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Abstract. Biochemical pathways that produce floral pigments often also produce sec-
ondary compounds that are believed to protect plants from natural enemies. Mutations that
affect floral pigment patterns are thus also expected to influence the production of com-
pounds conferring resistance to natural enemies, suggesting that the evolution of floral
pigment patterns may be guided not just by interactions with pollinators, but also by indirect
selection exerted by enemies on resistance. In particular, mutations that block production
of floral pigments may be expected either to block production of defensive compounds or,
alternatively, to lead to increased production of defenses, depending on the position of the
blockage in the pathway. This expectation was examined in the morning glory Ipomoea
purpurea by assessing whether white-flowered genotypes are more or less susceptible to
attack by natural enemies than pigmented genotypes. No such difference in susceptibility
was detected, although resistance to capsule-feeding insects exhibited a pigment genotype
X background genotype interaction. While this negative result indicates that natural enemies
probably do not influence the evolution of floral pigment pattern in 1. purpurea, this remains

a possibility in other systems.
Key words:

INTRODUCTION

The evolution of floral displays is thought to be in-
fluenced largely by selection imposed by pollinators
(Baker 1961, Grant and Grant 1965, Baker and Hurd
1968, Feinsinger 1983). Floral color, for example, is
thought to evolve to attract specific types of pollinators
(Faegri and van der Pijl 1979, Miller 1981, Waser and
Price 1981, Feinsinger 1983), while some floral pig-
ment patterns (e.g., nectar guides) are believed to have
arisen because they increase the efficiency at which
pollinators exploit floral resources and hence transport
pollen (Knoll 1926, Manning 1956). Seldom consid-
ered, however, is the possibility that variation in genes
affecting floral pigment hue, intensity, or pattern,
which has been reported for a number of plant species
(e.g., Epling and Dobzhansky 1942, Harding and Man-
kinen 1967, Ennos and Clegg 1983, Stanton et al.
1986), may have pleiotropic effects on other characters
affecting fitness, and that therefore the evolution of
floral displays may be constrained, or even driven, by
indirect selection imposed on these other characters
(Lande 1979, Charlesworth 1990).

A consideration of the biochemical pathways that
produce floral pigments, however, suggests that this
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possibility should be considered seriously. In particu-
lar, many floral pigments are the products of biochem-
ical pathways that also produce plant secondary com-
pounds that are thought to function primarily as de-
fenses against herbivores and pathogens (Shaver and
Lukefahr 1969, Harborne 1976, 1979, Stotz et al.
1985). It thus seems plausible that mutations that affect
these pathways may in many cases influence not only
floral pigmentation, but also susceptibility to natural
enemies. In other words, the evolution of floral displays
may often be guided by selection imposed by both pol-
linators and herbivores.

An illustration of this idea is provided by the fla-
vonoid pathway (Fig. 1). Flavonoids are ubiquitous in
angiosperms and are common in gymnosperms and
some ferns (Swain 1975). Moreover, the basic branch-
ing structure of the flavonoid pathway is conserved
across these taxa. Anthocyanins, which are widely dis-
tributed floral pigments, are primary products of one
branch of the pathway (the ‘“‘main,” vertical branch in
Fig. 1). Other branches produce classes of compounds
such as dihydro-chalcones, flavones, flavonols, and tan-
nins, all of which include compounds that are biolog-
ically active against natural enemies (Harborne and
Ingham 1978, Elliger et al. 1980aq, b, Dreyer and Jones
1981, Lane and Schuster 1981, see also Harborne et
al. 1975 for a general survey). Polyphenols and tannins,
for example, are often considered archetypal defensive
compounds that protect plants from pathogens and her-
bivores (Feeny 1976, Rhoades and Cates 1976). Sim-
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Fic. 1. Simplified diagram of the flavonoid pathway. The
main branch in the figure (heavy arrows) portrays interme-
diate products leading to production of anthocyanin pigments.
Side branches (light arrows) indicate end products of these
branches. Abbreviations in parentheses indicate the enzyme
that catalyzes the corresponding reaction: chalcone synthase
(CHS); chalcone isomerase (CHI); flavanone 3-hydroxylase
(F3H); dihydroflavonol reductase (DFR); anthocyanidin syn-
thase (AS); UDPglucose flavonoid 3-oxy-glucosyltransferase
(UFGT).

ilarly, some flavones, flavonols, and isoflavones (in-
cluding rotenones) have been shown to be toxic to, or
disrupt growth or reproduction of, a range of animals
(McClure 1975, Harborne 1979). Moreover, genetic
analyses have shown that mutants affecting anthocy-
anin production also often affect the production of oth-
er flavonoids (Stotz et al. 1985, Mo et al. 1992, Saito
et al. 1994). For example, in Petunia a mutant that
blocks anthocyanin production also inhibits the pro-
duction of the flavonol quercetin (Stotz et al. 1985). It
is thus clear that in many cases, both floral pigments
and defensive compounds may be competing for com-
mon biochemical precursors.

The implications of such competition for the evo-
lution of floral pigments are potentially profound. Con-
sider, for example, a mutation that inactivates an en-
zyme that catalyzes one step in the pathway branch
leading to anthocyanins. Such a mutation would result
in the absence of anthocyanins, and hence white rather
than pigmented flowers, as is commonly seen in mo-
lecularly characterized mutants of Snapdragons, Pe-
tunias, and Arabadopsis (e.g., Coen et al. 1986, Linn
et al. 1990, Martin et al. 1991). Depending upon the
location of the gene/enzyme affected relative to branch
points in the pathway, such a mutation could affect
production of potentially defensive compounds in two
different ways. On the one hand, if the mutation affects
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a step before a branch, then that mutation will block
the production of potentially defensive compounds as
well as anthocyanins. For example, a mutation that in-
hibits chalcone isomerase (CHI), which catalyzes the
transformation of naringenin chalcone to naringenin,
would not only produce white flowers but would also
block the production of tannins, flavonols, and flavones
and isoflavonoids (Fig. 1). A mutant of this type would
presumably be less well defended against natural en-
emies, leading to selection exerted by those enemies
against the mutant allele, even if white flowers were
favored by pollinators. On the other hand, if the white-
flowered mutation affects a step in the anthocyanin
pathway after another pathway branches off (Fig. 1),
intermediates may accumulate and be channeled into
the production of more defensive compounds than
would normally occur (see Gould 1988 and Berenbaum
and Zangerl 1988 for discussion and examples of such
substrate competition in the production of alternative
defensive compounds). For example, the same mutant
affecting chalcone isomerase discussed above could
cause naringenin chalcone to accumulate and, in plants
possessing the appropriate enzymes, be channeled to-
ward the production of excess dihydrochalcones. To
the extent that dihydrochalcones are defensive, the
white mutant in this case would be better defended than
the wild type and hence favored by selection imposed
by natural enemies.

In many plant species, some (but not all) enzymes
in the anthocyanin pathway are represented by multi-
gene families (Koes et al. 1987, Beld et al. 1989, Harker
et al. 1990, O’Neill et al. 1990). The different genes
in these families often allow for either tissue-specific
or environmental-specific expression of those genes
(Dooner and Robbins 1991, van der Meer et al. 1993).
Tissue specificity, in particular, may allow an evolu-
tionary uncoupling of the effects of anthocyanin mu-
tants on floral pigments and defensive compounds.
Thus, to the extent that the effects of, for example, a
chalcone synthase mutant can be localized to just floral
tissue, the production of tannins, flavonols, etc. in
roots, leaves, and stems may be unaffected. However,
examples of mutations that affect floral pigmentation
also being expressed in vegetative tissues (Schoen et
al. 1984, Simms and Bucher, in press) indicate that
such evolutionary uncoupling is not universal. Whether
these situations involve primarily single-copy genes is
not known. Nevertheless, they do indicate that foliage-
eating herbivores may have the potential to impose
selection on variation affecting floral pigmentation.

These considerations suggest that because the pro-
duction of defensive compounds and floral pigments
are dynamically connected by a common biosynthetic
network, mutations in that network may often be subject
to selection by both pollinators and natural enemies.
Consequently, the evolution of floral displays may of-
ten be influenced by herbivores, while the evolution of
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chemical defenses may often be influenced by indirect
selection imposed by pollinators. This reciprocal influ-
ence of pollinators and herbivores, if it occurs, should
not be surprising, as it is simply a concrete manifes-
tation of Sewell Wright’s principle of universal plei-
otropy.

Several evolutionary patterns are expected if this
type of reciprocal influence is common in nature:

1. The evolution of pigmentation should tend to in-
volve genes coding for enzymes involved in later steps
of the anthocyanin pathway. This tendency should be
especially true of ‘“‘loss of function’ mutations, i.e.,
mutations that completely inactivate either expression
or functioning of one of the structural genes in the
anthocyanin pathway. When such a mutation affects an
early step in the pathway (e.g., chalcone synthase or
chalcone isomerase; see Fig. 1), it will block the pro-
duction not only of anthocyanins, but also of end prod-
ucts of many of the other branches in the pathway.
Since all of these compounds are potentially defen-
sive—and most certainly perform other useful func-
tions for a plant—the detrimental consequences of such
mutations likely will counterbalance any beneficial ef-
fects conferred by alteration of the floral display. By
contrast, a mutation of this type acting at a late stage
(e.g., affecting anthocyanidin synthase or UFGT) will
block production only of anthocyanins. While bio-
chemical imbalances may result from precursor accu-
mulation, we would expect any detrimental effects of
these imbalances to be much less severe than those due
to failure to produce needed compounds.

2. Certain types of evolutionary change in pigmen-
tation may be more constrained than others. For ex-
ample, we would expect loss of pigmentation (e.g.,
evolution of white flowers) to be more constrained than
alteration of pigment hue, since many loss of pigmen-
tation mutations are likely to have highly deleterious
effects. By contrast, most mutations that affect floral
hue do so by altering the hydroxylation state of antho-
cyanin precursors, i.e., by adding or removing one or
two hydroxy groups from particular positions on the B
ring of the precursors (Forkmann 1991, Holton et al.
1993). This type of mutation has similar effects on
other end products of the flavonoid pathway (i.e., po-
tentially defensive compounds; Forkmann 1991, Stich
et al. 1992). While in some cases minor alteration of
the of the hydroxylation state of compounds can greatly
alter the toxicity of a compound (McClure 1975), in
many (most?) cases there is little effect on toxicity
(e.g., Elliger et al. 19805b). In general, then, mutations
affecting floral hue can be expected to have only minor
effects on susceptibility to natural enemies.

3. The evolution of pigmentation should tend to pref-
erentially involve steps in the anthocyanin pathway
whose enzyme is coded by multigene families. This pat-
tern is expected because multigene families are more
likely to involve tissue-specific regulation, thus in-

SPECIAL FEATURE

Ecology
Vol. 78, No. 6

creasing the likelihood that the pleiotropic effects of a
floral-pigment mutation will be restricted to floral tis-
sues. There will thus be less of a likelihood that fixation
of such mutations will be opposed by indirect selection
imposed by natural enemies or other environmental fac-
tors.

4. Floral pigment evolution should be more evolu-
tionarily labile in taxa that are defended by compounds
other than flavonoids than in taxa that are defended
primarily by flavonoids. This pattern is expected be-
cause in plants that rely on non-flavonoid defenses, the
defensive compounds are biochemically isolated from
the flavonoid pathway. Consequently, mutations af-
fecting production of anthocyanins are not likely to
influence the production of defensive compounds, and
hence are not likely to be subject to indirect selection
by natural enemies. A special case of this prediction
is that the evolution of floral pigmentation should be
more constrained in taxa that are defended primarily
by tannins and other flavonoid phenolics. In the context
of plant-apparency theory (Feeny 1976, Rhoades and
Cates 1976), this suggests that floral pigment evolution
may be more constrained in plants that rely on ‘‘quan-
titative”’ defenses than in plants that rely on ‘“‘quali-
tative”” defenses.

An empirical test of the pleiotropy hypothesis

Although these predictions could be examined di-
rectly by using joint phylogenetic analyses of floral
color evolution and evolution of the underlying fla-
vonoid pathway, such an analysis will not be achievable
in the near future because the flavonoid pathway and
its associated genes have not yet been characterized in
plant taxa that exhibit extensive evolution of floral pig-
mentation. Consequently, direct tests of these hypoth-
eses are unlikely in the near future. However, another
way of evaluating whether floral pigment evolution is
constrained or influenced by selection imposed by nat-
ural enemies is to determine whether pigment variants
are differentially susceptible to attack by natural ene-
mies, since as long as natural enemies reduce plant
fitness, differential susceptibility will lead to selection
on pigment loci. Here we describe experiments de-
signed to determine whether such differential suscep-
tibility exists for a floral pigment polymorphism in the
annual morning glory Ipomoea purpurea.

Ipomoea purpurea is an annual vine that grows in
disturbed habitats throughout southeastern North
America. Throughout this range, the pattern of antho-
cyanin pigmentation in flowers is quite variable. In
particular, populations of Ipomoea purpurea exhibit
variation at four unlinked loci affecting floral pigment
hue and intensity (Ennos and Clegg 1983, Epperson
and Clegg 1988). In this study, we concentrated on the
W locus, which affects pigment intensity. WW homo-
zygotes are darkly pigmented, Ww heterozygotes are
lightly pigmented, and ww homozygotes are white with
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pigmented rays (nectar guides). In one study of sev-
enteen natural populations of /. purpurea, the frequen-
cy of the w allele ranged from 0.0 to =~0.4, with a mean
of =0.1 (Epperson and Clegg 1986).

The most striking effect of variation at the W locus
is on floral pigmentation. Moreover, pollinators differ-
entiate between the floral morphs produced by that vari-
ation, leading to higher selfing rates for white-flowered
than for pigmented genotypes (Brown and Clegg 1984,
Epperson and Clegg 1987, Rausher et al. 1993). Cou-
pled with absence of pollen discounting (Rausher et al.
1993) and minimal inbreeding depression (Pear 1983,
S-M. Chang and M. D. Rausher, unpublished data),
these observations imply that pollinators impose se-
lection that contributes to the protection of the white
allele in natural populations. The Wlocus has thus been
characterized as being primarily a mating-system mod-
ifier, with selection on this locus being determined pri-
marily by pollinators (Schoen and Clegg 1985, Epper-
son and Clegg 1987). Nevertheless, two lines of evi-
dence suggest that variation at the W locus may have
pleiotropic effects influencing susceptibility to herbi-
vores. First, Rausher and Fry (1993) showed that
W-locus variation influences plant size and flower and
seed production. In particular, dark-flowered plants are
smaller at the initiation of flowering and produce =4%
fewer flowers and seeds. These observations are con-
sistent with the possibility that the dark-flowered ge-
notype is more susceptible to natural enemies. Second,
Simms and Bucher (in press) showed that survival of
larvae of the tortoise beetle Charidotella bicolor feed-
ing on foliage of I. purpurea decreases with increasing
doses of the white allele. There are thus measurable
pleiotropic effects of W-locus variation on the quality
of foliage for herbivores, which might conceivably
cause differential susceptibility to herbivory. More-
over, the pattern of survival in Simms and Bucher’s
experiments are consistent with the idea that reductions
in size and fitness reported by Fry and Rausher in pig-
mented plants is due to greater susceptibility to her-
bivores: survival is highest on darks, which is the ge-
notype that produces the smallest plants and the fewest
flowers and seeds. It thus seems plausible that W-locus
genotypes vary in susceptibility to herbivory.

METHODS
Study organisms

Ipomoea purpurea is fed on by a variety of insect
herbivores, which can be grouped into four categories
based on the type of damage they cause. Three types
of insects consume foliage: (1) flea beetles, Chaetoc-
nema confinis (Chrysomelidae), (2) tortoise beetles
(Chrysomelidae), Deloyala guttata and Charidotella
bicolor, and (3) generalist herbivores, including several
species of orthopterans and lepidopteran larvae. In ad-
dition, an unidentified species of fleahopper (Hemip-
tera: Miridae) causes a speckled bleaching pattern on
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the leaves. Developing seed capsules are fed upon by
several species of lepidopterans, but primarily by the
corn earworm, Heliothis zea Boddie (Noctuidae),
which also feed on the flowers. Finally, the rust fungus
Coleosporium ipomoea (Uredinales: Coleosporaceae)
produces orange lesions on the foliage (for further de-
tails on these organisms, see Rausher and Simms, 1989;
Simms and Rausher, 1987, 1989, 1993; Simms, 1993).

Experiment 1: damage to foliage

The purpose of this experiment was to determine
whether W-locus genotypes differ in susceptibility to
the four types of folivorous insects or to rust. Exper-
imental seed of known genotype at the W locus and
with the remainder of the genetic background (i.e.,
genes unlinked to the W locus) randomized were gen-
erated by three generations of crosses. In the first gen-
eration of crosses, plants collected as seedlings from
an agricultural field in Orange County, North Carolina,
were crossed in pairs (‘‘great-grand parental pairs’’),
each pair consisting of one dark and one white plant.
One heterozygote offspring (*‘grandparent’’) from each
pair was then allowed to produce a large number of
seeds by selfing. Heterozygous offspring from this self-
ing were discarded. The homozygous dark and white
offspring (“‘parents’’) were then crossed among them-
selves to produce experimental seed known to be either
white, light, or dark. All experimental seed descended
from a common great-grand-parental pair is termed a
“‘unit.”’ There were six units. Within each unit, several
(between 4 and 10) pairs of parents were crossed to
produce seed of each genotype, and each plant of a
pair was used both as seed parent and as pollen parent
to allow detection of possible maternal effects. Each
maternal parent contributed three seeds to the final ex-
perimental design, producing a total of 738 experi-
mental plants.

Experimental seeds were germinated in Rootrainers
in a greenhouse. Approximately 1 wk later, seedlings
were transferred to a disked field in the Duke Forest,
Orange County, North Carolina.

The seedlings were planted in a randomized block
design, with one seedling from each maternal parent
in each of three spatial blocks. Spacing between plants
was 1 m. Plants were allowed to twine up 1.3 m bamboo
poles to mimic growth in corn fields. Naturally occur-
ring plants were allowed to grow in the field, except
for I. purpurea, which was removed by weeding.

Four weeks after transplantation, the plants were
censused for leaf area, herbivore damage, and rust le-
sions. Leaf length and width was measured for every
leaf, and leaf area was estimated from a regression of
area on length and width (R? = 0.995). Damage was
estimated on the second, third, fifth and sixth leaves
of the main stem, using transparent grids to estimate
the amount of area lost to various types of herbivores
(see Simms and Rausher 1987, 1989 for details of dam-
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Damage experienced by different W-locus genotypes in field experiments. (A) Mean

percentage damage to foliage by different types of herbivores and a pathogen in experiment
1. (B) Means of percent damage to flowers and capsules in Experiment 2. Numbers in

parentheses are standard errors.

Genotype
Damage type ww Www ww
A) Experiment 1
Generalist herbivores 2.54 (0.24) 2.14 (0.20) 2.46 (0.22)
Tortoise beetles 0.10 (0.02) 0.08 (0.01) 0.10 (0.10)
Flea beetles 28.07 (0.96) 28.25(0.97) 27.35(0.91)
Flea hoppers 53.79 (2.10) 55.11 (2.13) 54.90 (2.21)
Rust 6.04 (0.93) 5.53(091) 8.90 (1.17)
B) Experiment 2
Flowers 4.19(0.47) 3.70(0.41) 4.09 (0.45)
Capsules 20.28 (0.94) 21.46 (0.94) 22.99 (0.99)

age measurement). Rust infection was assessed by re-
cording the proportion of censused leaves that exhib-
ited lesions.

Experiment 2: damage to flowers and capsules

The purpose of this experiment was to determine
whether W-locus genotypes differ in susceptibility to
damage caused by insect herbivores that feed on flow-
ers and developing seed capsules. Plants used in this
experiment were the same as those used by Rausher
and Fry (1993). The crossing design used to generate
the experimental seeds for this experiment was similar
to that described above, except that in the final gen-
eration of crosses, all parent plants descended from one
set of great grandparents were mated to parental plants
descended from a second set of great grandparents to
prevent possible inbreeding depression. The experi-
mental seed thus descended from two sets of great
grandparents is termed a ‘“‘unit’’ in this experiment.
There were seven units in the experiment.

A total of 2,688 experimental seeds were planted in
eight spatial blocks in a randomized block design in a
disked field in Durham County, North Carolina and
were allowed to twine up 1.3 m bamboo poles (further
details of the experimental design and field site are
described in Rausher and Fry 1993). Weeds were al-
lowed to grow naturally, except for I. purpurea plants
that were not part of the experiment.

On five days within a 2-wk period beginning =8 wk
after planting, we scored the proportion of flowers ex-
hibiting damage to the corolla or stigma. Approxi-
mately 1 mo after the flower censuses, the proportion
of developing capsules that were damaged (i.e., exhib-
ited a perforated capsule wall) was scored for each
plant. Normally, capsules with perforated walls pro-
duce no seeds, since larvae consume most of the de-
veloping capsule.

Statistical analyses

The proportion of flowers and capsules damaged was
either arcsine square-root transformed or log trans-

formed to render distributions more normal before sub-
sequent analysis. The contribution of various factors
to determining amount of damage was assessed in both
experiments using a mixed-model nested analysis of
variance on proportion damaged. When necessary, ap-
propriate denominator mean squares for approximate
(Satterthwaite) F-tests were constructed based on the
Type III expected mean square as listed by the output
of the SAS analysis (SAS Institute 1988, Neter et al.
1990). When compound denominators were necessary
or when an interaction or nested effect mean square
was the appropriate denominator, nonsignificant mean
square components with F-values <1.5 were dropped
to simplify the F-test (Neter et al. 1990; D. Burdick,
personal communication).

REsULTS
Experiment 1: damage to foliage

Although levels of herbivore and rust damage were
comparable to that seen in previous experiments, we
obtained little evidence indicating that W-locus geno-
types differ in susceptibility of foliage to herbivores or
rust. For none of the four herbivores did the amount
of damage differ significantly among genotypes (Tables
1, 2, Intensity effect). Differences among genotypes in
the proportion of leaves exhibiting rust lesions were
barely significant (Table 1), with dark (WW) and light
(Ww) plants exhibiting less damage than white (ww)
plants. However, when the significance level is cor-
rected for conducting multiple comparisons (because
five types of damage were examined), this effect be-
comes no longer significant. In addition, of the ten two-
way interactions involving pigment intensity genotype,
only one is significant (Table 2, Unit X Intensity and
Block X Intensity effects), and this significance also
disappears when corrections for multiple comparisons
are made. We thus obtained no indication that the effect
of genotype on damage depends either on the genetic
background (Unit effect) or on environmental quality,
as reflected by spatial blocks, even though damage dif-
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Mixed-model analysis of covariance for leaf damage. Proportion damaged was arcsine square-root transformed

before analysis. All effects were tested over the error mean square except: for generalist herbivores, flea hoppers and rust
fungus, Block and Unit effects were tested over the Block X Unit mean square; for tortoise beetles, Unit and Intensity
effects were tested over the Unit X Intensity mean square; for flea beeties, the Block, Unit, Intensity, Block X Unit, Block
X Intensity, Unit X Intensity, Pair(Unit X Intensity) and Block X Unit X Intensity effects were tested over the Block X

Pair(Unit X Intensity) mean square.

Generalist
herbivore Tortoise beetle Flea beetle Flea hopper Rust fungus
Source df SS F SS F SS F SS F SS F

Date [D] 1 0.0944 9.60** 0.0023 4.17* 0.1985 9.59%* 0.7218 3.25 0.1715  2.75
Block {B} 2 0.4448 14.7** 0.0508 45.2%**  6,2975 118* 18.2441 23.5%%** 2.5098 11.6**
Unit [U] 5 0.1202 1.59 0.0022 0.40 0.2475 1.86 2.1880 1.13 1.9316  3.58*
Intensity [[] 2 0.0053 0.27 0.0008 0.36 0.0366 0.69 0.1917 0.43 0.3882 3.11*%
B XU 10 0.1508 1.53 0.0058 1.04 0.2714 1.02 3.8796 1.75 1.0785 1.73
B X1 4 0.0144 0.37 0.0003 0.13 0.1055 0.99 0.8015 0.90 0.0810 0.32
U XI 10 0.0756 0.77 0.0110 1.96* 0.3621 1.36 1.8964 0.85 0.4786 0.85
Pair [P(U X )] 105 1.2054 1.17 0.7027 1.19 2.4865 0.89 209123  0.90 7.0364 0.77
B X PU XTI 210 1.6264 0.79 0.1419 1.20 5.5965 1.29* 38.7074 0.83 13.3864 1.08
Dam(P(U X I)) 123 1.0789 0.89 0.0842 1.22 3.1038 1.22 24.3706 0.89 7.5894 1.02
BXUXI 20 0.1571 0.80 0.0147 1.30 0.3364 0.63 3.0159 0.68 1.1221  0.90
Error 236 2.3214 0.1327 4.8832 52.3961 14,7074

Note: Correction for multiple comparisons has not been applied when calculating indicated significance levels; * P < 0.05,

*¥* P < 0.01, ¥*** P < 0.001.

fered significantly among blocks for all herbivores and
for rust.

Experiment 2: damage to flowers and capsules

The results of this experiment provide little indica-
tion that W-locus genotypes differ in susceptibility to
flower or capsule damage. The Intensity main effect
showed no evidence of even approaching significance
for either type of damage (Tables 1, 3). Among main
effect interactions involving Intensity, only the Unit X
Intensity interaction for capsule damage was significant
(Table 3). However, this effect remained significant (at
P < 0.05 level) even after applying a Bonferroni cor-
rection for multiple comparisons. Graphical examina-
tion of capsule damage for the three intensity genotypes
(Fig. 2) reveals a “‘crossing’’ type interaction: in some

TABLE 3.

units, darks exhibited more damage than whites, while
in other units, darks exhibited less damage than whites.

DISCUSSION

The results of this study provide little indication that
genotypes at the W locus vary in susceptibility to nat-
ural enemies, and thus give little support to the notion
that floral color variation is subject to indirect selection
imposed by natural enemies. Similarly, although resis-
tance to a variety of natural enemies is generally ge-
netically variable in I. purpurea (Simms and Rausher
1987, 1989, Fineblum and Rausher 1995), our results
indicate it is unlikely that indirect selection exerted by
pollinators on the W locus will influence the evolution
of resistance in this species. Nevertheless, we do not
believe that these results should discourage further at-

Analysis of variance for flower and capsule damage (proportion of flowers or

capsules damaged). All effects were tested over the error mean square except: for capsule
damage, the B effect was tested over B X I mean square, the U effect was tested over the
U X I mean square, and the I effect was tested over a synthesized mean square. Correction
for multiple comparisons has not been applied when calculating the indicated significance
levels. Type III Sums of Squares (ss) were used.

Flower damage

Capsule damage

Source df Ss F SS F
Block [B] 7 3.569 11.68%* 22.214 13.00%**
Unit [U] 6 0.141 0.54 3.631 1.99
Intensity [I] 2 0.016 0.19 0.326 0.42
B XU 42 1.792 0.98 7.256 1.11
B X1 14 0.443 0.72 3414 1.56%
U x1 12 0.476 0.91 3.651 1.95%*
Pair [P(U X 1)] 59 2.385 0.93 11.266 1.22
B X P(U X1 413 17.397 0.96 68.274 1.06
BXUXI 84 3.832 1.04 10.832 0.83
Error 1910 83.385 298.210

* P < 0.05; ** P < 0.01; *** P < 0.001; T P <0.10.
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FiG. 2. Mean percentage of capsules damaged as a func-

tion of W-locus genotype for the seven units in Experiment
2. Each unit is represented by a different symbol.

tempts to detect such constraints, for a variety of rea-
sons. First, although we detected no differences among
W-locus genotypes in susceptibility to natural enemies,
there are demonstrable effects of the Wlocus on foliage
characteristics that influence herbivore survival
(Simms and Bucher, in press). The type of pleiotropic
effects that are necessary for natural enemies to gen-
erate indirect selection on pigment variation thus occur
in this system. The failure of this type of variation in
1. purpurea to generate differences in damage under
field conditions may simply reflect the idiosyncracies
of herbivore population regulation in this system (e.g.,
density-dependent larval survival could lead to mor-
tality compensation, resulting in no difference among
genotypes in damage even though density-independent
survival, as measured in Simms and Bucher’s experiment,
varies among W-locus genotypes). Under other regulatory
conditions, it is possible that the pleiotropic effects de-
tected by Simms and Bucher could cause W-locus ge-
notypes to experience different amounts of damage.

Second, although we detected little evidence of
pleiotropic effects of the W locus on resistance, we can
not rule out the possibility that this locus has pleiotropic
effects on tolerance to natural enemies. Recent investi-
gations suggest that many natural plant populations, in-
cluding those of I. purpurea, are genetically variable for
tolerance (Simms and Triplett 1994, Fineblum and Raush-
er 1995). Although little is known about the underlying
mechanisms responsible for tolerance, because the W lo-
cus affects plant growth (Rausher and Fry 1993), it may
also affect the ability of a plant to compensate for dam-
age. Under these circumstances, natural enemies could
select for pigment-intensity genotypes having the
greatest tolerance, even though all genotypes are equal-
ly resistant. A direct test of this possibility would re-
quire quantification of the selective impact of natural
enemies on the W locus.
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Third, while we detected no main effect of W-locus
genotype on susceptibility to any natural enemy, we
did observe a strong genotype X unit interaction for
capsule damage. One explanation for this effect is that
it is caused by a locus linked to the W locus that affects
susceptibility. This explanation is not of great rele-
vance to the general thesis of this study. However, two
other explanations are of relevance: either pleiotropic
effects of the W locus on damage depend upon the
genetic background inherited by individuals of a unit
from a particular set of great grandparents; or there is
intra-allelic variation that affects damage to capsules
(e.g., different copies of the w allele inherited by dif-
ferent units from different great grandparents do not
have the same pleiotropic effects on damage). In either
case, the interaction suggests that while in our exper-
iments W-locus genotype did not on average influence
resistance to herbivores or pathogens, such an influence
might arise in populations with a different mix of back-
ground genotypes or a different mix of intra-allelic
variants. Since previous work has shown that differ-
ential resistance to capsule-feeding insects imposes
strong selection on I. purpurea (Rausher and Simms
1989), it is conceivable that in some I. purpurea pop-
ulations such insects might indirectly impose selection
on the W locus.

Finally, as described in the introduction, different
types of mutations affecting the flavonoid pathway are
likely to constrain or influence pigment evolution to a
greater or lesser extent. Even if the W locus proves
never to be subject to indirect selection by natural en-
emies, this may be more a reflection of the particular
nature of the W-locus gene and its (currently unknown)
position in the pathway than of the validity of the gen-
eral hypothesis that natural enemies often help deter-
mine the course of evolution of floral displays. Similar
experiments on different genes in the anthocyanin path-
way (e.g., the A locus in I. purpurea, which affects
both flower and stem color) could easily yield results
very different from those reported here. For this reason,
we believe that further examination of this possibility
is warranted.
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