
I-lereditylO (1993) 101—108
Genetical Society of Great Britain

Pollination genetics of the common
milkweed, Asciepias syriaca L.

JOEL S. SHORE
Department of Biology, York University, 4700 Keele St., North York, Ontario, Canada

Received 5 June 1992

Electrophoretic methods are used to determine the genotype of individual pollinia simultaneously
at several isozyme loci for the common milkweed, Asciepias syriaca. Isozymes of pollinia are the
result of gene expression in pollen. Genotype frequencies of maternal plants, pollinia carried by
honey bees and pollinia captured by flowers were determined and found to be comparable. Over
50% of bees carried genotypically mixed pollen loads. Methods for estimating the rate of self-
pollination, assuming the mixed-pollination model, are developed and the rate of self-pollination in
a population is found to be 66%. The use of the methods developed here for testing various
hypotheses, including the operation of sexual selection in plant populations, is discussed.
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Introduction

The process of genetic transmission in plants is often
mediated by animal pollen vectors. An examination of
the role played by pollinators in the pollination
process, in addition to post-pollination events (e.g.
rejection of self pollen, gametophytic competition, and
selective embryo and fruit abortion) is necessary for a
complete understanding of the process of genetic trans-
mission. The extent of pollen carryover, the size and
genetic composition of pollen loads on pollinators,
coupled with pollinator foraging behaviour, are of
prime importance in determining the magnitude of
gene flow via pollen, as well as the number and genetic
relatedness of mates perceived by plants.

The role played by pollinators in genetic trans-
mission has often been inferred from observations of
pollinator movements, from the dispersal of naturally
or artificially marked pollen (Ganders, 1979; Thomson
& Plowright, 1980; Handel, 1983; Barrett & Wolfe,
1986) or from genotype frequencies at marker loci in
the progeny generation obtained from seeds or seed-
lings (e.g. Clegg, 1980; Schoen & Clegg, 1984; Brown
et aL, 1989; Ellstrand et al., 1989; Ritland, 1989;
Broyles & Wyatt, 1991; Schoen & Brown, 1991).
There may, however, be difficulties associated with the
use of these methods as indicators of pollen movement
per se. Comparative studies of pollinator movement
and gene flow indicate that inferences drawn from the
two sources are not necessarily congruent (Schaal,

101

1980; Levin, 1981; Marshall & Ellstrand, 1985; Smyth
& Hamrick, 1987; Broyles & Wyatt, 1991). Dye parti-
cles used to mark pollen movement are not necessarily
dispersed in the same manner as pollen (Thomson et
al., 1986). Naturally and artificially marked pollen
usually provide only a limited number of pollen pheno-
types (two or three for size heteromorphic pollen
found in heterostylous species and species with pollen
colour polymorphisms) that can be followed and are thus
not particularly informative as relatively few plants in
the population can be uniquely marked. Finally, studies
of marker genes in the progeny generation may con-
found pollen transfer with both post-pollination pre-
zygotic events (e.g. gametophytic competition, cryptic
self-incompatibility and self-incompatibility responses)
and post-zygotic events (e.g. embryo abortion, inbreed-
ing depression and seedling mortality). In this paper, a
new method is used to obtain a description of the role
played by pollinators in genetic transmission, for the
common milkweed, Asciepias syriaca, a self-incom-
patible species (Kephart, 1981).

The reproductive biology of milkweeds has been the
subject of considerable investigation (reviewed in
Wyatt & Broyles, 1990) for several reasons. Its unusual
pollination system, found in the Asclepiadaceae and
Orchidaceae, allows pollen removal, receipt and
presence on pollinators to be readily quantified (e.g.
Macior, 1965; Kephart & Heiser, 1980; Beare &
Perkins, 1982; Morse, 1982; Wolfe, 1987). In the
Asclepiadaceae, numerous pollen grains are clustered
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in pollinia which are commonly dispersed in pairs (as
pollinaria). To achieve fertilization, a pollinium must be
inserted into the stigmatic chamber of a milkweed
flower (see Wyatt & Broyles 1990 for further details).
The simultaneous dispersal of an aggregate of pollen
from a single flower typically results in shared paternity
among all seeds within a fruit (Broyles & Wyatt, 1990;
Gold & Shore, unpublished data) thus readily enabling
the identification of paternal parentage. Finally, the low
levels of fruit set relative to flower production have
made milkweeds a useful system for investigating
processes such as sexual selection, mate choice, selec-
tive fruit abortion and other factors that might be
responsible for the evolution of inflorescence size
(Wilison & Rathcke, 1974; Wyatt, 1976; Willson &
Price, 1977; Wyatt, 1980; Bookman, 1984; Broyles &
Wyatt, 1990).

In this study of A. syriaca, it is shown that it is
possible to determine the genotype of individual
pollinia simultaneously at several isozyme loci. A
comparison is made between genotype frequencies of
maternal plants, pollinia carried by bees, and pollinia
captured by flowers (i.e. pollinia inserted into the stig-
matic chamber). In addition, a statistical method to test
the hypothesis that high levels of self-pollination occur
in this species is developed and used. It has been
proposed that high rates of self-pollination are respon-
sible for the low percentage fruit set exhibited by milk-
weeds (Wyatt, 1980; Wyatt & Broyles, 1990).

Materials and methods

In June of 1991, inflorescences (umbels) from 31
widely spaced plants of A. syriaca were sampled in an
old field adjacent to the York University campus,
Ontario, Canada. On three successive days, honey
bees, Apis mellifera (the most common floral visitor),
that carried at least two pollinaria were collected. Both
inflorescences and bees were stored at — 80°C until
they could be dissected.

All pollinia were removed from each of the 24 bees,
for electrophoretic analysis. Successive flowers were
dissected from each plant until a total of eight pollinia,
which were inserted into the stigmatic chamber of the
flowers, were removed for electrophoresis. Either
intact pollinaria or single pollinia attached to a corpus-
culum were assayed. In no instances were pollinia run
that were not attached to a corpusculum. This was
done to ensure that pollinia from the same pollinarium
were not assayed. In addition to pollinia that were
inserted into the stigmatic chamber by pollinators,
pollinia produced by each inflorescence were assayed
to obtain the genotype of the maternal plant and hence
the frequency of maternal genotypes in the population.

Electroph ores/s

Starch gel electrophoresis of enzymes was carried out
with modifications of the methods used by Shore &
Barrett (1987). Individual pollinia or pollinaria were
crushed in 7-14 l of a 0.05 M Na2HPO4 buffer
(pH=7) containing 1 mg ml' of dithiothreitol.
Narrow filter paper wicks (approximately 1.5 mm x 8
mm Whatman 1) were used to absorb the extracts.
Individual pollinia were assayed electrophoretically for
the following enzymes: aconitase (Aco), alcohol dehy-
drogenase (Ad/i), glutamate dehydrogenase (Gd/i),
glutamate oxaloacetate transaminase (Got), isocitric
dehydrogenase (Idh), malate dehydrogenase (Md/i),
menadione reductase (Mnr), 6-phosphogluconate
dehydrogenase (Pgd), phosphoglucose isomerase (Pgi),
phosphoglucomutase (Pgm) and shikimate dehydro-
genase (Skd). Assays followed those cited in Shore &
Barrett (1987) and Shore (1991) with the exception of
the assay for Mnr which was obtained from Wendel &
Weeden (1989). Petals of maternal plants were also
assayed to determine whether a particular isozyme was
the result of gene expression in pollen or in the sporo-
phytic structural tissue that also occurs in the pollinia.

Statist/cal analyses

The rate of self-pollination was estimated for each
locus as well as for all loci combined (multilocus esti-
mate) using a modification of the procedure for esti-
mating the mixed mating system (Clegg, 1980).
Assumptions analogous to those of the mixed mating
model apply here including the following: (i) captured
pollinia are derived from two sources, (a) from the
same plant (self-pollination) or (b) a random sample
from the outcross pollinia pool; (ii) the pollinia pool is
homogeneous across maternal plants; and (iii) the
probability of outcrossed pollination is constant for all
maternal plants. The estimation procedure differs in
two ways: (i) diploid genotypes of pollinia in the polli-
nia pool are estimated (rather than allele frequencies in
the pollen pool); and (ii) the rate of self-pollination
(rather than self-fertilization) is estimated.

The probabilities of observing various pollinia
genotypes given the maternal genotype (assuming the
mixed pollination model above) for the case where
there are three maternal and pollinia genotypes in the
population are provided in Table 1. The procedure
may be extended to any number of genotypes at single
or multiple loci. In general, for a diploid maternal
genotype, i, the expected proportion of pollinia
captured that are of diploid genotype, j, is given by,
s+ tx P1., when i=j (i.e. when maternal plant and the
captured pollinium have the same genotype), and tx Ps,,
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Table I Conditional distributions of pollinia inserted into
the stigmatic chamber given maternal genotype and assuming
the mixed pollination model. p, q, and rare the frequencies
of the pollinia genotypes A1A1, A1A2 and A2A2, respectively,
in the pollinia pool (p+ q+ r= 1) and sand tare the rates of
self- and outcrossed pollination (s+ t 1)

Maternal genotype

Pollinia genotype

A1A1 AA2 A2A2

A,A1 s+tp tq tr
A1A2 tp s+tq tr
A2A2 tp tq s+tr

for all other instances, where s and t (s+ t= 1) are the
rates of self- and outcross-pollination, respectively.
The genotypes i and j may be single or multilocus
genotypes. P1 are pollinia genotype frequencies.

Maximum likelihood estimates of the pollination
parameters (pollinia genotype frequencies and self-
pollination rates) were obtained using a general maxi-
mum likelihood estimation program (Reed & Schull,
1968; Manly, 1985). It should be noted, however, that
estimates can be obtained directly when only two geno-
types occur in the population sample (see Appendix).
Separate versions of the program were written to
obtain estimates when different numbers of genotypes
occurred at a locus in the population samples. The
program performs numerical differentiation and finds
the maximum likelihood estimates using Newton—
Raphson iteration. It was necessary to write a sub-
routine for the program that specified the probability
of observing various pollinia genotypes as a function of
the set of parameters to be estimated.

In principle, multilocus maximum likelihood esti-
mates of the rate of self-pollination can be obtained
numerically, as above. For the present data, however, a
large number of multilocus genotypes would need to be
estimated, making it unwieldy to write a program sub-
routine to obtain the estimates, so an alternative
approach was used. A multilocus estimate of the rate of
self-pollination was obtained using a modification of
the multilocus mating system estimation procedure of
Shaw et at. (1981). Again, the modification involved
estimation of diploid genotypes rather than allele fre-
quencies. In essence, the procedure allows an estimate
of the frequency of cryptic outcross pollinations (i.e.
instances where outcross pollinia and the maternal
plant have the same genotype at the marker loci) to be
made. The multilocus probability of non-identification

of outcross pollination is given by,

m g

IT >IMuXP1
k=1 ij=1

for i =j over g genotypes and m loci. Mk, and kj are
maternal and pollinia genotype frequencies. This gives
an estimate of a value analogous to a in Shaw et at.
(1981) and the multilocus outcross pollination rate and
its standard error are then obtained directly as in Shaw
etat. (1981).

Heterogeneity x 2 tests comparing genotype fre-
quencies as well as single locus self-pollination rates
were carried out following Bailey (1961).

Results

Electrophoresis

Highly active enzymes were obtained from single
pollinia (Fig. 1). It was possible to load extracts of
single pollinia onto two gels and assay up to 10
different enzymes for each pollinium. In addition to the
polymorphic loci scored here, good enzyme activity
was obtained for Aco and Id/i, both of which were
monomorphic in the population. Very weak activity
was observed for Got and Skd, neither of which could
be reliably scored. No enzyme activity was observed
for Gdh. In some instances, no activity was detected for
individual pollinia; this might have been due to exces-
sive age as it was found that pollinia for which pollen
had begun to germinate often yielded less intense stain-
ing activity. A total of 248 pollinia captured by flowers
was assayed and 240 yielded adequate enzyme activity.

As pollinia are composed of an aggregate of haploid
pollen as well as diploid sporophytic tissue, it is pos-
sible that the enzyme activity detected is due to
enzymes from one or both tissues. To determine
whether the isozymes resulted from gene expression in
pollen, sporophytic tissue, or both, pollinia produced
by a flower as well as diploid petal tissue of that flower
were assayed. Ten plants known to be heterozygous for
at least one locus for a dimeric enzyme as well as
homozygotes were assayed. If enzyme activity is the
result of gene expression in the pollen alone, then
heterozygotes should exhibit two bands, as opposed to
three, for the diploid petal tissue (following Weeden &
Gottlieb, 1979). Heterozygotes and homozygotes were
assayed for the four polymorphic dimeric enzymes
examined in this study: Adh-1, Md/i-i, Pgd-1 and Pgi-2.
All showed three bands when floral tissue was assayed
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but only two when pollinia were assayed. A photo-
graph comparing banding patterns of pollinia with
petal tissue for Pgd-J is presented in Fig. 1. The results
indicate that the enzyme activity detected is the result
of gene expression in pollen.

Adh-1, Md/i-i, Mnr-1, Pgd-i, Pgi-2 and Pgm-1 were
polymorphic in the population although only two of
these loci (Mnr-i and Pgm-i) possessed alleles at
moderate frequencies. An additional locus was poiy-

Fig. 1 Photograph of an isozyme gel for the Pgd-] locus.
Odd-numbered lanes represent pollinia extracts while
adjacent even-numbered lanes represent extracts of petal
tissue obtained from the same flower as the adjacent polli-
nium. Lanes 1—4 and 11—12 are slow homozygotes (ss).
Lanes 5—10 are heterozygotes (fs). Note that lanes 6, 8, 10
from petal tissue show typical 3-banded heterozygous
patterns while the corresponding pollinia lanes (5, 7, 9) show
2-banded patterns as expected if the isozyme is the result of
gene expression in pollen.

morphic (Pgd-2) but was often faint and could not be
reliably scored. The frequencies of genotypes were
determined for maternal plants, for pollinia carried by
bees, as well as for the estimated outcross pollinia
pool captured by flowers (Table 2). A heterogeneity x 2

test for each locus, using the frequency of the most
common genotype at each locus, revealed marginally
significant heterogeneity in only one instance (Table 2).
Overall, the results indicate that genotype frequencies
are comparable among maternal plants, pollinia
carried by pollinators and the estimated outcross polli-
nia pooi. Considering all loci simultaneously, 24 differ-
ent six-locus genotypes were observed among pollinia
captured by flowers, 15 occurred on pollinators and 11
different six-locus genotypes were observed among the
maternal plants.

Twenty-four bees were captured that possessed at
least two pollinia and one bee had the maximum of 12
pollinia. A total of 124 pollinia obtained from bees
were assayed. The distribution of the number of pollinia
carried by bees is positively skewed (Fig. 2). For all six
bees carrying only two pollinia, members of a pair
could not be distinguished genotypically at any of the
six polymorphic isozyme loci (Fig. 2). Two bees each
possessed five pollinia that could not be distinguished.
For bees carrying six or more pollinia, at least two
genotypes could always be detected. One bee carrying
10 pollinia had six genotypically distinguishable
pollinia. Over half of the bees examined (13 of 24)

Table 2 Genotype frequencies and standard errors (s.e.) for maternal plants, pollinia on pollinators and the pollinia pool
estimated from the pollination system. Heterogeneity x2 statistics are provided to test for heterogeneity among the genotype
frequencies for the most common genotype at each locus

Heterogeneity
Locus Genotype Maternal plants Pollinators Pollinia pool x

Adh-J if 0.87(0.06) 0.91 (0.03) 0.83(0.11) 0.8
fs 0.13(0.06) 0.09(0.03) 0.17(0.11)

Mdh-I ss 0.97 (0.03) 0.98 (0.01) 0.94 (0.04) 1.0
fs 0.03 (0.03) 0.02(0.01) 0.06 (0.04)

Mn,-] if 0.71 (0.08) 0.59 (0.04) 0.78 (0.07) 6.3*
fs 0.23 (0.08) 0.40 (0.04) 0.18 (0.06)
ss 0.06(0.04) 0.01 (0.01) 0.04(0.07)

Pgd-1 ss 0.90 (0.05) 0.96 (0.02) 0.95 (0.03) 1.2
fs 0.10 (0.05) 0.04 (0.02) 0.05 (0.03)

Pgi-2 if 0.84(0.07) 0.97 (0.02) 0.97 (0.02) 3.3
fs 0.16 (0.07) 0.03(0.02) 0.03 (0.02)

Pgm-I aa 0.39(0.09) 0.52 (0.05) 0.38 (0.07) 3.4
ab 0.10 (0.05) 0.21 (0.04) 0.25 (0.05)
ac 0.45 (0.09) 0.25 (0.04) 0.27 (0.06)
cc 0.06 (0.04) 0.02 (0.01) 0.11(0.04)

*P< 0.05.
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were carrying pollinia obtained from two or more
genotypically distinguishable plants. One quarter of
bees carried pollinia derived from three or more plants.

To test the hypothesis that fruit production in A.
syriaca is pollen limited, as a result of high rates of self-
pollination and perhaps concomitant stigmatic clog-
ging, the rate of self-pollination was estimated (Table
3). For the six polymorphic loci, self-pollination rates
ranged from 58 per cent to 88 per cent with a mean of
69 per cent, close to the multilocus estimate of 66 per
cent. There was significant heterogeneity among the
single locus estimates (Table 3). In the two instances
where sufficient degrees of freedom were available for
a goodness of fit test (for Mnr-1 and Pgm-1), the data fit
the mixed pollination model (Table 3). A comparison
of multilocus maternal and captured pollinia genotypes
revealed that 75 of 240 (31 per cent) of captured
pollinia were the result of directly observable outcross
pollinations. This would give a self-pollination rate of
69 per cent if identical genotypes are the result of self-
pollination. This value is expected to be larger than the
multilocus self-pollination estimate as it does not com-
pensate for cryptic outcross pollinations. Over all loci,
relatively high rates of self pollination occur in this
population.

Discussion

The ability to determine the genotype of individual
pollinia simultaneously at numerous isozyme loci in A.
syriaca and possibly other Asclepiadaceae may extend
the usefuliness of these species for addressing hypo-
theses concerning the evolution of inflorescence size
and the operation of processes such as sexual selection,
selective fruit abortion and mate choice. Using the
methods presented here, it should be possible to assess

the pollen exported by individual males, transported by
pollinators, and subsequently captured by females.
Finally, the success of plants as males may be deter-
mined by assaying the progeny generation (following
Broyles & Wyatt, 1990).

An estimate of the rate of self-pollination (as
opposed to self-fertilization) in a population of A.
syriaca was obtained and found to be approximately
66 per cent. This result is consistent with the hypothe-
sis that low fruit set in A. syriaca is the result of insuffi-
cient compatible pollination, as was observed by
Morse & Fritz (1983), and/or stigmatic clogging, but by
no means proves that this is the case.

High rates of self-pollination in this species may be,
in part, the result of geitonogamous pollination result-
ing from pollinia transfer among flowers within and
between umbels on a single plant as well as among
ramets within a clone. This species is known to repro-
duce extensively by vegetative means (Kephart et a!.,

2 3 4 5 6 7 8 9 10 II 2

Number of pollinia on bee

Fig. 2 Frequency distribution of numbers of bees carrying
various numbers of pollinia. The number of different geno-
types detected on each bee is also indicated. (.) 1 Genotype,
(u) 2 genotypes, (1111) 3 genotypes, () 4 genotypes, (0)6 geno-
types.

Table 3 Maximum likelihood estimates of single and multilocus rates of self-
pollination, s, and their standard errors (s.e.). Number of maternal and pollinia
genotypes used for estimation for each locus is indicated. Goodness of fit tests are
applied when degrees of freedom (d.f.) are available

Isozyme locus Number of genotypes s(s.e.) x 2 d.f, p

Adh-1
Md/i-i
Mnr-1
Pgd-1
Pgi-2
Pgm-1

2
2
3
2
2
4

0.88(0.05)
0.60(0.17)
0.73 (0.05)
0.58(0.11)
0.68 (0.08)
0.65 (0.04)

—
—

4.93
—
—

4.79

0
0
3
0
0
8

—
—

0.18
—
—

0.78

Meansinglelocuss
Multilocus s

0.69(0.11)
0.66 (0.03)

14.19* 5 0.01

*Heterogeneity x2
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1988). While the degree of self-pollination in other
populations would need to be estimated before general
conclusions about the species can be made, it is likely
that the amount of clonal reproduction in a particular
population will be an important determinant of the
extent of self-pollination. Pleasants (1991), using radio-
actively labelled pollinia, estimated the extent of within
umbel pollination in A. syriaca to be 37 per cent which
would suggest that the self-pollination rate is at least 37
per cent. Furthermore, he estimated that 71 per cent of
labelled pollinia were inserted geitonogamously or
within 1 m of the labelled source plant indicating that
the extent of self-pollination is likely to be much larger
than 37 per cent.

At least one half of the bees investigated carried
genotypically mixed loads of pollinia, therefore pollina-
tors are likely to increase pollen flow and the number
of mates perceived by maternal plants through pollen
carryover. Perhaps even greater levels of self-pollina-
tion would occur in the absence of these mixed pollinia
loads in this clonal species.

It should be possible to extend the methods used
here to other pollinia-bearing species (in the Ascle-
piadaceae and Orchidaceae), and perhaps to species
that disperse pollen in smaller aggregates. Pollen is
shed in multiple units in 55 plant families including
pollen shed as dyads, tetrads or larger aggregates
(Kress, 1981). For example, some species in the Erica-
ceae and Onagraceae shed pollen in large aggregates
held together by viscin threads.

Mulcahy et al. (1981) and Gay et al. (1986), have
successfully performed gel electrophoresis on single
pollen grains from species of Cucurbita. Hence, it may
even be possible to extend the approach to species that
shed pollen as single grains. The small size of indivi-
dual grains would, however, make their individual
removal from pollinators and stigmas difficult. It is also
unlikely that a large number of enzymes could be
assayed from a single grain, although methods for
assaying small amounts of tissue are available (Kazmer,
1991). Single haploid pollen grains will not be as infor-
mative as an aggregation of pollen because complete
information on the diploid paternal genotype will not
be available from haploid pollen. It may be possible
that the use of random amplified polymorphic DNA
(Williams et al., 1990) will further enable the discovery
of additional loci that can be visualized with small
quantities of DNA found in pollen.

The methods presented here, combined with
detailed demographic studies of pollinia, such as those
by Morse (1982), will allow information on the demo-
graphic genetics of the male gametophytic life-history
stage to be obtained. This will provide information on a
life-history stage that, previously, was not readily
amenable to analysis.
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Appendix
For loci where only two genotypes occur (e.g. A1A1
and A1A2) in the population sample (e.g. for a diallelic
locus where allele frequencies are highly asym-
metrical), the number of degrees of freedom is equal
to the number of independent parameters to be
estimated and hence, it is possible to find the maxi-
mum likelihood estimates and standard errors
directly, using methods detailed in Brown et al.
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(1975). (This situation is exactly analogous to case (i),
Appendix I, in Brown et al. 1975.) Let the observed
numbers of pollinia of genotypes A1 A, and A1A2 from
maternal genotype A1A1 be 01 and 02, respectively,
and the total number of pollinia assayed from mater-
nal genotype A1A1 be N11. Similarly, let the observed
numbers of pollinia of genotypes A,A, and A1A2 be
03 and 04, respectively, and the total number of polli-
nia assayed from maternal genotype A1A2 be N12.
The rate of self-pollination and its standard error are
obtained as follows: c=01/N,, —03JN12 and the
standard error is given by (0, x 02/(N11)3 + 03 X 04!
(N12)3)'12. If p is the frequency of the genotype A1A1

in the pollinia pool then p and its standard error are
obtained as: j5= 03/N12/(1 — §) and the standard error
is

1/2

The outcrossed pollination rate (t)and the alternative
genotype frequency (q) may be estimated as follows:

= 1 — and = 1 —

(1—s)
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