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ABSTRACT

Interspecific hybridization can generate transgressive hybrid phenotypes with extreme trait
values exceeding the combined range of the parental species. Such variation can enlarge the
working surface for natural selection, and may facilitate the evolution of novel adaptations
where ecological opportunity exists. The number of quantitative trait loci fixed for different
alleles in different species should increase with time since speciation. If transgression is
caused by complementary gene action or epistasis, hybrids between more distant species
should be more likely to display transgressive phenotypes. To test this prediction we collected
data on transgression frequency from the literature, estimated genetic distances between the
hybridizing species from gene sequences, and calculated the relationship between the two
using phylogenetically controlled methods. We also tested if parental phenotypic divergence
affected the occurrence of transgression. We found a highly significant positive correlation
between transgression frequency and genetic distance in eudicot plants explaining 43% of the
variance in transgression frequency. In total, 36% of the measured traits were transgressive.
The predicted effect of time since speciation on transgressive segregation was unconfounded
by the potentially conflicting effects of phenotypic differentiation between species. Our
analysis demonstrates that the potential impact hybridization may have on phenotypic
evolution is predictable from the genetic distance between species.

KEYWORDS: adaptive evolution, comparative method, genetic distance, hybridization,

transgressive segregation, speciation.

INTRODUCTION

The recombination of genetic material among lineages with divergent evolutionary histories
can give rise to novel phenotypes. For more than ten thousand years, since the beginning of
domestication of plants and animals, humans have made explicit use of this. Despite
influential early publications (Anderson 1949; Anderson and Stebbins 1954; Stebbins 1959;
Lewontin and Birch 1966; Stebbins 1966; Templeton 1981) the role of hybridization in
evolution, certainly of animals, had for many years received only limited attention by
evolutionists. This has recently begun to change. It is now clear that hybridization between
species is much more common than was thought previously (Grant and Grant 1992; Arnold
1997; Dowling and Secor 1997; Rieseberg et al. 1999; Barton 2001; Seehausen 2004; Mallet
2007; Schwenk et al. 2008). There is also convincing evidence for that hybridization may
facilitate adaptive evolution within species (Grant and Grant 2008) and that it may lead to

evolutionary novelty, i.e. to the emergence of novel adaptations and new species, both in



plants (Lexer et al. 2003b) and animals (Schliewen and Klee 2004; Gompert et al. 2006;
Mavarez et al. 2006). Some adaptive radiations may have been fuelled by hybridization
between distantly related species in plants (Barrier et al. 1999), animals (Feder et al. 2003;
Seehausen et al. 2003; Joyce et al. 2005; Mallet 2007) and prokaryotes (Vernikos et al. 2007).
Much of this paradigm shift has been driven by developments in molecular genetics that made
it possible to identify hybrid individuals (Rieseberg and Linder 1999; Anderson and
Thompson 2002) and lineages (Ungerer et al. 1998) more easily and track the traces of
reticulate evolution with more confidence (Marri et al. 2007).

Next to their intrinsic fitness, the evolutionary potential of hybrid populations depends
on the ecological competitiveness of hybrid genotypes. Simulation models (Buerkle et al.
2000) and experiments (Abbott 1992; Jackson and Tinsley 2003; Lexer et al. 2003a) suggest
that hybrid populations are likely to persist only if they can occupy previously underutilised
fitness peaks on the local adaptive landscape. However, in most cases hybrids resemble one of
the parents or express intermediate trait values that lay between the parental means.
Intermediate hybrid phenotypes are not likely to persist without spatial isolation from the
parents (Barton and Hewitt 1985) unless an underutilized fitness peak requires intermediate
trait values (Mallet 2007). Yet, hybrids frequently express trait values exceeding the range
between the parental means, which is referred to as transgressive segregation (Slatkin and
Lande 1994; Rieseberg et al. 1999). Phenotypes are transgressive if they lie outside the
phenotypic range of both parental species. Theoretically, transgressive traits can provide
hybrid genotypes with novel adaptive potential, not shared by either parental population.
Populations of such hybrid genotypes may then diverge from the parental species through the
same mechanisms that play a role in classical ecological speciation (Sechausen 2004).
Ecological hybrid speciation facilitated by transgressive segregation has been demonstrated in
detail in hybrid sunflower species (Schwarzbach et al. 2001; Lexer et al. 2003b; Rieseberg et
al. 2003).

Transgressive segregation is common and widespread. Rieseberg at al. (1999) found
evidence for transgressive segregation in 110 of 113 studies on hybridizing plant species, and
in 45 of 58 cases of hybridizing animal species. They further found that 59% of the 579
investigated traits in plants, and 31% of the 650 traits in animals, were transgressive. Several
different mechanisms have been proposed to explain how the rearrangement of genomes can
create phenotypic novelty (Rick and Smith 1953; Grant 1975; DeVicente and Tanksley 1993;
Monforte et al. 1997; Rieseberg et al. 1999). A widely accepted view is that transgression is

the result of the recombination of alleles at quantitative trait loci (QTL), that are fixed for



alleles of opposite sign in the parents which sum up to an extreme trait value when
recombined in their hybrids a mechanism commonly referred to as complementary gene
action. While parental phenotypes are constrained to a certain trait value range (because each
parent fixed counteracting alleles at different QTLs for the same trait), some of their hybrids
can inherit complementary alleles from both parents, generating transgressive hybrid
phenotypes. Although non-additive effects by overdominance (in which the combination of
divergent alleles at a particular locus endows the heterozygote with a more extreme trait value
than both homozygotes) and epistatic interactions (the action of one gene is modified by one
or several other genes) may contribute, quantitative genetic studies on plant hybrids
consistently identified complementary gene action as the primary cause of transgression
(Weller et al. 1988; De Vicente and Tanksley 1993; Mansur et al. 1993; Clarke et al. 1995;
Ecke et al. 1995; Li et al. 1995; Monforte et al. 1997; Bradshaw et al. 1998; Kim and
Rieseberg 1999; Rieseberg et al. 2003).

Given a purely additive regime, transgression due to complementary gene action can
only be observed in the F2 and higher hybrid generations. In the F1 generation, additive
effects only produce intermediate phenotypes. However, if dominance prevails at some loci
contributing to complementary gene action, transgressive phenotypes can already occur in F1
hybrids. Dominance produces extreme trait values in the F1 generation because hybrid
individuals express only the dominant allele at all heterozygous loci, and so end up expressing
fewer alleles with antagonistic effects on different loci than their homozygous counterparts.
For this, parental species must be recessive homozygotes for at least one locus, and it must be
a different locus in each parental species (e.g. the diploid two-locus two-allele parental
genotypes A_bb and aaB_ (each with trait values of 0) can produce A_B_ or aabb F1 hybrids
with transgressive trait values of +2 or -2, respectively).

We predicted that if some of the transgression in interspecific F1 hybrids is caused by
complementary gene action or epistasis, its frequency should correlate positively with the
genetic distance between hybridizing species, because the number of loci at which two
different species have fixed alleles with opposite sign should increase with time since
speciation. To test this we collected data on the frequency of transgressive segregation in
hybrids from published work, and molecular sequence data for the same species from
GenBank. We calculated pairwise sequence differences between hybridizing species. We then
mapped these and transgression frequency on published phylogenetic trees. Finally we

calculated independent contrasts (Felsenstein 1985) in genetic distance and in transgression



frequency between pairs of hybridizing species for a test of the predictions that is controlled
for phylogenetic non-independence.

Variation in the extent of phenotypic differentiation between the parental lines can
potentially confound the predicted relationship between genetic distance and transgression.
Phenotypically similar species are more likely to produce transgressive hybrid offspring than
dissimilar species. This is because the maintenance of phenotypic similarity despite
proceeding genetic divergence requires the accumulation and fixation (by stabilizing selection)
of antagonistic allelic effects independently within the two species (DeVicente and Tanksley
1993; Mansur et al. 1993; Kim and Rieseberg 1999). Hence, two similar species that have
experienced stabilizing selection on the same traits are likely to eventually fix different alleles
at some QTLs, which would then cause transgression when these are recombined in hybrids.
Conversely, phenotypically divergent species are less likely to produce transgressive
offspring as the genetic basis for complementary gene action may be missing because of the
fixation of alleles with opposite signs on loci with a consistent directional selection history.
To test if phenotypic divergence, besides genetic distance, also affected the occurrence of
transgression, we calculated an index of parental phenotypic divergence for each of the traits

included in our analysis.

METHODS

Literature Search

All cases used in our analysis were identified in a search using Web of Science
(http://portal.isiknowledge.com/portal.cgi) with the keyword combination “interspecific
hybrid* AND morpholog*” (965 hits). From this literature we selected studies that met the
following criteria: (1) Finding transgressive traits for breeding purposes was not the aim of
the study. (2) Data from wild hybrids were included only if their hybrid identity was
confirmed with molecular markers. (3) Data were present for at least three different traits.
Trait ratios (e.g. leaf width / leaf length) were excluded, except if neither numerator nor
denominator were included separately. (4) Data had to be quantitative. We excluded
qualitative data (e.g. illustrations of leaf shapes, description of flower colouration). (5) To
obtain a comparable measure of genetic distance between species, we used the same gene for
all species. This required availability of sequence data on NCBI GenBank
(http://www.ncbi.nlm.nih.gov/Genbank/) (for details see below). (6) Sequences had to be
longer than 500 bp.



A total of 62 plant hybrid systems met our criteria, comprising a multitude of taxa (47
different eudicot crosses, 12 monocot crosses, 2 crosses within magnoliids and one within
Nymphaeaceae; Table 1; Supplementary Fig. 1). In addition, we were able to collect a small
data set on animal species comprising 15 hybrid systems, of which 12 were Teleost fish, of
which again 8 crosses within the Teleost family Cyprinidae.

We first ran all analyses exclusively on F1 before including the cases where only data
on BC (hybrids backcrossed to one or both of the parents), F2, F3 or wild hybrids were
available (Table 1). The detectability of transgression in our analysis therefore was mainly
limited to cases involving loci with heterozygous effects or dominant alleles, the

complementation among which is visible in the heterozygous F1 hybrids.

Assessment of transgression frequency

We collected all available phenotypic data from published articles, including morphological,
physiological and life history traits of both parental species and their hybrid offspring.
Character means that lay outside the range between the means of both parental species in a
negative or positive direction were defined as transgressive. Where only phenotypic ranges
were given, but no mean values, we considered hybrids as transgressive if part of their trait
value range fell outside of the combined parental ranges. Where means and ranges were given,
we only scored those traits as transgressive that had hybrid means outside of the range of the
two parental means, regardless of the distribution of the trait ranges, which is conservative
with regard to our expectation. Hybrid means can fall between the parental means while the
hybrid range can still exceed the parental trait range. We then calculated the ratio between the
number of traits that were transgressive to the total number of traits that were measured

(hereafter this ratio will be referred to as ‘transgression frequency’).

Assessment of genetic distance
To obtain genetic distances for all parental species pairs, uncorrected p-distances (Takahashi
and Nei 2000; Nei and Kumar 2003) were calculated from gene sequences taken from NCBI
GenBank (http://www.ncbi.nlm.nih.gov/Genbank/). Calculating genetic distances on the basis
of other substitution models (e.g. Jukes-Cantor, Kimura 2- parameter) did not affect the
results of our analyses.

As the common currency for measuring interspecific divergence (Chapman and Burke
2007) we used the internal transcribed spacer region (ITS I and II) for plants and cytochrome

b for animals. Between 1 and 10 sequences per parental species (depending on their



availability on GenBank) were aligned in ClustalW (Thompson et al. 1997) and alignments
were manually optimised. Genetic distances were calculated in MEGA 4 (Kumar et al. 2004).
If multiple sequences available were for a pair of species, we calculated the average of all
possible pairs of sequences. In four cases (Eucalyptus, Dianthus, Cerastium and Piper), where
sequences for one of the two parental species of a cross were missing, we calculated the
average genetic distance between the available parental species and all other species of the
genus for which sequences were available. Further, to test if these averaged distances
affected our tests, we re-calculated all analyses without these four taxa and compared the
results to those of the complete data set.

Chi-square tests of homogeneity of base pair frequencies calculated in PAUP* 4.0b10
(Swofford 2001) revealed no significant heterogeneity between the hybridized species pairs (p

> (.05 in all cases).

Assessment of phenotypic differentiation

Phenotypic differentiation was calculated by dividing the absolute trait value difference
between the two parental species of any cross by the larger of the two trait values, resulting in
an index ranging from 0 (no trait differentiation) to 1 (large trait differentiation). This was
done for each trait reported per hybridized species pair. Logistic regression was used to test
transgressive segregation as binary response variable against differentiation index, running a
separate regression analysis for each hybrid system. A one-sample t-test on the slopes from all
regression lines was used to assess if they significantly differed from zero.

We also tested if genetic distance was correlated to the degree of phenotypic differentiation
by calculating linear regressions of the phenotypic differentiation index of all traits across all

hybrid systems against genetic distance.

Calculating Independent Contrasts

Independent contrasts (Felsenstein 1985; Pagel 1999) in p-distances and in transgression
frequency were calculated for all pairs of hybridized species (note that the terminal taxa in
this analysis are pairs of species, rather than species) and for all superior nodes deeper in the
phylogeny down to the pair of nodes right above the last common ancestor of two species
pairs. We then used standard regression techniques in JMP 7 (SAS Institute) to estimate the
relationship between transgression frequency and genetic distance. This method is equivalent

to the phylogenetically weighted averaging procedure that has been used in similar contexts



(Fitzpatrick 2002; Bolnick and Near 2005). This procedure is required to control for any
phylogenetic inertia in transgression frequency. At the same time it ensures the statistical
independence of data points (Harvey and Pagel 1991). Phylogenies were taken from The
Angiosperm Phylogeny Group (The Angiosperm Phylogeny Group 2003) and from the Tree
of Life project (Maddison and Schulz 1996-2007) (Supplementary Fig. 1).

In the regression analysis, we used A genetic distance as the independent variable and
A transgression frequency as the dependent variable. The data were standardized, i.e. each
variable was centred to mean zero by subtracting the mean and dividing by the standard
deviation. Both variables were normally distributed, confirmed with Shapiro-Wilkinson tests
for normality. The y-intercept of all regression lines was constrained to the origin. This was
necessary because when calculating contrasts, the direction of subtraction between the two
values of any variable is random and hence the sign of the contrast is arbitrary as long as the
contrasts in the two variables that are tested are calculated by subtraction in the same direction
(Garland et al. 1992).

For plants, we used six different levels of phylogenetic inclusiveness in our analysis,
gradually climbing down the phylogenetic tree from the tips to the root. The first regression
(regression I) contained only contrasts calculated between species within genera (e.g.
Trifolium alexandrinum x T. resupinatum versus Trifolium repens x T. ambiguum). If a
specific hybrid cross was studied in more than one publication, we calculated the average of
the transgression frequencies from all studies before applying contrasts. The second
regression (regression II) contained all within-genus contrasts again, plus contrasts calculated
between genera within families (e.g. within Fabaceae: Trifolium versus Medicago). All
genetic distances and transgression frequencies were averaged within genera before
calculation of the contrasts. We did not perform a separate analysis on the between-family
within-order level because only in two eudicot and two monocot cases did we have data on
more than one family within an order, which added only little extra information to the
previous regression analysis. The third regression (regression III) hence contained the within-
genus and within-family contrasts plus contrasts calculated between orders within the next
‘supraordinal’ clades (e.g. within Fabids: Fabales versus Malphigiales). Again, all values
were averaged beforehand within orders. The fourth regression (regression 1V) was calculated
as described above containing all previously calculated contrasts plus contrasts calculated
within the next more inclusive taxonomic grouping deeper down towards the root of the tree
(e.g. within Rosids: Fabids versus Malvids). The same procedure was applied to calculate the

fifth regression containing all contrasts within eudicots (regression V) and monocots,



respectively. The sixth regression (regression VI) contained all contrasts within angiosperms.
No suitable data was available for gymnosperms.

For animals we used the same taxonomic levels of analysis with the difference that
contrasts were only available for regressions II, III and VI.

Finally, to test whether transgression frequency was affected by the number of
phenotypic traits reported, we conducted a regression analysis of transgression frequency on

the total number of traits.

RESULTS

Analysis of the 62 plant studies examined here, reporting on phenotypic variation in
segregating hybrid populations and their respective parental populations, resulted in 36%
transgressive traits (249 traits out of a total of 687 traits). An earlier study found as much as
59% transgressive traits in a large survey on plant hybrid systems (Rieseberg et al. 1999).
Analysis of the 15 animal studies resulted in 29% transgressive traits (65 traits out of a total
of 222 traits). This frequency of transgression is in close agreement with an earlier study that
found 31% transgressive traits in animal hybrids (Rieseberg et al. 1999). Only 14 % of the
studies analysed by us where also included in that earlier study, while 86% of our data were
not analysed in this way before.

There was no correlation between the number of traits reported and the proportion of
transgressive traits within either eudicots (R2 =0.01, Fy46 = 0.24, p = 0.63), monocots (R2 =
0.0, F;11 = 0.06, p = 0.81), animals (R2 =0.0, F114= 0.0, p = 0.99), or the combined data set
(R*=0.01, F; 77=0.56, p = 0.46).

The frequency of transgressive traits increased significantly with increasing genetic
distance in eudicot plants. The relationship was particularly strong in the phylogenetically
least inclusive comparisons, when only contrasts between pairs of species within genus were
considered (regression I, only F1 hybrids: R* = 0.57, Fi17=21.5, p <0.001; all hybrids: R*=
0.43, Fi26= 18.72, p < 0.001; Fig. 1a). Contrasts from one study were excluded from this
analysis because they represented outliers from the distribution (i.e. they fell outside of the
upper and lower quartile + 1.5 * interquartile range). In this study, Bletsos et al. (Bletsos et al.
2004) produced interspecific hybrids between the eggplant species Solanum melongena and S.
macrocarpon. Two of the three contrasts in genetic distance between this species pair and
other Solanum crosses, were unusually high while the associated contrasts in transgression
frequency were low (genetic distance / transgression frequency: -0.062 / -0.111 and -0.083 / -

0.305). When this study was included, the predictive power of genetic distance decreased but



the regression slope remained highly significant (regression I, only F1 hybrids R* = 0.5, F; 2
=18.92,p<0.001).

Interestingly, when contrasts between more inclusive nodes in the phylogeny of
angiosperms (regressions II-VI) were included, the signal became successively weaker. The
fit between transgression frequency and genetic distance was slightly less tight when contrasts
between genera of the same family were added (regression II, only F1 hybrids: R* = 0.41,
Fia4=15.78, p < 0.001; all hybrids R* = 0.28, F| 43 = 14.48, p < 0.001; Fig. 1b). The signal
decreased further when contrasts between orders were added (regression III, only F1 hybrids:
R* = 0.30, F;33= 13.06, p = 0.001; all hybrids: R* = 0.25, F; 4 = 14.95, p < 0.001; Fig. lc),
and then remained little changed when contrasts between ‘supraordinal’ clades (regression IV,
only F1 hybrids: R? = 0.24, F 3,= 16.76, p < 0.001; all hybrids: R* = 0.27, F| 54 = 19.95, p <
0.001; Fig. 1d) and contrasts within all eudicots (regression V, only F1 hybrids: R* = 0.21,
Fi40=17.64, p < 0.001; all hybrids: R*=0.28, Fi1s57=21.45, p <0.001; Fig. 1e) were added.
When we added monocots and analysed all contrasts within angiosperms, i.e. including
contrasts from all taxonomic levels of both eudicots and monocots, the signal was abruptly
lost altogether (regression VI, only F1 hybrids: R? = 0.11, Fy 5;= 2.04, p = 0.158; all hybrids:
R*=0.00, F; 76 = 0.08, p = 0.77; Fig. 1f).

Inclusion or exclusion of the four crosses, where sequences for one of the two parental
species of a cross were missing and for which we calculated averaged genetic distances
between the available parental species and all other species of the respective genera
(Eucalyptus, Dianthus, Cerastium, Piper), had little effect on the results (results shown only
for F1 hybrids after excluding Eucalyptus, Dianthus, Cerastium and Piper: regression I, R* =
0.58, Fy,16 = 20.32, p = 0.001; results of regression II and III remained unchanged, regression
IV, R? = 0.35, F136 = 18.62, p < 0.001; regression V, R? = 0.34, F137 = 18.33, p < 0.001;
regression VI, R? = 0.12, Fi47 = 1.96, p = 0.168). Hence, the averaging of genetic distance
within genera did not bias our results.

The monocot data gave different results. The slopes of almost all regressions were
negative but none was significant (regression I, only F1 hybrids: R* = -0.25, Fi135=0.67,p=
0.49; all hybrids: R? =-0.04, F14=0.12, p = 0.75; regression II, only F1 hybrids: R? =-0.25,
Fi4= 1.0, p = 0.39; all hybrids: R? = -0.26, F; 11 = 3.53, p = 0.09; regression 1V, only F1
hybrids: R* = -0.41, Fi 6= 3.5, p = 0.12; all hybrids: R* = -0.22, F; ;3 = 2.66, p = 0.128;
regression V, only F1 hybrids: R?= -0.02, F19=0.14, p=0.71; all hybrids: R?= -0.19, F; 16 =
2.97, p = 0.11; regression VI, only F1 hybrids: R* = 0.02, Fi10=0.16, p=0.7; all hybrids: R’
= -0.17, Fi19 = 2.97, p = 0.1). Regression III could not be calculated because our data set
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contained no monocot hybrid crosses for contrasts between orders of the same ‘supraordinal’
clade.

Surprisingly, the animal data set produced significant negative slopes at all levels of
phylogenetic inclusiveness (regression II, only F1 hybrids: R* = -0.58, F ;o= 12.11, p = 0.007,
all hybrids: R* = -0.45, Fi12=16.79, p <0.001, Fig. 2a; regression III, only F1 hybrids: R*=-
0.40, Fy ;4= 8.8, p=0.011, all hybrids: R? =-0.30, Fi3,=8.23, p =0.007, Fig. 2b; regression
VI, only F1 hybrids: R* = 0.47, F ;5= 12.33, p = 0.004, all hybrids: R* =-0.21, F, 35 = 8.95, p
=0.005, Fig. 2¢).

In plants, 41 hybrid systems out of 59 (3 systems were excluded here because
phenotypic data was only provided as range and not as mean in the source paper) showed a
negative correlation between the phenotypic trait differentiation of the parental species and
the occurrence of transgression in hybrids (Fig. 3a). Twelve of these 41 negative regression
lines were significant, of which four remained significant after sequential Bonferroni
correction. Ten systems had regression lines equal to zero and only eight systems showed
positive trends of which none was significant. In animals, 10 hybrid systems out of 15 showed
a negative correlation between phenotypic differentiation and transgression frequency, four of
which were significant (Fig. 3b). None of the animal systems showed a positive trend. A one-
sample t-test revealed that, on average, the slopes were significantly different from zero
(plants: tso = -5.04, p < 0.001; animals: t;5=-2.29, p = 0.038).

In the animal data set, the phenotypic differentiation of the parental species increased
significantly with genetic distance (R = 0.7, F;219= 17.86, p < 0.001) using phenotypic data
from each trait across all hybrid systems. The same analysis did not reveal a significant

relationship in plants (R = 0.0, F; 644=0.01, p =0.93).

DISCUSSION

The occurrence of phenotypic novelty through interspecific hybridization is common
(Rieseberg et al. 1999) and has been suggested to be a potentially important source of
adaptive genetic variation where ecological opportunity exists (Harini and Ramachandra 2003;
Lexer et al. 2003b; Johnston et al. 2004; Seehausen 2004; Albertson and Kocher 2005). We
predicted, based on the previous finding that transgression in hybrids is often caused by
complementary gene action or epistasis (Rieseberg et al. 1999; Rieseberg et al. 2003), that the
frequency of transgression should positively scale with the genetic distance between the

hybridizing species. We calculated independent contrasts (Felsenstein 1985) between species
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pairs in genetic distance and in the proportion of transgressive traits in their hybrids to test the
predicted relationship using phylogenetically controlled regressions.

Our data on 47 eudicot plant hybrid systems is consistent with our prediction. The correlation
between transgression frequency and genetic distance was significantly positive. Using
independent contrasts calculated between species of the same genus, more than 40% of the
variance in transgression frequency was explained by genetic distance (Fig. 1a).

Inclusion of contrasts between increasingly inclusive clades caused a successive
shallowing of the slope and weakening of the correlation. This could partly be an effect of
increasingly different genetic architectures between lineages. The latter is supported by our
finding of between-lineage variation in the frequency of transgressive phenotypes. For
example, the correlation between genetic distance and transgression frequency is much
stronger in rosids (R2 =0.79, F1,12=49.96, p < 0.001) than in asterids (R2 =0.24, F 16 =5.23,
p = 0.037) when analysed separately on the within-genus level. An unpaired t-test (computed
as the difference between the two slopes divided by the standard error of the difference
between the slopes) revealed a significant difference between the slopes (unpaired #-tests, ¢ =
17.47, p (two-tailed) < 0.001).

There is potential for measurement error in all variables we used (genetic distance,
phenotypic distance and transgression frequency) deriving from a) variation in the accuracy
with which phenotypic traits were reported in the literature, and b) restricting the calculation
of genetic distance to only one locus (internal transcribed spacer region I and II), and c)
because we assumed a clock-like evolution of this one gene. Given these possible sources of
error, it is remarkable that genetic distance explains such a large proportion (> 40%) of the
variance in transgression frequency among the phylogenetic contrasts within genera.

Our monocot data suggests a relationship of the opposite direction such that
genetically more distant species are less likely to produce transgressive hybrid phenotypes.
However, none of the slopes was significant and the strength of the correlations was weaker
than in the eudicot data set at all taxonomic levels. The sample size for monocots (n of
different species crosses = 12) was much smaller than that for eudicots (n = 44), and it was
dominated by Allium crosses (see Table 1). It is hence possible that the observed trend, or the
absence of any strong trend, is not representative for monocot plants.

Opposite to the signal in eudicots, the animal data revealed a significantly negative
correlation between transgression frequency and genetic distance (Fig. 2 a-c). However, as for
monocots the taxonomic breadth of this data set was limited and dominated by one group (12

of the 15 studies were on Teleost fish, of which 8 were species crosses within the family
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Cyprinidae). Hence, we suggest handling these results with some caution. To be able to make
more solid conclusions for animals, a phylogenetically more inclusive sampling is desirable.
This was not possible with the data at hand.

Variation in the degree of phenotypic differentiation between parental species is a
factor that needs to be taken into account when trying to asses the causes of variation in
transgression frequency in interspecific hybrids. The genetic conditions allowing for
complementary gene action are more likely given for traits that have been under stabilizing
selection in both hybridizing species. Stabilizing selection leads to fixation of QTLs with
alternating sign, that are complementary when recombined. Conversely, the probability for
the appearance of transgressive hybrid offspring should be low between phenotypically
divergent species. In response to divergent selection, each species is likely to have fixed
alleles of same sign at multiple QTLs, but the sign being different between the species. Such
genetic architecture of species differences would leave little opportunity for complementary
gene action in hybrids. Transgressive phenotypes for oral jaw shape were absent amongst the
hybrid offspring of two closely related Lake Malawi cichlid species with markedly different
jaw morphology (Albertson and Kocher 2005). QTL sign tests implicated divergent
directional selection on jaw shape in the two species (Albertson et al. 2003). Therefore, we
tested if transgressive segregation frequency in interspecific hybrids was partially determined
by phenotypic differentiation of the parental species. We found our prediction strongly
confirmed. In both plants and animals, the large majority of hybridizing species pairs showed
a negative correlation between the extent of differentiation in a given trait, and the occurrence
of transgressive expression of that trait in their hybrids (Fig 3 a, b).

The magnitude of phenotypic differentiation was not predicted by the genetic distance
between species in our plant data set. It follows that in plants the predicted effect of time since
speciation (genetic distance) on the occurrence of transgressive segregation was
unconfounded by the potentially conflicting effects of phenotypic differentiation between
species.

In contrast with plants, we found a significant positive relationship between genetic
distance and phenotypic differentiation in the animal data. It is hence possible that in animals,
the expected positive effect of time since speciation was masked by the expected negative
effects of phenotypic differentiation. Relatively large proportions of transgressive traits
observed in hybrids between closely related animal species may be a result of relatively little

phenotypic differentiation, whereas distantly related species may have shown fewer than
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expected transgressive traits because of the relatively larger phenotypic differentiation
between them.

The genetic mechanism underlying extreme trait expression can, however, not be
conclusively determined from the phenotype distribution alone. If trait values are correlated
with fitness, e.g. if certain traits are more strongly expressed in individuals of better
constitution, transgression may also result from heterosis. Similarly, the effects of genetic
incompatibilities such as Dobzhansky-Muller-interactions can lead to transgression, e.g. if
reduced growth leads to smaller trait values in hybrids. Because our data are almost
exclusively from first generation hybrids where heterosis is at its maximum, it is possible that
increased hybrid fitness caused the expression of transgressive values in some traits. This is,
however, unlikely to account for a major part of our results because at larger genetic distances
the effects of heterosis on hybrid fitness are counteracted by genetic incompatibilities
accumulating with time since speciation, which effectively decreases heterosis in distant
crosses (Moll et al. 1965). We hence conclude that an increase in complementary gene action
and epistasis are the more likely explanation for the positive relationship between genetic
distance and the frequency of transgression we observed.

Since only those hybrid genotypes with heritable transgressive trait values add to the
‘working surface’ of natural selection, transgression based on heterosis is not expected to lead
to the evolution of novel adaptations. Transgressive hybrid genotypes generated by
complementary gene action and epistasis on the other hand can breed true and fixation of the
multilocus genotype with the most beneficial combination of parental alleles at different loci
is possible (Fitzpatrick and Shaffer 2007). However, the functional relevance of the
transgressive trait values detected in this analysis is mostly unknown (Lexer et al. 2003a;
Gross et al. 2004; Johnston 2004) and our data make no prediction with regard to hybrid
fitness. In fact some of the extreme phenotypes reported here may be mal-adaptive. Yet, under
some ecological circumstances the increased working surface for selection generated by
transgressive segregation in hybrids may well compensate for an average fitness loss through
genetic incompatibilities (Hatfield and Schluter 1999; Via 2002), a scenario particularly
relevant when novel habitats are colonized or when existing habitats have been thoroughly
altered.

We conclude that both time since speciation and phenotypic differentiation have to be
taken into account to predict the frequency of phenotypic novelty and the opportunity for
adaptive evolution emerging from interspecific hybridization. Future work should compare

transgression frequencies in hybrids from controlled crosses between closely and more

14



distantly related species with both similar and divergent phenotypes. Such analysis should be
performed using species of a single evolutionary lineage to avoid the confounding effect of

phylogenetic variance in transgression frequency.

ACKNOWLEDGEMENTS

We thank J.P. Danko, Mike Arnold, Mark Chapman and two anonymous reviewers for
commenting on earlier drafts of the manuscript and Loren Rieseberg, Richard Frankham,
Volker Wissemann and Eric Nagy for helpful discussion. This research was supported by a

Swiss Science Foundation (Schweizer Nationalfond) grant to OS.

15



REFERENCES

Abbott, R. J. 1992. Plant invasions, interspecific hybridization and the evolution of new plant
taxa. Trends in Ecology and Evolution 7:401-407.

Albertson, R. C., and T. D. Kocher. 2005. Genetic architecture sets limits on transgressive
segregation in hybrid cichlid fishes. Evolution 59:686-690.

Albertson, R. C., J. T. Streelman, and T. D. Kocher. 2003. Directional selection has shaped
the oral jaws of Lake Malawi cichlid fishes. Proc. Natl. Acad. Sci. U. S. A. 100:5252-
5257.

Anderson, E., and G. L. Stebbins. 1954. Hybridization as an Evolutionary Stimulus. Evolution
8:378-388.

Anderson, E. C., and E. A. Thompson. 2002. A model-based method for identifying species
hybrids using multilocus genetic data. Genetics 160:1217-1229.

Anderson, J. R. 1949. Introgressive hybridization. Wiley, New York.

Armold, M. L. 1997. Natural Hybridization and Evolution. Oxford University Press, Oxford.

Barrier, M., B. G. Baldwin, R. H. Robichaux, and M. D. Purugganan. 1999. Interspecific
hybrid ancestry of a plant adaptive radiation: Allopolyploidy of the Hawaiian
silversword alliance (Asteraceae) inferred from floral homeotic gene duplications.
Molecular Biology and Evolution 16:1105-1113.

Barton, N. H. 2001. The role of hybridization in evolution. Mol. Ecol. 10:551-568.

Barton, N. H., and G. M. Hewitt. 1985. Analysis of Hybrid Zones. Annu. Rev. Ecol. Syst.
16:113-148.

Bletsos, F., D. Roupakias, M. Tsaktsira, and A. Scaltsoyjannes. 2004. Production and
characterization of interspecific hybrids between three eggplant (Solanum melongena
L.) cultivars and Solanum macrocarpon L. Scientia Horticulturae 101:11-21.

Bolnick, D. 1., and T. J. Near. 2005. Tempo of hybrid inviability in centrarchid fishes
(Teleostei: Centrarchidae). Evolution 59:1754-1767.

Bradshaw, H. D., K. G. Otto, B. E. Frewen, J. K. McKay, and D. W. Schemske. 1998.
Quantitative trait loci affecting differences in floral morphology between two species
of monkeyflower (Mimulus). Genetics 149:367-382.

Buerkle, C. A., R. J. Morris, M. A. Asmussen, and L. H. Rieseberg. 2000. The likelihood of
homoploid hybrid speciation. Heredity 84:441-451.

Chapman, M. A., and J. M. Burke. 2007. Genetic divergence and hybrid speciation. Evolution
61:1773-1780.

Clarke, J. H., R. Mithen, J. K. M. Brown, and C. Dean. 1995. Qtl Analysis of Flowering Time
in Arabidopsis-Thaliana. Molecular & General Genetics 248:278-286.

De Vicente, M. C., and S. D. Tanksley. 1993. Qtl Analysis of Transgressive Segregation in an
Interspecific Tomato Cross. Genetics 134:585-596.

DeVicente, M. C., and S. D. Tanksley. 1993. Qtl Analysis of Transgressive Segregation in an
Interspecific Tomato Cross. Genetics 134:585-596.

Dowling, T. E., and C. L. Secor. 1997. The role of hybridization and introgression in the
diversification of animals. Annu. Rev. Ecol. Syst. 28:593-619.

Ecke, W., M. Uzunova, and K. Weissleder. 1995. Mapping the Genome of Rapeseed
(Brassica-Napus L) .2. Localization of Genes-Controlling Erucic-Acid Synthesis and
Seed Oil Content. Theoretical and Applied Genetics 91:972-977.

Feder, J. L., S. H. Berlocher, J. B. Roethele, H. Dambroski, J. J. Smith, W. L. Perry, V.
Gavrilovic, K. E. Filchak, J. Rull, and M. Aluja. 2003. Allopatric genetic origins for
sympatric host-plant shifts and race formation in Rhagoletis. PNAS 100:10314-10319.

Felsenstein, J. 1985. Phylogenies and the Comparative Method. Am. Nat. 125:1-15.

Fitzpatrick, B. M. 2002. Molecular correlates of reproductive isolation. Evolution 56:191-198.

16



Fitzpatrick, B. M., and H. B. Shaffer. 2007. Hybrid vigor between native and introduced
salamanders raises new challenges for conservation. Proc. Natl. Acad. Sci. U. S. A.
104:15793-15798.

Garland, T., P. H. Harvey, and H. R. Ives. 1992. Procedures for the Analysis of Comparative
Data Using Phylogenetically Independent Contrasts. Systematic Biology 41:18-32.

Gompert, Z., J. A. Fordyce, M. Forister, A. M. Shapiro, and C. C. Nice. 2006. Homoploid
hybrid speciation in an extreme habitat. Science 314:1923-1925.

Grant, B. R., and P. R. Grant. 2008. Fission and fusion of Darwin's finches populations.
Philos. Trans. R. Soc. B-Biol. Sci. 363:2821-2829.

Grant, P. R., and B. R. Grant. 1992. Hybridisation of bird species. Science 256:193-197.

Grant, V. 1975. Genetics of flowering plants. Columbia University Press, New York.

Gross, B. L., N. C. Kane, C. Lexer, F. Ludwig, D. M. Rosenthal, L. A. Donovan, and L. H.
Rieseberg. 2004. Reconstructing the origin of Helianthus deserticola: Survival and
selection on the desert floor. Am. Nat. 164:145-156.

Harini, B. P., and N. B. Ramachandra. 2003. Evolutionary experimentation through
hybridization under laboratory condition in Drosophila: Evidence for recombinational
speciation. BMC Evolutionary Biology 3.

Harvey, P. H., and M. D. Pagel. 1991. The Comparative Method in Evolutionary Biology.
Oxford University Press, Oxford.

Hatfield, T., and D. Schluter. 1999. Ecological speciation in sticklebacks: Environment-
dependent hybrid fitness. Evolution 53:866-873.

Jackson, J. A., and R. C. Tinsley. 2003. Parasite infectivity to hybridising host species: a link
between hybrid resistance and allopolyploid speciation? International Journal for
Parasitology 33:137-144.

Johnston, J. A. 2004. Novel phenotypes among early generation hybrids of two Louisiana iris
species: flooding experiments. Journal of Ecology 92:967-976.

Johnston, J. A., L. A. Donovan, and M. L. Amold. 2004. Novel phenotypes among early
generation hybrids of two Louisiana iris species: flooding experiments. Journal of
Ecology 92:967-976.

Joyce, D. A., D. H. Lunt, R. Bills, G. F. Turner, C. Katongo, N. Duftner, C. Sturmbauer, and
O. Seehausen. 2005. An extant cichlid fish radiation emerged in an extinct Pleistocene
lake. Nature 435:90-95.

Kim, S. C., and L. H. Rieseberg. 1999. Genetic architecture of species differences in annual
sunflowers: Implications for adaptive trait introgression. Genetics 153:965-977.
Kumar, S., K. Tamura, and M. Nei. 2004. MEGA3: Integrated software for molecular
evolutionary genetics analysis and sequence alignment. Briefings in Bioinformatics

5:150-163.

Lewontin, R. C., and L. C. Birch. 1966. Hybridization as a Source of Variation for Adaptation
to New Environments. Evolution 20:315-&.

Lexer, C., M. E. Welch, J. L. Durphy, and L. H. Rieseberg. 2003a. Natural selection for salt
tolerance quantitative trait loci (QTLs) in wild sunflower hybrids: Implications for the
origin of Helianthus paradoxus, a diploid hybrid species. Mol. Ecol. 12:1225-1235.

Lexer, C., M. E. Welch, O. Raymond, and L. H. Rieseberg. 2003b. The origin of ecological
divergence in Helianthus paradoxus (Asteraceae): Selection on transgressive
characters in a novel hybrid habitat. Evolution 57:1989-2000.

Li, Z. K., S. R. M. Pinson, J. W. Stansel, and W. D. Park. 1995. Identification of Quantitative
Trait Loci (Qtls) for Heading Date and Plant Height in Cultivated Rice (Oryza-Sativa
L). Theoretical and Applied Genetics 91:374-381.

Maddison, D. R., and K.-S. Schulz. 1996-2007. The Tree of Life Web Project.

Mallet, J. 2007. Hybrid speciation. Nature 446:279-283.

17



Mansur, L. M., K. G. Lark, H. Kross, and H. Oliveira. 1993. Interval mapping of quantitative
trait loci for reproductive, morphological, and seed traits of soybean (Glycine max L.).
Theoretical and Applied Genetics 86:907-913.

Marri, P. R., W. Hao, and G. B. Golding. 2007. The role of laterally transferred genes in
adaptive evolution. BMC Evolutionary Biology 7:doi:10.1186/1471-2148-1187-
S1181-S1188.

Mavarez, J., C. Salazar, E. Bermingham, C. Salcedo, C. D. Jiggins, and M. Linares. 2006.
Speciation by hybridization in Heliconius butterflies. Nature 441:868-871.

Moll, R. H., L. H. Longquist, J. V. Fortuno, and E. C. Johnson. 1965. The relationship of
heterosis and genetic divergence in maize. Genetics 52:139-144.

Monforte, A. J., M. J. Asins, and E. A. Carbonell. 1997. Salt tolerance in Lycopersicon
species .5. Does genetic variability at quantitative trait loci affect their analysis?
Theoretical and Applied Genetics 95:284-293.

Nei, M., and S. Kumar. 2003. Molecular Evolution and Phylogenetics. Oxford University

Press.

Pagel, M. D. 1999. Inferring the historical patterns of biological evolution. Nature 401:877-
884.

Rick, C. M., and P. G. Smith. 1953. Novel Variation in Tomato Species Hybrids. Am. Nat.
87:359-373.

Rieseberg, L. H.,, M. A. Archer, and R. K. Wayne. 1999. Transgressive segregation,
adaptation and speciation. Heredity 83:363-372.

Rieseberg, L. H., and C. R. Linder. 1999. Hybrid classification: Insights from genetic map-
based studies of experimental hybrids. Ecology 80:361-370.

Rieseberg, L. H., A. Widmer, A. M. Amtz, and J. M. Burke. 2003. The genetic architecture
necessary for transgressive segregation is common in both natural and domesticated
populations. Philos. Trans. R. Soc. Lond. Ser. B-Biol. Sci. 358:1141-1147.

Schliewen, U., and B. Klee. 2004. Reticulate sympatric speciation in Cameroonian crater lake
cichlids. Frontiers in Zoology 1:5.

Schwarzbach, A. E., L. A. Donovan, and L. H. Rieseberg. 2001. Transgressive character
expression in a hybrid sunflower species. American Journal of Botany 88:270-277.

Schwenk, K., N. Brede, and B. Streit. 2008. Extent, processes and evolutionary impact of
interspecific hybridization in animals. Philos. Trans. R. Soc. B-Biol. Sci. 363:2805-
2811.

Seehausen, O. 2004. Hybridization and adaptive radiation. Trends Ecol. Evol. 19:198-207.

Seehausen, O., E. Koetsier, M. V. Schneider, L. J. Chapman, C. A. Chapman, M. E. Knight,
G. F. Turner, J. J. M. Van Alphen, and R. Bills. 2003. Nuclear markers reveal
unexpected genetic variation and a Congolese-Nilotic origin of the Lake Victoria
cichlid species flock (vol 270, pg 129, 2003). Proceedings of the Royal Society of
London Series B-Biological Sciences 270:2637-2638.

Slatkin, M., and R. Lande. 1994. Segregation variance after hybridization of isolated
populations. Genetic Research 64:51-56.

Stebbins, G. L. 1966. Chromosomal Variation and Evolution - Polyploidy and Chromosome
Size and Number Shed Light on Evolutionary Processes in Higher Plants. Science
152:1463-&.

Stebbins, G. L. J. 1959. The role of hybridization in evolution. Proceedings of the American
Philosophical Society 103:231-251.

Swofford, D. L. 2001. PAUP*. Phylogenetic analysis using parsimony (*and other methods).
Sinauer, Sunderland, MA.

Takahashi, K., and M. Nei. 2000. Efficiencies of fast algorithms of phylogenetic inference
under the criteria of maximum parsimony, minimum evolution, and maximum

18



likelihood when a large number of sequences are used. Molecular Biology and
Evolution 17:1251-1258.

Templeton, A. R. 1981. Mechanisms of Speciation - a Population Genetic Approach. Annu.
Rev. Ecol. Syst. 12:23-48.

The Angiosperm Phylogeny Group. 2003. An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering plants: APG II. Botanical
Journal of the Linnean Society 141:399-436.

Thompson, J. D., T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G. Higgins. 1997. The
ClustalX windows interface: flexible strategies for multiple sequence alignment aided
by quality analysis tools. Nucleic Acid Research 24:4876-4882.

Ungerer, M. C., S. J. E. Baird, J. Pan, and L. H. Rieseberg. 1998. Rapid hybrid speciation in
wild sunflowers. Proc. Natl. Acad. Sci. U. S. A. 95:11757-11762.

Vernikos, G. S., N. R. Thomson, and J. Parkhill. 2007. Genetic flux over time in the
Salmonella lineage. Genome Biology 8.

Via, S. 2002. The ecological genetics of speciation. Am. Nat. 159:1-7.

Weller, J. 1., M. Soller, and T. Brody. 1988. Linkage Analysis of Quantitative Traits in an
Interspecific Cross of Tomato (Lycopersicon-Esculentum X Lycopersicon-
Pimpinellifolium) by Means of Genetic-Markers. Genetics 118:329-339.

19



FIGURE CAPTIONS

Supplementary Figure 1: Angiosperm phylogeny used for calculating independent contrasts,
modified from APG II (The Angiosperm Phylogeny Group 2003). Genera included in the
analysis shown on the right side of the arrows. Number of different species crosses per genus

in brackets. Number of same species crosses not shown.
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Figure 1 a-f: Linear regressions (I-VI) of transgression frequency on genetic distance

(uncorrected p-distance calculated from internal transcribed spacer region I and II sequences)

using the eudicot data set. Independent contrast a) between pairs of species within the same

genus; b) same as (a) plus contrasts between genera of the same family; c¢) same as (b) plus

contrasts between orders of the same supraordinal clade; d) same as (c) plus contrasts

between supraordinal clades within the next higher taxonomic grouping; e) same as (d) plus

contrasts within eudicots; f) same as (e) plus contrasts within angiosperms including eudicots

and monocots.
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Figure 2 a-c: Linear regressions (II, III, VI) of transgression frequency on genetic distance
(uncorrected p-distance calculated from cytochrome b sequences) using the animal data set.
Independent contrast a) between genera of the same family; b) same as (a) plus contrasts
between orders of the same class; ¢) same as (b) plus contrasts between classes within

phylum.
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Figure 3 a-b: Logistic regression of occurrence of transgressive segregation against
phenotypic differentiation between hybridizing species of a) plants and b) animals. Each
regression line represents one pair of hybridizing species. Sample sizes are n = 55 for plants
and n = 15 for animals. The thick line shows the average relationship measured across all

traits of all hybrid systems.
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Table 1: The 62 plant and 15 animal hybridized species pairs with genetic distances
(uncorrected p-distances calculated from ribosomal DNA sequences ITS 1 and 2 for plants
and from cyochrome b for animals), transgression frequencies, number of phenotypic traits

assessed, hybrid generation, and the source reference.

hybrid system genetic trans- n hybrid source
distance  gression traits gene- reference
frequency ration
PLANTS
Rosa rubiginosa x R. sherardii 0.032 1 5 F1 G. Werlemark, H.

Nybom, Hereditas,
134, 1 (2001)

Rosa sherardii x R. villosa 0.028 0.6 5 F1 G. Werlemark, H.
Nybom, Hereditas,
134, 1 (2001)

Trifolium alexandrinum x T. 0.009 0.0909 11 F1 A.K. Roy et al, Plant
constantinopolitanum Cell Report, 22, 9
(2004)
Trifolium alexandrinum x T. resupinatum 0.053 0.6667 6 F1 P. Kaushal et al,

Plant Cell Tissue and
Organ Culture, 83, 2
(2005)
Trifolium repens x T. ambiguum 0.022 0.0667 15 F1 M.T. Abberton et al,
Plant Breeding, 117,
5(1998)
Medicago sativa sativa x M. falcata 0.007 0.2778 18 F1 H. Riday, personal
communication
Medicago sativa x M. rugosa 0.028 0.6667 3 F1 Y. Mizukami et al,
Plant Cell Tissue and
Organ Culture, 84
(2006)
Medicago sativa x M. arborea 0.0245 0.4667 15 F1 E. Nenz et al,
Theoretical and
Applied Genetics, 93
(1996)

Pachyrhizus tuberosus x P. ahipa 0.0768 0.75 16 F1 W.J. Gruneberg et al,
Genetic Resources
and Crop Evolution,
50, 7 (2003)

Lotus alpinus x L. conimbricensis 0.088 0.3636 11 F1 L.S. O'Donoghue et
al, Canadian Journal
of Botany, 68 (1990)

Lotus burtii x L. ornithopodioides 0.074 0.2727 11 F1 L.S. O'Donoghue et
al, Canadian Journal
of Botany, 68 (1990)

Phaseolus vulgaris x P. acutifolius 0.0628 0.5 6 F3 S. Honma, Journal of
Heredity, 47 (1956)
Phaseolus vulgaris x P. lunatus 0.0727 0.75 4 unclear S. Honma, O.

Heeckt, Journal of
Heredity, 50 (1959)
Populus trichocarpa x P. deltoides 0.0085 0.2 25 F1 R. Wu et al,
American Journal of
Botany, 84, 2 (1997)

Populus trichocarpa x P. deltoides 0.0085 0.2083 8 F1 R. Wu, R.F. Stettler,
Heredity, 81 (1998)
Cucumis sativus x C. hystrix 0.04 0 11 F1 J.F. Chen et al,
Euphytica, 96, 3
(1997)
Cucumis sativus x C. hystrix 0.04 0 14 F1 J.F. Chen et al,

Canadian Journal of
Botany, 82 (2004)

Brassica juncea x B. rapa (variety toria) 0.012 0.625 8 F2 B.R. Choudhary et al,
Plant Breeding, 21, 4

(2002)
Brassica juncea x B. rapa (yellow sarson) 0.012 0.75 8 F2 B.R. Choudhary et al,

Plant Breeding, 21, 4
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Brassica rapa x Brassica napus
Paper missing

Carica papaya x Vasconcellea quercifolia

Eucalyptus acmenoides x E. cloeziana

Eucalyptus erythronema x E. stricklandlii

Lagerstroemia indica x L. speciosa

Helianthus annuus x H. debilis cucumerifolius

Helianthus annuus x H. petiolaris

Helianthus annuus x H. salicifolius

Helianthus annuus x H. tuberosus

Senecio vulgaris x S. squalidus

Senecio vulgaris x S. squalidus

Lycopersicon esculentum x L. pimpinellifolium

Lycopersicon esculentum x L. cheesmanii

Lycopersicon esculentum x L. peruvianum

Solanum melongena x S. macrocarpon

Solanum commersonii x S. tuberosum

Solanum commersonii x S. tuberosum

Solanum torvum x S. melongena

Solanum torvum x S. melongena

Solanum acaule x S. tuberosum

Coffea liberica x C. canephora

Mimulus lewisii x M. cardinalis

Trichostoma lanatum x T. arizonicum

0.0382

0.156

0.0204

0.0204

0.049

0.013

0.003

0.006

0.008

0.0327

0.0327

0.0105

0.0023

0.0291

0.03

0.073

0.073

0.051

0.051

0.096

0.0263

0.002

0.028

0.2857

0.3333

0.32

0.1667

0.3333

0.4118

0.4707

0.5385

0.5526

0.25

0.125

0.1667

0.4737

0.5

0.8571

0.5

0.5556

0.1667

0.25

0.2

3

25

26

38

F1

F1

F1 (wild)

F1

F1

BC

BC

F1

F1

wild

wild

F1

F1

F1

F1

F1

F1

F1

F1

F1

BC

F2

F1

(2002)

L. Changming et al,
Sabrao Journal of
Breeding and
Genetics, 33, 2
(2004)

R.A. Drew et al, Aust.
J of Exp. Agriculture,
46 (2006)

R.L. Stokoe et al,
Annals of Botany, 88,
4 (2001)

K. Delaporte et al,
Scientia
Horticulturae, 89, 1
(2001)

C. Pounders et al,
HortScience 42, 6
(2007)

S.C. Kim, L.H.
Rieseberg, Genetics,
153, 2 (1999)

C. Lexer et al,
Evolution, 57, 9
(2003)

J. Encheva, M.
Christov, HELIA, 29,
45 (2006)

J. Encheva et al,
HELIA, 26, 39 (2003)
A.J. Lowe et al,
American jJournal of
Botany, 83, 10
(1996)
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