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The consequences of combining divergent genomes among populations of a diploid species often involve F1 hybrid vigor followed

by hybrid breakdown in later recombinant generations. As many as 70% of plant species are thought to have polyploid origins; yet

little is known about the genetic architecture of divergence in polyploids and how it may differ from diploid species. We investigated

the genetic architecture of population divergence using controlled crosses among five populations of the autotetraploid herb,

Campanulastrum americanum. Plants were reciprocally hybridized to produce F1, F2, and F1-backcross generations that were

grown with parental types in a greenhouse and measured for performance. In contrast to diploid expectations, most F1 hybrids

lacked heterosis and instead showed strong outbreeding depression for early life traits. Recombinant hybrid generations often

showed a recovery of performance to levels approximating, or at times even exceeding, the parental values. This pattern was also

evident for an index of cumulative fitness. Analyses of line means indicated nonadditive gene action, especially forms of digenic

epistasis, often influenced hybrid performance. However, standard diploid genetic models were not adequate for describing the

underlying genetic architecture in a number of cases. Differences between reciprocal hybrids indicated that cytoplasmic and/or

cytonuclear interactions also contributed to divergence. An enhanced role of epistasis in population differentiation may be the

norm in polyploids, which have more gene copies. This study, the first of its kind on a natural autotetraploid, suggests that gene

duplication may cause polyploid populations to diverge in a fundamentally different way than diploids.
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Populations of a species with limited gene exchange will diverge

genetically over time due to natural selection and genetic drift

(Wright 1931). This basic premise of population genetics forms

the foundation for our understanding of population divergence

and ultimately the process of speciation (Coyne and Orr 1998;

Turelli and Orr 2000). However as many as 70% of plant species

are thought to have polyploid origins (Masterson 1994), and dou-

bling the chromosome set, either within species (autopolyploid)

or in interspecific hybrids (allopolyploid), may influence the pat-

terns and process of future population divergence. For example, a

larger number of allele copies per locus exist in polyploids rela-

tive to diploids, increasing the potential for allelic diversity, allelic

interactions, and redundancy. Additionally, multiple polyploid lin-

eages may arise independently within a species, creating a mosaic

of populations with different diploid ancestry (Seagraves et al.

1999; Soltis and Soltis 2003). Although polyploidy is common
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in plants, we know very little about patterns of population di-

vergence and the consequences of hybridizing polyploid lineages

with different evolutionary histories.

According to diploid genetic models and empirical work,

admixture between lineages with different evolutionary histories

may result in diverse outcomes. For example, hybridization may

enhance the evolutionary potential of a species by bolstering ge-

netic diversity and producing novel genotypes with unique genetic

and ecological attributes (Rieseberg et al. 1999). This genetic ex-

change may also relieve inbreeding depression within populations

if F1 hybrids exhibit partial dominance or overdominance at loci

that influence fitness, causing heterosis or hybrid vigor (Lynch

1991). However, if populations are highly diverged, hybridization

may disrupt positive allele combinations that enhance fitness and

have been fixed by selection on different genetic backgrounds

(“intrinsic” outbreeding depression; e.g., Whitlock et al. 1995).

Reduced hybrid fitness may also arise due to Dobzhansky–Muller

incompatibilities made prominent by drift or selection in isolated

populations. The benefits of heterosis and the detriments of out-

breeding depression can operate concurrently to determine the

fitness of hybrids, although both are expected to change over suc-

cessive generations (Lynch 1991). Heterozygosity and thus het-

erosis are greatest in the F1. In contrast, outbreeding depression

is expected to be greatest in recombinant hybrid generations as

positively interacting loci are broken up through the action of re-

combination and independent assortment. The timing of heterosis

and outbreeding depression thus creates an often observed pat-

tern of F1-hybrid vigor, followed by hybrid breakdown in the F2

and later generations (Lynch and Walsh 1998). Outbreeding de-

pression may abate with successive generations if recombination

generates genotypic novelty that is favored by selection (Stebbins

1969; Erickson and Fenster 2006).

The expectations for trait expression following hybridization

may differ for polyploids compared to diploids (Bever and Felber

1992). There are several reasons why polyploidy may modulate

the occurrence and magnitude of heterosis and outbreeding de-

pression. First, autopolyploidy increases the effective population

size of nuclear genes that may slow the erosion of allelic diversity

among isolated lineages due to drift (Wright 1938; Moody et al.

1993) and decrease genetic load (Butruille and Boiteux 2000).

However, this effect may be counteracted by the small effective

population size early in the establishment of a new polyploid lin-

eage. Genome duplication also increases the number of potential

allelic interactions within loci. The greater number of allele copies

provides greater opportunities for beneficial overdominance to be

expressed (e.g., Bingham et al. 1994). High allelic diversity may

also increase the sheltering of deleterious recessives within pop-

ulations, reducing the heterotic effect typically observed in F1

hybrids of diploid populations.

Second, the increased number of gene copies enhances the

potential for gene interactions to develop among loci of quantita-

tive traits. Genes often function in concert with other loci in devel-

opmental pathways or expression networks. The greater number

of alleles per locus in polyploids may facilitate the evolution of

positive epistatic interactions (e.g., Blanc and Wolfe 2004). Thus

admixture among polyploid populations may be more likely to dis-

rupt coadapted gene complexes and lead to greater outbreeding

depression. An alternative fate of duplicated genes is differen-

tial gene silencing, where alternate redundant copies are silenced

independently among populations (Werth and Windham 1991;

Lynch and Force 2000). Alternate gene silencing should occur

frequently in nature, as populations of many polyploid species

display independent origins (e.g., Seagraves et al. 1999; Soltis

et al. 2004). Even populations sharing a common polyploid ori-

gin may display alternate gene silencing if they become isolated

during the period of genome stabilization that follows the dupli-

cation event. Differential silencing of paralogues results in lost or

reduced function when these alleles are brought back together in

hybrids (Lynch and Force 2000; Soltis and Soltis 2003), again en-

hancing outbreeding depression relative to diploid expectations.

Although the role of gene silencing has been more carefully stud-

ied in allopolyploids, older lineages with putative autopolyploid

ancestry also exhibit extensive gene silencing (e.g., soybean, Zhu

et al. 1994; Straub et al. 2006). Furthermore, genes expressed in

diploid Arabiodopsis thaliana were silenced in a newly formed

autotetraploid A. thaliana and then reactivated in a synthetic al-

lotetraploid produced through hybridization with Cardaminopsis

arenosa (Comai et al. 2000; Adams and Wendel 2005). This sug-

gests that gene expression is dynamic during the formation of both

auto- and allopolyploid lineages.

Finally, polyploidy creates opportunities for novel interac-

tions between the nuclear and cytoplasmic genomes. Mitochon-

dria and chloroplast genomes encode genes critical for respiration

and photosynthesis, and a growing number of studies suggest that

cytoplasmic interactions with the nucleus may impact the pro-

cess of divergence (Galloway and Fenster 1999; Tiffin et al. 2001;

Rawson and Burton 2002). Although polyploidy results in a chro-

mosome doubling; the cytoplasmic genomes remain unchanged.

Changes in ploidy are known to have consequences for the rel-

ative dosage of gene expression (Osborn et al. 2003). However,

it is not known whether a change in the ratio of nuclear to cy-

toplasmic genes influences trait expression. Regardless, changes

in gene copy number following a polyploid shift are likely to ex-

ert selection on cytoplasmic genes to ensure continued functional

integration with the increased expression level of nuclear genes

(Wendel 2000). This process is expected to lead to divergence

among populations in cytonuclear interactions, however this area

is just beginning to receive attention.
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Studies that dissect the genetic architecture of population di-

vergence in polyploids are needed to address the process of evolu-

tionary diversification in plant species. This is particularly relevant

as recent genomic work reveals evidence for ancient polyploidy

in most plant taxa (Soltis and Soltis 2003), suggesting that genetic

architecture during divergence may largely develop within the ge-

nomic context of duplicated genes. In this study, we evaluate the

contribution of additive, nonadditive (dominance and epistasis),

and cytoplasmic genetic effects to population divergence in the

autopolyploid herb, Campanulastrum americanum. Earlier work

found the performance of F1 hybrids in crosses between Indiana,

North Carolina, and Virginia populations was high for proximate

crossing distances, but dropped considerably for longer-distance

crosses, frequently displaying nonadditive and cytoplasmic ge-

netic effects (Galloway and Etterson 2005). Here, we report on

three generations of hybrid offspring (F1, F2, and backcross F1)

originating from the same parental populations to evaluate the per-

formance of recombinant hybrid generations. We also fit models

from an analysis of line means to determine the contribution of

additivity, dominance, and different forms of epistasis to diver-

gence.

Materials and Methods
STUDY ORGANISM

Campanulastrum americanum Small (= Campanula americana

L., Campanulaceae) is a semelparous woodland herb that is dis-

tributed throughout the Eastern half of North America. Campanu-

lastrum americanum is an autotetraploid (2N = 58; Galloway and

Etterson 2005). Marker segregation in progeny arrays produced

by controlled crosses between informative allozyme genotypes

suggests tetrasomic inheritance at one locus and disomic inher-

itance at another locus implying that the genome has become

partly diploidized (Galloway et al. 2003, unpubl. data). Partial

diploidization of inheritance combined with the lack of diploid

populations suggests the ploidy event has not been recent. Com-

mon garden studies have demonstrated genetic divergence among

populations with respect to morphological and phenological char-

acters across its geographic distribution (Kalisz and Wardle 1994;

Galloway and Etterson 2005). Plants are visited primarily by Hy-

menopteran pollinators (Galloway et al. 2002), and the mating

system is highly outcrossing (Galloway et al. 2003).

AMONG-POPULATION CROSSES

Seeds were collected from five populations at the following lo-

cations: (1) Wintergreen Resort, Augusta County, VA (VA-W),

(2) Salt Pond Mountain, Rt 700, Giles County, VA (VA-700), (3)

Bean Field Mountain, Rt 613, Giles County, VA (VA-613), Blue

Ridge Parkway, Allegany County, NC (NC), and (5) Blooming-

ton, Monroe County, IN (IN). All possible pairwise crosses were

done for two sets of three populations: Trio 1 (VA-W, NC, and

IN) and Trio 2 (VA-613, VA-700, and IN). In Trio 1, VA-W and

NC are closest in proximity (280 km) and both are distant from

the IN population (922 km and 811 km, respectively). In Trio 2

VA-613 and VA-700 are separated by only 1.5 km and are each

555 km from IN. Reciprocal F1, F2, and backcross generations

(F1 × parental) were produced for Trio 1, and reciprocal F1 and F2

hybrids were produced for Trio 2. So that all seeds were a product

of the same number of generations of experimental crosses and

the same environments, F1 and parental lines were reproduced

with each generation of crosses. Parental lines were initiated by

crossing 10 founder genotypes per population. Five genotypes

from each population were used to create the among-population

crosses. Reciprocal F1 and F2 hybrids were created using the same

individuals as pollen donors in one crossing direction and pollen

recipients in the other. To produce backcross lines, reciprocal F1

plants served as pollen donors for crosses onto the two parental

lines (i.e., four backcross cross-types produced by F1VA−W×IN and

F1IN×VA−W crossed onto PVA−W and PIN). For Trio 1, there were

27 cross-types in total (three parental, six F1, six F2, and 12 back-

cross), yielding 10 cross-types between each pair of populations.

Reciprocal F1s differed in only one case when contributing to

the backcross generation (seed number, PI × F1I,VA−W �= PI ×
F1VA−W,I , P = 0.003) and therefore were pooled in the analyses.

For Trio 2, there were 14 cross-types in total (three parental, six F1,

and five F2), yielding six cross-types between each pair of popula-

tions. One exception was the cross between IN × VA-700, which

was missing the F2IN×VA−700 cross-type because few F1 hybrids

carrying the IN cytoplasm flowered, and those that did flower did

not produce seed. All crosses were done in a greenhouse at the

University of Virginia (UVA); Trio 1 offspring were raised at the

University of Minnesota Duluth whereas Trio 2 offspring were

raised at UVA.

The planting design for Trio 1 consisted of 50 seeds per

parental, backcross, and F1 cross-type and 100 seeds per F2 cross-

type (50 × 3 parental populations + 50 × 6 reciprocal F1 + 50 ×
12 backcrosses + 100 × 6 F2 = 1650 seeds). The design for

Trio 2 included 50 seeds per parental and F1 cross-type and 75

seeds per F2 cross-type (50 × 3 parental population + 50 × 6

reciprocal F1 + 75 × 5 F2 = 825 seeds). A greater number of F2

seeds were included because of the increased variance expected in

F2 hybrids following recombination and independent assortment.

Seeds were drawn from families within cross-type as evenly as

possible.

Seeds were individually weighed to the nearest 0.001 mg,

planted in a randomized block design into plug trays filled with

Promix HP (Premier Horticulture, Dorval, QC, Canada), and ger-

minated in growth chambers (21–22◦C during day/11–12◦C dur-

ing nights, 12-h days). The trays were misted daily and checked for

germination. A seed was scored as germinated when the hypocotyl

was above the soil surface and the cotyledons were separated.
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Germinated seedlings were monitored for the presence of chloro-

phyll deficiencies and other deformities including three cotyle-

dons or malformed cotyledons. After 50 days, the seedlings were

vernalized for six weeks at 5◦C before being transplanted into

15.25-cm containers filled with 50:50 Promix HP and Turface

and placed in a greenhouse (16 h days). Length of the longest leaf

was measured on rosettes after vernalization and mortality noted.

Number of days to first flower was recorded and hand-pollinations

were conducted within each cross-type. Seed number per fruit (av-

erage of three fruits for Trio 1) and aboveground biomass (dry) at

the time of seed maturation were also scored.

STATISTICAL ANALYSIS

Comparison of generation means
For continuous data, analyses of variance were used to determine

whether trait expression varied among cross-types (JMP 5.1, SAS

Institute 2004). For categorical data, log-linear analyses were con-

ducted assuming a binomial distribution and a logit link (PROC

GENMOD, SAS Institute 2005). Blocking factors were included

(eight and four blocks in Trio 1 and 2 respectively). Seed weight

and days to germination were used as covariates in the analyses

of later traits. This was done because early traits often displayed

complex genetic architecture (e.g., Fig. 1), and we wanted to eval-

uate genetic effects on later traits independent of traits expressed

earlier. Family was not included as a factor in the analyses because

the majority of the genetic variance for hybrid performance was

assumed to exist between populations and not between families

within populations.

If there was significant variation among cross-types, a series

of a priori hypotheses were tested using contrasts. First, we tested

whether trait expression varied among the parental populations.

Second, we tested whether reciprocal hybrids differed within gen-

erations. Reciprocal hybrids share the same nuclear genetic con-

tent on average, but differ in their cytoplasmic composition. Dif-

ferences between reciprocal crosses of same-generation hybrids

therefore reflect differentiation in the cytoplasmic genes or in in-

teractions between the cytoplasmic and hybrid nuclear genomes.

Third, we tested whether the hybrid generations differed from ex-

pected values assuming additive gene action. Expected means for

F1 and F2 hybrids were calculated as 1/2 (Pi + Pj) and for back-

crosses, for example onto Pi, were calculated as 3/4 Pi + 1/4 Pj.

Data were transformed as necessary to conform to the ANOVA

assumptions of normality of the residuals and constant variance

(square-root: seed weight, days to germination [Trio 2 only], and

seed number per fruit [Trio 2 only]; natural-log: days to germina-

tion [Trio 1 only], leaf length, and biomass).

Cumulative fitness
To estimate the overall effect of interpopulation hybridization, we

calculated an index of cumulative fitness for each individual as

 S
ee

d
 w

ei
g

h
t 

(g
)

0.30

0.35

0.40

0.45

0.50

0.55

% i nuclear genome

TRIO 2TRIO 1

75100 50 25 0

IN 

VA-700 

*

*

*

F

VA-613 
VA-700 

VA-613 

IN 

*

D

% i nuclear genome

0.30

0.35

0.40

0.45

0.50

0.55

*

*
*

75100 50 25 0

IN 
NC 

*

* *
*

VA-W 
IN 

0.30

0.35

0.40

0.45

0.50

0.55

0.60

*VA-W NC

BA

C

E

*

Figure 1. Least squares means of seed weight (± SE) for two trios

of among-population crosses in Campanulastrum americanum.

Parental populations are represented with filled circles and the

solid line connecting them indicates the expectation for hybrids

given an additive genetic model. Hybrids with open symbols con-

tain, on average, half of each parental genome and are expected

to express the phenotypic mean of the parental lines, which is

indicated by the intersection of the solid and dotted line (F1 =

triangles, F2 = squares). The hybrid means are shown offset from

this expectation to the right or left according to which cytoplasmic

genome the reciprocal hybrid bears. Backcrosses are shown with

gray hexagons. Stars indicate that the hybrid mean differs signif-

icantly from the expected mean according to an a priori contrast

following a significant main effect of cross-type (see Materials and

Methods for details).

w = germination (0/1) × survival (0/1) × biomass × seeds per

fruit. Because fruit number was not assessed in this greenhouse

study, biomass was used to scale the estimate of seed production.

Biomass indicates plant size that is significantly correlated with

fruit number in nature (r = 0.75, P < 0.0001, N = 76). An index

of the effect of interpopulation hybridization was calculated as

�hybridization = 1 − (x̄hybrid/xexpectation) where values significantly

different than zero indicate outbreeding depression (� > 0) or hy-

brid vigor (� < 0). The expected hybrid fitnesses were calculated

as in the contrasts described above. This index is analogous to es-

timates of reproductive isolation (e.g. Moyle et al. 2004). Because

the observed distribution of cumulative fitness did not meet nor-

mality assumptions due to an excess of zeros, significance levels

are based on 10,000 bootstrap samples for each cross-type tested

against the null hypothesis � = 0 (MATLAB 7.0, The Mathworks

2006).
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Line-cross analysis
For continuously distributed traits, we used line-cross analysis

to estimate the relative contribution of maternal, additive, domi-

nance, and epistatic effects to population divergence. Specifically,

we used least-squares regression to model genetic effects starting

with maternal effects due to crossing direction (M) and a simple

additive mode of gene action (A). Maternal effects were included

to accommodate differences among reciprocal F1 and F2 crosses.

Given that seeds were produced in a common environment, mater-

nal effects are likely due to cytoplasmic genetic effects rather than

maternal environmental effects. If this initial model was not ade-

quate to fit the data, model building then proceeded in a stepwise

fashion to evaluate more complex models incorporating domi-

nance (D) and three digenic interactions: epistasis between alleles

at different loci (AA); epistasis between a specific allele at one

locus with the genotype at another locus (AD); and epistasis be-

tween genotypes at different loci (DD) (Mather and Jinks 1982).

Dominance and epistatic effects were added sequentially to the

model in the order listed above. However, in cases in which the

inclusion of AA did not significantly improve model fit and there

were sufficient degrees of freedom, AD was also tested. The ad-

equacy of successively more complex models in explaining the

observed data were evaluated at each step using joint-scaling tests

(Lynch and Walsh 1998) with chi-square test statistics in which

the degrees of freedom were equal to the number of different line

means minus the number of estimated parameters. For example,

in Trio 1 the starting null model was tested with five degrees of

freedom [eight line means: {Pi, Pj, F1ij, F1ji, F2ij, F2ji, Bi, Bj)

− three estimated parameters (intercept, M, and A)]. If the null

model was rejected, the next genetic effect was added (i.e., D). The

process was continued until the genetic model was not rejected or

the degrees of freedom were exhausted. When evaluating model

fit, we adopted a conservative approach that accepted the current

model when P ≥ 0.1 for the Chi-square goodness-of-fit test. If

P ≤ 0.1, then we proceeded with model building, but only when the

next parameter added significantly enhanced model fit. Analyses

were done on MathCad 11.2 (Mathsoft Engineering & Education,

Inc. 2003).

This diploid model does not account for all possible gene

interactions in an autotetraploid species. For example, a genotype

with four alleles per locus, Aijlk, has six potential diallelic interac-

tions analogous to dominance deviations of a diploid (ij, ik, il, jk, jl,

kl), four three-allele interactions (ijk, ijl, ikl, and jkl) and one four-

allele interaction (ijkl) as compared to a diploid species that has

a single dominance interaction per locus (ij) (Kempthorne 1969).

Polyploids also have greater opportunity to express epistatic vari-

ance than diploids. Considering only two loci, three terms are

required to describe epistatic interactions in diploids (i.e., AA,

AD, and DD) whereas 10 terms are required to fully describe

all possible epistatic interactions in an autotetraploid: AA, AD,

DD, AT (trigenic), AQ (quadragenic), DD, DT, DQ, TT, TQ, QQ

(Kempthorne 1955, 1969). Estimation of the full set of parameters

outlined above would require an extensive breeding design involv-

ing 21 cross-types (Killick 1971), in contrast to the 10 cross-types

for Trio1 and six for Trio 2 in the current study. To our knowledge,

this breeding design has not previously been employed, and in al-

lopolyploid crops the diploid model is often used (e.g., cotton,

Devey and Roose 1987; Dani and Kohel 1989; Percy et al. 1996).

The diploid model may be most appropriate for older polyploid

lineages that have become diploidized in their inheritance patterns

(Qu et al. 1998; Wang et al. 2005) or in cases in which duplicated

genes have diverged in function over time or have been silenced.

For many polyploids the suitable genetic model is not clear be-

cause inheritance is neither fully polysomic or disomic. Here we

employ a diploid model and discuss consequences of this model

choice for our interpretations.

Results
COMPARISON OF GENERATION MEANS

Significant variation among cross-types was found for every con-

tinuously distributed trait for all population combinations in this

study except for % germination in Trio 1 and seed number per fruit

in Trio 2, both of which were marginally significant at P < 0.1 (see

online Supplementary Table S1). Combinations of parental pop-

ulations differed for some traits but not for others and the pattern

did not correspond to geographic distance between the populations

(Table 1). For example in Trio 1, the VA-W population differed for

similar numbers of traits when compared to populations in close

proximity (VA-W × NC: leaf size and biomass), and those sep-

arated by longer distances (VA-W × IN: seed weight and seeds

per fruit). NC and IN were the most distinct, differing for seed

weight, leaf size, date of first flower, and biomass. Likewise, the

closest populations in Trio 2 differed for the same number of traits

as one of the long-distance population pairs (VA-613 and VA-700:

days to first flower, biomass, and seed number; VA-700 and IN:

seed weight, timing of germination, and seed number). IN and

VA-613 were the most distinct in this trio differing significantly

for seed weight, leaf size, biomass, and timing of germination and

flowering.

Experiment-wide, hybridization among these populations

more often had negative (78%) than positive effects (Table 1).

All hybrid means that differed from expectation assuming addi-

tive gene action had a lower percent germination (Fig. 2), slower

germination, more deformities, smaller rosette leaves, and re-

duced survival (Fig. 3). However, hybridization had mixed effects

on seed weight (Fig. 1), biomass, days to first flower, and seed

number per fruit (Fig. 4), with some hybrid generations exhibit-

ing enhanced performance and others exhibiting reduced perfor-

mance. Interpopulation crossing more often had positive effects on
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Table 1. Summary of a priori contrasts conducted to test for deviation from an additive genetic model for two trios of among-population

crosses in Campanulastrum americanum. Significant variation among parental populations (P) are indicated with stars. Subscripts i and

j indicate which population served as a female in reciprocal crosses to produce hybrid generations. If crossing direction did not matter,

reciprocal F1 or F2 means were averaged (x̄i j ). The presence of an arrow in any cell indicates that the generation differed from expectation

assuming additive gene action. The direction of the arrow indicates whether the hybrid generation exhibited significantly better (↑) or

worse (↓) performance than expected (df = 1, >155; P < 0.05). Dashes show absence of one cross-type due to reproductive failure. Of

the 153 contrasts conducted, one would expect to erroneously assign significance in 7.7 cases by chance alone. +: P < 0.06; ∗: P < 0.05;

∗∗: P < 0.01; ∗∗∗: P < 0.001.

Cross i, j Trio 1 Cross i, j Trio 2

P F1 F2 B P F1 F2

i x̄i j j i x̄i j j i x̄i j j i x̄i j j i x̄i j j

VA-W × NC VA-613 × VA-700
Seed weight ↑ Seed weight
Germination (yes/no) Germination (yes/no) ↓ ↓
Days to germination Days to germination
Deformed (yes/no) + Deformed (yes/no)
Leaf size ∗∗ Leaf size
Days to first flower ↑ Days to first flower ∗∗

Biomass ∗ Biomass ∗∗

Seed number per fruit ↓ ↑ Seed number per fruit ∗

Survival (yes/no) Survival (yes/no)
VA-W × IN VA-613 × IN
Seed weight ∗ ↓ ↓ ↓ ↓ Seed weight ∗∗∗ ↓ ↑
Germination (yes/no) ↓ Germination (yes/no) ↓ ↓
Days to germination ↓ ↓ Days to germination ∗∗ ↓ ↓
Deformed (yes/no) ↓ ↓ Deformed (yes/no) ↓ ↓
Leaf size ↓ ↓ ↓ Leaf size ∗ ↓
Days to first flower ↑ Days to first flower ∗ ↑
Biomass ↓ Biomass ∗ ↓ ↓
Seed number per fruit ∗ ↑ Seed number per fruit
Survival (yes/no) ↓ Survival (yes/no) ↓ ↓

NC × IN VA-700 × IN
Seed weight ∗∗ ↓ ↑ ↓ ↓ Seed weight ∗∗∗ ↓ ↓ ↑ –
Germination (yes/no) ↓ Germination (yes/no) ↓ ↓ –
Days to germination ↓ ↓ ↓ ↓ ↓ ↓ Days to germination ∗∗∗ ↓ –
Deformed (yes/no) Deformed (yes/no) ↓ –
Leaf size ∗∗∗ ↓ ↓ ↓ Leaf size ↓ –
Days to first flower ∗ ↑ ↑ Days to first flower ↓ –
Biomass ∗∗ Biomass ↑
Seed number per fruit ↓ ↑ ↑ Seed number per fruit ∗∗ ↑ –
Survival (yes/no) Survival (yes/no) ↓ –

timing of flowering and seed number; 80% of hybrids that differed

significantly from expectation flowered earlier and 71% had more

seeds per fruit.

Overall 33% of F1, 30% of F2, and 20% of backcross means

differed significantly from the expected means in Trio 1 and 48%

of F1 and 28% of F2 differed in Trio 2 (Table 1). The most com-

mon pattern in these data was poor performance in the F1 but

better than expected or not different from expected performance

in the F2 and/or backcrosses. This pattern is particularly appar-

ent for the early life-history traits of the long-distance crosses

and occurs repeatedly for the variables: seed weight (Fig. 1C–F),

percent germination (Fig. 2C–F), and days to germination. F2 re-

covery appears less consistently in later life-history traits but is

evident in biomass (VA-W × IN). In fewer instances, both the

F1 and F2 performed poorly (e.g., Figs. 2D, 3D; also see Table 1

VA-W × IN: leaf size; NC × IN: days to germination; VA-613

× IN:% deformed and biomass), however in half of these cases,

the F1 exhibited significantly poorer performance than the F2.

2676 EVOLUTION NOVEMBER 2007



OUTBREEDING DEPRESSION IN AN AUTOTETRAPLOID

%
 g

er
m

in
at

io
n

20

40

60

80

100

% i nuclear genome

TRIO 2TRIO 1

75100 50 25 0

VA-700 

F

VA-613 VA-700 

VA-613 

D

% i nuclear genome

20

40

60

80

100

75100 50 25 0

IN NC 

20

40

60

80

100

VA-W 
NC

BA

C

E

IN VA-W 

IN 

IN 

*

*

*

*

*

*

*

*

*
*

* *

Figure 2. Percentage germination for two trios of among-

population crosses in Campanulastrum americanum. See Figure 1

for details.

Less frequently, the F1 mean conformed to expectations but the

F2 mean was lower than expected (leaf size: VA-613 × IN and

VA-700 × IN; seed number per fruit: VA-W × NC and NC × IN;

survival: VA-W × IN and VA-700 × IN).

Crossing direction influenced almost all traits in this study.

However, the magnitude of differences between reciprocal hybrids

was often determined by the distance between populations. For the

populations in closest proximity, VA-613 × VA-700, there was no

significant effect of crossing direction for any trait (Table 1). The

crossing direction also rarely mattered for hybrids between pop-

ulations at intermediate distance, VA-W × NC, and when it did,

the effects were more often positive than negative (e.g., Table 1,

Fig. 1A). However, for many longer distance crosses, performance

differed between the reciprocal hybrids. A striking pattern is the

poor performance of interpopulation hybrids bearing IN cyto-

plasm on a hybrid nuclear background. These hybrids accounted

for 71% of the cases of lower than expected line means.

The overall effect of hybridization on cumulative fitness,

�hybridization, shows a pattern of strong outbreeding depression in

the F1 generation, substantial outbreeding depression in the F2,

and recovery of fitness in the F1-backcrosses (Table 2). This pat-

tern is related to the distance between parental populations. In

both trios, hybridization among populations in close proximity

did not result in significant outbreeding depression except for the

F2 generation between VA-W and NC. In contrast, hybrids pro-

duced by long-distance crosses showed significant outbreeding
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Figure 3. Percentage survival for two trios of among-population

crosses in Campanulastrum americanum. See Figure 1 for details.

depression on cumulative fitness for all but one F1 cross-type and

in half of the F2 cross-types. The greatest cumulative outbreeding

depression occurred in crosses between Indiana and both VA-613

and VA-700 where F1 hybrids had up to a 90% reduction in fit-

ness relative to their parental populations. Strikingly, there is no

significant outbreeding depression in the F1-backcrosses.

LINE-CROSS ANALYSIS

Simple additive models with maternal effects provided a good

fit for the populations in closest proximity for days to first

flower, biomass, and seed number per fruit (VA-613 × VA-700;

Table 3 and Fig. 4B). Models with additive and dominance gene

action explained the pattern of line means in seven other instances,

mostly involving later life traits and crosses with the IN population

(Table 3).

Genetic models that included various forms of epistasis pro-

vided good fit to the pattern of line means for 13 population/trait

combinations (Table 3). Models with epistasis between alleles at

different loci (AA) fit the data best for nine population/trait com-

binations. Inclusion of effects of epistatic gene action between a

specific allele at one locus and the genotype at another locus (AD),

provided good fit to the line means for one other population/trait

combination (VA-W × IN: days to germination). In another case,

the best-fit model included both AD and epistasis between geno-

types at different loci (DD) but not AA (VA-W × NC: days to first

flower; biomass). The preponderance of models in which the best

fit included only AA epistasis still holds in a comparison of crosses
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Figure 4. Least squares means of seed number per fruit (± SE) for

two trios of among-population crosses in Campanulastrum amer-

icanum. See Figure 1 for details.

in which all three types of epistasis were tested (e.g., Trio 1).

Overall, the probability of detecting epistasis was lower in Trio 2

because it had a more limited genetic design (no backcrosses) and

was missing one of the long-distance F2 lines.

We did not find an adequate genetic model for 11 models

across five of the traits of these interpopulation crosses (Table 3).

In eight of these models, all possible forms of epistasis that could

be tested given the genetic design were included (seed weight:

VA-W × NC, VA-W × IN, NC × IN; days to germination: NC ×
IN, VA-613 × IN; leaf size: VA-613 × IN; biomass: VA-W × IN;

seeds per fruit: VA-w × NC, NC × IN). For three models for Trio

2, there were insufficient degrees of freedom to test for epistatic

gene action (Table 3). However, it is often assumed that a lack

Table 2. The effect of interpopulation hybridization, �hybridization = 1 − (whybrid/wexpected), of Campanulastrum americanum grown in

the greenhouse. Bold numbers show significant outbreeding depression (� >0) and hybrid vigor (� < 0) according to two-tailed t-tests.

Trio 1 Trio 2

Pop i,j Pop F1 F2 Backcross Pop i,j Pop F1 F2

VA-W × NC i −0.23 −0.01 0.05 VA-613 ×VA-700 i −0.45 0.21
j −0.38 0.23∗∗∗ −0.31 j 0.29 + 0.08

VA-W × IN i 0.47∗∗ 0.54∗∗∗ −0.12 VA-613 ×IN i 0.65∗∗∗ 0.75∗∗∗

j 0.88∗∗∗ −0.24 0.23 + j 0.90∗∗∗ 0.89∗∗∗

NC × IN i 0.06 −0.04 0.00 VA-700 × IN i 0.89∗∗∗

j 0.58∗∗∗ 0.30∗∗ 0.06 j 0.81∗∗∗ 0.22

+: P < 0.10; ∗: P < 0.05; ∗∗: P < 0.01; ∗∗∗: P < 0.001.

of fit for an additive/dominance model indicates the presence of

epistasis.

Discussion
Between-population hybrids of C. americanum often performed

poorer than the expected average of the parental populations, es-

pecially for long-distance crosses. Outbreeding depression was

particularly strong among F1 hybrids for early life-history traits

leading to as much as a 90% reduction in cumulative fitness rel-

ative to the parental populations, and often differed between the

reciprocals of a cross. However, hybrid performance was fully

recovered in the F2 generation in more than half of these cases.

This pattern was not completely consistent; there were some ex-

amples of poor performance in both F1 and F2 generations as well

as hybrid breakdown only expressed in the F2 generation. Nev-

ertheless, our index of the effect of hybridization on cumulative

fitness (�hybridization) strongly reinforces our general conclusions.

Overall, these results support expectations for polyploids to show

decreased heterosis and enhanced outbreeding depression relative

to diploids.

Divergence among populations for gene interactions is sup-

ported by the line-cross analyses that frequently found that quan-

titative gene action could not be accounted for with simple genetic

models that included additivity. With few exceptions (e.g., VA-613

and VA-700), more complex models that included dominance and

various combinations of digenic epistasis were necessary to ade-

quately model the patterns of line means. Even with the inclusion

of epistasis, however, models that provided good fit to the data

were only found for 66% of the population/trait combinations (24

out of 36; Table 3). The complex patterns of gene action we ob-

served are consistent with the notion that polyploids should expe-

rience an increased effect of gene interactions relative to diploids.

Because C. americanum is an autotetraploid, it has the potential

to express more than three times as many intralocus and two-way

interlocus interactions than were tested here (Killick 1971). Test-

ing such large numbers of interactions would require many more
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Table 3. Summary of line-cross analyses for two trios of among-population crosses in Campanulastrum americanum showing the modes

of gene action included in the best-fit models. The genetic effects are: M, maternal (cytoplasmic) effects; A, additivity; D, dominance; AA,

additive by additive epistasis; AD, additive by dominance epistasis; DD, dominance by dominance epistasis. P-values from goodness of

fit tests indicate whether estimated line means differed significantly from actual line means in the final genetic model (models which

show good fit to the data are shown in bold). Dashed lines in any cell indicate that there were not sufficient degrees of freedom to test

the effect.

Trio 1 genetic effects Trio 2 genetic effects

Cross M A D AA AD DD Pmodel Cross M A D AA Pmodel

VA-W × NC VA-613 × VA-700
Seed weight X X X X X X 0.002 Seed weight X X X X 0.26
Days to germination X X X X 0.06 Days to germination X X X X 0.33
Leaf size X X X 0.16 Leaf size X X X X 0.07
Days to first flower X X X X X 0.44 Days to first flower X X 0.27
Biomass X X X X X 0.48 Biomass X X 0.24
Seed number per fruit X X X X X X 0.02 Seed number per fruit X X 0.26

VA-W × IN VA-613 × IN
Seed weight X X X X X X <0.0001 Seed weight X X X X 0.24
Days to germination X X X X X 0.17 Days to germination X X X X <0.0001
Leaf size X X X X 0.34 Leaf size X X X X 0.05
Days to first flower X X X 0.10 Days to first flower X X X 0.39
Biomass X X X X X <0.0001 Biomass X X X 0.09
Seed number per fruit X X X X 0.19 Seed number per fruit X X X X 0.46

NC × IN VA-700 × IN
Seed weight X X X X X X <0.0001 Seed weight X X X - - - <0.0001
Days to germination X X X X X X <0.0001 Days to germination X X X - - - <0.0001
Leaf size X X X X 0.10 Leaf size X X X - - - 0.008
Days to first flower X X X X 0.07 Days to first flower X X X 0.17
Biomass X X X X X X 0.34 Biomass X X X 0.28
Seed number per fruit X X X X X X <0.0001 Seed number per fruit X X X 0.15

lines and thus necessitate large and complex breeding designs,

making these added interactions very difficult to estimate. Simi-

larly, diploid genetic models applied to allopolyploid agricultural

species typically fail to find good models of gene action (Devey

and Roose 1987; Dani and Kohel 1989; Percy et al. 1996). The

complex nonadditive gene action observed in intraspecific hybrids

of C. americanum suggests that differences in genetic architecture

may cause polyploid populations to diverge in a fundamentally

different way than diploids.

The finding of F1-hybrid breakdown corroborates previous

analyses conducted after one generation of hybridization among

these populations (Galloway and Etterson 2005). However, this

finding contradicts the classic observation of fewer postzygotic

barriers to hybridization among polyploid lineages relative to

diploid lineages (Stebbins 1950). The low fitness of F1 hybrids

is not attributable to the dilution of local adaptation (i.e., gene

× environment interaction; Templeton 1986) because, as in the

previous study, progeny were raised in a controlled environment.

Instead, poor performance of F1 hybrids is likely due to intrinsic

genetic factors. In diploids, F1-hybrid breakdown is unexpected,

as many studies find that intraspecific F1 hybrids display heterosis

and outperform parental populations (Hufford and Mazer 2003).

This is because combining genomes shelters recessive or partially

recessive deleterious alleles in heterozygous genotypes, causing

the performance of F1 hybrids to exceed parental values (Lynch

1991). The same may hold true for polyploids if the duplication

event is old and deleterious alleles are partially recessive (Otto

and Whitton 2000). However, if the duplication event is relatively

recent or deleterious alleles are mostly recessive, then polyploids

may already mask their load within populations by virtue of the

large number of allele copies per locus. Increased sheltering within

populations would cause hybrids to derive little to no benefit from

heterosis. In C. americanum, the mating system is almost exclu-

sively outcrossing (tm = 0.94; Galloway et al. 2003) and controlled

crosses within populations reveal a large genetic load (� = 0.92–

0.95; Galloway and Etterson 2007). Thus, even though substantial

load exists within C. americanum populations, it consists of highly

recessive mutations masked by one or more dominant alleles at a

locus. This sheltering of load within populations causes heterosis

to be a weak force in hybrids. A lack of heterosis may magnify

hybrid breakdown by not balancing the negative impacts of other

genetic effects, such as the creation of novel negative interactions
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within loci (underdominance) and between loci (epistatic incom-

patibilities), or the loss of positive additive by additive epistasis

(Lynch 1991).

Underdominance can arise from chromosomal rearrange-

ments that are fixed in different populations causing structural

heterozygotes in interpopulation F1 hybrids with reduced fitness

(reviewed in Fishman and Willis 2001). Independent assortment

is expected to lead to partial fitness recovery in the F2, mirroring

patterns found here (e.g., Figs. 1, 2). Within diploid populations

it may be difficult for such chromosomal inversions to initially

become established because interbreeding with other population

members would produce offspring with low fitness (Coyne and

Orr 1998). However, increased genome rearrangement follow-

ing chromosome doubling (e.g., Song et al. 1995), together with

the genetic redundancy associated with polyploidy, may increase

tolerance for chromosomal rearrangement (Levy and Feldman

2002) and allow these mutants to become established more read-

ily than in a diploid population. Recent theoretical models also

show that inversions can spread rapidly within populations if they

encompass locally adapted alleles (Kirkpatrick and Barton 2006).

Currently there is not sufficient cytological data to evaluate the

frequency of chromosomal rearrangements for C. americanum.

Although differences in genome size among these populations

have previously been reported, they are not associated with inter-

population cross compatibility (Galloway and Etterson 2005).

The diversity in C. americanum’s hybrid performance clearly

suggests that multiple mechanisms are in operation (Table 1). For

example, in some instances hybrid fitness was only reduced in

the F2 generation. This pattern is consistent with complexes of

coadapted genes that differ among parental populations and have

been broken up by recombination (i.e., loss of positive epistasis,

Lynch 1991). Polyploidy may facilitate the formation of coadapted

gene complexes, as gene duplication relaxes selection on any one

copy and allows for functional divergence of paralogues (Wendel

2000). Divergence in expression at one duplicated locus may exert

selection for parallel divergence at another locus, resulting in the

concerted divergence of genes involved in interaction networks

(Blanc and Wolfe 2004). Hybridization and recombination would

disrupt such interaction networks and result in the mis-pairing of

genes that lack a recent history of concerted divergence.

Alternatively, reduced F2 performance may result from the

formation of negative epistatic interactions between alternate al-

leles that have been fixed in different populations by selection or

drift. If the effect of these alleles depends upon the genetic back-

ground in which they arose, hybridization and expression on a

composite genetic background can result in outbreeding depres-

sion in the form of Dobzhansky–Muller incompatibilities (Coyne

and Orr 1998; Turelli and Orr 2000). Gene duplication provides

an ideal substrate for generating Dobzhansky–Muller incompat-

ibilities, as degenerative mutations are predicted to cause loss of

function or subfunctionalization (partial function of paralogues

that require expression of all copies for full performance) of differ-

ent alleles among populations (Lynch and Force 2000; Burke and

Arnold 2001). Such alternate gene silencing creates no fitness dis-

advantages until silenced alleles are combined in hybrid offspring.

Further, if degenerative mutations occur with higher probability

than mutations with beneficial effects, epistatic incompatibilities

may arise frequently among duplicated genes relative to the bene-

ficial mutations necessary to generate coadapted gene complexes

(Lynch and Force 2000). Thus, alternate silencing of duplicated

genes in polyploids make them likely candidates for evolving re-

productive isolation among populations via Dobzhansky–Muller

incompatibilities (Werth and Windham 1991). Both loss of posi-

tive epistasis and the creation of negative epistatic interactions are

more likely to result in outbreeding depression in recombinant

hybrid generations, although disruption of coadapted complexes

among homologous chromosomes and dominant Dobzhansky–

Muller incompatibilities may also be expressed in F1 hybrids

(Lynch and Walsh 1998).

In contrast to hybrid breakdown, fitness seemed to recover in

the F2 of some traits, at times even exceeding the average of the

parents (e.g., seed weight, days to first flower, seed number per

fruit; Table 1). One possible mechanism is that highly favorable

dominance × dominance epistatic relationships were established

during recombination to produce the F2 (Lynch 1991). Recov-

ery in the F2 could also reflect loss of underdominance caused

by structural rearrangements, as discussed previously. Alterna-

tively, heterozygosity in autopolyploids continues to accrue into

the F2 and more advanced hybrid generations at a rate that de-

pends upon inheritance patterns and the degree of inbreeding in

the parental populations (Bingham 1980). In contrast to diploids

in which maximum heterosis is reached in a single generation, het-

erosis in polyploids is progressive and is not fully attained until

later hybrid generations (Bingham et al. 1994). It is also possible

that higher-order epistatic interactions that are unique to poly-

ploids influenced these patterns and resulted in the production

novel genotypes with high fitness. If this were true, polyploids

may possess greater potential to explore rough adaptive topogra-

phies, such as those posited in Wright’s shifting balance theory

(Wright 1931; Whitlock et al. 1995).

Finally, it cannot be ruled out that recovery in the F2 is due to

viability or fertility selection that caused attrition of F1 genotypes

with particularly low fitness. When this experiment was advanced

to the F2, F1 individuals of some cross-types grew poorly, did

not survive to flower, or produced no seeds following hand polli-

nation. In one extreme case, poor F1 performance precluded the

production of an F2 cross-type (VA-700 × IN). Furthermore, in

the final greenhouse assay, F1 genotypes had consistently low

rates of germination and high rates of deformities and mortality.

Nonrandom selection with respect to interacting loci affecting trait
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expression may purge genotypes with low fitness and contribute

to the rebound in performance observed in the F2 generation. Sim-

ilar recovery of fitness after hybrid breakdown in the F2 has been

observed up to the F6 generation in interpopulation crosses in

Chamaecrista fasciculata (Erickson and Fenster 2006). These au-

thors point out that the effects of selective purging and the creation

of new positive epistatic interactions are not mutually exclusive

and postulate their combined effects may play an important cre-

ative role in adaptive evolution.

Cytoplasmic and cytonuclear genetic effects strongly influ-

enced trait expression in this study and, like other epistatic ef-

fects, appeared most notably in crosses involving the geographi-

cally distant Indiana (IN) population. None of the reciprocal F1 or

F2 hybrids differed among the populations in closest geographic

proximity and few differed for the populations at intermediate

distances. However F1, F2, or both reciprocal hybrids frequently

differed for crosses between eastern populations and the IN popu-

lation located >550 km away. In particular, those bearing IN cyto-

plasm had exceptionally low performance. Strong asymmetry in

the phenotype of reciprocal hybrids suggests that populations are

differentiated for interactions between cytoplasmic and nuclear

genes, especially the IN population versus the others. Again, it is

not clear if cytonuclear epsitasis manifested during hybridization

results from the formation of incompatibilities between genomes

(e.g., Burke and Arnold 2001) or the disruption of intergenomic

coadaptation (Rawson and Burton 2002).

Ample evolutionary opportunity exists for genomic coadap-

tation in plants because many enzymes that perform essential func-

tions in the choloroplast and mitochondria are constructed from

polypeptides encoded in both the organelle and nuclear genomes

(Borst et al. 1983; Herrmann et al. 2003). Given that the processes

of photosynthesis and respiration underlie many quantitative traits

(e.g. CO2 assimilation and biomass), disruption of these benefi-

cial intracellular genomic interactions can have profound effects

that are expressed throughout the life span. In particular, the pres-

ence of variegated and albino seedlings, 98% of which occurred

among hybrid offspring, implicates disruption of chloroplast func-

tion (Wong-Staal and Wildman 1973). Both the finding of asym-

metrical phenotypes in reciprocal hybrids for many quantitative

traits and the predominance of chlorophyll mutants among hybrids

suggest that the cytoplasmic genomes contribute significant ge-

netic variance for fitness traits, either singly or epistatically with

the nuclear genome. Cytonuclear epistasis is a common cause

of male sterility in plants (Frank 1989) and its impact on other

phenotypic characteristics is well known for agricultural species

(Kihara 1957; Ashri 1964), but less well documented for intraspe-

cific variation in native species (but see Galloway and Fenster

1999). Although cytonuclear interactions are thought to be impor-

tant to the performance of plant hybrids (Burke and Arnold 2001;

Tiffin et al. 2001), and perhaps polyploids specifically (Wendel

2000), few studies have addressed this issue. Therefore, there is

little basis for comparison as to whether the frequent contribution

of cytonuclear interactions to trait expression in C. americanum is

influenced by the species ploidy level or whether further investiga-

tion may reveal similar interactions in diploid taxa. Nevertheless,

our results suggest that cytoplasmic genomes contribute to popu-

lation divergence, often in concert with the nuclear genome, and

thus are integral components of the genetic architecture of plant

performance and fitness.

In conclusion, intraspecific hybrids in this polyploid species

support a different pattern of genetic divergence than is typically

reported for diploid taxa. In particular, F1 hybrids often expressed

poor performance, in contrast to the expected heterosis, and in

many cases, there was recovery in the recombinant hybrid gener-

ations. The genetic architecture also suggests that strong nonad-

ditive gene action differentiates these populations. An enhanced

role of epistasis in population differentiation may be the norm in

polyploids that have more gene copies. Duplicate gene copies may

allow divergence to be less constrained by a function, leading to

positive epistasis, as well as differential silencing among popula-

tions creating negative epistatic interactions in population hybrids.

Further work exploring the genetic architecture of polyploid taxa

is needed to determine the generality of these findings.
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