro- 
priate  conditions  of  crossing  over,  most  chromosomal 
sterility barriers  (even  those involving  several chromo- 
somes)  should not  be  impermeable to gene flow 
(GRANT 1981; SYBENGA 1992). 

Nonetheless, the  importance  of  chromosomal  factors 
in resisting  introgression  remains  unclear.  Part of the 
confusion  relates  to  uncertainty  regarding  the effects  of 
chromosomal  rearrangements on hybrid fertility. The 
impact  of  chromosomal  differences on introgression 
will be  reduced if they do not lower  hybrid  fertility, and 
there  are  numerous  reports  in  the  literature of 
individuals  heterozygous for  chromosomal  rearrange- 
ments  that  do  not show the  expected  decrease  in fertil- 
ity (SITES and MORITZ 1987; COYNE et al. 1993).  Further- 
more,  meiotic  abnormalities  are  frequently  observed  in 
hybrids  between  species with nearly  identical karyto- 
types, indicating  that  differences  in  genes  can  produce 
meiotic  irregularities  similar  to  those  thought to result 
from  chromosomal  rearrangements.  Additional  confu- 
sion  stems  from  patterns  of  introgression  observed  in 
nature.  Narrow  tension  zones  consisting  entirely of first 
generation hybrids are  sometimes  observed  for  chromo- 
somally  divergent  species (SEARLE 1993),  whereas  in 
other instances  extensive  introgression is reported (e.g., 
ARNOLD et al. 1987; RIESEBERG et al. 1990,1991; DORADO 
et al. 1992; PATTON 1993; SHAW et al. 1993),  although 
its genomic  distribution is unknown.  It is noteworthy 
that  comparable  patterns  are observed among taxa dif- 
ferentiated by genic  factors  alone (BARTON and HEWITT 
1985).  Thus,  it  has  been difficult to convincingly dem- 
onstrate  an  important  role  for  chromosomal re- 
arrangements as reproductive  barriers. 

Fortunately,  recent  advances  in  the  area  of  genetic 
linkage  mapping allow detailed  characterization  of  the 
effects  of both  chromosomal  and  genic  factors  on  inter- 
specific gene flow (RIESEBERG 1995b).  Genetic  linkage 
maps  can  be  generated  for  hybridizing  parental species 
so that  the  genomic  location  and  linear  order  of  molec- 
ular  markers  can  be  determined.  The  maps  can  then 
be  compared  to  identify  changes  in  gene  order  and 
by inference,  the  structural  changes  differentiating  the 
parental  species  genomes. After completion  of  these 
maps,  hybrid  and introgressive  individuals can  be  sur- 
veyed for  the  presence of mapped  parental  molecular 
markers. The resulting  “graphical  genotypes” (YOUNG 
and TANKSLEY 1989a)  can  be  used  to  determine  rates 
of introgression as well as the  genomic  distribution of 
introgressed  genes.  In  particular,  this  approach allows 
rates and  patterns of introgression in  rearranged chrc- 
mosomal  segments  to  be  compared with those  from 
collinear  genomic  regions. 

Here we employ  genetic  linkage  mapping  to  describe 
the  impact  of  chromosomal  structural  and  genic differ- 
ences  on  the  genomic  location  and  frequency of intro- 
gression  between two chromosomally  divergent  species 
of sunflower, Helianthus annuus and H. petiolaris. Given 
that  the majority  of plant  and  animal species that have 
been analyzed karyotypically appear  to differ  in  terms 
of chromosome  structure  (WHITE  1978;JACmO~  1985), 
the results should  be  relevant  to  most hybridizing  spe- 
cies  pairs. 

MATERIALS  AND  METHODS 

Plant materials: H. annuus and H. petiolaris are self-incom- 
patible annuals, with haploid  chromosome numbers of  17 
(HEISER 1947). Comparative genetic linkage  mapping (RIESE- 
BERG et al. 1995)  indicates that seven linkage groups are collin- 
ear between the two species,  whereas the remaining 10 link- 
ages differ  structurally due to a minimum of  seven 
interchromosomal translocations and three inversions  (Fig- 
ure 1). These structural changes generate multivalent  forma- 
tions and bridges and fragments  in  hybrids (HEISER 1947; 
CHANDLER et al. 1986), apparently leading to  semisterility;  F, 
pollen  viabilities are typically  less than 10% and seed  set is 
less than 1% (HEISER 1947; CHANDLER et al. 1986). Nonethe- 
less, the two species do hybridize  in nature, and introgression 
has been reported (HEISER 1947; Domo et al. 1992). 

To analyze the effects of chromosomal rearrangements on 
the genomic  location and rate of introgression, we generated 
a BC2Fs progeny  between H. annuus and H. petiolaris (SEILER 
1991) The initial  interspecific  cross was H. annuus (cmsHA89; 
female) X H. petiolaris subsp. petiolaris (PET-PET-1741 - 1; 
male).  The F, hybrids  were  backcrossed  twice to cmsHA89 
and then selfed for two generations. Selfing was possible  be- 
cause the male parent provided nuclear restorer alleles and 
cultivated H. annuus is self-compatible. A minimum of 20 
plants was used for each generation of backcrossing and 
selfing.  Fifty-eight  individuals  from  the BC2F3 progeny  array 
were  grown  to a size sufficient for total DNA isolations. 

DNA isolations: One gram of fresh leaf  tissue  was ground 
to a fine  powder  in  liquid nitrogen using a mortar and pestle 
and then mixed with a CTAB extraction buffer (WHITKUS et 
al. 1992). The resulting  slurry was filtered through a layer of 
miracloth (Calbiochem), and DNA was extracted following 
the method of DOYLE and DOYLE (1983, except that a second 
chloroform extraction was performed. Pelleted DNAs were 
dissolved  in TE, further purified  using the ELU-QUICK DNA 
Purification Kit (Schleicher and Schuell) and then quantified 
on a fluorometer. 

RAPD marker  surveys: Purified DNAs from the 58 BCpF:, 
progeny were  surveyed for 197 random amplified  polymor- 
phic DNA (RAPD) markers (WILLIAMS et al. 1990) of  known 
genomic  location (RIESEBERG et al. 1995). The markers were 
amplified by 108  primers obtained from the University of 
British  Columbia  Biotechnology  Laboratory (primers 101 - 
500) and Operon Technologies (primer kits  A-F) and cover 
over 84% (1157 cM) of the sunflower  genome  currently 
mapped (RIESEBERG et al. 1995b), with an  average  distance  of 
6.5 cM between  markers  based on H. annuus map  distances. 

RAF’D amplifications followed the general procedure of 
WILLIAMS et al. (1990). The amplifications were carried out 
in a total  volume of 25  p1 starting with 1 p1 (10 ng) of purified 
template DNA, 1 pl primer (15 ng), and a final concentration 
of 2 mM MgCI2, 20 mM Tris-HCI,  100 p~ each  dNTP, and 1 
U of Taq DNA polymerase. The reactions were  overlaid  with 
mineral oil and placed  in  an MJ Research Thermal Cycler 
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annuus  petiolaris annuus  petiolaris 

FIGURE 1.-Inferred chromosomal  structural relationships 
for Helianthus  annuus and H. petiolaris based on comparative 
linkage mapping.  Hashed lines within linkages indicate inver- 
sions. 

programmed  for 45 cycles  of 1 min at 94", 1 min at 36", and 
2 min at 72" followed by a final extension at 72" for 7 min. 
Amplification products were separated by electrophoresis in 
1.5% agarose gels and detected by staining with ethidium 
bromide. 

Graphical genotype construction: Upon completion of the 
marker survey, introgressed markers of the  donor  parent (H .  
petiolaris), were plotted onto  the genomic  map of the recipient 
species ( H .  annuus), generating a  graphical genotype (YOUNG 
and TANKSLEY 1989a) for each of the 58 backcrossed progeny 
(Figure 2) .  The graphical genotype is based on the 1084-cM 
genomic map of the recipient species, H. annuus (RIESEBERG 
et al. 1995), which has been extended by approximately 290 
cM due to the occurrence of  several H. petiolaris markers out- 
side currently mapped regions in H. annuus (homology tests 
and alignment of linkage maps from both species, as  well as 
their hybrid derivative, H. anomalus, are described by RIESE- 

BERG [1995a] and RIESEBERG et al. [1995], respectively). The 
presence of  two adjacent introgressed markers on the graphi- 
cal genotype of a single individual was taken as evidence that 
the entire fragment between the markers was derived from H. 
petiolaris through introgression. However, because the RAPD 
markers employed here  are largely dominant, we often were 
unable  to determine  the linkage phase of adjacent markers. 
As a result, the possibility that  a small proportion of adjacent 
introgressed markers are in repulsion phase ( i e . ,  on different 
homologues) cannot be ruled out,  and  the size  of the  intro- 
gressed segment(s) in these situations might be considerably 
smaller. Likewise, because of dominance, we were unable to 
determine whether  the introgressed markers or fragments 
were homozygous or heterozygous. 

Data analysis: Contingency table analysis was used to test 
whether  the number of introgressed markers in the  collinear 
and rearranged  portions of the genome differed from expec- 
tations for dominant loci in a BCpFs progeny with no barriers 
to introgression (15.6% on average). However, to determine 
whether  there was significant heterogeneity in rates of marker 
introgression within each of these genomic regions, 100 simu- 
lations of unrestricted introgression for  the collinear and re- 
arranged portions of the genome were performed. For each 
simulation of a  portion of the genome we randomly sampled 
the proportion of markers expected to introgress from  the 
total markers assayed for  that  portion  for  each of 58 individu- 
als (Table 1). A standard deviation was calculated for each 
distribution generated by each run,  and average standard  de- 
viations for  the collinear and noncollinear  portions of the 
genome were calculated from the simulations for those por- 
tions of the  genome. Markers were judged to have intro- 
gressed at rates significantly higher or lower than  expected 
using the  standard deviations calculated from the simulations. 

RESULTS 

Contingency table analysis  of marker introgression 
in  the collinear portion of the  genome revealed that 
overall the  number of introgressed markers did not 
differ significantly ( P  > 0.05) from expectations for 
dominant loci, although  there was considerable hetero- 
geneity in the  frequency of introgression of individual 
markers (see below). By contrast,  marker introgression 
in  the structurally divergent portion of the  genome was 
significantly  lower than would be expected in the ab- 
sence of resistance to introgression ( P  < O.OOOl),  as 
well  as significantly  lower than in collinear genomic 
regions ( P  < 0.0001). In fact, no introgression was ob- 
served in the  rearranged  portion of the  genome  for 
33% of the progeny, and  the frequency of introgressed 
markers for  the  remaining individuals ranged from 
0.7% to 2.1%. 

The impact of chromosomal  structural differences on 
introgression is graphically illustrated by a composite 
graphical genotype summarizing information from all 
58 progeny (Figure 3) .  Forty percent of H. petioluris 
markers in  the collinear portion of the  genome intro- 
gressed in  at least one of the 58 progeny, with a total 
genomic coverage of approximately 40%, whereas only 
five  of 139 (3.6%) H. petioluris markers from the re- 
arranged  portion of the  genome  introgressed, and 
these covered less than 2.4% of structurally divergent 
genomic regions. Moreover, four of the five markers 
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FIGURE 2.-Graphical genotype for  one of 58 individuals from a BC2F3 progeny of H. annum X H. p~lioldris. The genomic 
location of markers from mapping  populations of H. annum (underlined), H. pptiolnris (e), and  their hybrid derivative, H. 
a n o m a h  (+), are shown (note  that some markers have been  mapped in more than one species). Codominant loci are indicated 
by the presence of both "alleles." Markers found in the first generation hybrids, but not in  cmsHA89 (the recipient parent), 
and thus with the  potential  to introgress, are indicated by arrows.  Black bars within linkage groups  indicate introgressed markers 
or putative introgressed chromosomal  segment?  (see MATERIAIS ANI) METHODS). Letters at  the left of each linkage group designate 
major linkage blocks and indicate their relationship  to  homologous linkages in H. petiolaris. Chromosomal structural differences 
between the species are indicated at  the base  of each linkage group. LOCUS nomenclature includes, from left to right, the  primer 
designation and  the size  in kilobases of the segregating  fragment  scored. 
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TABLE 1 

Observed  and expected proportions of introgressed  markers in 0%, 1-25%, 26-50%, and >50% of individuals 

Entire  genome  Collinear  portion 
(197 markers) Percentage of 

individuals  in  which 
markers  introgressed  Observed  Expected  Observed  Expected  Observed  Expected 

Noncollinear  portion 
(58 markers) ( 139 markers) 

O % O  0.85 (167) 0.0009 (0) 0.57 (33) 0.0006 (0) 0.96 (134) 0.0008 (0) 
1-25% 0.07 (13) 0.9662 (190) 0.17 (10) 0.9755 (57) 0.02 (3) 0.9656 (134) 
26-50% 0.06 (12) 0.0329 (6.48) 0.17 (10) 0.0239 (1.39) (0.01) (2) 0.0336 ( 5 )  
>50% 0.03 ( 5 )  eo.0001 (0) 0.09 (5)  e0.0001 (0) 0.0 (0) eo.0001 (0) 

I' Expected values were calculated using the mean standard  deviation  calculated from the  standard deviations of 100 simulations 
in which there were no harriers to introgression. Values in parentheses are number of markers. 

that  did introgress were restricted to linkages, that dif- 
fer between the  parental species by simple chromo- 
somal fusions ( L  and V,  Figure 1), a type  of structural 
rearrangement  that theoretically should not inhibit re- 
combination or introgression substantially. 

In  addition to differences in frequency of introgres- 
sion observed between collinear and rearranged re- 
gions of the  genome, significant heterogeneity was ob- 
served for rates of introgression within these regions. 
Comparisons with 100 simulations of unrestricted  intro- 
gression (Table 1) revealed that  the  proportion of 
markers that failed to introgress in  both  the collinear 
and rearranged  portions of the  genome was signifi- 
cantly higher  than would be expected by chance (collin- 
ear  portion: 56.9% observed, P < 0.0001; rearranged 
portion: 96.4% observed, P < 0.0001). Likewise, the 
proportion of markers from the collinear portion of 
the  genome  introgressing  into  >25% of individuals was 
significantly higher  than  expected  (26% observed, P 
< 0.0001). However, the  proportion of markers from 
structurally divergent genomic regions introgressing 
into  >25% of individuals did not differ significantly 
from expectations  (1.5% observed; P > 0.5). Finally, 
five markers from the collinear portion of the  genome 
introgressed into  >50% of the individuals when none 
were expected  to  (Table 1). 

DISCUSSION 

Chromosomal structural differences: The primary 
observation reported  here is that  the  noncollinear  por- 
tion of the  genome is well-protected from introgression 
by large translocations and inversions between the pa- 
rental species, H. annuus and H. petiolaris. This result 
is concordant with theory that suggests chromosomal 
structural differences reduce  recombination rates 
within rearranged linkages and, as a consequence, 
lower rates of introgression within those regions of the 
genome  (HANSON 1959a,b; GRANT 1981).  In some in- 
stances, such as the  example  reported here, the effec- 
tive reduction  in  recombination  appears to result from 
selection against recombinant gametes, leading to 
lower hybrid fertility, whereas in other cases, actual de- 

creases in recombination frequency are observed (SITES 
and MORITZ 1987; COYNE et nl. 1993), without loss  of 
fertility. Thus,  the efficacy  of chromosomal structural 
differences as reproductive barriers,  at least for  structur- 
ally divergent genomic regions, may not be directly cor- 
related with lowered hybrid fertility. 

Because the  genomes of the parental species differed 
by both translocations and inversions, this study initially 
appeared  to provide an  opportunity to test the relative 
effectiveness of these two classes  of rearrangements in 
limiting gene transfer. This was not possible, however, 
because the inversions are nested within translocated 
regions, making it difficult to separate  the inhibitory 
effects  of the inversions from those of the transloca- 
tions. 

In many groups of plants, introgression appears ex- 
tensive, yet species differences are  maintained (e.g., AR- 
NOLD et al. 1991 ; RIESEBERC: et al. 1990, 1991; WHITTE- 
MORE and SCHAAL 1991; BRUNSFELD et al. 1992; 
BRUBAKER et al. 1993). For example,  in  the BC,F, prog- 
eny array described here,  the morphology of the recipi- 
ent  parent, H. annuus was completely recovered. No 
morphological evidence of introgression was observed. 
One possible explanation  for this paradox is that intro- 
gression is restricted to a particular set of linkage blocks 
in these species and that  the introgressed regions do 
not  encode species differences. Chromosomal struc- 
tural differences may provide the selective genomic per- 
meability required by this scenario,  at least for  structur- 
ally divergent taxa. That is, genes affecting species 
differences may sometimes occur within structurally di- 
vergent genomic regions and thus be protected from 
recombination and subsequent introgression. 

Differential introgression for species  traits also is  possi- 
ble without chromosomal structural divergence (BAR- 
TON and HEW= 1985; RIESEAERG and ELISTRAND 1993). 
Mathematical models indicate that selection against hy- 
brid individuals can create a barrier to introgression for 
negatively selected loci, as well as closely linked neutral 
loci (BARTON and GAL.E 1993). However, advantageous 
or neutral alleles will be  slowed  down  significantly  only 
if they are tightly linked to  loci under negative selection. 
These models have been validated by observations  of 
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FIGURE 3.-Composite graphical genotype for 58 individuals  from a BCnFS progeny of H. annuus X H. petiolaris. Graphical 
genotype construction and locus nomenclature follows Figure 2. The percentages of individuals  carrying a particular introgressed 
marker or putative introgressed chromosomal segment are indicated by  black or gray  bars. 

highly  variable cline widths for species-specific  markers as one type of negatively selected trait, except that the 
(PARSONS et al. 1993; RIESEBERG and ELLSTRAND 1993). block of genes protected from  introgression will be much 
Chromosomal  structural  differences  can  be  considered larger  than for single gene loci. 
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The low rates of introgression reported  here  for a p  
proximately two thirds of the sunflower genome also 
have implications for  standard  plant  breeding practices. 
Clearly, the use  of a  recurrent backcrossing strategy for 
the  extraction of economically significant traits from 
structurally divergent genomes is  unlikely to be success- 
ful if those traits reside in rearranged linkages. A num- 
ber of theoretical models have suggested that sib-cross- 
ing or selfing, in  combination with backcrossing, are 
much  more effective than backcrossing alone  for  intro- 
gression across linkage groups where recombination 
rates are low (HANSON 1959a,b).  Experimental studies 
(HORNER 1968; WALL 1970),  appear to confirm these 
theoretical  predictions,  but  are limited by ambiguity 
regarding the genetic basis  of the  features investigated, 
the  chromosomal location of the  genes  controlling  the 
studied  features, and  the chromosomal  structural differ- 
ences, if any.  Likewise, it is not clear whether  the geno- 
mic structural resistance to introgression observed in 
artificial crosses occurs in  nature. Experiments cur- 
rently underway in Helianthus address these questions. 

Genic factors: The observation that many markers 
in the  collinear region of the  genome introgress at very 
low rates or  not  at all  suggests that  genic factors or small 
undetected  structural changes also may affect rates of 
introgression in Helianthus. In fact, 60% of the markers 
from  the collinear portion of the  genome  did not intro- 
gress. Meiotic  analyses of first generation hybrids be- 
tween H. annuus and H. petiolaris (HEISER 1947; CHAN- 
DLER et al. 1986) indicate bivalent formation between 
collinear chromosomes and  no decrease in crossing 
over has been  reported.  Thus, it appears clear that selec- 
tion against certain H. petiolaris genes,  combined with 
linkage, inhibits introgression within the collinear por- 
tion of the  genome.  The effects  of genic factors in struc- 
turally divergent genomic regions are  hard to quantify 
because they are partially masked by the  larger effects 
of chromosomal  rearrangements. 

The only other situation where chromosomal and 
genic components of reproductive barriers  are well doc- 
umented is in the Moreton and Torresion  chromo- 
somal races of the  grasshopper, Caledia captiva (SHAW et 
al. 1986).  The two races differ by a series of pericentric 
inversions involving eight of the  12  chromosomes of 
the  genome. However, because of a  chromosomal cline 
between the two races, SHAW et al. (1986) were able to 
cross populations with substantial genic divergence, but 
little chromosomal  differentiation, as  well  as popula- 
tions that were  genically equivalent, but differed chro- 
mosomally. F2 inviability improved by 58% in crosses 
where genic differences were minimized and chromo- 
somal differences were greatest. A 46% increase in via- 
bility was observed when the chromosomal differences 
were removed, but  genic differences remained  high. 
Thus,  both genic and chromosomal factors contribute 
to hybrid inviability in Caledia (SHAW et al. 1986), al- 
though  their actual impact on introgression between 

the chromosomal races is unclear.  In  Helianthus, by 
way  of comparison, the individual contributions of 
genic and chromosomal factors to hybrid semisterility 
has not  been  determined,  but  both factors clearly re- 
duce levels  of interspecific gene flow. 

Although selection against chromosomal and genic 
factors may explain lower than  expected levels  of intro- 
gression, explanations  for why certain markers or chro- 
mosomal segments introgressed at  higher than  pre- 
dicted rates are less apparent.  selection  for H. petioluris 
genes and linkage may account  for  much of the  hetero- 
geneity observed, but alternative explanations involving 
gene conversion (ARNOLD et al. 1988) or recombination 
hotspots cannot be ruled  out. One prediction of the 
gene conversion hypothesis is that alleles may be intro- 
duced  into  a new genetic  background without introduc- 
ing closely linked markers (HARRISON 1990). This ap- 
pears to have happened in several instances in 
Helianthus (Figure 3), providing at least tenuous sup- 
port  for  the  gene conversion model. For example, in 
linkage group “C”, RAPD marker 181-0.79 intro- 
gressed at high frequency (Figure 3), but closely linked 
markers were not  found  in any  of the 58 BC2F3 progeny. 

Conclusions: Both RAPDs and restriction fragment 
length polymorphisms (RFLPs) have been used to doc- 
ument  the movement of alien genes and/or chromo- 
somal segments across species barriers (e.g., YOUNG and 
TANKSLN 1989b; PATERSON et al. 1991; ESHED et al. 1992; 
JENA et nl. 1992; WILLIAMS et al. 1993;  MCGRATH et al. 
1994; GARCIA et al. 1995). Although these kinds of stud- 
ies  inevitably detect  nonrandom  patterns of introgres- 
sion,  the factors responsible for these patterns have not 
been  studied  in detail. 

The results from the introgression experiment pre- 
sented here provide empirical evidence for  at least two 
mechanisms affecting the  frequency and genomic loca- 
tion of introgressed genes in sunflower. Chromosomal 
structural differences result in differential genomic  per- 
meability, with introgression reduced or eliminated in 
structurally divergent genomic regions. Selection 
against alien genes has much  the same effect, except 
that resistance to introgression appears to be restricted 
to smaller genomic regions. Thus,  barriers to introgres- 
sion among sunflower species include  both  chromo- 
somal structural and genic factors. 
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