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Leaf shape is one of the most variable plant traits. Previous work has provided much indirect evidence that leaf-shape variation is

adaptive and that leaf shape influences thermoregulation, water balance, and resistance to natural enemies. Nevertheless, there is

little direct evidence that leaf shape actually affects plant fitness. In this study, we first demonstrate that populations of the ivyleaf

morning glory, Ipomoea hederacea, in North and South Carolina are frequently polymorphic at a locus that influences leaf shape.

We then employ several field experiments to show that this polymorphism is subject to selection. In two of the experiments,

at different sites, heterozygotes enjoyed a fitness advantage over both homozygotes. At a third site, in one year directional

selection favored lobed leaves, whereas in a second year the pattern of fitnesses was consistent with similar directional selection

or heterozygote superiority. Computer simulations of heterozygote advantage under the high selfing rates of I. hederacea indicate

that balancing selection of the magnitude observed can by itself stabilize the polymorphism, although spatially and temporally

variable selection may also contribute to its long-term maintenance.
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Determining the evolutionary processes responsible for leaf-shape

variation is one of the oldest problems in plant evolutionary bi-

ology. Biologists have debated the functionality of particular leaf

shapes for at least one hundred years (Schimper 1903; Warming

1909). One of the reasons this problem has been of continuing in-

terest is because leaf shape is one of the most variable characteris-

tics of plants, and this variation is manifested at many taxonomic

levels. As can be seen from a perusal of almost any flora, related

species often have leaves that differ markedly in degree of lobing,

edge dissection, length/width ratio, symmetry, or combinations of

these characters. Intraspecific geographic variation in leaf shape is

also common (e.g., Wyatt and Antonovics 1981; Gurevitch 1988;

Andersson 1991; Oyama 1996; Harris et al. 1998), and many

species exhibit genetic variation for leaf shape among individu-
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als within populations (Hilu 1983). Finally, many species exhibit

leaf-shape variation among leaves within a single individual plant

(e.g., heteroblastic leaf development, Ashby 1948; Allsopp 1965;

heterophylly in aquatic plants, Sculthorpe 1967).

Indirect evidence suggests that much of this variation among

species, populations, individuals, and within individuals is adap-

tive and subject to natural selection. Indeed, leaf-shape variation

has been shown to affect both plant thermoregulation (see reviews

by Parkhurst and Loucks 1972; Taylor 1975; Givnish 1979, 1984;

Schuepp 1993) and herbivore preference (see review by Brown

and Lawton 1991). Leaves with greater dissection or lobing have

a larger perimeter/area ratio, and thus a thinner boundary layer,

which can reduce heat load and water stress (Schuepp 1993).

Consistent with this effect, sun leaves on trees tend to be more

dissected than are shade leaves (e.g., Vogel 1968), and leaves

that are grown experimentally in the shade are less lobed than

those grown in the sun (Jones 1995). Also, in a plant species with
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leaves that vary seasonally in degree of lobing, Winn (1999) found

that more highly lobed leaves maintained a mesophyll tempera-

ture significantly below that of unlobed leaves on the same plant.

In addition, populations of individuals that have the most deeply

lobed leaves tend to be found in sunnier, treeless habitats, whereas

those with more weakly lobed leaves are found in wooded habitats

with lower light levels (Andersson 1991), and populations in cool,

alpine habitats tend to have individuals with less-dissected leaves

than populations at lower, warmer altitudes (Gurevitch 1988).

Along with this physiological function, leaf shape has also

been implicated in plant resistance to natural enemies. Selection

by herbivores is thought to have favored mimicry by leaves of rel-

atively palatable species to the leaf shape of relatively distasteful

species (Givnish 1984; Brown and Lawton 1991), as in the appar-

ent mimicry of the leaves of plant parasites to their more distaste-

ful host plants (Barlow and Wiens 1977; Ehleringer et al. 1986).

Moreover, it has been suggested that herbivory has favored the

divergence of leaf form in plants with similar chemical defenses

(Gilbert 1975), and has also been implicated in the evolution of

heterophylly in aquatic plants (Kouki 1993). Consistent with these

ideas, it has been demonstrated that some herbivores exhibit pref-

erences for plants with specific leaf shapes (Rausher 1978, Brown

and Lawton 1991; Rivero-Lynch et al. 1996) and that plants with

different leaf shapes differ in susceptibility to herbivory (Rausher

1980; Rivero-Lynch et al. 1996).

Although it has been argued repeatedly, based on this type of

evidence, that leaves of different shapes are likely to be adaptive

under different environmental conditions (Taylor 1975; Gilbert

1975; Barlow and Wiens 1977; Givnish 1979; Gilbert 1982;

Gurevitch 1988; Brown and Lawton 1991), there is very little

empirical evidence that leaf shape actually affects plant fitness.

Consequently, this type of indirect observation does not constitute

definitive evidence that leaf-shape variants are subject to selection,

or that leaf-shape differences between populations or species re-

flect adaptive evolutionary divergence without a demonstration

that leaf-shape variation influences plant fitness, any divergence

between taxa could simply be the result of either random genetic

drift or indirect selection on genetically correlated characters. It is

surprising, therefore, that the selective consequences of leaf-shape

variation have seldom been examined (Endler 1986; Brown and

Lawton 1991; but see Andersson 1992; Nagy 1997).

In this article, we describe a set of field experiments de-

signed to determine whether natural selection acts on leaf shape

in the annual morning glory Ipomoea hederacea. Leaf shape in

this species is polymorphic: some individuals have entire, un-

lobed leaves (Fig. 1A), whereas other individuals have leaves di-

vided into three lobes (Fig. 1B). Although these two forms are

often described as varieties (I. hederacea var. integriuscula Gray

and I. hederacea var. hederacea, respectively; e.g., Radford et al.

1968), the two morphs are completely interfertile. Moreover, El-

Figure 1. Leaf-shape genotypes in Ipomoea hederacea: (A) ho-

mozygous entire, (B) homozygous lobed, and (C) heterozygote.

more (1986) demonstrated that leaf shape segregates as a single

locus. Although he reports that the lobed allele is dominant, we

have found that the lobed allele is not completely dominant over

the entire allele: individuals that are known genetically to be het-

erozygous have leaves that are not as deeply lobed as the leaves

of homozygous lobed individuals (Fig. 1C; Bright 1998; also see

Materials and Methods).

In this article, we first document that populations of I. heder-

acea in North and South Carolina are frequently polymorphic for

leaf shape. Then, using the results of field experiments, we show

that leaf-shape variants within populations are subject to natural

selection.

Materials and Methods
NATURAL HISTORY OF I. HEDERACEA

Ipomoea hederacea (L.) Jacquin is an annual vine in the family

Convolvulaceae with 15 pairs of chromosomes (Sinha and Sharma

1992). It is a common inhabitant of recently disturbed sites, such

as agricultural fields, roadsides, and woodland borders throughout

the eastern United States. Some believe it to be an escaped intro-

duced species from tropical America (e.g., Shreve et al. 1910;

Strausbaugh and Core 1964; Long and Lakela 1971; Wunder-

lin 1982; Mahler 1984) whereas others proclaim it to be native

to North America (e.g., Mohr 1901; Stevens 1948). Regardless,

herbarium specimens show that it has been in the United States

for at least 150 years (K. L. Bright, pers. obs.). Moreover, it has
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been in eastern North America long enough to have differentiated

into geographically distinct ecotypes characterized by differences

in time to first flowering (Klingaman and Oliver 1996).

In North Carolina, seeds typically start to germinate in early

summer (June–July), and plants begin producing flowers within

4–6 weeks of germination. Plants can continue to produce new

flowers for the rest of the growing season. Fruits mature about

a month after flower production, with up to six seeds contained

within each of the papery, three-valved capsules. Mature plants

typically senesce in mid-fall (typically in October), but can keep

producing flowers until the first hard frost of the season (typically

between late October and early November), which kills the plants.

The tubular flowers of I. hederacea are showy (∼3–4 cm both

long and wide and light blue in color), open early in the morning

and wilt later the same morning when ambient temperature starts

to rise. Although flowers are commonly visited by Bombus bees

(Ennos 1981; Stucky 1985; Iwao 1995), the outcrossing rate esti-

mated in one population using electrophoretic markers was only

about 7% (Ennos 1981). Ennos attributed the low rate of outcross-

ing in this species to floral morphology rather than to pollinator

behavior: stamens and stigma are included, and anthers tightly

surround the stigma, facilitating self-pollination.

GENETICS OF LEAF-SHAPE VARIATION

Elmore (1986) demonstrated that the difference between lobed

and entire leaves is due to segregation at a single Mendelian locus

with two alleles. We have confirmed this result for the experi-

mental populations we have examined: the hundreds of crosses

we performed consistently and without fail yielded the expected

leaf-shape genotype and phenotype (e.g., an entire-leaved individ-

ual crossed with another entire-leaved individual always yielded

entire-leaved offspring). Although Elmore (1986) reported that the

lobed allele was dominant over the entire allele, we have found

that the lobed allele is not completely dominant. Individuals that

were known genetically to be heterozygous (because their selfed

progeny produced both lobed and unlobed leaves in a 3:1 ratio)

produce leaves that are not as deeply lobed as the leaves that are

homozygous for the lobed allele (Fig. 1C; see online Supplemen-

tary material).

Ipomoea hederacea exhibits only very weak heteroblastic

development: the first two or three leaves are often less divided,

or even unlobed, in genetically lobed individuals. However, the

full degree of lobing is apparent from about the third or fourth true

leaf. By the fourth leaf, homozygous lobed individuals are clearly

distinguishable from heteroygotes by using scaling relationships

of leaf sinus width to area (see online Supplementary material).

LEAF-SHAPE MORPH FREQUENCY ANALYSIS

To document the extent of leaf-shape variation, we censused fre-

quencies of plants with lobed or entire leaves in 25 natural popu-

Figure 2. Within-population frequencies of the lobed (black) and

entire (white) morphs across North and South Carolina. Total pop-

ulation sizes were not determined, but they ranged from a few

dozen plants to several hundred. Size of circle indicates rela-

tive number of individuals surveyed in each population. Durham

County is shown, as are the approximate locations of the three

field experiments: (A) Bahama, (B) Clinton, and (C) Whiteville.

lations in North and South Carolina during the summer of 1995.

Locations of the sites are portrayed in Figure 2. At each site, the

frequency of the two leaf-shape morphs was estimated along lin-

ear transects using the method of Epperson and Clegg (1986). The

starting position of each transect was haphazardly chosen, and the

leaf-shape morph of the closest I. hederacea was recorded at 1-m

intervals.

FIELD EXPERIMENTS—OVERVIEW

To determine whether natural selection acts on the leaf-shape poly-

morphism in I. hederacea, we conducted four field experiments

over two years. In 1996 and 1997, we determined the pattern of

natural selection at a site in north-central North Carolina near

the town of Bahama. At this site, the native population had only

lobed-leaved plants, although nearby populations were polymor-

phic (Fig. 2A). In 1997, we determined the pattern of natural

selection at two additional sites, one in Clinton, NC (Fig. 2B) and

one in Whiteville, NC (Fig. 2C). The original gene frequencies

at these sites were not known, but the general area includes both

polymorphic populations and populations monomorphic for entire

leaves (Fig. 2).

1980 EVOLUTION AUGUST 2008



NATURAL SELECTION ON LEAF SHAPE

In 1995, seeds were obtained from a mixed-genotype popula-

tion. These seeds were planted in a greenhouse, and two different

crossing designs (one for the 1996 experiment and one for the 1997

experiments, described below) were employed to generate experi-

mental seeds of known genotype. In each of the four experiments,

an equal number of seeds of each of the three leaf-shape geno-

types were planted. Experimental plants were allowed to grow

until killed by the first frost, and the pattern of fitness differences

among the three leaf-shape genotypes was determined at each site

(see below).

1996 crossing design
In early November of 1995, seeds were collected from 20 indi-

vidual plants (maternal lines) in a polymorphic population (65%

phenotypically lobed) in Orange County, NC. Seeds from each

maternal line were germinated and grown in a greenhouse. Each

of these plants was allowed to self-fertilize, and the resulting seeds

were grown in the greenhouse and assessed for leaf-shape geno-

type. Phenotypically lobed individuals were determined to be ei-

ther homozygous lobed or heterozygous by measuring the leaf area

and the sinus width of the fourth true leaf of each plant, and com-

paring it to scaling relationships of leaves of known genotype (see

online Supplementary material). Heterozygous individuals have a

larger leaf sinus width for a given leaf area than do homozygous

lobed individuals. Plants determined to be heterozygous were dis-

carded, whereas homozygous lobed and homozygous entire plants

were kept and used as the parental plants of the seeds used in

the 1996 field experiment. Homozygosity of the lobed parental

plants was confirmed by the lack of entire-leaved offspring in the

heterozygous experimental seeds, which were produced by cross-

ing purported homozygous lobed and homozygous entire parental

plants (see below).

The parental plants were distributed among 20 crossing units,

each with four individuals (two homozygous lobed, two homozy-

gous entire; see Fig. 3A). Each crossing unit consisted of four

plants originating from four different maternal lines. Each cross-

ing unit was uniquely different from all of the other crossing units

(i.e., crosses between any two different maternal lines were only

performed within one crossing unit), but plants derived from the

same maternal line were often used in more than one crossing

unit.

Crosses were performed by emasculating flowers of desig-

nated seed parents the evening before they opened, and hand-

pollinating them the next morning. To generate seeds with the

homozygous lobed genotype, reciprocal crosses between the two

lobed individuals within a crossing unit were performed (see

Fig. 3A). Similarly, to generate seeds with the homozygous en-

tire genotype, reciprocal crosses were performed between the two

entire individuals within each crossing unit. To generate heterozy-

gous individuals, reciprocal crosses between one of the lobed in-

Figure 3. Crossing designs for (A) 1996 and (B) 1997. The lobed al-

lele is represented as “T,” whereas the entire allele is represented

as “t.” (A) Each crossing unit consisted of four plants (two homozy-

gous lobed and two homozygous entire) from four different mater-

nal lines. These were crossed to produce all three genotypes, and

these were used in the 1996 experiment. (B) Heterozygotes from

some of the 1996 crosses were used in the second crossing design.

These heterozygotes were self-fertilized, and the resulting seeds

became the parents of the seeds used in the 1997 experiments.

Heterozygous offspring were discarded, whereas TT and tt indi-

viduals were crossed with TT and tt individuals from a different

great-grandparental unit (not shown). These crosses were similar

to (A).

dividuals and one of the entire individuals were performed (these

plants had been randomly chosen before any crosses had been

performed). Sixteen of the crossing units generated enough seeds

per genotype to use in the 1996 Bahama field experiment.

This crossing design allowed us to generate seeds of known

leaf-shape genotype, but did not randomize the genetic back-

ground of the seeds. Nevertheless, biases introduced by lack of

background randomization can be evaluated by comparing results

of this crossing design with that of the 1997 crossing design, which

was used in the 1997 field experiments (see below).

1997 crossing design
To generate seeds for the 1997 field season, we used the basic

crossing design of Rausher and Fry (1993), which randomizes the

genetic background among the three genotypes at a diallelic locus.

Any associations between leaf-shape alleles and other loci are
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broken, except for closely linked genes (2n = 30 chromosomes,

Sinha and Sharma (1992)). In addition, all seeds generated from

this crossing design are equally inbred.

This set of crosses (Fig. 3B) was initiated with one heterozy-

gous seed (designated a grandparent) from six of the crossing units

from the 1996 crossing design. Each seed was grown in the green-

house and allowed to self-pollinate. From the selfed offspring of

each grandparent, six homozygous lobed and six homozygous en-

tire plants (parental plants) were chosen for subsequent crosses.

Parental plants descended from each grandparent were paired with

parents descended from another grandparent to form a crossing

unit. There were three crossing units.

Within each crossing unit, each of four lobe-leaved par-

ents descended from one grandparent was paired with one of the

four lobe-leaved parents descended from the other grandparent.

Crosses were performed reciprocally within each pair to produce

homozygous lobed experimental seeds. Homozygous entire ex-

perimental seeds were generated in an analogous fashion. Het-

erozygous seeds were generated by pairing each of the two re-

maining lobed parents with one of the two remaining entire parents

and crossing reciprocally within each pair.

1996 field experiment—Bahama site
The field was plowed four days prior to planting to ensure that

all experimental plants experienced similar initial competitive

conditions. On July 31, mechanically scarified seeds of known

leaf-shape genotype obtained from the 1996 crossing design were

planted in a randomized block design, in a grid with 1 m spacing

between seeds. Two seeds of each of the three genotypes within

each crossing unit were planted in each of ten replicate blocks,

for a total of 960 seeds (2 seeds per genotype × 3 genotypes ×
16 crossing units × 10 replicate blocks). Natural vegetation was

allowed to grow around experimental plants (except for nonex-

perimental I. hederacea plants, which were removed).

Four components of plant fitness were estimated for each

genotype: percent germination, percent of plants surviving to

flower, seed production, and seed quality. Seed production was

determined by collecting and counting all seeds produced by each

plant (Rausher and Fry 1993). Seed quality was estimated as the

average weight of the seeds produced by each individual that pro-

duced at least one seed. Because I. hederacea is an annual plant,

the number of seeds produced by an individual in one growing

season constitutes the female component of fitness of that indi-

vidual. Because most seeds are produced by selfing (Ennos 1981),

the male component of fitness is also approximated by the number

of seeds produced. Consequently, total seed production, including

zeros for plants that did not survive to reproduce, is an excellent

measure of total lifetime fitness.

Data on germination and survivorship for all individuals

within each genotype (pooled over blocks and crossing units) were

analyzed with a chi-square test. All other data were analyzed with

a standard fixed factor analysis of variance (PROC GLM; SAS

1990). Data were transformed to meet the analysis of variance

(ANOVA) assumption of normally distributed residuals (specific

transformations are listed in tables). Scheffe’s post hoc pairwise

comparisons were used to test for differences among genotypes,

with critical P-values of P < 0.05.

1997 field experiments
In 1997, one field experiment was conducted at the Bahama site.

This experiment was part of a larger experiment designed to iden-

tify agents of selection on leaf shape, which we describe elsewhere

(K. L. Bright and M. D. Rausher, unpubl. ms.). For this study,

we analyze only plants in the control treatment, which were un-

manipulated, and thus comparable to the plants in the other three

experiments reported here. There were a total of 288 seeds planted

in the control treatment: 48 seeds from each of six crossing units

(16 of each of the three genotypes). Control seeds were spread

across four plots in a randomized block design.

Two additional experiments were conducted in 1997 in the

southern part of North Carolina. Both of these were located on

experimental plots at North Carolina Department of Agricul-

ture/North Carolina State University Field Stations. One was at

the Horticultural Crops Research Station near the town of Clinton,

Sampson County, NC (the “Clinton” site). The second was at the

Border Belt Tobacco Research Station near the town of Whiteville,

Columbus County, NC (the “Whiteville” site).

At the Bahama site, only seeds from the 1997 crossing de-

sign were used. Because seeds from this design were limited, at

the Clinton and Whiteville sites we used seeds from both cross-

ing designs (1996 and 1997) to increase the sample size for these

experiments. The important difference between these two types

of seeds is that those from 1997 have a randomized genetic back-

ground. However, in both types, the leaf-shape genotype of every

experimental seed was known. In the analysis, we tested for a dif-

ference between seeds generated from these two different crossing

designs.

The Whiteville experiment consisted of six randomized

blocks, whereas the Clinton experiment was in a smaller field, and

consisted of only five randomized blocks. Within each block, one

seed of each genotype from each 1996 crossing unit was planted

(for a total of 39 seeds: 1 seed × 3 genotypes × 13 crossing units).

In addition, six seeds were planted of each genotype from each

1997 crossing unit (for a total of 54 seeds: 6 seeds × 3 genotypes

× 3 crossing units). Thus a total of 93 seeds were planted within

each replicate block, for a total of 558 seeds at the Whiteville site

and 465 seeds at the Clinton site. Both experiments were planted

during early July (Whiteville was planted on July 2, and Clin-

ton was planted on July 7). Mechanically scarified seeds were

planted in a grid with 1.5 m spacing between seeds. Subsequent
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experimental execution and data analysis were as described for

the 1996 field experiment, except that mean seed size was not

measured.

COMPUTER SIMULATIONS

Because we found a significant heterozygote advantage at some

of the sites (see results below), we performed computer simu-

lations to determine whether heterozygote fitness superiority can

contribute significantly to maintenance of a single-locus polymor-

phism under high levels of inbreeding. The effects of variation in

two factors were explored: population size and relative fitness of

the homozygotes. Population sizes examined were 100, 200, 300,

400, and 500 individuals. Fitnesses of the homozygotes were as-

sumed equivalent and set either equal to that of the heterozygote

(control), or equal to 0.85 times heterozygote fitness (heterozy-

gote advantage), the average value estimated from our experimen-

tal data. Selfing rate was assumed to be 0.93, in accordance with

the estimates of Ennos (1981) and Hull-Sanders et al. (2005) as

the maximum selfing rate for field populations of I. hederacea.

We chose the maximum estimated rate because we wished to sim-

ulate conditions least conducive for maintenance of variation.

Each trial was initiated with allele frequencies of 0.5. To sim-

ulate random mating, individuals were chosen randomly with re-

placement to form a mating pool. Homozygotes were rejected ran-

domly with a probability equal to 1—homozygote fitness. These

individuals served as the female parent, each producing one off-

spring. With probability 0.93 (selfing rate), two alleles were drawn

randomly with replacement from this individual and combined to

form a selfed offspring; whereas, with probability 0.07 (outcross-

ing rate), one allele was drawn randomly from this individual and

combined with one drawn randomly from the entire population

to form an outcrossed offspring. The total number of offspring

produced in this way was equal to the population size each gener-

ation. This process was repeated for each subsequent generation

until one allele was fixed, at which time the number of genera-

tions to fixation was recorded. For each parameter set, between

500 and 1000 trials were run (with the exception of N = 500, with

heterozygote advantage, which was only run 100 times).

Results
POPULATION CENSUSES

Results from local population surveys reveal substantial genetic

variation for leaf shape, both within and between populations

(Fig. 2). Seven of the 25 sites surveyed contained only lobe-leaved

plants, four consisted of only entire-leaved plants, whereas 14

were polymorphic.

NATURAL SELECTION ON LEAF SHAPE

In all experiments, seeds of known leaf-shape genotype generated

from crosses were planted in the field. In all cases, the leaf-shape

phenotype of every experimental plant was confirmed to be that

expected from its known genotype (based on crosses). We found

little evidence of natural selection acting on leaf shape during

the juvenile stages of plant growth. In all four experiments, both

germination and survivorship to one month were within 2–3% for

all three genotypes, differences that do not come close to being

statistically significant (Table 1). This lack of difference is not due

to heteroblasty (similar leaf shapes during the early stages of plant

growth). Although on lobed plants the first one or two leaves are

sometimes unlobed, the full degree of lobing is manifest by the

third or fourth leaf, which are normally produced during the first

week of growth.

By contrast, when total fitness (seed production) is exam-

ined, there is evidence of strong natural selection operating at all

three sites. At the Bahama site in 1996 differences among leaf-

shape genotypes were highly significant (Table 2A), with lobed

plants having the highest fitness. Homozygous lobed individuals

produced, on average, about 20% more seeds than heterozygotes,

and about 50% more seeds than homozygous entire individuals

(Fig. 4). A similar pattern is evident with mean seed weight, with

lobed plants (both homozygous and heterozygous) producing sig-

nificantly heavier seeds than plants with entire leaves (Table 2B).

Means for lobed homozygotes, heterozygotes, and entire homozy-

gotes were 27.04, 27.17, and 25.00 mg, respectively, with the first

two not significantly different from each other (Sheffe’s post hoc

test), but both significantly differ from the third.

Table 1. Percent of each genotype that germinated, and survived

to one month for (A) the 1996 field experiment at the Bahama site,

(B) the 1997 field experiment at the Bahama site (controls only), (C)

the 1997 field experiment at the Clinton site, and (D) the 1997 field

experiment at the Whiteville site. Genotypes did not statistically

differ in either germination or survivorship at any of the sites,

according to chi-square tests (in all cases, P>0.05).

% germination % survivorship

(A) 1996 Bahama site
Lobed 95.0 90.6
Heterozygote 95.3 89.7
Entire 95.9 91.9

(B) 1997 Bahama site
Lobed 97.9 97.4
Heterozygote 98.9 98.4
Entire 99.5 99.5

(C) 1997 Clinton site
Lobed 91.6 84.5
Heterozygote 92.3 86.5
Entire 90.3 85.2

(D) 1997 Whiteville site
Lobed 92.5 92.5
Heterozygote 92.5 91.4
Entire 95.7 94.6
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Table 2. Bahama field experiment, 1996: effect of leaf-shape

genotype on (A) number of seeds produced and (B) mean seed

weight for individuals that produced at least one seed. Seed num-

bers were square-root transformed; seed weights were cube-root

transformed.

Source of variation df Type III SS F P

(A) Seed Number
Block 9 282.741 16.56 0.0001
Genotype 2 60.424 15.93 0.0001
Crossing unit 15 39.137 1.38 0.1533
Block × Genotype 18 21.189 0.62 0.8852
Genotype × Crossing 30 52.168 0.92 0.5964

unit
Block × Crossing unit 135 276.656 1.08 0.2712
Error 634 1202.757
Corrected Total 843 1927.109

(B) Mean Seed Weight
Block 9 0.00097 3.31 0.0008
Genotype 2 0.00065 10.02 0.0001
Crossing unit 15 0.00135 2.77 0.0006
Block × Genotype 18 0.00063 1.07 0.3835
Genotype × Crossing 30 0.00144 1.48 0.0579

unit
Block × Crossing unit 134 0.00401 0.92 0.7001
Error 240 0.00780

At the Bahama site in 1997, total seed production also differed

among genotypes (Table 3). Seed production of the heterozygote

genotype exceeded both homozygote genotypes (Fig. 5), with seed

production in heterozygotes significantly higher than that of ho-

Figure 4. Effect of leaf-shape genotype on mean seed production

during 1996 at the Bahama site. Bars are standard errors. Different

letters above bars indicate a significant difference in Scheffe’s post

hoc pairwise comparisons.

Table 3. Bahama field experiment 1997: effect of leaf-shape geno-

type on total seed number. Seed numbers were square-root trans-

formed.

Source of variation df Type III F P
SS

Block 3 112.98 6.02 0.0007
Genotype 2 52.31 4.18 0.0175
Crossing unit 5 116.17 3.71 0.0036
Block × Genotype 6 29.14 0.78 0.59
Genotype × Crossing unit 10 148.8 2.38 0.013
Block × Crossing unit 15 176.4 1.88 0.031
Block × Geno × Cross Unit 29 229.4 1.26 0.19
Error 124 776.1

mozygous entire individuals (Scheffe’s test). However, post hoc

tests fail to demonstrate that seed production for the lobed ho-

mozygote is significantly different from either of the other geno-

types. These patterns are consistent with heterozygote superiority,

but do not conclusively demonstrate it was occurring.

Selection also occurred at the Clinton and Whiteville sites in

1997. Because the pattern of seed production at these two sites

was very similar (Fig. 6A, 6B), both sites were included in a sin-

gle analysis, with site as a factor. No effect of site was found, nor

were there any significant interactions involving site (Table 4). At

these more southern sites, we found a significant effect of geno-

type on seed production (Table 4), with heterozygotes producing

more seeds than both homozygotes at both sites (Fig. 6A, 6B).

Although none of the pairwise comparisons (using Scheffe’s post

Figure 5. Effect of leaf-shape genotype of mean seed production

during 1997 at the Bahama site (controls only). Bars are standard

errors. Different letters above bars indicated a significant differ-

ence in Scheffe’s post hoc pairwise comparisons.
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Figure 6. Effect of leaf-shape genotype on mean seed production

during 1997 at: (A) the Clinton site; and (B) the Whiteville site. Bars

are standard errors. A customized contrast testing for a difference

between heterozygotes and both homozygotes combined shows

a significant difference (see Table 4).

hoc test) between genotypes were significant, a specific contrast

between heterozygotes and the mean of the two homozygous types

combined was highly significant (Table 4), and presumably ex-

plains the overall genotype effect. These results indicate that at

these sites there was heterozygote advantage in seed production.

Experiments at the two southern sites used seeds from both

1996 and 1997 crossing designs. In the analysis of these exper-

iments, we detected no differences in seed production between

individuals generated from the two different crossing designs

(“Cross Design”; Table 4). In addition, none of the interactions

involving crossing design are significant (Table 4). Although the

F-statistic for the interaction between genotype and crossing de-

sign is somewhat high, plants from both crossing designs exhibit

the same pattern of heterozygote advantage—heterozygous plants

from both crossing designs had the highest seed production. In

Table 4. Whiteville and Clinton field experiments, 1997: effect of

leaf-shape genotype on total seed number. Seed numbers were

square-root transformed. In this analysis, both sites were included

with “Site” used as a factor in the model, with the replicate blocks

nested within site. The “Cross Design” term accounts for differ-

ences between seeds originating from the two crossing designs

(see text). The contrast is customized, testing for a difference be-

tween heterozygotes and the two homozygous types (lobed and

entire combined).

Source of variation df Type III F P
SS

Site 1 18.67 1.18 0.2780
Block(Site) 9 2225 15.60 0.0001
Genotype 2 109.1 3.44 0.0324
Cross Design 1 37.22 2.35 0.1258
Site × Genotype 2 7.51 0.24 0.7892
Site × Cross Design 1 18.45 1.16 0.2809
Block (Site) × Genotype 18 128.8 0.45 0.9761
Block (Site) × Cross 9 90.64 0.64 0.7673

Design
Genotype × Cross 2 68.43 2.16 0.1161

Design
Site × Geno × Cross 2 69.23 2.19 0.1130

Design
Block(Site) × Geno × 18 285.7 1.00 0.4555

Cross Design
Error 834 13218
Contrast:
Homozygotes vs. 1 111.76 7.04 0.0081

Heterozygotes

particular, the average number of seeds produced, pooled over

sites, for the homozygote lobed, heterozygote, and homozygote

entire genotypes were 93.7, 119.3, and 109.3, respectively for the

1996 crossing design and 98.7, 109.8, and 87.5, respectively for

the 1997 crossing design. It thus appears that crossing design had

little effect on the pattern of selection measured.

COMPUTER SIMULATIONS

Stochastic computer simulations of time to fixation at loci ex-

periencing heterozygote advantage with high levels of inbreed-

ing indicate that selection can be very effective in maintaining a

polymorphism, even at small population sizes. As population size

increases from 100 to 500 individuals, mean time to fixation in

the controls, in which there was no selection, increased linearly

from 146 generations to 731 generations (Fig. 7). This pattern is

consistent with theoretical expectations, which indicate that under

neutrality, time to fixation should be proportional to population

size (Hartl and Clark 1989). With selection favoring the heterozy-

gote, mean time to fixation in populations of 100 individuals was

245 generations, only 1.7 times that in control populations of the

same size. By contrast, in populations of 500 individuals with
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Figure 7. Results of computer simulations showing that heterozy-

gote advantage (closed squares) can maintain a polymorphism un-

der high levels of inbreeding, relative to a control situation with

no selection (open circles). Bars are standard errors.

selection, mean time to fixation was more than 30,000 gener-

ations, or 43 times that in the control populations of the same

size. Even in populations of only 300 individuals, time to fixa-

tion was almost seven times greater with overdominant selection

(Fig. 7).

Discussion
NATURAL SELECTION ON LEAF SHAPE

Variation in leaf shape has long been known to have functional

consequences, including effects on physiological aspects of water

and temperature regulation (Parkhurst and Loucks 1972; Taylor

1975; Givnish 1979, 1984; Schuepp 1993), and susceptibility to

natural enemies (Brown and Lawton 1991). Despite the longstand-

ing interest of biologists in the functional importance of leaf shape,

we are aware of only two previous reports indicating that the iden-

tified physiological and ecological effects of leaf-shape variation

translate into fitness differences (Andersson 1992; Nagy 1997).

It is thus not clear whether the great diversity of leaf shapes both

within and between closely related plant species is due primarily

to adaptive evolutionary processes or to selective neutrality and

genetic drift.

Our results provide strong evidence that in I. hederacea leaf-

shape variation is subject to strong natural selection. In all four

field experiments reported in this study, we detected significant

fitness differences among leaf-shape genotypes: directional selec-

tion at the Bahama site in one year, directional or possibly bal-

ancing selection at the Bahama site in another year, and balancing

selection at the Whiteville and Clinton sites. Absolute values of

selection coefficients (relative to heterozygotes) were approxi-

mately 0.15–0.18 at all four sites. Although these values are at the

lower end of the distribution of selection coefficients for polymor-

phic traits subject to selection (Endler 1986), coefficients of this

magnitude in general are likely to dominate the effects of genetic

drift in even very small populations (Hartl and Clark 1989), at least

for directional selection (the situation for balancing selection is

discussed below).

Although it seems clear that the leaf-shape polymorphism

is subject to strong selection, we have little information about

the agents responsible for that selection. Two obvious candidate

agents, water stress and differential susceptibility to natural ene-

mies, can probably be ruled out. In a separate study (K. L. Bright

and M. D. Rausher, unpubl ms.), we found no evidence that the

detrimental effects of water stress on seed production differed

among the three leaf-shape genotypes. We did find that plants

with entire leaves are subject to greater deer damage and greater

infection by a white rust, but this differential susceptibility did not

measurably affect relative fitness. It is possible that pleiotropic

effects on development associated with this polymorphism may

contribute to differential fitness among genotypes, but we have

not yet examined this possibility.

One caveat to our analysis is that the actual target of selec-

tion may not be the leaf-shape locus, but rather a locus in linkage

disequilibrium. Because of our experimental design, we are able

to rule out this possibility for unlinked loci, but not for physically

linked loci. Because in our breeding design there was opportu-

nity for only one round of background randomization, we would

expect that on average any genes originally in linkage disequi-

librium with the leaf-shape locus and within 50 cM of that locus

would remain in linkage disequilibrium. An unrecombined block

of this size would doubtless contain dozens, if not hundreds of

genes. Unfortunately, this difficulty plagues virtually any attempt

to assess the functional effects of variation at specific loci. Even

five generations of background randomization, a level seldom at-

tained in evolutionary studies, would reduce this block only to

about 10 cM on either side of the focal gene (the average size of

the introgressed block is approximately 100/t cM, where t is the

number of generations of backcross introgression; Naveira and

Barbadilla 1992). Even marker-assisted backcross schemes will

not, without prohibitive effort, reduce the expected size of the in-

trogressed block to less than a few centiMorgans (Hospital 2001).

An alternative approach to determining whether the leaf-shape lo-

cus is the actual target of selection may be to attempt to detect the

signature of balancing selection, as reflected in patterns of DNA

sequence variation (e.g., Kreitman and Hudson 1991; Tian et al.

2002), in the copies of the gene, because the pattern of selection

suggests that balancing selection appears to be operating. Unfor-

tunately, this approach is not immediately available because the
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identity of the gene corresponding to the leaf-shape locus in I.

hederacea is currently unknown.

MAINTENANCE OF LEAF-SHAPE VARIATION

The variability in leaf shape documented here is characteristic

of populations throughout the southern portion of the range of

I. hederacea. Although northern populations appear to be con-

sistently fixed for the lobed allele, polymorphic populations are

found from Oklahoma and Texas in the west to North and South

Carolina, Georgia, and Florida in the east (Bright 1998). This

broad geographic expanse of polymorphism suggests that some

form of balancing selection may be actively maintaining the leaf-

shape polymorphism in this region. Given the strong selection

documented in all four experimental populations, it seems un-

likely that a polymorphism that is so geographically widespread

can be explained as neutral variation subject only to genetic drift.

An obvious candidate for balancing selection in this system

is heterozygote superiority. In two, and possibly three of our four

experimental populations, heterozygotes had higher fitness than

both homozygotes. It thus seems very possible that this form of

selection may contribute substantially to the persistence of poly-

morphic populations throughout the southern part of this species

range.

Classical models of overdominant selection assume that a

population is completely outbreeding (Hartl and Clark 1989), yet

I. hederacea is a highly selfing plant (Ennos 1981; Hull-Sanders

et al. 2005). The effect of inbreeding is to reduce the proportion of

heterozygotes in a population. By contrast, the effect of heterozy-

gote advantage is to increase the proportion of heterozygotes. De-

pending on the balance between these two effects, inbreeding pop-

ulations can exhibit either an excess or a deficit of heterozygotes

compared with Hardy–Weinberg expectations (Hayman 1953). In

the case of I. hederacea, the heterozygote fitness advantage ob-

served is relatively small, whereas estimates of selfing rate are

high (Ennos 1981; Hull-Sanders et al. 2005), leading to the ex-

pectation that the frequency of heterozygotes would be reduced.

Under selfing and heterozygote advantage, the expected equilib-

rium frequency of heterozygotes, q, can be estimated using the

equation

(1 − s)q[1 + (1 − q)(1 − t)] = (1 − q)[1 − (1 − t)(1 − q)]

where s is the magnitude of selection against homozygotes (0.15

in our study) and t is the outcrossing rate (0.07 for I. hederacea;

Ennos 1981). Solving for q yields an estimated equilibrium fre-

quency of heterozygotes of q = 0.088, a value consistent with

observations that heterozygotes are rare in natural populations (K.

L. Bright, pers. obs.). With heterozygote frequencies this low, the

net selection due to heterozygote advantage is likely to be weak.

In very large populations, even a very weak effective selection

favoring heterozygotes may be sufficient to stabilize a polymor-

phism. In small populations, however, this weak selection is likely

to be overpowered by genetic drift, leading to fixation of one of

the alleles. These considerations raise the question of whether the

fitness advantage of the heterozygotes we detected is sufficiently

strong to stabilize the leaf-shape polymorphism in I. hederacea.

Deterministic models demonstrate that fitness overdomi-

nance can maintain a polymorphism under substantial selfing

if homozygote fitnesses are similar (Hayman 1953; Kimura and

Ohta 1971), as appears to be true for I. hederacea. Because we

have been unable to find any theoretical treatments of the effects

of overdominant selection in finite populations with high self-

ing rates, we carried out simulations using population parameters

(selfing rate, relative fitnesses) estimated from field experiments.

These simulations indicate that even with population sizes as small

as 300 individuals, heterozygote advantage of the magnitude ob-

served in I. hederacea can maintain a polymorphism on average

for more than 3000 generations (Fig. 7). With populations of only

500 individuals, the polymorphism is expected to be maintained

virtually indefinitely (for more than 30,000 generations).

Because I. hederacea is a serious pest of crops such as cotton,

peanuts, and tobacco, populations in agricultural fields commonly

consist of several thousand to tens of thousands of individuals

(Whigham 1984; Wilcut et al. 1996; Jennings et al. 1997; Grichar

et al. 2000). Such populations have large seed banks, often persist

for decades, and are almost certainly large enough for the leaf-

shape polymorphism to be maintained by heterozygote advantage

of the magnitude detected in our experiments, even in the face of

severe inbreeding.

By contrast, we have observed many small I. hederacea pop-

ulations consisting of fewer than 100–200 individuals, in recently

abandoned fields, and in other small, disturbed areas. Our sim-

ulations indicate that in populations of this size, the heterozy-

gote advantage we measured would not significantly contribute

to maintenance of the polymorphism. On a regional, metapopu-

lation scale, then, we would expect long-term persistence of the

polymorphism in large agricultural districts, with small popula-

tions becoming fixed randomly for either the lobed or the entire

allele. The observed patchwork pattern of variation in the south-

ern portion of I. hederacea’s range (Fig. 2) is consistent with this

expectation. Unfortunately, because little information is available

on the sizes of the populations depicted in Figure 2, it is not cur-

rently possible to determine if the fixed populations are generally

smaller than the polymorphic populations.

Our results indicate that balancing selection does not consis-

tently operate at all sites and in all years. Directional selection

operated at the Bahama site in one, and possibly in both years

of our experiments. In these experiments, the lobed allele was
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favored by selection. Although directional selection did not fa-

vor the entire allele in any of our populations, the small number

of experiments does not allow us to rule out the possibility that

this occurs at some sites or in some years. It is thus possible that

either spatial or temporal variability in the pattern of selection

also contributes to maintenance of the leaf-shape polymorphism.

Only additional analyses of selection at different sites and in dif-

ferent years will determine whether variable selection contributes

to maintenance of the leaf-shape polymorphism in I. hederacea.

One intriguing pattern visible in Figure 2 is that southern

populations tend to have higher frequencies of unlobed genotypes

than northern populations. In fact, data assembled from herbarium

collections indicate this to be a general trend across the eastern

United States (see online Supplementary material). Populations

north of the northern Arkansas, Tennessee and North Carolina

borders consist almost exclusively of lobed individuals, whereas

more southern populations can be lobed only, entire only, or poly-

morphic (see online Supplementary Fig. S2). This pattern sug-

gests that balancing selection of the type we have documented

may be more common in southern populations than in northern

populations. Our data are consistent with this hypothesis, in that

directional selection favoring lobed leaves was observed only at

the Bahama site, which is on the border of the transition from fixed

northern populations to polymorphic southern populations. At our

southern sites, by contrast, we observed only balancing selection.

However, the one definitive case of directional selection at the

Bahama site occurred in 1996, whereas the experiments consis-

tent with balancing selection all occurred in 1997. Thus, in our

experiments, year and geographic location (north vs. south) are

confounded. Nevertheless, our results suggest that further inves-

tigation of the possibility that patterns of selection differ between

northern and southern populations is warranted.
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Supplementary Material
The following supplementary material is available for this article:

Online Supplementary Material

Table S1. Herbaria used to generate distribution map of leaf-shape morphs in Ipomoea hederacea.

Figure S1. Scaling relationships between leaf-shape parameters for different leaf-shape genotypes. (A) Scaling relationship

between leaf perimeter and leaf area for all three genotypes. (B) Illustration of sinus width of I. hederacea homozygous lobed

and heterogyotes. (C) Scaling relationships between the sinus width and leaf area for homozygous lobed leaves and heterogyous

leaves.

Figure S2. Distribution of leaf-shape morphs in Ipomoea hederacea, by county, across the eastern United States.

Figure S3. Cline of leaf-shape morphs in Ipomoea hederacea across the eastern United States.

This material is available as part of the online article from:

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1558-5646.2008.00416.x

(This link will take you to the article abstract).

Please note: Blackwell Publishing is not responsible for the content or functionality of any supplementary materials supplied by

the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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