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ABSTRACT: Compared to those of their parents, are the traits of first-
generation (F,) hybrids typically intermediate, biased toward one par-
ent, or mismatched for alternative parental phenotypes? To address
this empirical gap, we compiled data from 233 crosses in which traits
were measured in a common environment for two parent taxa and
their F, hybrids. We find that individual traits in F,s are halfway be-
tween the parental midpoint and one parental value. Considering pairs
of traits together, a hybrid’s bivariate phenotype tends to resemble
one parent (parent bias) about 50% more than the other, while also
exhibiting a similar magnitude of mismatch due to different traits
having dominance in conflicting directions. Using data from an ex-
perimental field planting of recombinant hybrid sunflowers, we illus-
trate that parent bias improves fitness, whereas mismatch reduces fit-
ness. Our study has three major conclusions. First, hybrids are not
phenotypically intermediate but rather exhibit substantial mismatch.
Second, dominance is likely determined by the idiosyncratic evolu-
tionary trajectories of individual traits and populations. Finally, selec-
tion against hybrids likely results from selection against both inter-
mediate and mismatched phenotypes.

Keywords: hybridization, speciation, phenotypic mismatch, oppos-
ing dominance.

Introduction

When divergent populations occur in sympatry, they might
mate and form hybrids (Mallet 2005). If those hybrids are
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viable and fertile, whether they survive and reproduce de-
pends on their ability to persist under prevailing ecological
conditions. Because selection against hybrids limits gene
flow between parents (Harrison 1993), understanding the
mechanisms underlying hybrid performance in the field
is key to understanding postzygotic isolation (Barton and
Hewitt 1985; Gompert et al. 2017). Quantifying general
patterns of phenotype expression in hybrids would clarify
mechanisms of natural and sexual selection that act against
hybrids. For example, if hybrids resemble one parent, they
could thrive in that parent’s niche and readily backcross
(Mallet 1986). Alternatively, if hybrids are phenotypically
intermediate for all traits or possess mismatched trait com-
binations due to dominance in opposing directions (i.e., they
resemble parent 1 for trait x but parent 2 for trait y), they
might be unable to survive and reproduce in the avail-
able niche space (Hatfield and Schluter 1999; Matsubayashi
et al. 2010; Arnegard et al. 2014; Cooper et al. 2018). Cur-
rently, little is known about general patterns of trait expres-
sion in hybrids.

Previous synthetic studies investigating hybrid pheno-
types have conflicting conclusions. Some authors suggest
that hybrid intermediacy is the rule (Hubbs 1940, 1955),
whereas others find that hybrids are better described as
mosaics of parental and intermediate characters (Rieseberg
and Ellstrand 1993). Such previous studies typically lacked
a quantitative framework and/or focused on a single taxon
(e.g., fish or plants), limiting our ability to arrive at general
conclusions. In addition, previous studies of hybrid pheno-
type expression tend to use data from domesticated taxa,
wherein dominance is often elevated compared to natural
populations (Fisher 1931; Crnokrak and Roff 1995). Here,
we use a geometric approach to quantify patterns of hybrid
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phenotypes across a broad range of wild (or recently wild)
plant and animal taxa in a way that is comparable across
studies. By quantifying the parent bias across each pair of
traits, we determine the extent to which hybrids are inter-
mediate or tend to resemble one parent more than the other.
And by quantifying the mismatch (or opposing dominance;
Matsubayashi et al. 2010), we can determine the extent to
which hybrids have mismatched combinations of divergent
parental traits.

In this article, we systematically document patterns of
phenotype expression in hybrids, investigate the possible
predictors of these patterns, and use experimental data to
explore the fitness consequences of trait interactions in the
field. We first summarize the results of 198 studies that com-
pared the phenotypes of hybrids and parents in a common
environment and test whether features of a cross—such as
the genetic distance between or taxon of the parents—are as-
sociated with dominance (“Patterns and Predictors of Dom-
inance”). We then use data from an experimental planting
of recombinant hybrid sunflowers to evaluate whether pat-
terns of pairwise parent bias and mismatch predict fitness
in hypothesized directions (“Fitness Consequences of Par-
ent Bias and Mismatch in Recombinant Sunflowers”). Our
results provide insight into the mechanisms that might com-
monly underlie selection against hybrids in nature.

Patterns and Predictors of Dominance
Methods

In this section, we provide a brief summary of our method-
ology for collecting and analyzing data on hybrid trait ex-
pression from the literature and then describe the patterns
evident in the data. A detailed explanation of all methods is
given in the “Supplementary Methods” section of the sup-
plemental PDF (available online).

Systematic Review of Dominance Patterns in F, Hybrids.
We conducted a systematic literature search and identified
198 studies from which we could collect data of at least one
divergent phenotypic trait measured in two parent taxa and
their F, hybrids in a common environment. We included
studies that conducted crosses between wild-collected pa-
rental populations or laboratory populations with <10 gen-
erations of captivity. Crosses in the data set are both intra-
specific (43%) and interspecific (57%). Data from wild hybrids
(ie, not from controlled crosses) were included only if hybrids
were genotyped to confirm hybrid status and generation. We
aimed to include only traits with environment-dependent
effects on fitness—traits plausibly under divergent selection
between populations and stabilizing selection within pop-
ulations—rather than directional selection in the same di-
rection in both populations. Said another way, we attempted
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to include only traits that could be characterized as nonfit-
ness traits (Merild and Sheldon 1999) or ordinary traits (Orr
and Betancourt 2001). For example, traits such as em-
bryo viability are almost certainly under directional selec-
tion and were not included in our database. We excluded
likely fitness components because such traits in hybrids are
often affected by developmental difficulties resulting from
hybrid incompatibilities or heterosis resulting from out-
breeding (Coyne and Orr 2004). This choice to exclude fit-
ness traits likely renders our analysis on dominance more
conservative since hybrid breakdown or heterosis would
manifest as a transgressive phenotype (see Stelkens and See-
hausen 2009). By contrast, traits such as limb length might
have particular values best suited to some environments
and genetic backgrounds—it is implausible that such traits
would always be selected to a maximum or minimum value.
Data from backcross (BC, only) and F, hybrids were col-
lected when available but were used in a previous publication
to test a theoretical prediction about pleiotropy (Thompson
2020). The studies in our analysis spanned a range of taxa
but included mostly vascular plants (~34%), vertebrates
(~30%), and arthropods (~30%), with the few remaining
studies using annelids (<1%), echinoderms (<1%), red algae
(Rhodophyta; <1%), and molluscs (~2%).

We restricted our data set to traits where parents had
divergent phenotypes. We retained all traits for which the
parents were >1 phenotypic standard deviation (SD) apart,
which was the case for 71.7% of measured traits (using the
smaller of the two parental SDs). We also retained traits for
which the parents were <1 SD apart but had statistically dis-
tinguishable phenotypes (t-test, P < .05), which accounted
for an additional 9.4% of measured traits. The data for the
remaining 18.9% of traits for which we collected data were
discarded (see fig. S1; figs. S1-S16 are available online). In
total, data used for the analysis of dominance patterns come
from 233 unique crosses.

After filtering traits, we converted all trait data that were
published with a transformation applied (e.g., In(x), \/x) to
their original measurement scale, because expectations are
not the same on a log or square-root scale as for raw units.
This choice to analyze all traits in their original measure-
ment units influences the dominance patterns because traits
that are intermediate on the raw scale might be dominant
on a log scale, or vice versa, but results in greater compa-
rability among traits and studies. We then put all traits in
all studies on a common scale where one (arbitrarily de-
termined) parent had a value of 0 for all traits and the other
had a value of 1 (see fig. 1). Under an expectation of addi-
tivity, an F, hybrid would have a trait value of 0.5 for all
traits. Because we do not make any assumptions about which
trait value is ancestral or derived, we cannot distinguish
between dominance and recessivity. For example, a trait’s
degree of dominance is the same whether the hybrid trait
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Figure 1: Visual overview of how two-dimensional dominance met-
rics were calculated. When studies contained two or more divergent
traits, we calculated pairwise parent bias (dpaenivies) and mismatch
(dmismarcn) Of the hybrid phenotype (F,) with respect to the line con-
necting the two parent phenotypes (P, and P,; note that which parent
is called P, or P, is arbitrary). This procedure was repeated for every
pair of traits. The scaling factor, k, renders the maximum value ob-
served without transgression (i.e., dmismacn When F; trait values are
[0, 1] or pairwise dyuencbics When F, trait values are [0, 0]) equal to
1. For two traits, k = /2. Dominance values >1 can result when
traits are transgressive. In this hypothetical example, et ias is ~0.25
and dyman 18 ~0.5; see table 1 for other possible F, two-dimensional
hybrid phenotypes and their corresponding dominance values.

value is 0.2 or 0.8. Importantly, however, hybrids having
two traits with values 0.2 and 0.8 have an arithmetic mean
phenotype of 0.5, but this hybrid is mismatched rather than
intermediate. This failure of simple averaging highlights the
need for geometry-based dominance metrics.

Quantifying Dominance in F, Hybrids. We quantified three
metrics of dominance. Within a cross, each dominance
metric was scaled such that values of 0 indicate no domi-
nance, values of 1 indicate the maximum dominance with-
out transgressing the parental trait range, and values greater
than 1 result from transgression (see table 1 for hypothetical
hybrid phenotypes and corresponding dominance values
for all three metrics).

The first dominance metric is univariate dominance
(dunivariate)> Which considers traits individually. The d,ivariae
metric measures the deviation of trait values from the ad-

ditive expectation of 0.5, regardless of direction. For a sin-
gle trait, this was calculated as

dunivariate = 2(|Zi - 05|)) (1)

where z; is the scaled mean phenotype of trait i. A d,nvariate
value of 0 results when a trait is exactly intermediate (z; =
0.5; the mean of the parental trait values, 0 and 1); a
Aonivariae Value of 0.5 results when the F,’s mean trait value
is halfway between intermediate and that of one parent
(ie., z; = 0.25); and a dyywarae Value of 1 results when
the F, hybrid mean equals that of one of the parents
(i.e, z; = 0 or z; = 1). Transgressive traits have dnivariate
values > 1. We averaged d,,nivariae Values across traits within
each cross to obtain estimates of cross mean d,,ivariate-
The remaining two dominance metrics consider pairs
of traits at a time and are therefore calculated in two di-
mensions (for a general overview, see fig. 1; for examples
from the data set, see fig. S2). We consider all pairs of traits,
instead of all traits together, to increase the comparability
of dominance values among studies measuring different
numbers of traits. For crosses where three or more diver-
gent traits were measured, we calculated two-dimensional
dominance metrics for each trait pair and then took the
mean of all pairwise estimates as the value for that cross.
The second metric of dominance is pairwise parent bias
(dparent-vias)> Which captures deviation from bivariate inter-
mediacy in the direction of either parent. Imagine a cross
between two plant species, one of which has flowers that
are narrow (mean width = z,) and red (color = z,), repre-
senting the bivariate phenotype of [0, 0], and where the other
species has wide yellow flowers, represented by a bivariate
phenotype of [1, 1]). If their F, hybrid’s standardized phe-
notype s [0, 1] (i.e., narrow yellow flowers), then the mean
Aunivariwe = 1 but pairwise dpuencios = 0. A dparentvias Of 0
would also result if the F, hybrid was exactly intermediate
between the parents (i.e., [0.5, 0.5]). The dpuenciis has a
minimum value of zero when dominance is equally strong
in the direction of both parents and increases indefinitely
as dominance increases in a manner that is biased toward
one parent. For each pair of traits, we first determined the

Table 1: Hypothetical examples of possible F, trait values and
corresponding values for cross mean dynivariater Gparent-biass AN Trnismatc

F, phenotype Mean dynivariate Aparent-bias rmismatch
[.5, .5] 0 0 0

[0, 1] 1 0 1

[1, 1] 1 1 0
[.25, .75] 5 0 5
[.5, 1] 5 5 5
[1.25, 1] 1.25 1.25 25

Note: Parent phenotypes are scaled to [0, 0] and [1, 1].



scalar projection, b, of the hybrid phenotype onto the line
connecting parents. This projection is calculated as

_zl+z2

b P

(2)
where z, and z, are the hybrid values for traits 1 and 2. We
then calculated pairwise parent bias as

k

dparem—bias =k- ‘5 —b|, (3)

where b is the scalar projection from equation (2), k is a
scaling factor (k = /2) used to give a hybrid a phenotype
with parental values for both traits (i.e., [0, 0] or [1, 1]) a
parent bias Value of 1, and drent bies cannot exceed donivariate-

The third and final metric of dominance is pairwise
mismatch (dpismaren)> Which captures the perpendicular dis-
tance between the mean hybrid phenotype and the line
connecting parental mean phenotypes (fig. 1). When the hy-
brid phenotype is on the line connecting parents (i.e., when
both hybrid traits in the pair are equally displaced toward
the same parent), dumue, has a minimum value of zero,
and it increases indefinitely as the variance in dominance
among traits increases. Returning to the earlier example of
a cross between plants with divergent floral traits, dismatn
values of 0 would characterize hybrids with phenotypes that
are varying degrees of intermediate (e.g., [0.5, 0.5] or [0.75,
0.75]) or recover parental phenotypes [0, 0] or [1, 1]. A
Anismaren Value of 1 results when dominance is complete but
in opposite directions [0, 1] or [1, 0], which corresponds
to narrow yellow flowers or wide red flowers. For each pair
of traits, we calculated mismatch as

mismatcn = k-2 +25 =0, (4)

where z, and z, are as in equation (1) and b and k are as
in equation (3).

Evaluating Patterns Caused by Sampling Error. The above
metrics of dominance, applied to data, are a product of both
biology—net dominance effects of genes—and measure-
ment and/or sampling error. Such error around an inter-
mediate phenotype would appear as dominance because
we calculate dominance as the difference between the ob-
served mean phenotype and the midparent value. In addi-
tion, a given amount of error is more likely to result in high
(e.g., d>1) dominance estimates when the parents in-
volved in a cross are phenotypically similar than when they
are more divergent. It is therefore important to quantify
the magnitude of dominance observed due to sampling er-
ror alone.

To quantify patterns of dominance due to sampling er-
ror, we generated 1,000 simulated data sets that had an
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identical structure to the raw data but where hybrid mean
phenotypes were replaced with means calculated from a
simulated distribution. Specifically, we generated random
normal vectors (using the rnorm function) for each trait
measured in F, hybrids with a length equivalent to the num-
ber of hybrids measured by authors and the original trait
SD but an expected mean that was exactly intermediate be-
tween the parents (i.e, rnorm; n=n;, mean = pep,p,)»
sd = SDg, ). We then took the mean of each random vector
and replaced the observed hybrid mean with the simulated
mean. The simulated mean can differ from strict interme-
diacy due only to sampling error. We calculated each of the
three dominance metrics for each cross in all simulated data
sets and compared the distribution of estimates to what we
observed in the original data.

Testing Possible Predictors of Dominance in F, Hybrids.
We explored several possible predictors of dominance mo-
tivated by previous results and theoretical predictions. For
example, previous studies have determined that genetic
distance between cross parents affects the frequency with
which hybrid traits transgress the parent range (Stelkens
and Seehausen 2009), a pattern that should be captured by
our d,ariae Metric.

To determine whether genetic distance affects our dom-
inance metrics, we computed genetic distance using gene
sequence data and tested whether it was associated with any
metric of dominance. To maximize the number of crosses
for which we could estimate genetic distance, we used cy-
tochrome b for animals and the internal transcribed spacer I
and II for plants. Because the species in our data set can
hybridize, it is possible that we might underestimate ge-
netic divergence if there is hybridization and introgression
in nature—this problem might be especially pronounced
for the mitochondrial cytochrome b. We could not obtain
sufficient nuclear data for animals, so the genetic distance
data should be interpreted with this limitation in mind be-
cause mtDNA often seems to introgress more readily than
nuclear genes (e.g., Bachtrog et al. 2006; Wang et al. 2020).
Genetic distance was calculable for less than one-quarter
of all crosses and only three intraspecific crosses, so we also
compared dominance metrics between intraspecific and
interspecific crosses—the underlying assumption being that
genetic distance between parents is lower in the former com-
pared to the latter.

Various taxon-specific reviews have arrived at different
conclusions about the extent of dominance observed in
hybrids. For example, Rieseberg and Ellstrand (1993) con-
sidered plants only and concluded that dominance is com-
mon in hybrids, whereas Hubbs (1955) worked on fish
and concluded that dominance in hybrids is rare. To test
whether there might be variation in dominance between
taxa, we built a phylogeny encompassing nearly all crosses
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in our data set (fig. S3) and tested for phylogenetic signal in
dominance metrics. We also tested whether there are dif-
ferences in dominance between predefined taxonomic groups
such as plants and animals.

Finally, we tested for parent-of-origin effects. If parent-
of-origin effects are common and have some systematic
basis, then hybrid trait values might, for example, tend to
resemble the maternal parent more than the paternal; this
is testable in the present data set because many crosses
(n = 96) were conducted in both directions.

Results

Patterns of Dominance in F, Hybrids. We used data gath-
ered from the literature to generate estimates of dominance
in F, hybrids. We first consider each trait individually and
then calculate mean univariate dominance (d,;yaie = 1 SE)
for each unique cross in the data set. Considering all cross
mean dynvariae €Stimates together, the mean divariae for
traits measured in F, hybrids was 0.79 £0.078 (fig. 2A
[see fig. S4 for the same figure with the X-axis extended];
median = 0.55), which suggests that the average trait is
not intermediate but rather more than halfway between
intermediate and parental. In ~20% of crosses (and 20%
of individual traits), the mean duivariate Was >1, indicating
transgression.

In addition to d,ivariae We calculated two complementary
two-dimensional dominance metrics to investigate whether
hybrids tend to be biased toward one parent over the other

distribution of univariate

distribution of pairwise

(dparentvias) OF have mismatched combinations of divergent
traits (dpismaen). These metrics are different from dnivariate
because high single-trait dominance could be either in the
same direction for both traits (leading to more parent bias)
or in opposite directions (leading to more mismatch). We
find that the mean pairwise dyuenibis aMONG Crosses was
0.68 £0.01 (fig. 2B; median = 0.44), implying that, for
a given pair of traits, hybrids, on average, resemble one par-
ent >68% more than the other. The mean pairwise d,ismaten
was 0.60 = 0.10 (fig. 2C; median = 0.31), implying that
the average hybrid is about 60% as mismatched, as is max-
imally possible without transgression for a given pair of traits.
Mismatch did not differ between pairs of traits that were
both in the same category and pairs of traits from different
categories (F, 10,4, = 0.0199, P = .88).

We generated simulated data sets to estimate the magni-
tude of dominance we would expect from sampling error
alone. We find that the simulation-based estimates of all
three dominance metrics were approximately one-third as
large as what is observed in the real data, with little variation
among replicate simulations (see fig. S6). These simulation
results indicate that the majority of our signal is biological
rather than caused by sampling error.

Predictors of Dominance in F, Hybrids. We next investi-
gated whether dominance patterns in F, hybrids are asso-
ciated with genetic distance and phylogeny. We found no
significant associations between any metric of dominance
and any metric of genetic distance (see detailed results in

distribution of pairwise
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Figure 2: Patterns of dominance in F, hybrids. The density plots (Y-axis standardized across panels) show the three main dominance metrics
contained herein, with each cross contributing at most a single value per panel. For all three dominance metrics, values of 0 indicate no dominance,
values of 1 indicate the maximum without transgression, and values >1 reflect transgression. The X-axis is truncated at 1.5, but the means (black
arrows) and medians (white arrows; values given in text) are calculated from the whole data set (see fig. S5 for a summary of patterns when each
cross contributes a median rather than mean value). Panel a shows univariate dominance (duivariaes €q- [1]), panel b shows parent bias (pairwise
pareniiiass €4 [3]), and panel ¢ shows mismatch (pairwise dyismacs €q. [4]). Panel a contains one value from all crosses (n = 233), while panels b and
¢ contain only information from crosses wherein two or more traits were measured (n = 165).



figs. S7-S9). In addition, there was no evidence for phylo-
genetic signal in any dominance metrics (all A < 1 x 1073,
all P = 1) and no difference in any dominance metrics
in comparisons of major clades (fig. S9). We found that
dominance is lower when the parental populations have
larger differences in their phenotype coefficients of varia-
tion and greater when parents are more variable, although
each of these factors explains less than 1% of the variance
in dunivariate (see fig. S10). Trait type generally did not af-
fect dominance, although chemical traits (e.g., pheromones)
seemed to have higher dominance and transgression than
all other trait types (fig. S11). Some caution is warranted
here, however, because chemical traits were the least well-
represented category in the data.

Because many crosses were conducted reciprocally (i.e.,
hybrid crosses were conducted with each parent species
serving as dam), we could evaluate parent-of-origin effects
on trait values. We found that 25.6% of traits differed sig-
nificantly (at P = .05) between cross directions. The mean
magnitude of phenotypic difference between cross direc-
tions was 0.65 SDs (units of smaller parental SD). Within
each cross that was conducted in two directions, we cal-
culated the fraction of traits that exhibited maternal bias
and tested whether this fraction deviated significantly from
0.5. We found that traits of F, hybrids tend to resemble
the maternal parent about 57% of the time. (t,, = 2.034,
P = .0447,95% CI = [0.502,0.657]), suggesting that cy-
toplasmic or maternal effects are slightly more common
than paternal effects.

Fitness Consequences of Parent Bias
and Mismatch in Recombinant Sunflowers

The above analyses were motivated by the hypothesis that,
compared to a hybrid that is a perfect intermediate, hybrids
resembling parents should fare relatively well and hybrids
exhibiting trait mismatches should fare relatively poorly.
However, it is not possible to test the fitness consequences
of parent bias and mismatch in the data synthesized from
the literature because no studies in our data set have both
individual-level phenotype and lifetime fitness data col-
lected in the field. In addition, studies of F, hybrids would
have limited power to detect fitness effects of parent bias
or mismatch because there is little genetically based phe-
notypic variance among F,s within a cross. Comparisons
across systems are undesirable because of methodological
and biological variation among studies and systems. The
optimal way to investigate the fitness effects of parent bias
and mismatch is to examine an experimental population of
recombinant hybrids—wherein there is quantitative among-
individual variation in the degree of parent bias, mismatch,
and fitness—and then to use these resulting data to test
whether dominance metrics are associated with fitness.
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Methods

Study System and Experimental Design. To evaluate the
fitness effects of parent bias and mismatch, we leveraged
data from a field experiment in annual sunflowers (Helian-
thus). The two parent species of the cross were H. annuus
ssp. annuus (hereafter, simply H. annuus) and H. debilis
ssp. cucumerifolius (hereafter, H. debilis). Helianthus an-
nuus is an annual, self-incompatible diploid that is weedy
and widely distributed in its native North America. Heli-
anthus debilis, by contrast, is a small sunflower endemic to
central Texas. The two species are highly divergent in many
traits (see tables S1, S2, available online). Compared to H.
debilis, H. annuus is much larger and has a slower life cycle,
greater longevity, higher water-use efficiency, thicker leaves,
more leaf trichomes, larger ligules and phyllaries, and a dif-
ferent branching architecture (Whitney et al. 2006, 2010).

After 4 weeks of growth in a greenhouse, 503 H. an-
nuus x H. debilis BC, hybrid seedlings were planted along-
side individuals of both parental species in central Texas.
Fitness (seed number) as well as 30 architectural, floral, eco-
physiological, phenological, and herbivore resistance (e.g.,
trichome density) traits were measured. Of the 503 BC,
individuals, we retained 475 in the analyses. Fifteen were
excluded because of labeling mistakes and/or oversights
resulting in missing trait data; we expect these exclusions
were random with respect to trait and fitness values. An
additional 13 plants died before some traits could be mea-
sured and were also excluded. Thus, any effects of domi-
nance on fitness detected in our experiment reflect fertility
selection rather than viability selection. Of course, domi-
nance could also affect viability, but we could not evaluate
this relationship within the current study design. We ap-
plied the same trait selection and filtering criteria as in the
systematic review and retained 19 traits (see table S1 for trait
details). The data from this experiment have been previ-
ously published (Whitney et al. 2006, 2010).

Quantifying Dominance Metrics in the Sunflowers. For
each plant, we calculated pairwise dpuentbias aNd Arnismatch
(eqq. [3], [4]) and then took the average across all trait
pairs. Mean pairwise In(dpuencvins) aNd IN(dmigmacn) are
positively correlated in this data set (r = 0.81, P < .001;
fig. S12) because the traits of many BC, individuals are
transgressive and because high single-trait dominance sets
the upper limit of both parent bias and mismatch. There-
fore, we investigated their respective effects on fitness using
multiple linear regressions of the form

ln(Wi) = BO + Bl : ln(dparent—bias) + 62 : ln(dmismatch): (5)

where W, is an individual’s absolute fitness (in this case,
number of seeds), and dprent bias A drnismaten are the mean
individual dominance values averaged across each trait pair
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(residual error term omitted for clarity). We natural log
transformed the fitness component and dominance metrics
because residuals exhibited severe heteroskedasticity when
the raw values were used, although the qualitative conclu-
sions do not change if untransformed data are analyzed.
Diagnostics of the regression model indicated that, in spite
of the correlation between the predictors, our analysis does
not suffer from multicollinearity (variance inflation factor =
4.19; maximum condition index = 8.19). We also ran the
same multiple regression for each trait pair separately and
asked whether the signs of regression coefficients (3, and
(3,) were consistent with those observed in the analysis of
mean pairwise dparent bias A0d Tmismaten-

Results

In the BC, sunﬂowers, Aparent-vias Was positively associated
with seed count (61 = 1.75%0.26 [SE], F,4;,, = 44.68,
P = 6.56 x 107% fig. 3A), whereas dpismacn had a nega-
tive association (Bz = —295%0.16, F,,;, = 77.26, P<
2.80 x 107"; fig. 3B). The multiple regression explained
20% of the variation (i.e., %) in In(seed count). Both main
effects remained significant and in the same direction if an
interaction term was specified in the model. In this data set,
the fitness consequences of a unit change in dpismatn Were
larger than the fitness consequences of an equivalent unit
change in pairwise duentbias (|B | # |62\ F 4 = 40.86,
P = 3.94 x 107'?). We note that pairwise trait correlations
were typically quite low in these data (mean |p| = 0.16;
fig. S13).

We also evaluated dominance-fitness relationships for
each pair of traits separately. This analysis is heuristic be-
cause pairs of traits are not independent, but we present
it to complement the above results. Considering only sta-

tistically significant coefficients, pairwise diu ent vias improved
fitness for 67% of trait pairs and d,man reduced fitness for
81% of trait pairs (fig. S14; see also fig. S15 for a graphical
example of the trait pair with the most negative fitness con-
sequences when mismatched). Both of these percentages
are significant departures from 50%, as determined by ex-
act binomial tests (71 of 106 significant dpenc bias cOefficients
positive, P =6.1 x 107* 72 of 89 significant d,smatn CO-
efficients negative, P = 3.2 x 10 — 9). Thus, the fitness
consequences of pairwise dpurent bias A0d Arnismaten are consis-
tent between analyses of an individual’s mean value aver-
aged over all trait pairs and when considering pairs of traits
individually.

We last evaluated whether the fitness effects of parent
bias and mismatch were driven by individuals with trans-
gressive dominance values. We first removed all individ-
uals from the data set with mean pairwise dpmaa values > 1
and then conducted the same multiple regression analysis
as above. We find that both main effects remain signifi-
cant and in the same direction as above (results not shown
but included in the R scripts deposited in the Dryad Dig-
ital Repository [https://doi.org/10.5061/dryad.d7wm37q09;
Thompson etal. 2021]; n = 430 plants). When conducting
the analysis after removing individuals with transgressive
mean pairwise dyaent vias Values, the main effect terms were
in the same direction as above, but only mean pairwise
nismarcn Temained significant (n 163 plants).

Discussion

In this article, we compiled data from studies that measured
phenotypic traits in F, hybrids to characterize general patterns
of hybrid trait expression. We then investigated whether the
observed dominance could be predicted by genetic distance
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( pairwise parent-bias \ ( pairwise mismatch )
10,000
10,000
< < 1,000
> >
8 1,000 8
- - 100
2 2
100 . o0
@ 0 .
10 | | . g - — ] -
0.5 1.0 3.0 0.3 0.5 1.0
\_ mean pairwise dyarent-bias AN mean pairwise dmismatch )

Figure 3: Effect of parent bias and mismatch on fitness in Helianthus annuus x Helianthus debilis backcross (BC,) hybrid sunflowers growing in
the field. The points are partial residuals extracted from a multiple regression using visreg (Breheny and Burchett 2017). Each point represents one
individual hybrid plant (n = 475). Both axes are log,, transformed. Panel a illustrates the effect of parent bias, and panel b illustrates the effect

of mismatch.
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between the parents or phylogeny. Last, we tested whether
parent bias and mismatch were associated with fitness in a
field experiment with recombinant hybrid sunflowers. The
systematic review reveals that dominance is common: indi-
vidual traits in F, hybrids are typically halfway between the
parental midpoint and one parent’s phenotype. This dom-
inance of individual traits causes hybrids to resemble one
parent more than the other and to be mismatched. Neither
genetic distance nor phylogeny predicted any metric of
dominance, indicating that it will be difficult to make accu-
rate predictions about the patterns of dominance for any in-
dividual cross. In the sunflower data, pairwise parent bias
improved fitness and mismatch reduced fitness. We discuss
these results in the context of previous research on domi-
nance and trait expression in hybrids and highlight the im-
plications for speciation research.

Genetic Underpinnings of Dominance and Mismatch

Although dominance is commonly observed in F, hybrids,
we do not know which trait values are derived versus ances-
tral and therefore cannot relate our data to most theories
on the evolution of dominance (e.g., Haldane’s [1924, 1927]
sieve). In any case, interpopulation phenotypic divergence
in most traits is likely underpinned by many quantitative
trait loci (QTL; Otto and Jones 2000), and our results hint
at two general features of such QTL. First, high dominance
in F,s implies that, for many alleles underlying adaptation,
the heterozygote phenotype is not simply the arithmetic
mean of the alternative homozygote phenotypes. Such pat-
terns have been documented in many QTL-mapping studies.
For example, Miller et al. (2014) quantified dominance of
QTL underlying marine-freshwater phenotypic divergence
in threespine stickleback (Gasterosteus aculeatus) and found
that the majority of QTL underlying marine-freshwater diver-
gence in threespine stickleback had partial dominance ef-
fects. Second, the QTL underlying different traits seem to
have unequal mean dominance coefficients—dominance for
some traits is biased toward one parent, and dominance in
other traits is more intermediate or biased toward the other.

Any specific value of dominance is likely particular to
the environment in which study organisms are measured.
Dominance of individual loci has long been understood to
depend on the environment (Hersh 1934), and substantial
evidence suggests that hybrid phenotypes vary depending
on prevailing environmental conditions (e.g., Demuth and
Wade 2007). Although the results of each individual study
are likely influenced by gene-by-environment interactions
(G x Es), we can think of no reason why the overarching
patterns documented here would change in any particular
way if G x Es did not play a role.

In F, hybrids, transgressive trait expression might result
from epistasis, although additive gene action seems more
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common in reviews of the topic (Rieseberg et al. 1999).
Many traits in our data set transgressed the parental range,
but we caution that this does not necessarily hint at one
underlying genetic architecture over another. Dominance
values in an F, are the net effects of dominance at multiple
individual loci plus additive and epistatic effects between
loci, with transgressive effects at the tail of the distribution
of possible outcomes. We therefore see our results in fig-
ure 2 as a documentation of pattern and do not speculate
further about underlying causes.

Patterns and Predictors of Dominance

Our results corroborate some previous findings but are in-
consistent with others. Hubbs (1940) suggested that fishes
show additive inheritance “as a very general rule,” whereas
Rieseberg and Ellstrand (1993) suggested plant hybrids are
best characterized as being “a mosaic of both parental and
intermediate morphological characters rather than just in-
termediate ones” (205). Our quantitative analysis paints a
picture more akin to mosaicism than strict intermediacy.
In addition, we find no evidence for any major differences in
dominance among taxonomic groups, which suggests that the
choice of study taxon does not bias estimates of dominance.

Stelkens and Seehausen (2009) found that the genetic
distance between parents was positively correlated with
transgression frequency—the tendency for traits to fall out-
side the range of parental values. We used an almost entirely
independent data set and found that genetic distance did
not predict transgression or any other aspect of trait expres-
sion in hybrids. Perhaps the most likely cause of this dis-
crepancy is that, in addition to ordinary traits like those
considered herein, Stelkens and Seehausen (2009) also con-
sidered more traditional fitness traits. Transgression in such
traits could reflect intrinsic hybrid incompatibility (e.g.,
small body size due to poor condition or low seed produc-
tion due to inviable ovules) and heterosis (e.g., larger body
size or high seed count due to overcoming inbreeding de-
pression in parents). Incompatibility increases with parental
genetic divergence (Orr 1995; Matute et al. 2010; Moyle and
Nakazato 2010; Wang et al. 2015), and heterosis seems to
as well, until inviability becomes substantial (Wei and Zhang
2018). Importantly, such inviability and heterosis would
manifest as high d,ivariae OF transgression using our approach.
Because we consider traits that are putatively under stabi-
lizing selection within populations, the mechanisms linking
genetic distance with transgression in earlier studies do not
apply to the present data set.

Although we specifically excluded traits that are directly
linked to fitness, it remains possible that hybrid incompat-
ibilities underlie some patterns documented herein. For ex-
ample, one study conducted crosses between wild Drosoph-
ila melanogaster and Drosophila simulans. Male hybrids of
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this cross are (typically) inviable, and so David et al. (2002)
report only data for females in parent species. If there is
inviability that is undetected in some studies, this might
influence estimates of dominance. A lack of relationship be-
tween genetic divergence and dominance, however, sug-
gests that incompatibility is not likely the primary driving
force of the observed patterns.

Fitness Consequences of Mismatch

Our results clarify the potential for dominance to have a
role in driving progress toward speciation. The data col-
lated from the literature challenge the conjecture that re-
duced F, fitness is due only to phenotypic intermediacy and
hybrids falling between parental niches (Coyne and Orr
2004; Nosil 2012). Rather, F, hybrids often possess novel
multivariate phenotypes that are mismatched for diver-
gent traits. In nature, the phenotype of an organism is an
integrated suite of traits that function together to influence
performance and, ultimately, fitness (Arnold 1983; Brodie
1992). Because mismatch, caused by dominance in conflict-
ing directions among traits, breaks up suites of integrated
traits, mismatched hybrids might be poorly suited to any
environment.

In the sunflower data, we found that pairwise parent bias
improved fitness and that mismatch reduced fitness. Im-
portantly, mismatch was more detrimental than parent
bias was beneficial. Meanwhile, F, hybrids are likely closer
in phenotype to one parent than the other and yet also
have some traits resembling the less-similar parent that
might render them unable to survive and reproduce in the
similar-parent’s niche or perhaps in any niche at all. At
present, it is not clear how general this finding is. It would
be valuable to conduct more field experiments with re-
combinant hybrids to arrive at generalities in the ways
that parent bias and mismatch affect fitness.

It is informative to examine the trait pairs that had the
highest fitness consequences when mismatched (fig. S14).
The most negative fitness effects resulted when development
duration was mismatched with height of the uppermost
branch (fig. S15). Helianthus annuus has a more prolonged
phenology than Helianthus debilis, taking about 28 days
longer to initiate inflorescence formation in this experi-
ment (table S2). In addition, H. annuus is a tall plant with
branches distributed throughout the main stem (uppermost
branch height above ground: mean = 133 cm), whereas
H. debilis is a much shorter plant, with branches clustered
at the base (uppermost branch: mean = 17 cm). Plants that
mature slowly (like H. annuus) but are short and compact
(like H. debilis) have lower fitness than rapid-developing
compact plants (fig. S15). The parental phenotypes appar-
ently reflect a trade-off, where the benefits of being a com-
pact plant are compromised by a prolonged development.

Due to the segregation of divergent alleles, individual
backcross and F, hybrids might be more mismatched on
average than F,s. Such increased mismatch would result in
ecological hybrid breakdown—where recombinant hybrids
have lower fitness than F,s due to increased trait mismatches
(Arnegard et al. 2014). In the present study, we were limited
to comparing cross mean data. It would be valuable to com-
pile data for hybrid crosses raised in a common environ-
ment where data for individual hybrids can be analyzed.
In particular, quantifying how the magnitude of phenotypic
mismatch observed in backcross and F, hybrids compares to
F,s would allow us to infer the likely strength of mismatch-
based hybrid breakdown. Although F.,s are more variable
than F,s (East 1916), if divergent traits are linked in the
genome (e.g., Westram et al. 2018) or are controlled by
the same pleiotropic allele (e.g., Rennison et al. 2015), then
segregation might not result in increased mismatch.

Conclusion

In this study, we synthesized data from 198 studies to de-
scribe general patterns of phenotype expression in F, hy-
brids. Compared to previous studies with a similar goal,
the distinguishing features of our analysis are that we used
quantitative trait data rather than bins of “parental” versus
“intermediate,” looked across several major clades, and ex-
amined divergently selected traits in wild organisms. For in-
dividual traits, reasonably high dominance is the rule rather
than the exception. Previous studies have documented the
phenomenon where dominance acts in opposite directions
for different traits (Matsubayashi et al. 2010). We built on
these previous studies by quantifying mismatch using sim-
ple geometry and demonstrating that mismatch affects the
average hybrid to a fairly substantial degree.

Previous authors have qualitatively drawn a link between
trait mismatches and hybrid fitness (e.g., Arnegard et al.
2014; Cooper et al. 2018), and we add to these earlier results
by directly linking individual-level mismatch metrics to fit-
ness in sunflowers. This result contributes to a growing
literature on trait interactions in hybrids, and we suggest
that future studies use our approach (or a complementary
approach) to test the fitness consequences of mismatch
directly. Such trait interactions are similar to Bateson-
Dobzhansky-Muller hybrid incompatibilities (BDMIs), with
fitness consequences mediated via ecology. Ecological BDMIs
have the opportunity to affect many F, hybrids and could
be a major mechanism of extrinsic postzygotic isolation.
Only field observations and experiments can provide the
data that are necessary to test this hypothesis.

Acknowledgments

Feedback from S. Barrett, N. Barton, P. Grant, R. Grant,
D. Irwin, M. Pennell, R. Stelkens, and S. Otto on early



versions of the manuscript or a poster containing earlier
results improved the final manuscript. K. Davis, N. Frasson,
J. Heavyside, K. Nikiforuk, and M. Urquhart-Cronish as-
sisted with the literature search (K.D., N.F,, ].H., M.U.-C.)
and/or data collection (K.N., M.U.-C). We are grateful to
dozens of authors who responded to our requests for data.
The authors were supported by Genome British Columbia,
Genome Canada, the Global Crop Diversity Trust, the US
National Science Foundation (NSF DEB 1257965 to K.D.W.
and L.H.R.), Natural Sciences and Engineering Research
Council of Canada (NSERC discovery grants to L.H.R. and
D.S., graduate scholarships to K.A.T. and M.U.-C.), the Uni-
versity of British Columbia (4-year fellowships and tuition
funds to K.A.T. and M.U.-C.), and the Izaak Walton Killam
Memorial Fund for Advanced Studies (K.A.T.). We are
grateful to the organizers of the Symposium on hybrids at
the University of Hamburg for providing a fantastic venue
for facilitating collaboration.

Statement of Authorship

K.A.T. conceived of the systematic review and designed the
protocol with input from M.U.-C. and D.S. K.A.T. and
M.U.-C. screened studies and collected data, and K.A.T.
contacted authors for data if necessary. K.A.T. checked all
data for accuracy. KD.W. had the idea to explore the fit-
ness effects of parent bias and mismatch in sunflowers, and
K.D.W. and L.H.R. contributed sunflower data. K.A.T. an-
alyzed the data and wrote the paper with input and contri-
butions from all authors.

Data and Code Availability

All data and analysis code used in this article have been de-
posited in the Dryad Digital Repository (Thompson et al.
2021; https://doi.org/10.5061/dryad.d7wm37q09).

Literature Cited

Arnegard, M. E., M. D. McGee, B. Matthews, K. B. Marchinko, G. L.
Conte, S. Kabir, N. Bedford, et al. 2014. Genetics of ecological di-
vergence during speciation. Nature 511:307-311.

Arnold, S.J. 1983. Morphology, performance and fitness. Integrative
and Comparative Biology 23:347-361.

Bachtrog, D., K. Thornton, A. Clark, and P. Andolfatto. 2006. Exten-
sive introgression of mitochondrial DNA relative to nuclear genes
in the Drosophila yakuba species group. Evolution 60:292-302.

Barton, N., and G. Hewitt. 1985. Analysis of hybrid zones. Annual
Review of Ecology and Systematics 16:113-148.

Breheny, P., and W. Burchett. 2017. Visualization of regression models
using visreg. R Journal 9:56-71.

Brodie, E. D. 1992. Correlational selection for color pattern and anti-
predator behavior in the garter snake Thammnophis ordinoides.
Evolution 46:1284-1298.

Dominance and Mismatch in Hybrids E81

Cooper, B. S., A. Sedghifar, W. T. Nash, A. A. Comeault, and D. R.
Matute. 2018. A maladaptive combination of traits contributes to
the maintenance of a Drosophila hybrid zone. Current Biology
28:2940-2947.

Coyne, J. A, and H. A. Orr. 2004. Speciation. Sinauer, Sunderland, MA.

Crnokrak, P., and D. A. Roff. 1995. Dominance variance: associa-
tions with selection and fitness. Heredity 75:530-540.

David, J. R,, P. Gibert, G. Pétavy, and B. Moreteau. 2002. Variable
modes of inheritance of morphometrical traits in hybrids between
Drosophila melanogaster and Drosophila simulans. Proceedings of
the Royal Society B 269:127-135.

Demuth, J. P,, and M. J. Wade. 2007. Population differentiation in
the beetle Tribolium castaneum. 1. Genetic architecture. Evolution
61:494-509.

East, E. M. 1916. Inheritance in crosses between Nicotiana langsdorf-
fii and Nicotiana alata. Genetics 1:311-333.

Fisher, R. A. 1931. The evolution of dominance. Biological Reviews
6:345-368.

Gompert, Z., E. G. Mandeville, and C. A. Buerkle. 2017. Analysis of
population genomic data from hybrid zones. Annual Review of
Ecology, Evolution, and Systematics 48:207-229.

Haldane, J. B. S. 1924. A mathematical theory of natural and arti-
ficial selection. Part I. Transactions of the Cambridge Philosoph-
ical Society 23:19-41.

. 1927. A mathematical theory of natural and artificial selec-
tion. Part V. Selection and mutation. Mathematical Proceedings of
the Cambridge Philosophical Society 23:838-844.

Harrison, R. G. 1993. Hybrid zones and the evolutionary process. Ox-
ford University Press, New York.

Hatfield, T., and D. Schluter. 1999. Ecological speciation in stickle-
backs: environment-dependent hybrid fitness. Evolution 53:866—
873.

Hersh, A. H. 1934. On Mendelian dominance and the serial order
of phenotypic effects in the bar series of Drosophila melanogaster.
American Naturalist 68:186-190.

Hubbs, C. L. 1940. Speciation of fishes. American Naturalist 74:198-
211.

. 1955. Hybridization between fish species in nature. System-
atic Zoology 4:1-20.

Mallet, J. 1986. Hybrid zones of Heliconius butterflies in Panama and
the stability and movement of warning colour clines. Heredity
56:191-202.

. 2005. Hybridization as an invasion of the genome. Trends in
Ecology and Evolution 20:229-237.

Matsubayashi, K. W., I. Ohshima, and P. Nosil. 2010. Ecological
speciation in phytophagous insects. Entomologia Experimentalis
et Applicata 134:1-27.

Matute, D. R, I. A. Butler, D. A. Turissini, and J. A. Coyne. 2010.
A test of the snowball theory for the rate of evolution of hybrid
incompatibilities. Science 329:1518-1521.

Merili, J., and B. C. Sheldon. 1999. Genetic architecture of fitness
and nonfitness traits: empirical patterns and development of ideas.
Heredity 83:103-109.

Miller, C. T., A. M. Glazer, B. R. Summers, B. K. Blackman, A. R. Nor-
man, M. D. Shapiro, B. L. Cole, C. L. Peichel, D. Schluter, and D. M.
Kingsley. 2014. Modular skeletal evolution in sticklebacks is con-
trolled by additive and clustered quantitative trait loci. Genetics
197:405-420.

Moyle, L. C., and T. Nakazato. 2010. Hybrid incompatibility “snow-
balls” between Solanum species. Science 329:1521-1523.



https://doi.org/10.5061/dryad.d7wm37q09

E82 The American Naturalist

Nosil, P. 2012. Ecological speciation. Oxford University Press, Oxford.

Orr, H. A. 1995. The population genetics of speciation: the evolution
of hybrid incompatibilities. Genetics 139:1805-1813.

Orr, H. A.,and A. J. Betancourt. 2001. Haldane’s sieve and adaptation
from the standing genetic variation. Genetics 157:875-884.

Otto, S. P, and C. D. Jones. 2000. Detecting the undetected: estimat-
ing the total number of loci underlying a quantitative trait. Genet-
ics 156:2093-2107.

Rennison, D. J., K. Heilbron, R. D. Barrett, and D. Schluter. 2015. Dis-
criminating selection on lateral plate phenotype and its underlying
gene, Ectodysplasin, in threespine stickleback. American Naturalist
185:150-156.

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

Rieseberg, L. H., and N. C. Ellstrand. 1993. What can molecular and
morphological markers tell us about plant hybridization? Critical
Reviews in Plant Sciences 12:213-241.

Stelkens, R., and O. Seehausen. 2009. Genetic distance between species
predicts novel trait expression in their hybrids. Evolution 63:884-
897.

Thompson, K. A. 2020. Experimental hybridization studies suggest
that pleiotropic alleles commonly underlie adaptive divergence be-
tween natural populations. American Naturalist 196:E16-E22.

Thompson, K. A., M. Urquhart-Cronish, K. D. Whitney, L. H. Rie-
seberg, and D. Schluter. 2021. Data from: Patterns, predictors, and
consequences of dominance in hybrids. American Naturalist,
Dryad Digital Repository, https://doi.org/10.5061/dryad.d7wm37q09.

Wang, R. ], M. A. White, and B. A. Payseur. 2015. The pace of hy-
brid incompatibility evolution in house mice. Genetics 201:229-
242.

Wang, S., M. Ore, E. K. Mikkelsen, J. Lee-Yaw, S. Rohwer, and D. E.
Irwin. 2020. Signatures of mito-nuclear climate adaptation in a
warbler species complex. https://doi.org/10.1101/2020.04.06.028506.

Wei, X, and J. Zhang. 2018. The optimal mating distance result-
ing from heterosis and genetic incompatibility. Science Advances
4:eaau5518.

Westram, A. M., M. Rafajlovi¢, P. Chaube, R. Faria, T. Larsson,
M. Panova, M. Ravinet, et al. 2018. Clines on the seashore: the ge-
nomic architecture underlying rapid divergence in the face of gene
flow. Evolution Letters 2:297-309.

Whitney, K. D., R. A. Randell, and L. H. Rieseberg. 2006. Adaptive
introgression of herbivore resistance traits in the weedy sunflower
Helianthus annuus. American Naturalist 167:794-807.

. 2010. Adaptive introgression of abiotic tolerance traits in

the sunflower Helianthus annuus. New Phytologist 187:230-239.

References Used Only for the Data

Ab Ghani, N. L, G. Herczeg, T. Leinonen, and J. Merild. 2013. Evi-
dence for genetic differentiation in timing of maturation among
nine-spined stickleback populations. Journal of Evolutionary Biol-
ogy 26:775-782.

Ab Ghani, N. I, G. Herczeg, and J. Merild. 2012. Body size divergence
in nine-spined sticklebacks: disentangling additive genetic and ma-
ternal effects. Biological Journal of the Linnean Society 107:521-
528.

Ahn, D. G, and G. Gibson. 1999. Axial variation in the threespine
stickleback: genetic and environmental factors. Evolution and De-
velopment 1:100-112.

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

Albertson, R. C.,J. T. Streelman, and T. D. Kocher. 2003. Genetic ba-
sis of adaptive shape differences in the cichlid head. Journal of He-
redity 94:291-301.

Allen, J. A., G. Lushai, D. Goulson, I. J. Gordon, D. A. S. Smith, and
N. Maclean. 2003. Hybrid queen butterflies from the cross Danaus
chrysippus (L.) x D. gilippus (Cramer): confirmation of species sta-
tus for the parents and further support for Haldane’s rule. Biolog-
ical Journal of the Linnean Society 76:535-544.

Andersson, S. 1991. Geographical variation and genetic analysis of
leaf shape in Crepis tectorum (Asteraceae). Plant Systematics and
Evolution 178:247-258.

. 1993. Morphometric differentiation, patterns of interfertil-

ity, and the genetic basis of character evolution in Crepis tectorum

(Asteraceae). Plant Systematics and Evolution 184:27-40.

. 1995. Differences in the genetic basis of leaf dissection be-
tween two populations of Crepis tectorum (Asteraceae). Heredity
75:62-69.

Anton, K. A, J. R. Ward, and M. B. Cruzan. 2013. Pollinator-
mediated selection on floral morphology: evidence for transgres-
sive evolution in a derived hybrid lineage. Journal of Evolutionary
Biology 26:660-673.

Arnold, S.7J. 1981. Behavioral variation in natural populations. IL. The
inheritance of a feeding response in crosses between geographic
races of the garter snake, Thamnophis elegans. Evolution 35:510-
515.

Auffray, J.-C. 2001. Developmental stability in house mice heterozy-
gous for single Robertsonian fusions. Journal of Heredity 92:23-29.

Bailey, J. K., R. K. Bangert, J. A. Schweitzer, R. T. Trotter, S. M.
Shuster, and T. G. Whitham. 2004. Fractal geometry is heritable
in trees. Evolution 58:2100-2102.

Barson, N. J., M. E. Knight, and G. F. Turner. 2007. The genetic
architecture of male colour differences between a sympatric Lake
Malawi cichlid species pair. Journal of Evolutionary Biology 20:45-
53.

Bendall, E. E,, K. L. Vertacnik, and C. R. Linnen. 2017. Oviposition
traits generate extrinsic postzygotic isolation between two pine
sawfly species. BMC Evolutionary Biology 17:1-15.

Bertel, C., K. Hiilber, B. Frajman, and P. Schonswetter. 2016. No ev-
idence of intrinsic reproductive isolation between two reciprocally
non-monophyletic, ecologically differentiated mountain plants at
an early stage of speciation. Evolutionary Ecology 30:1031-1042.

Blankers, T., A. K. Liibke, and R. M. Hennig. 2015. Phenotypic vari-
ation and covariation indicate high evolvability of acoustic com-
munication in crickets. Journal of Evolutionary Biology 28:1656—
1669.

Bog, M., M. Elmer, M. Doppel, H. F. Ehrnsberger, T. Beuerle,
J. Heilmann, and C. Oberprieler. 2017. Phytochemical investiga-
tions and food-choice experiments with two mollusc species in
three central European Senecio L. (Asteraceae, Senecioneae) spe-
cies and their hybrids. Chemoecology 27:155-169.

Bouck, A., S. R. Wessler, and M. L. Arnold. 2007. QTL analysis of flo-
ral traits in Louisiana iris hybrids. Evolution 61:2308-2319.

Bowles, E., R. A. Johnston, S. L. Vanderzwan, and S. M. Rogers.
2016. Genetic basis for body size variation between an anadro-
mous and two derived lacustrine populations of threespine stickle-
back Gasterosteus aculeatus in southwest Alaska. Current Zoology
62:71-78.



https://doi.org/10.5061/dryad.d7wm37q09
https://doi.org/10.1101/2020.04.06.028506

Bratteler, M., M. Baltisberger, and A. Widmer. 2006a. QTL analysis
of intraspecific differences between two Silene vulgaris ecotypes.
Annals of Botany 98:411-419.

Bratteler, M., C. Lexer, and A. Widmer. 2006b. Genetic architecture
of traits associated with serpentine adaptation of Silene vulgaris.
Journal of Evolutionary Biology 19:1149-1156.

Bridle, J. R., C. I. Saldamando, W. Koning, and R. K. Butlin. 2006.
Assortative preferences and discrimination by females against hy-
brid male song in the grasshoppers Chorthippus brunneus and
Chorthippus jacobsi (Orthoptera: Acrididae). Journal of Evolution-
ary Biology 19:1248-1256.

Brodie, J., M. Masuda, I. Mine, and M. D. Guiry. 1997. Two morpho-
logically similar biological species: Chondrus pinnulatus and C. ar-
matus (Gigartinaceae, Rhodophyta). Journal of Phycology 33:682-
698.

Brothers, A. N., J. G. Barb, E. S. Ballerini, D. W. Drury, S. J. Knapp,
and M. L. Arnold. 2013. Genetic architecture of floral traits in Iris
hexagona and Iris fulva. Journal of Heredity 104:853-861.

Burton, T. L., and B. Husband. 2000. Fitness differences among dip-
loids, tetraploids, and their triploid progeny in Chamerion angus-
tifolium: mechanisms of inviability and implications for polyploid
evolution. Evolution 54:1182-1191.

Byrne, M., and M. J. Anderson. 1994. Hybridization of sympatric
Patiriella species (Echinodermata: Asteroidea) in New South Wales.
Evolution 48:564-576.

Caillaud, M. C,, and S. Via. 2012. Quantitative genetics of feeding
behavior in two ecological races of the pea aphid, Acyrthosiphon
pisum. Heredity 108:211-218.

Campbell, D. R, C. Galen, and C. A. Wu. 2005. Ecophysiology of first
and second generation hybrids in a natural plant hybrid zone.
Oecologia 144:214-225.

Campbell, D. R,, and N. M. Waser. 2007. Evolutionary dynamics of
an Ipomopsis hybrid zone: confronting models with lifetime fit-
ness data. American Naturalist 169:298-310.

Campbell, D. R,, C. A. Wu, and S. E. Travers. 2010. Photosynthetic
and growth responses of reciprocal hybrids to variation in water
and nitrogen availability. American Journal of Botany 97:925-933.

Chen, C,, and K. Ritland. 2013. Lineage-specific mapping of quanti-
tative trait loci. Heredity 111:106-113.

Chen, G. F. 2013. Sexual isolation in two bee-pollinated Costus (Cos-
taceae). Plant Reproduction 26:3-16.

Comes, H. P, and J. W. Kadereit. 1996. Genetic basis of speed of de-
velopment in Senecio vulgaris L. var. vulgaris, S. vulgaris ssp. den-
ticulatus (O. F. Muell.) P. D. Sell, and Senecio vernalis Waldst. and
Kit. Heredity 77:544-554.

Concannon, M. R,, and R. C. Albertson. 2015. The genetic and devel-
opmental basis of an exaggerated craniofacial trait in East African
cichlids. Journal of Experimental Zoology 324:662-670.

Craig, J., and C. J. Foote. 2001. Countergradient variation and sec-
ondary sexual color: phenotypic convergence promotes genetic
divergence in carotenoid use between sympatric anadromous
and nonanadromous morphs of sockeye salmon (Oncorhynchus
nerka). Evolution 55:380-391.

Craig, T. P., J. D. Horner, and J. K. Itami. 2001. Genetics, experience,
and host-plant preference in Eurosta solidaginis: implications for
host shifts and speciation. Evolution 55:773-782.

Dalziel, A. C,, T. H. Vines, and P. M. Schulte. 2012. Reductions in
prolonged swimming capacity following freshwater colonization
in multiple threespine stickleback populations. Evolution 66:1226—
1239.

Dominance and Mismatch in Hybrids E83

Delaire, L., D. Berner, K. Rdsinen, A. P. Hendry, M. Boisjoly, and
J. A. M. Raeymaekers. 2010. Testing for mating isolation between
ecotypes: laboratory experiments with lake, stream and hybrid
stickleback. Journal of Evolutionary Biology 23:2694-2708.

Driebe, E. M., and T. G. Whitham. 2000. Cottonwood hybridization
effects tannin and nitrogen content of leaf litter and alters decom-
position. Oecologia 123:99-107.

Echave, ]. D., C. V. Manhard, W. W. Smoker, M. D. Adkison, and A.].
Gharrett. 2017. Out crosses between seasonally different segments
of a Pacific salmon population reveal local adaptation. Environ-
mental Biology of Fishes 100:1469-1481.

Egan, S. P., E. M. Janson, C. G. Brown, and D. J. Funk. 2011. Postmat-
ing isolation and genetically variable host use in ecologically diver-
gent host forms of Neochlamisus bebbianae leaf beetles. Journal of
Evolutionary Biology 24:2217-2229.

Emms, S. K., and M. L. Arnold. 2000. Site-to-site differences in pol-
linator visitation patterns in a Louisiana iris hybrid zone. Oikos
91:568-578.

Fatouros, N. E., M. Hilker, and J. Gross. 2006. Reproductive isolation
between populations from Northern and Central Europe of the leaf
beetle Chrysomela lapponica L. Chemoecology 16:241-251.

Favre, A., and S. Karrenberg. 2011. Stress tolerance in closely related
species and their first-generation hybrids: a case study of Silene.
Journal of Ecology 99:1415-1423.

Fenster, C. B., P. K. Diggle, S. C. Barrett, and K. Ritland. 1995. The
genetics of floral development differentiating two species of Mi-
mulus (Scrophulariaceae). Heredity 74:258-266.

Fenster, C. B., and K. Ritland. 1994. Quantitative genetics of mating
system divergence in the yellow monkeyflower species complex.
Heredity 73:422-435.

Ferris, K. G., L. L. Barnett, B. K. Blackman, and J. H. Willis. 2017.
The genetic architecture of local adaptation and reproductive iso-
lation in sympatry within the Mimulus guttatus species complex.
Molecular Ecology 26:208-224.

Finck, J., and B. Ronacher. 2017. Components of reproductive iso-
lation between the closely related grasshopper species Chorthip-
pus biguttulus and C. mollis. Behavioral Ecology and Sociobiology
71:70.

Fishman, L., P. M. Beardsley, A. Stathos, C. F. Williams, and J. P. Hill.
2015. The genetic architecture of traits associated with the evolu-
tion of self-pollination in Mimulus. New Phytologist 205:907-917.

Fishman, L., A. ]. Kelly, and J. H. Willis. 2002. Minor quantitative trait
loci underlie floral traits associated with mating system divergence
in Mimulus. Evolution 56:2138-2155.

Fishman, L., and D. A. Stratton. 2004. The genetics of floral divergence
and postzygotic barriers between outcrossing and selfing popula-
tions of Arenaria uniflora (Caryophyllaceae). Evolution 58:296—
307.

Forister, M. L. 2005. Independent inheritance of preference and per-
formance in hybrids between host races of Mitoura butterflies
(Lepidoptera: Lycaenidae). Evolution 59:1149-1155.

Fritz, E. S., and E. T. Garside. 1974. Identification and description
of hybrids of Fundulus heteroclitus and F. diaphanus (Pisces: Cy-
prinodontidae) from Porters Lake, Nova Scotia, with evidence for
absence of backcrossing. Canadian Journal of Zoology 52:1433-
1442.

Galindo, J., M. J. Rivas, M. Saura, and E. Rolan-Alvarez. 2014. Selec-
tion on hybrids of ecologically divergent ecotypes of a marine snail:
the relative importance of exogenous and endogenous barriers. Bi-
ological Journal of the Linnean Society 111:391-400.



E84 The American Naturalist

Galliot, C., M. E. Hoballah, C. Kuhlemeier, and J. Stuurman. 2006.
Genetics of flower size and nectar volume in Petunia pollination
syndromes. Planta 225:203-212.

Galloway, L. F.,, and C. B. Fenster. 2001. Nuclear and cytoplasmic
contributions to intraspecific divergence in an annual legume. Evo-
lution 55:488-497.

Giesen, A., W. U. Blanckenhorn, and M. A. Schifer. 2017. Be-
havioural mechanisms of reproductive isolation between two hy-
bridizing dung fly species. Animal Behaviour 132:155-166.

Gottsberger, B., and F. Mayer. 2007. Behavioral sterility of hybrid
males in acoustically communicating grasshoppers (Acrididae,
Gomphocerinae). Journal of Comparative Physiology A 193:703-
714.

Grandchamp, A.-C,, K. Résinen, J. A. M. Raeymaekers, D. Berner,
R. Kaeuffer, and A. P. Hendry. 2011. Quantitative genetic inheri-
tance of morphological divergence in a lake-stream stickleback
ecotype pair: implications for reproductive isolation. Journal of
Evolutionary Biology 24:1975-1983.

Grant, P. R,, and B. R. Grant. 1994. Phenotypic and genetic effects of
hybridization in Darwin’s finches. Evolution 48:297-316.

Grosch, K. 2003. Hybridization between two insectivorous bird spe-
cies and the effect on prey-handling efficiency. Evolutionary Ecol-
ogy 17:1-17.

Grula, J. W., and O. R. Taylor. 1980. The effect of X-chromosome
inheritance on mate-selection behavior in the sulfur butterflies,
Colias eurytheme and C. philodice. Evolution 34:688-695.

Haesler, M. P., and O. Seehausen. 2005. Inheritance of female mat-
ing preference in a sympatric sibling species pair of Lake Victoria
cichlids: implications for speciation. Proceedings of the Royal So-
ciety B 272:237-245.

Hall, M. C,, C.J. Basten, and J. H. Willis. 2006. Pleiotropic quantita-
tive trait loci contribute to population divergence in traits associated
with life-history variation in Mimulus guttatus. Genetics 172:1829-
1844.

Hangartner, S., A. Laurila, and K. Rdsdnen. 2012. The quantitative ge-
netic basis of adaptive divergence in the moor frog (Rana arvalis)
and its implications for gene flow. Journal of Evolutionary Biology
25:1587-1599.

Hayes, J. L., D.]. Bandy, and H. Dingle. 1987. Genetic analysis of dia-
pause differences between populations of the large milkweed bug.
Journal of Heredity 78:266-270.

Hendrickx, F., J. P. Maelfait, and L. Lens. 2008. Effect of metal stress
on life history divergence and quantitative genetic architecture in
a wolf spider. Journal of Evolutionary Biology 21:183-193.

Henriques, A. B,, T. Wendt, R. I. Rios, M. B. F. Canela, and J. E.
Morrey-Jones. 2006. Recognition of Pitcairnia corcovadensis (Bro-
meliaceae) at the species level. Systematic Botany 25:389-398.

Henry, C. S,, M. L. M. Wells, and K. E. Holsinger. 2002. The inher-
itance of mating songs in two cryptic, sibling lacewing species
(Neuroptera: Chrysopidae: Chrysoperla). Genetica 116:269-289.

Herczeg, G., N. L. Ab Ghani, and J. Merild. 2013. Evolution of stick-
leback feeding behaviour: genetics of population divergence at dif-
ferent ontogenetic stages. Journal of Evolutionary Biology 26:955-
962.

Hermann, K., U. Klahre, J. Venail, A. Brandenburg, and C. Kuh-
lemeier. 2015. The genetics of reproductive organ morphology in
two Petunia species with contrasting pollination syndromes. Planta
241:1241-1254.

Holtmeier, C. L. 2001. Heterochrony, maternal effects, and pheno-
typic variation among sympatric pupfishes. Evolution 55:330-338.

Hopper, S. D. 1978. Progeny trials in an introgressive hybrid popula-
tion of Anigozanthos Labill. (Haemodoraceae). Australian Journal
of Botany 26:309-317.

Hora, K. H., P. Roessingh, and S. B. Menken. 2005. Inheritance and
plasticity of adult host acceptance in Yponomeuta species: impli-
cations for host shifts in specialist herbivores. Entomologia Ex-
perimentalis et Applicata 115:271-281.

Husemann, M., M. Tobler, C. McCauley, B. Ding, and P. D. Danley.
2017. Body shape differences in a pair of closely related Malawi
cichlids and their hybrids: effects of genetic variation, phenotypic
plasticity, and transgressive segregation. Ecology and Evolution
7:4336-4346.

Ikten, C., S. R. Skoda, T. E. Hunt, J. Molina-Ochoa, and J. E. Foster.
2011. Genetic variation and inheritance of diapause induction in
two distinct voltine ecotypes of Ostrinia nubilalis (Lepidoptera:
Crambidae). Annals of the Entomological Society of America
104:567-575.

Ippolito, A., G. Wilson Fernandes, and T. P. Holtsford. 2004. Pol-
linator preferences for Nicotiana alata, N. forgetiana, and their F,
hybrids. Evolution 58:2634-2644.

Jacquemyn, H., R. Brys, O. Honnay, and I. Roldan-Ruiz. 2012. Asym-
metric gene introgression in two closely related Orchis species: ev-
idence from morphometric and genetic analyses. BMC Evolution-
ary Biology 12:178.

Jan¢uchové-Laskovd, J., E. Landovd, and D. Frynta. 2015. Experimen-
tal crossing of two distinct species of leopard geckos, Eublepharis
angramainyu and E. macularius: viability, fertility and phenotypic
variation of the hybrids. PLoS ONE 10:e0143630.

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

Katoh, M., and G. Ribi. 1996. Genetic evidence for natural hybridiza-
tion and apparent introgression between freshwater snail species
(Viviparus ater and V. contectus). Journal of Evolutionary Biology
9:67-82.

Keena, M. A,, P. S. Grinberg, and W. E. Wallner. 2007. Inheritance
of female flight in Lymantria dispar (Lepidoptera: Lymantriidae).
Environmental Entomology 36:484-494.

Keese, M. C. 1996. Feeding responses of hybrids and the inheritance
of host-use traits in leaf feeding beetles (Coleoptera: Chrysome-
lidae). Heredity 76:36-42.

Keller, B., J. M. de Vos, A. N. Schmidt-Lebuhn, J. D. Thomson, and
E. Conti. 2016. Both morph- and species-dependent asymmetries
affect reproductive barriers between heterostylous species. Ecology
and Evolution 6:6223-6244.

Kimball, S., and D. Campbell. 2009. Physiological differences among
two Penstemon species and their hybrids in field and common gar-
den environments. New Phytologist 181:478-488.

Kishino, H., S. Miyaguchi, R. K. Butlin, J. R. Bridle, H. Tatsuta, and
C. I. Saldamando. 2005. Inheritance of song and stridulatory peg
number divergence between Chorthippus brunneus and C. jacobsi,
two naturally hybridizing grasshopper species (Orthoptera: Acri-
didae). Journal of Evolutionary Biology 18:703-712.

Knowlton, J. L., D. J. Flaspohler, N. C. R. Mcinerney, and R. C.
Fleischer. 2014. First record of hybridization in the Hawaiian
honeycreepers: Tiwi (Vestiaria coccinea) x ’Apapane (Himatione
sanguinea). Wilson Journal of Ornithology 126:562-568.

Koelling, V. A.,and R. Mauricio. 2010. Genetic factors associated with
mating system cause a partial reproductive barrier between two



parapatric species of Leavenworthia (Brassicaceae). American Jour-
nal of Botany 97:412-422.

Kohn, L. A. P,, L. B. Langton, and J. M. Cheverud. 2001. Subspecific
genetic differences in the saddle-back tamarin (Saguinus fuscicollis)
postcranial skeleton. American Journal of Primatology 54:41-56.

Kokita, T., S. Takahashi, and M. Kinoshita. 2017. Evolution of gigan-
tism and size-based female mate choice in ice goby (Leucopsarion
petersii) populations in a semi-enclosed sea basin. Biological Jour-
nal of the Linnean Society 120:563-577.

Konuma, J., T. Sota, and S. Chiba. 2013. Quantitative genetic analysis
of subspecific differences in body shape in the snail-feeding cara-
bid beetle Damaster blaptoides. Heredity 110:86-93.

Kronforst, M. R., L. G. Young, D. D. Kapan, C. McNeely, R. J.
O'Neill, and L. E. Gilbert. 2006. Linkage of butterfly mate prefer-
ence and wing color preference cue at the genomic location of wing-
less. Proceedings of the National Academy of Sciences of the USA
103:6575-6580.

Lair, K. P., W. E. Bradshaw, and C. M. Holzapfel. 1997. Evolutionary
divergence of the genetic architecture underlying photoperiodism
in the pitcher-plant mosquito, Wyeomyia smithii. Genetics 147:1873-
1883.

Lamb, T., and J. C. Avise. 1987. Morphological variability in geneti-
cally defined categories of anuran hybrids. Evolution 41:157-165.

Larcombe, M. ], J. Costa, P. Tilyard, P. Gore, and B. M. Potts. 2016.
On the persistence of reproductive barriers in Eucalyptus: the
bridging of mechanical barriers to zygote formation by F, hybrids
is counteracted by intrinsic post-zygotic incompatibilities. Annals
of Botany 118:431-444.

Largiadeér, C. R, C. P. Klingenberg, and M. Zimmermann. 1994. Mor-
phometric variation in a hybrid zone of two subspecies of Gerris
costae (Heteroptera: Gerridae) in the Maritime Alps. Journal of
Evolutionary Biology 7:697-712.

Laugen, A. T., A. Laurila, and J. A. Merild. 2002. Maternal and genetic
contributions to geographical variation in Rana temporaria larval
life-history traits. Biological Journal of the Linnean Society 76:61-
70.

Legner, E. F. 1987. Inheritance of gregarious and solitary oviposition
in Muscidifurax raptorellus Kogan and Legner (Hymenoptera:
Pteromalidae). Canadian Entomologist 119:791-808.

Lehmann, P., A. Margus, and L. Lindstrom. 2016. Inheritance pat-
terns of photoperiodic diapause induction in Leptinotarsa decem-
lineata. Physiological Entomology 41:218-223.

Lehtinen, R. M., A. F. Steratore, M. M. Eyre, E. S. Cassagnol, M. L.
Stern, and H. A. Edgington. 2016. Identification of widespread hy-
bridization between two terrestrial salamanders using morphol-
ogy, coloration, and molecular markers. Copeia 104:132-139.

Leinonen, P. H,, D. L. Remington, and O. Savolainen. 2011. Local ad-
aptation, phenotypic differentiation, and hybrid fitness in diverged
natural populations of Arabidopsis lyrata. Evolution 65:90-107.

Lemmon, E. M,, and A. R. Lemmon. 2010. Reinforcement in chorus
frogs: lifetime fitness estimates including intrinsic natural selec-
tion and sexual selection against hybrids. Evolution 64:1748-1761.

Léotard, G., A. Saltmarsh, F. Kjellberg, and D. McKey. 2008. Mutual-
ism, hybrid inviability and speciation in a tropical ant-plant. Jour-
nal of Evolutionary Biology 21:1133-1143.

Lewis, H., and C. Epling. 1959. Delphinium gypsophilum, a diploid
species of hybrid origin. Evolution 13:511-525.

Liu, F., X. L. Zhang, Q. F. Wang, H. Liu, G. X. Wang, and W. Li. 2013.
Resource allocation among sexual, clonal reproduction and vegeta-
tive growth of two Potamogeton species and their hybrid: adapt-

Dominance and Mismatch in Hybrids E85

ability of the hybrid in relation to its parents. Journal of Systematics
and Evolution 51:461-467.

Loveless, S. A., W. C. Bridges, and M. B. Ptacek. 2010. Genetics of spe-
cies differences in sailfin and shortfin mollies. Heredity 105:370-
383.

Lowry, D. B., and J. H. Willis. 2010. A widespread chromosomal in-
version polymorphism contributes to a major life-history transi-
tion, local adaptation, and reproductive isolation. PLoS Biology
8:¢1000500.

Machado-Schiaffino, G., F. Henning, and A. Meyer. 2014. Species-
specific differences in adaptive phenotypic plasticity in an ecolog-
ically relevant trophic trait: hypertrophic lips in Midas cichlid
fishes. Evolution 68:2086-2091.

MacNair, M. R, V. E. MacNair, and B. E. Martin. 1989. Adaptive
speciation in Mimulus: an ecological comparison of M. cupriphilus
with its presumed progenitor, M. guttatus. New Phytologist 112:269—
279.

Magalhaes, L. S., and O. Seehausen. 2010. Genetics of male nuptial
colour divergence between sympatric sister species of a Lake Vic-
toria cichlid fish. Journal of Evolutionary Biology 23:914-924.

Martin, N. H.,, A. C. Bouck, and M. L. Arnold. 2007. The genetic ar-
chitecture of reproductive isolation in Louisiana irises: flowering
phenology. Genetics 175:1803-1812.

Martin, N. H., and J. H. Willis. 2007. Ecological divergence associ-
ated with mating system causes nearly complete reproductive iso-
lation between sympatric Mimulus species. Evolution 61:68-82.

Matsubayashi, K. W., and H. Katakura. 2009. Contribution of multi-
ple isolating barriers to reproductive isolation between a pair of
phytophagous ladybird beetles. Evolution 63:2563-2580.

McBride, C. S., and M. C. Singer. 2010. Field studies reveal strong
postmating isolation between ecologically divergent butterfly pop-
ulations. PLoS Biology 8:¢1000529.

McPhail, J. D. 2008. Ecology and evolution of sympatric sticklebacks
(Gasterosteus): evidence for a species-pair in Paxton Lake, Texada
Island, British Columbia. Canadian Journal of Zoology 70:361-
369.

Mérot, C., B. Frérot, E. Leppik, and M. Joron. 2015. Beyond magic
traits: mmultimodal mating cues in Heliconius butterflies. Evolu-
tion 69:2891-2904.

Merrill, R. M., R. E. Naisbit, . Mallet, and C. D. Jiggins. 2013. Ecolog-
ical and genetic factors influencing the transition between host-
use strategies in sympatric Heliconius butterflies. Journal of Evo-
lutionary Biology 26:1959-1967.

Mione, T., and G. J. Anderson. 2017. Genetics of floral traits of
Jaltomata procumbens (Solanaceae). Brittonia 69:1-10.

Mirzaie-Nodoushan, H., I. L. Gordon, and W. B. Rumball. 1999. In-
heritance of growth habit-related attributes in red clover (Trifo-
lium pratense L.). Journal of Heredity 90:550-553.

Moccia, M. D., A. Widmer, and S. Cozzolino. 2007. The strength
of reproductive isolation in two hybridizing food-deceptive or-
chid species. Molecular Ecology 16:2855-2866.

Monti, L., J. Génermont, C. Malosse, and B. Lalanne-Cassou. 1997. A
genetic analysis of some components of reproductive isolation be-
tween two closely related species, Spodoptera latifascia (Walker)
and S. descoinsi (Lalanne-Cassou and Silvain) (Lepidoptera: Noc-
tuidae). Journal of Evolutionary Biology 10:121-134.

Naisbit, R. E., C. D. Jiggins, and J. Mallet. 2001. Disruptive sexual se-
lection against hybrids contributes to speciation between Helico-
nius cydno and Heliconius melpomene. Proceedings of the Royal
Society B 268:1849-1854.



E86 The American Naturalist

Nakazato, T., L. H. Rieseberg, and T. E. Wood. 2013. The genetic basis
of speciation in the Giliopsis lineage of Ipomopsis (Polemoniaceae).
Heredity 111:227-237.

Ng, J., A. L. Kelly, D. J. Macguigan, and R. E. Glor. 2013. The role of
heritable and dietary factors in the sexual signal of a hispaniolan
Anolis lizard, Anolis distichus. Journal of Heredity 104:862-873.

Nogami, T., K. Ohigashi, Y. Nakayama, A. Yagyu, and S. Sano. 2016.
Flowering behaviors of the inflorescences of an alien plant (Plan-
tago asiatica), an alpine plant (Plantago hakusanensis), and their
hybrids on Mt. Hakusan, Japan. Weed Biology and Management
16:108-118.

Noh, S., and C. S. Henry. 2015. Speciation is not necessarily easier in
species with sexually monomorphic mating signals. Journal of Evo-
lutionary Biology 28:1925-1939.

Nygren, G. H., S. Nylin, and C. Stefanescu. 2006. Genetics of host
plant use and life history in the comma butterfly across Europe:
varying modes of inheritance as a potential reproductive barrier.
Journal of Evolutionary Biology 19:1882-1893.

Oh, K. P, D.]J. Fergus, J. L. Grace, and K. L. Shaw. 2012. Interspecific
genetics of speciation phenotypes: song and preference coevolu-
tion in Hawaiian crickets. Journal of Evolutionary Biology 25:1500—
1512.

O’Quin, C. T., A. C. Drilea, R. B. Roberts, and T. D. Kocher. 2012.
A small number of genes underlie male pigmentation traits in Lake
Malawi cichlid fishes. Journal of Experimental Zoology 318:199-
208.

Orr, M. R,, A. H. Porter, T. A. Mousseau, and H. Dingle. 1994. Mo-
lecular and morphological evidence for hybridization between two
ecologically distinct grasshoppers (Melanoplus sanguinipes and M.
devastator) in California. Heredity 72:42-54.

Park, L. S, Y. K. Nam, S. E. Douglas, S. C. Johnson, and D. S. Kim.
2003. Genetic characterization, morphometrics and gonad devel-
opment of induced interspecific hybrids between yellowtail floun-
der, Pleuronectes ferrugineus (Storer) and winter flounder, Pleuro-
nectes americanus (Walbaum). Aquaculture Research 34:389-396.

Parsons, K. E. 1997. Contrasting patterns of heritable geographic
variation in shell morphology and growth potential in the marine
gastropod Bembicium vittatum: evidence from field experiments.
Evolution 51:784-796.

Pasdar, M., D. P. Philipp, and G. S. Whitt. 1984. Enzyme activities
and growth rates in two sunfish species and their hybrids. Journal
of Heredity 75:453-456.

Pélabon, C., M. L. Carlson, T. F. Hansen, N. G. Yoccoz, and W. S.
Armbruster. 2004. Consequences of inter-population crosses on
developmental stability and canalization of floral traits in Dale-
champia scandens (Euphorbiaceae). Journal of Evolutionary Biol-
ogy 17:19-32.

Pfennig, K. S., A. J. Chunco, and A. C. Lackey. 2007. Ecological selec-
tion and hybrid fitness: hybrids succeed on parental resources. Evo-
lutionary Ecology Research 9:341-354.

Piché, J., J. A. Hutchings, and W. Blanchard. 2008. Genetic variation
in threshold reaction norms for alternative reproductive tactics in
male Atlantic salmon, Salmo salar. Proceedings of the Royal Soci-
ety B 275:1571-1575.

Piwczynski, M., A. Ponikierska, R. Puchatka, and J. M. Corral. 2013.
Expression of anatomical leaf traits in homoploid hybrids be-
tween deciduous and evergreen species of Vaccinium. Plant Biology
15:522-530.

Plath, M., and U. Strecker. 2008. Behavioral diversification in a
young species flock of pupfish (Cyprionodon spp.): shoaling and

aggressive behavior. Behavioral Ecology and Sociobiology 62:1727-
1737.

Pritchard, V. L., V. L. Knutson, M. Lee, J. Zieba, and S. Edmands.
2013. Fitness and morphological outcomes of many generations
of hybridization in the copepod Tigriopus californicus. Journal of
Evolutionary Biology 26:416-433.

Punzalan, D., and L. Rowe. 2017. Hybridisation and lack of prezygotic
barriers between Phymata pennsylvanica and americana. Ecologi-
cal Entomology 42:210-220.

Raeymaekers, J. A., L. Delaire, and A. P. Hendry. 2009. Genetically
based differences in nest characteristics between lake, inlet, and
hybrid threespine stickleback from the Misty system, British Co-
lumbia, Canada. Evolutionary Ecology Research 11:905-919.

Rhymer, J. M. 1992. An experimental study of geographic variation
in avian growth and development. Journal of Evolutionary Biology
5:289-306.

Rogers, S. M., V. Gagnon, and L. Bernatchez. 2002. Genetically based
phenotype-environment association for swimming behavior in
lake whitefish ecotypes (Coregonus clupeaformis Mitchill). Evolu-
tion 56:2322-2329.

Roriz, A. K. P,, H. F. Japyassu, and 1. S. Joachim-Bravo. 2017. In-
cipient speciation in the Anastrepha fraterculus cryptic species
complex: reproductive compatibility between A. sp.1 aff. fraterculus
and A. sp.3 aff. fraterculus. Entomologia Experimentalis et Applicata
162:346-357.

Ross, M. R, and T. M. Cavender. 1981. Morphological analyses
of four experimental intergeneric cyprinid hybrid crosses. Copeia
2:377.

Rouleau, S., H. Glémet, and P. Magnan. 2010. Effects of morphology
on swimming performance in wild and laboratory crosses of brook
trout ecotypes. Functional Ecology 24:310-321.

Ruhsam, M., P. M. Hollingsworth, and R. A. Ennos. 2011. Early evo-
lution in a hybrid swarm between outcrossing and selfing lineages
in Geum. Heredity 107:246-255.

Sasabe, M., Y. Takami, and T. Sota. 2007. The genetic basis of inter-
specific differences in genital morphology of closely related carabid
beetles. Heredity 98:385-391.

Schluter, D., E. A. Clifford, M. Nemethy, and J. S. McKinnon. 2004.
Parallel evolution and inheritance of quantitative traits. American
Naturalist 163:809-822.

Scribner, K. T. 1993. Hybrid zone dynamics are influenced by
genotype-specific variation in life-history traits: experimental ev-
idence from hybridizing Gambusia species. Evolution 47:632-646.

Selz, O. M., K. Lucek, K. A. Young, and O. Seehausen. 20144. Relaxed
trait covariance in interspecific cichlid hybrids predicts morpho-
logical diversity in adaptive radiations. Journal of Evolutionary Bi-
ology 27:11-24.

Selz, O. M., R. Thommen, M. E. Maan, and O. Seehausen. 2014b.
Behavioural isolation may facilitate homoploid hybrid speciation
in cichlid fish. Journal of Evolutionary Biology 27:275-289.

Shaw, K. L. 2006. Polygenic inheritance of a behavioral phenotype: in-
terspecific genetics of song in the Hawaiian cricket genus Laupala.
Evolution 50:256-266.

Shore, J. S., and S. C. Barrett. 1990. Quantitative genetics of floral
characters in homostylous Turnera ulmifolia var. angustifolia Willd.
(Turneraceae). Heredity 64:105-112.

Shulgina, I, S. Abugalieva, Y. Turuspekov, D. Ormanbekova, K. Yer-
mekbayev, and S. Volis. 2016. Genetic architecture of adaptation to
novel environmental conditions in a predominantly selfing allo-
polyploid plant. Heredity 116:485-490.



Skrede, L., C. Brochmann, L. Borgen, and L. H. Rieseberg. 2008. Ge-
netics of intrinsic postzygotic isolation in a circumpolar plant spe-
cies, Draba nivalis (Brassicaceae). Evolution 62:1840-1851.

Soto, I. M., E. R. Hasson, and M. H. Manfrin. 2008. Wing morphology
is related to host plants in cactophilic Drosophila gouveai and Dro-
sophila antonietae (Diptera, Drosophilidae). Biological Journal of
the Linnean Society 95:655-665.

Soudi, S., K. Reinhold, and L. Engqvist. 2016. Genetic architecture un-
derlying host choice differentiation in the sympatric host races of
Lochmaea capreae leaf beetles. Genetica 144:147-156.

Stacy, E. A., ]. B. Johansen, T. Sakishima, and D. K. Price. 2016. Ge-
netic analysis of an ephemeral intraspecific hybrid zone in the
hypervariable tree, Metrosideros polymorpha, on Hawai’i Island.
Heredity 117:173-183.

Stéhlberg, D. 2009. Habitat differentiation, hybridization and gene
flow patterns in mixed populations of diploid and autotetraploid
Dactylorhiza maculata sl. (Orchidaceae). Evolutionary Ecology
23:295-328.

Stanhope, M. J., B. J. Leighton, and B. Hartwick. 1992. Polygenic
control of habitat preference and its possible role in sympatric
population subdivision in an estuarine crustacean. Heredity
69:279-288.

Stankowski, S., J. M. Sobel, and M. A. Streisfeld. 2015. The geography
of divergence with gene flow facilitates multitrait adaptation and
the evolution of pollinator isolation in Mimulus aurantiacus. Evo-
lution 69:3054-3068.

Svedin, N., C. Wiley, T. Veen, L. Gustafsson, and A. Qvarnstrom.
2008. Natural and sexual selection against hybrid flycatchers. Pro-
ceedings of the Royal Society B 275:735-744.

Svensson, O., C. van Oosterhout, G. F. Turner, O. Seehausen,
K. Woodhouse, and A. Smith. 2017. The genetics of mate prefer-
ences in hybrids between two young and sympatric Lake Victoria
cichlid species. Proceedings of the Royal Society B 284:20162332.

Szucs, M., S. D. Eigenbrode, M. Schwarzlander, and U. Schaffner.
2012. Hybrid vigor in the biological control agent, Longitarsus
jacobaeae. Evolutionary Applications 5:489-497.

Tarpley, M. D., F. Breden, and G. M. Chippendale. 1993. Genetic con-
trol of geographic variation for cannibalism in the southwestern
corn borer, Diatraea grandiosella. Entomologia Experimentalis
et Applicata 66:145-152.

Tieleman, B. I, M. A. Versteegh, A. Fries, B. Helm, N. J. Dingemanse,
H. L. Gibbs, and J. B. Williams. 2009. Genetic modulation of energy
metabolism in birds through mitochondrial function. Proceedings
of the Royal Society B 276:1685-1693.

Tsuchiya, Y., Y. Takami, Y. Okuzaki, and T. Sota. 2012. Genetic dif-
ferences and phenotypic plasticity in body size between high- and
low-altitude populations of the ground beetle Carabus tosanus.
Journal of Evolutionary Biology 25:1835-1842.

Vallejo-Marin, M., M. Quenu, S. Ritchie, and S. Meeus. 2017. Partial
interfertility between independently originated populations of the
neo-allopolyploid Mimulus peregrinus. Plant Systematics and Evo-
lution 303:1081-1092.

Vamosi, S. M., and D. Schluter. 2002. Impacts of trout predation on
fitness of sympatric sticklebacks and their hybrids. Proceedings of
the Royal Society B 269:923-930.

Vedenina, V. Y., A. K. Panyutin, and O. Von Helversen. 2007. The
unusual inheritance pattern of the courtship songs in closely re-
lated grasshopper species of the Chorthippus albomarginatus-
group (Orthoptera: Gomphocerinae). Journal of Evolutionary Bi-
ology 20:260-277.

Dominance and Mismatch in Hybrids E87

Veen, T., N. Svedin, J. T. Forsman, M. B. Hjernquist, A. Qvarnstrom,
K. A. Thuman Hjernquist, J. Tréff, and M. Klaassen. 2007. Does
migration of hybrids contribute to post-zygotic isolation in fly-
catchers? Proceedings of the Royal Society B 274:707-712.

Vereecken, N. ], S. Cozzolino, and F. P. Schiestl. 2010. Hybrid floral
scent novelty drives pollinator shift in sexually deceptive orchids.
BMC Evolutionary Biology 10.

Vinsilkova, T., and L. Gvozdik. 2007. Mismatch between tempera-
ture preferences and morphology in F, hybrid newts (Triturus
carnifex x T. dobrogicus). Journal of Thermal Biology 32:433-439.

Vitova, J., P. Vit, and J. Suda. 2015. Rare occurrence of reciprocal hy-
bridization in a sympatric population of the Czech stenoendemic
Dianthus arenarius subsp. bohemicus and widespread D. carthu-
sianorum. Preslia 87:329-345.

Warwick, S. I, B. K. Thompson, and L. D. Black. 1990. Hybridization
of Carduus nutans and Carduus acanthoides (Compositae): mor-
phological variation in F, hybrids and backcrosses. Canadian Jour-
nal of Botany 70:2303-2309.

. 1992. Comparative growth response in Carduus nutans,
C. acanthoides, and their F, hybrids. Canadian Journal of Botany
68:1675-1679.

Wessinger, C. A., L. C. Hileman, and M. D. Rausher. 2014. Identifi-
cation of major quantitative trait loci underlying floral pollination
syndrome divergence in Penstemon. Philosophical Transactions of
the Royal Society B 369:20130349.

Westerbergh, A., and J. Doebley. 2002. Morphological traits defining
species differences in wild relatives of maize are controlled by mul-
tiple quantitative trait loci. Evolution 56:273-283.

White, J. A. 1973. Viable hybrid young from crossmated periodical
cicadas. Ecology 54:573-580.

Whiteley, A. R, K. N. Persaud, N. Derome, R. Montgomerie, and
L. Bernatchez. 2009. Reduced sperm performance in backcross
hybrids between species pairs of whitefish (Coregonus clupea-
formis). Canadian Journal of Zoology 87:566-572.

Wilkens, H. 1971. Genetic interpretation of regressive evolutionary
processes: studies on hybrid eyes of two Astyanax cave popula-
tions (Characidae, Pisces). Evolution 25:530-544.

Wilson, P., and E. A. Jordan. 2009. Hybrid intermediacy between pol-
lination syndromes in Penstemon, and the role of nectar in affect-
ing hummingbird visitation. Botany 87:272-282.

Wood, C. C,, and C. J. Foote. 1996. Evidence for sympatric genetic
divergence of anadromous and nonanadromous morphs of sock-
eye salmon (Oncorhynchus nerka). Evolution 50:1265-1279.

Woods, P. J., R. Miiller, and O. Seehausen. 2009. Intergenomic epis-
tasis causes asynchronous hatch times in whitefish hybrids, but
only when parental ecotypes differ. Journal of Evolutionary Biology
22:2305-2319.

Wu, C. A., and D. R. Campbell. 2006. Environmental stressors differ-
entially affect leaf ecophysiological responses in two Ipomopsis spe-
cies and their hybrids. Oecologia 148:202-212.

Wu, R, H. D. Bradshaw, and R. F. Stettler. 1997. Molecular genetics
of growth and development in Populus (Salicaceae). V. Mapping
quantitative trait loci affecting leaf variation. American Journal
of Botany 84:143-153.

Xue, H. J., S. Magalhides, W. Z. Li, and X. K. Yang. 2009. Reproduc-
tive barriers between two sympatric beetle species specialized on
different host plants. Journal of Evolutionary Biology 22:2258-
2266.

Yamashita, Y. T., M. Aritaki, Y. Kurita, and M. Tanaka. 2014.
Early growth and development of reciprocal hybrids of the starry




E88 The American Naturalist

flounder Platichthys stellatus and stone flounder Kareius bicolo-
ratus. Journal of Fish Biology 84:1503-1518.

Yorkston, M., and C. C. Daehler. 2006. Interfertility between Hawai-
ian ecotypes of Sida fallax (Malvaceae) and evidence of a hybrid
disadvantage. International Journal of Plant Sciences 167:221-230.

Yoshizawa, M., G. Ashida, and W. R. Jeffery. 2012. Parental genetic
effects in a cavefish adaptive behavior explain disparity between
nuclear and mitochondrial DNA. Evolution 66:2975-2982.

Yukilevich, R., T. Harvey, S. Nguyen, J. Kehlbeck, and A. Park. 2016.
The search for causal traits of speciation: divergent female mate
preferences target male courtship song, not pheromones, in Dro-
sophila athabasca species complex. Evolution 70:526-542.

Zakas, C., and M. V. Rockman. 2014. Dimorphic development in
Streblospio benedicti: genetic analysis of morphological differences
between larval types. International Journal of Developmental Biol-
ogy 58:593-599.

References Cited Only in the Online Enhancements

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

Chamberlain, S. A., and E. Szocs. 2013. taxize: taxonomic search and
retrieval in R. F1000Research 2.

Churchill, G. A, and R. W. Doerge. 1994. Empirical threshold values
for quantitative trait mapping. Genetics 138:963-971.

Dobzhansky, T. 1937. Genetics and the origin of species. Columbia
University Press, New York.

Grant, V. 1981. Plant speciation. Columbia University Press, New York.

Kumar, S., G. Stecher, M. Suleski, and S. B. Hedges. 2017. TimeTree:
a resource for timelines, timetrees, and divergence times. Molecu-
lar Biology and Evolution 34:1812-1819.

o

Lande, R. 1981. The minimum number of genes contributing to
quantitative variation between and within populations. Genetics
99:541-553.

Lynch, M., and B. Walsh. 1998. Genetics and analysis of quantitative
traits. 1st ed. Sinauer, Sunderland, MA.

Mayr, E. 1963. Animal species and evolution. Belknap, Cambridge, MA.

Moher, D., A. Liberati, J. Tetzlaff, D. G. Altman, and PRISMA. 2009.
Preferred reporting items for systematic reviews and meta-analyses.
Annals of Internal Medicine 151:264-269.

Minkemiiller, T., S. Lavergne, B. Bzeznik, S. Dray, T. Jombart,
K. Schiffers, and W. Thuiller. 2012. How to measure and test phy-
logenetic signal. Methods in Ecology and Evolution 3:743-756.

Paradis, E., and K. Schliep. 2018. ape 5.0: an environment for mod-
ern phylogenetics and evolutionary analyses in R. Bioinformatics
35:526-528.

Revell, L. J. 2012. phytools: an R package for phylogenetic compara-
tive biology (and other things). Methods in Ecology and Evolution
3:217-223.

Rohatgi, A. 2019. WebPlotDigitizer. https://automeris.io/WebPlot
Digitizer.

Schluter, D. 2000. The ecology of adaptive radiation. Oxford Univer-
sity Press, New York.

Tave, D. 1986. Genetics for fish hatchery managers. AV, Westport, CT.

Wickham, H. 2017. tidyverse: easily install and load the “tidyverse.” R
package. Version 1.2.1. https://cran.r-project.org/package = tidyverse.

Wilkinson, S. P. 2018. The “aphid” package for analysis with profile
hidden Markov models. R package. Version 1.1.0. https://cran.r
-project.org/package = aphid.

Winter, D. J. 2017. rentrez: an R package for the NCBI eUtils APIL
R Journal 9:520-526.

Associate Editor: Lynda Delph
Editor: Daniel I. Bolnick

. |

Photograph of the common garden of Helianthus annuus x H. debilis backcross hybrids, at Ladybird Johnson Wildflower Center in Austin,

Texas. Photo: Ken Whitney.


https://automeris.io/WebPlotDigitizer
https://automeris.io/WebPlotDigitizer
https://cran.r-project.org/package&equals;tidyverse
https://cran.r-project.org/package&equals;aphid
https://cran.r-project.org/package&equals;aphid



