Evolution, 47(6), 1993, pp. 1688-1695

ABSENCE OF POLLEN DISCOUNTING IN A GENOTYPE OF
IPOMOEA PURPUREA EXHIBITING INCREASED SELFING
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Abstract.—Throughout southeastern North America, the annual morning glory Ipomoea purpurea
exhibits a polymorphism at a locus that influences the intensity of floral pigmentation. Previous
studies have shown that when rare, the homozygous white genotype has a greater selfing rate than
the homozygous dark genotype. In the absence of pollen discounting (a reduction in transmission
of pollen to other plants by genotypes that exhibit increased selfing) and inbreeding depression,
this increased selfing rate should favor the white allele. Experiments reported here confirm that
the white genotype has elevated selfing rates when rare but indicate pollen discounting is not
associated with elevated selfing. Rather, white genotypes contribute more pollen to the outcross
pollen pool. The disparity between genotypes in both selfing rates and success at pollen contribution
to other plants disappears at intermediate to high frequencies of the white allele. Pollinator move-
ments are consistent with the pattern of selfing. These results suggest that elevated selfing and
enhanced success at pollen donation contribute to maintenance of the white allele in natural
populations of morning glories.
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Fisher (1941) demonstrated theoretically that
in the absence of inbreeding depression a gene
that increases the rate of selfing of an individual
that carries it will increase to fixation in a pop-
ulation. However, several authors have shown
that this tendency toward fixation can be retard-
ed or even prevented by pollen discounting, the
association of increased selfing with a reduction
in transmission of pollen to other plants (Wells
1979; Lloyd 1979; Holsinger et al. 1984). One
mechanism that can, at least in theory, produce
such an association is pollination by insects or
other animal vectors. Because reduced visitation
may cause less pollen to be removed by polli-
nators and transmitted to other plants (e.g., Stan-
ton et al. 1986), increased selfing achieved by
decreased visitation by pollinators and a con-
commitant reduction in the deposition of foreign
pollen on the stigma may lead to pollen dis-
counting. The extent to which such discounting
influences the evolution of floral characteristics,
however, is unknown.

Throughout southeastern North America, the
annual morning glory Ipomoea purpurea exhibits
a polymorphism at a locus that influences the
intensity of floral pigmentation (the “W* locus
of Ennos and Clegg 1983). The alleles, designated
“W” and “w,” are codominant, with the geno-
types WW, Ww, and ww producing darkly pig-
mented, lightly pigmented, and white flowers,
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respectively. In a study of 17 populations from
North Carolina, South Carolina, and Georgia,
the w allele ranged in frequency between 0 and
0.43, with a mean of approximately 0.11 (Ep-
person and Clegg 1986).

Previous studies have indicated that variation
in floral pigmentation associated with this poly-
morphism affects the mating system of I. pur-
purea. When white-flowered plants (ww geno-
type) are in the minority, they are visited by
pollinators (primarily bumblebees) less frequent-
ly than are pigmented flowers (Ww and WW ge-
notypes; Brown and Clegg 1984; Epperson and
Clegg 1987a). Presumably as a consequence of
this less frequent visitation, whites also exhibit
greater selfing rates when rare (Epperson and
Clegg 1987a). These effects are frequency depen-
dent, however, because when whites are com-
mon, the rate at which they are visited by pol-
linators and their selfing rate do not differ from
those of darks (Epperson and Clegg 1987a).

Pear (1983) has provided evidence suggesting
that inbreeding depression is minimal in 1. pur-
purea. Consequently, the evolutionary conse-
quences of differences among the W-locus ge-
notypes in selfing rates may depend largely upon
the degree of pollen discounting that is associated
with increased selfing by whites. In particular, in
the absence of complete pollen discounting, dif-
ferences in visitation and selfing rates should
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contribute a net advantage to the w allele when
it is rare, helping to maintain it in a population.
By contrast, if pollen discounting is extensive,
there may be little or no net selection favoring
the w allele when rare, and hence effects of the
W locus on other fitness components are more
likely to explain protection of the w allele.

The experiments reported here were designed
to assess the role of pollen discounting in con-
tributing to the maintenance of the W-locus poly-
morphism. In particular, we attempted first to
confirm prior results that white-flowered plants
when rare self more than dark-flowered plants
and that this difference in selfing rate is accom-
panied by greater bee visitation to darks. We then
attempted to determine whether increased selfing
by whites is accompanied by pollen discounting
by estimating the outcrossing rate of and pro-
portion of outcrossed seed pollinated by each
genotype.

MATERIALS AND METHODS

Experimental Arrays.—The general design of
the experiment reported here is similar to that
of Epperson and Clegg (1987a). On each of 16 d
between June 25 and August 1, 1991, an exper-
imental array consisting either of 16 dark (WW)
and 4 white (ww) plants (dark-majority arrays)
or 16 white and 4 dark plants (white-majority
arrays) was set up in an old agricultural field with
a native population of Ipomoea purpurea (the
same field used by Simms and Rausher 1987,
1989; Rausher and Simms 1989; and Rausher
and Fry 1993). The field had been disked in late
May, then mowed in late June to prevent flow-
ering by native morning glories during the ex-
periment. In addition, native morning glories
within a radius of about 500 m from the field
were removed or prevented from flowering to
minimize the possibility of pollen flow from oth-
er sources into the experimental arrays.

On the afternoon of the day before an array
was to be run, the plants were transported from
greenhouses at Duke University to the experi-
mental field and were placed randomly at posi-
tions on a 5 X 4 grid with a spacing of 1 m
between plants in each direction. All but one
flower bud were removed from each plant. The
plants were watered and left overnight in the
field. Beginning about 7:00 the following morn-
ing, an observer recorded bee visits to plants in
the experimental array (see below) until about
11:00 A.M. The flowers were then individually
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tagged, and the plants were transported back to
the greenhouses to allow seed to develop. As the
tagged seed capsules matured, they were collect-
ed for later scoring of seed genotypes. A total of
230 and 217 seeds were scored from dark-ma-
jority and white-majority arrays, respectively.

To produce the experimental plants, crosses
were performed between 14 pairs of dark and
white field-collected plants (great grandparents).
From each pair, one offspring (grandparent) that
was also heterozygous at an esterase marker locus
was allowed to self. The resulting offspring (po-
tential parents) were screened for genotype at the
W locus and at the marker locus. From each
original great-grandparental pair, three parents
of each double-homozygote genotype were al-
lowed to self, and three seeds were collected from
each parental plant. This series of crosses thus
generated a pool of 126 (= 14 x 3 x 3) plants
of each W-locus X esterase double homozygote
genotype combination in which the background
genetic variation was randomized. Plants for the
experimental arrays were selected from this pool
by choosing, for both darks and whites, equal
numbers of the two marker homozygotes from
among those plants having at least one flower
that would open the following day.

Bee Visitation.—One species of bumble bee,
Bombus pennsylvanicus, accounted for more than
98% of all observed pollinators in the experi-
mental arrays. Individual bees visiting plants in
the arrays were followed for up to 10 min or until
they left the array. Using a portable computer,
an observer recorded the identity of each flower
visited, as well as the time the bee landed on the
flower.

Estimation of Outcrossing and Discounting
Rates. —For a given array type, two different pa-
rameters were estimated and compared for each
intensity genotype using a maximum-likelihood
analysis. One parameter, ¢, is the outcrossing rate,
that is, the proportion of seeds set that result
from outcrossing. The second parameter, 6, is
the proportion of outcrossed seed produced by
a given genotype that were pollinated by plants
of the majority intensity genotype. Thus, in dark-
majority arrays, 6 is the proportion of outcrossed
seed that was pollinated by dark plants. A value
of  greater than the proportion of potential dark
pollen donors in those arrays (i. e., 15/19 = 0.789)
would indicate the occurrence of pollen discount-
ing, because it would mean that white plants are
contributing less pollen to the outcross pool than
expected.
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TABLE 1. Probability (v,) of observing a particular
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offspring genotype for a seed produced by a particular

maternal genotype. ¢ is the probability of outcrossing. 6 is the probability that outcross pollen carries the majority

allele. In genotype designations, M and m stand for the

majority and minority alleles, respectively. In subscripts,

M and m stand for majority and minority intensity genotype, respectively.

Offspring genotype ()

Maternal
genotype MMFF MMFS MMSS MmFF MmFS MmSS mmFF mmFS mmSS
%) nm oo 6 @ 5 © ) ® ©
1-m) g
M(I\I’I)FF y S;M 0 Vrm(l —Oy) Yerm(1 — By) O 0 0 0
A stmOm
8 (1 —1mm)
M(zM)SS e+ 0 bam(l — by Vorm(1— Bpg) O 0 0
A stmOm
mmFF (1= tm)
& 0 0 0 Witm(l — Oin) Yaten(l — Om) 0 (1 —0n) O
Y3tmOm
(1 - tm)
m(xg)ss 0 0 0 0 Vatn(1 — 6) Votm(l — Om) O tm(l —Om)  +
Y3tmOm

The probabilities, v, ,, that maternal plants of
genotype I produce offspring of genotype j, ex-
pressed in terms of 7 and 6, are listed in table 1.
In this model, the probability of selfing, 1 — ¢,
includes all selfing events. Under a standard
mixed-mating model, there is some finite prob-
ability (equal to %, where N is population size)
that pollen from the outcross pollen pool will be
self pollen. It therefore might be desirable, in
modeling a mixed mating system, to delete these
selfing events from the estimate of 1 — ¢ This
can be done by changing the values s, %s, %,
and % in table 1 to %. Although we have also
analyzed this modified model, the results are
qualitatively and quantitatively very similar to
those obtained by the model portrayed in table
1 and lead to the same conclusions. We therefore
do not also report the results from the modified
model.

The most general version of the probability
model allows dark and white plants to differ in
both # and 6. Consequently, these parameters are
subscripted to indicate whether they correspond
to the majority or the minority genotype. The
overall likelihood of observing the data is then

L=Cc]II e,
L]

where C is a constant and N, , is the number of
seeds of genotype j produced by maternal plants
of genotype i. Estimates of the s and fs and their
standard errors were obtained from this likeli-
hood model by implementing standard maxi-
mum-likelihood techniques (Edwards 1972) on
Mathematica software (Wolfram 1991).

Tests of whether majority and minority ge-
notypes differed in outcrossing rates and 6§ were
performed by comparing the likelihood, L, of
the four-parameter (unrestricted) model with the
likelihood, Lg, of a restricted model in which
one or both of the restrictions ¢y, = ¢, and 0, =
1¢/ < By, were present, using the standard log-like-
lihood ratio statistic

L
2 — —v
X 2ln|:LR:|,

which has an approximately chi-square distri-
bution with degrees of freedom equal to the num-
ber of restrictions (Hocking 1985). 0., = '%s 0y
is the appropriate restriction, rather than 6, =
Oy, because under random outcrossing the ex-
pectation that a foreign pollen grain landing on
the stigma of a plant of the majority genotype
carries the majority allele is '3, whereas the
same probability for a plant of the minority ge-
notype is '¢,,. Consequently, the expectation for
plants of the minority genotype is ['%o] + ['¥s]
= 16/, times the expectation for the majority ge-
notype. In addition, hypotheses about whether
parameters ¢ or § are equal to particular values
were tested using a similar log-likelihood ratio
statistic, in which the restricted likelihood was
calculated using the hypothesized value of the
parameter(s).

RESULTS
Bee Visitation

A total of 1520 visits by bees were observed
during the study. For neither the dark-majority



