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ABSTRACT: Andromonoecy, the production of both male and her-
maphrodite flowers in the same individual, is a widespread phenom-
enon that occurs in approximately 4,000 species distributed in 33
families. Hypotheses for the evolution of andromonoecy suggest that
the production of intermediate proportions of staminate flowers may
be favored by selection acting through female components of fitness.
Here we used the andromonoecious herb Solanum carolinense to
determine the pattern of selection on the production of staminate
flowers. A multivariate analysis of selection indicates that selection
through female fitness favors the production of staminate flowers in
at least one population. We conclude that this counterintuitive benefit
of staminate flowers on female fitness highlights the importance of
considering female components of fitness in the evolution of an-
dromonoecy, a reproductive system usually interpreted as a “male”
strategy.

Keywords: andromonoecy, multivariate selection, nonfruiting flowers,
Solanum carolinense, Solanaceae.

Andromonoecy, the production of both perfect (her-
maphrodite) and staminate (male) flowers on the same
individual, has evolved multiple times during the history
of angiosperms and occurs in approximately 4,000 species
across several families (Yampolsky and Yampolsky 1922;
Richards 1986; Miller and Diggle 2003). Despite this re-
peated evolution, we have only a rudimentary understand-
ing of the evolutionary mechanisms that favor the pro-
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duction of staminate flowers (Bertin 1982; Podolsky 1992,
1993; Elle and Meagher 2000).

An obvious potential selective advantage of producing
staminate flowers is increased male reproductive success.
Empirical support for this advantage, however, is equiv-
ocal, in part because few empirical studies have quanti-
fied siring success in andromonoecious taxa. On the one
hand, Elle and Meagher (2000) found support for this
hypothesis by demonstrating that, in some populations
of Solanum carolinense, plants that produce higher pro-
portions of staminate flowers also have higher siring suc-
cess. By contrast, other studies have failed to detect such
an advantage (Vallejo-Marin and Rausher 2007 [Solanum
carolinense]; Podolsky 1993 [Besleria trifloral).

A second, perhaps counterintuitive, selective advantage
of producing staminate flowers may be an increase in seed
production. Theoretically, such an advantage may arise via
several mechanisms: (1) if resources saved by producing
smaller staminate flowers lacking pistils (Ruiz Zapata and
Kalin Arroyo 1978; Primack and Lloyd 1980; Bertin 1982;
Solomon 1985; Spalik 1991; Emms 1993) are reallocated
to seed production, staminate flower production may in-
crease seed set; (2) if seed set is pollinator limited and
staminate flowers are more attractive to pollinators than
perfect flowers, production of some staminate rather than
all perfect flowers may increase visitation to a plant and,
thus, seed set of the perfect flowers (Podolsky 1992); (3)
even if seed production is resource limited, increased vis-
itation and pollen input achieved through the production
of more attractive staminate flowers could increase off-
spring quality by facilitating enhanced competition among
pollen tubes for access to ovules; and (4) if reduced pistils
of staminate flowers remove less pollen from pollinators
than normal pistils of perfect flowers, then to the extent
that pollinators visit staminate flowers before perfect flow-
ers in the same or different inflorescences, more non-self
pollen would be available for the stigmas of fruit-pro-
ducing flowers (e.g., Besleria triflora; Podolsky 1992). To
date, there is little evidence for the operation of any of
these mechanisms, again because few studies have at-
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tempted to quantify the effects of staminate flower pro-
duction on seed set.

In another article (Vallejo-Marin and Rausher 2007), we
reported that the production of staminate rather than per-
fect flowers does not detectably increase male fitness in
the andromonoecious herb Solanum carolinense. Here we
report the results of an experiment designed to determine
whether selection on staminate flower production through
female function contributes to the persistence of andro-
monoecy in this species.

Material and Methods
Study Species

Horse nettle, Solanum carolinense L. (subgenus Leptoste-
monum, Solanaceae), is a perennial herb native to the
southeastern United States. It reproduces both sexually
and clonally through lateral roots. Like other members of
the Solanaceae, it displays a gametophytic self-incompat-
ibility system that enforces outcrossing. Individual plants
produce two types of flowers: staminate (male) and perfect
(hermaphroditic). Flowers are borne in racemes (hereafter
inflorescences) on which several flowers typically are open
simultaneously (Solomon 1985; 1-39 open flowers per in-
dividual, M. Vallejo-Marin, personal observation). Sta-
minate flowers have reduced styles, which do not extend
beyond the anthers, and reduced ovaries, and they fail to
set fruit even when artificially pollinated (Solomon 1985).
Flowers produce no nectar and are buzz-pollinated by
large bees.

Seed Collection

In 2001, a total of 147 fruits were collected from S. car-
olinense plants growing in an abandoned agricultural field
in Orange County, North Carolina. The sampling design
was chosen as a trade-off between collecting a large num-
ber of fruits and sampling from as many different genets
as possible. One fruit per plant was sampled trying to
maximize the distance between individuals (3—-5 m apart
from each other).

Experimental Procedures

To generate experimental seeds, we performed a single
generation of selection on the plants grown in the green-
house from the field-collected seeds. The primary purpose
of this selection was to increase the range of variation in
order to facilitate detection of selection (Conner 2003).
Because we expected the production of staminate flowers
to have a large environmental component of variance, we
used index selection (Falconer and Mackay 1996). Arti-

ficial selection was done on the proportion of staminate
flowers (PSF; staminate/total flowers) rather than the ab-
solute number of staminate flowers. In this procedure, the
parents of the up- or down-selected line consisted of the
individuals with the highest (lowest) PSF from each of the
10 maternal families with the highest (lowest) average PSF,
while the parents of the control line consisted of the in-
dividuals with the median PSF from each of the 10 ma-
ternal families with the average PSF closest to the overall
mean. Selection was from 412 individuals in 134 maternal
families. The average PSF values for the selected individ-
uals of the up-selected, down-selected, and control lines
were 0.489, 0.021, and 0.218, respectively. Within each
selected line, we performed a complete diallele cross, ex-
cept selfs, to obtain 90 full-sib families for each line.

Between July 5 and 7, 2003, we established two exper-
imental populations in an abandoned agricultural field
surrounded by woods in Orange County, North Carolina.
Each population consisted of 320 individuals planted in a
randomized two-block design. Individuals were placed 1
m apart in a square grid, which is within the range of
natural populations’ size and density (Elle 1999; Wise
2003; M. Vallejo-Marin, personal observation). The two
populations were separated by approximately 40 m by a
large experimental plot of morning glories (Ipomoea spp.).

For reasons unrelated to this report, the two populations
differed in the relative frequencies of plants from the dif-
ferent selected lines. In population 1, we randomly picked
55, 15, and 10 full-sib families from the dialleles of the
down-selected, control, and up-selected lines, respectively.
For population 2, the respective numbers were 10, 15, and
55. Four replicate seeds from each full-sib family were
germinated, grown in the greenhouse for 1 month to
equalize maternal effects, and then transplanted into the
field.

We surveyed the experimental populations during two
consecutive flowering seasons, in 2003 and 2004. Because
few plants flowered in 2003, we report only the results
from 2004. In 2004, to maintain a constant number of
flowering ramets per genet between years, all but one ra-
met per planted seed was prevented from flowering. To
estimate the production of staminate and perfect flowers,
which typically persist for 3—4 days in the field (Wise 2003;
M. Vallejo-Marin, personal observation), we recorded the
sex of each open flower every other day. Each flower was
marked at the base of the pedicel to avoid counting the
same flower twice. We used a digital caliper to measure
corolla width, petal length and width, anther length and
width, and pistil exsertion from the tip of the anthers, for
up to three flowers of each sex in each individual. To
determine the relationship between flower production and
aboveground growth, we measured the height of the tallest
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Table 1: Variance components and narrow-sense heritability of staminate and perfect flower
number in field populations

Trait V., V. V. n t (df = 1,358)
Staminate flowers .168 (.047) .756 (.050) 961  .182 (.046) 3.931
Perfect flowers .001 (.026) 1.062 (.053) 1.064 .001 (.027) .054

Note: Variance estimates were obtained by fitting an “animal model” to the data using restricted maximum
likelihood (Neumaier and Groeneveld 1998). Standard errors are shown in parentheses. The null hypothesis
that the true narrow-sense heritability is equal to 0 was tested using a one-tailed r-test. V, = additive
genetic variance; V; = environmental variance; V, = phenotypic variance. All analyses were done using
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transformed data. Boldface indicates P < .0001.

branch (to the nearest centimeter), and total leaf area (to
the nearest 5 cm®) at the end of each flowering season.

Our estimate of female fitness was based on total seed
production. Fruits were collected as they matured, to min-
imize fruit loss due to dispersal. Seed number was esti-
mated using Wise’s equation, which successfully predicts
seed number based on fruit diameter (> = 0.90; Wise
2003).

Data Analysis

To assess whether the production of staminate flowers is,
at least in part, genetically determined, we estimated its
genetic variance and heritability in the field. We used the
so-called animal model to estimate genetic components of
variance (for reviews on this approach, see Lynch and
Walsh 1998; Kruuk 2004). This mixed-effects model ex-
plicitly accounts for the pedigree relationships among in-
dividuals. In this approach, inbreeding, nonrandom mat-
ing, and selection do not bias the variance estimates.
Additionally, since the model is fitted through restricted
maximum likelihood (REML), this approach does not de-
pend on balanced designs and is relatively insensitive to
nonnormality of the data, and the information contained
in the data set is used maximally (Shaw 1987; Lynch and
Walsh 1998; Kruuk 2004). Analyses were performed using
the program REML VCE (ver. 5.1; Neumaier and Gro-
eneveld 1998). The data set used in this analysis included
all the field-grown plants that flowered in 2004 plus the
30 greenhouse-grown parental plants. Population (with
greenhouse coded as population 3) and block were in-
cluded as fixed effects.

To estimate the pattern of selection on staminate and
perfect flower number, we calculated selection gradients
in standard fashion using multivariate regression analysis
of fitness on the character(s). We employed standard phe-
notypic analysis of selection (Lande and Arnold 1983) as
well as a genetic analysis of selection based on paternal
half-sib family means (Rausher 1992; Stinchcombe et al.
2002).

To allow comparison of selection acting on traits mea-
sured in different units and across different environments,

all selection differentials and gradients were calculated us-
ing traits standardized to a mean of 0 and a variance of
1 (Lande and Arnold 1983). Standardization was done
separately for each population. Fitness was relativized to
a mean of 1 within each population. Analyses were cal-
culated on the residuals obtained after the effects of block
were removed to minimize the effect of environmental
differences due to location in the field. The statistical sig-
nificance of selection differentials and gradients was cal-
culated from a model in which relative fitness was log
transformed to improve the normality of the residuals
(Stinchcombe 2005). Analyses were done with the statis-
tical program R (R Development Core Team 2005). All
models were fitted using the function “glm,” and F-tests
were calculated by deleting individual terms from the
model following the marginality principle using “dropl.”

Phenotypic analysis of selection has the advantage, com-
pared to genetic analysis, of being potentially more pow-
erful because of the larger sample size. By contrast, selec-
tion differentials and gradients potentially are biased by
environmentally induced correlations between fitness and
the characters (Rausher 1992). To determine whether en-
vironmental correlations biased our estimates of selection
using phenotypic values, we used the statistical test sug-
gested by Stinchcombe et al. (2002). This test compares
the selection coefficients estimated from genetic values
with the analogous regression coefficient of fitness on en-
vironmental deviations. If the two estimated coefficients
are statistically indistinguishable, then it can be concluded
that there is no environmental bias in the phenotypic es-
timate of selection.

Results
Heritability of Traits

We found significant variation among paternal half-sib
families for number of staminate flowers but not for num-
ber of perfect flowers (table 1). The corresponding narrow-
sense heritability estimate for number of staminate flowers
is 0.182.
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Pattern of Selection

Although we detected no significant genetic variation for
number of perfect flowers, in a previous investigation (M.
Vallejo-Marin and M. D. Rausher, unpublished data), we
found that number of staminate flowers is genetically cor-
related with number of perfect flowers (r, = 0.576, t =
3.737, df = 28, P<.001). Because the latter is a priori
expected to be subject to selection, we conducted multi-
variate selection analyses to separate effects of direct and
indirect selection on staminate flower number. Initially,
we performed analyses that also included flower size and
plant size as possible targets of selection. However, because
we did not detect any selection on either flower size or
plant size, these characters were dropped from subsequent
analyses, and we report only the results of analyses in-
cluding flower numbers.

Qualitatively, the phenotypic and genetic multivariate
selection analyses produce similar results (table 2). More-
over, a comparison of phenotypic and genetic selection
gradients reveal no evidence of environmentally induced
bias in the phenotypic gradients (table 3). Consequently,
we take the results of the phenotypic analysis as accurate.

As expected, selection for number of perfect flowers is
positive for both populations. Additionally, the negative
quadratic coefficient for this character in population 2
suggests that selection is stabilizing. More interestingly, the
phenotypic analysis reveals evidence for positive direc-
tional selection acting directly to increase the number of
staminate flowers in population 2.

Discussion

Our results indicate that in the andromonoecious herb
Solanum carolinense, the production of staminate flowers

is genetically variable, as reflected by a significant narrow-
sense heritability in the field. Given this variation, the
question arises as to why genotypes that produce staminate
flowers are not eliminated; that is, why does andromon-
oecy persist in this species?

The directional selection for increased number of sta-
minate flowers detected in population 2 would clearly con-
tribute to the maintenance of andromonoecy in this spe-
cies. Our failure to detect such selection in population 1
indicates that the pattern of selection on staminate flower
number may be sensitive to local environmental condi-
tions and that it may fluctuate over time as well. Without
a more extensive characterization of the spatial and tem-
poral patterns of variation in selection on staminate flower
number, it is not possible to determine whether net se-
lection, averaged over time and space, favors the persis-
tence of staminate flowers. We note, however, that in nei-
ther population was there significant selection favoring a
decrease in staminate flower number, which may indicate
that such selection is relatively rare compared to selection
to increase staminate flower number. Since the two pop-
ulations differed in the relative frequencies of plants from
the different selected lines (see “Material and Methods”),
it is also possible that our ability to detect selection was
affected by genotypic composition. However, we did not
observe a strong difference between populations in the
frequency distribution of phenotypic values of the pro-
portion of staminate flowers, and a statistical analysis of
the effect of population on this proportion was nonsig-
nificant (data not shown). At the very least, our results
indicate that the hypothesis that production of staminate
flowers increases female fitness should be taken seriously.

The observed enhancement of seed production is not
necessarily the only benefit that may be associated with
production of staminate flowers in S. carolinense. Elle and

Table 2: Standardized selection gradients acting on the number of staminate and perfect flowers of

phenotypic and genotypic values

B (phenotypic)

B (genotypic) + (phenotypic) < (genotypic)

Population 1:

Staminate flowers —.044
Perfect flowers 1.854 *+*
Staminate x perfect flowers

Population 2:
Staminate flowers 107 *
Perfect flowers 1.251 *+*

Staminate x perfect flowers

—.152 —.025 —.162
.800** 228 .262
—.238 —.494

103 —.017 —.062
917%+* —.086*** —.016
.043 —.133

Note: Both linear (3) and quadratic (y) selection gradients are shown. The value of the selection gradients was calculated

using relative fitness (w), but statistical significance was estimated using alog (w + 1) transformation to improve normality
of the residuals. Coefficients were calculated using standardized traits (x = 0, 0> = 1). All analyses were carried out on the

residuals after block effects within populations had been removed.

* P<.0l.
* P<.001.
P <.0001.
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Table 3: Statistical test for environmental bias in selection estimates

Directional Quadratic
Trait Bx By_x F df P Yx Yyv-x F df P
Population 1:
No. staminate flowers: —.045 —.086 255 97 614 —.093 .100 .304 91 .582
No. perfect flowers 430 .376 444 97  .506 030 —.036 .012 91 911
Staminate x perfect
flower number —.009 —.128 2.406 91 .124
Population 2:
No. staminate flowers: .055 .056 .001 221 975 —.099 .006 255 215 613
No. perfect flowers .386 442 1402 221 237 —.051 -—.069 1.110 215 .293
Staminate X perfect
flower number .061 070 2.633 215 .106

Note: 8, and v represent, respectively, the linear and quadratic coefficients of selection on genetic values. 8,y and 7, _y are the
coefficients corresponding to selection on environmental deviations. The null hypothesis (no difference between selection calculated

using genetic or phenotypic values) is rejected if the coefficients obtained using genetic values (X) and environmental deviations
(Y; — X) are statistically different from each other. Significance was tested using an F-test as suggested by Stinchcombe et al. (2002). All

analyses done on transformed data.

Meagher (2000) reported that plants producing a higher
proportion of staminate flowers had higher male fitness
even when variation in flower number was statistically
controlled for, implying that staminate flowers are more
efficient than perfect flowers at exporting pollen. By con-
trast, Vallejo-Marin and Rausher (2007) failed to find any
difference in siring success between perfect and staminate
flowers. As with our results on female fitness, these dis-
parate results may indicate that the benefit of increased
male fitness is also temporally or spatially variable. It is
thus possible that increased male success is the primary
benefit of andromonoecy in some populations, while in
others it is increased female success.

To our knowledge, only two other investigations have
examined the effect of staminate flowers on seed produc-
tion. Podolsky (1992) showed that in Besleria triflorapollen

C. Kaiser, W. Morris, A. Motten, J. Willis, W. Wilson,
and two anonymous reviewers greatly improved previous
versions of the manuscript. This work was partially sup-
ported by a Consejo Nacional de Ciencia y Teconologia
(Mexico) graduate fellowship to M.V.-M. and a Disser-
tation Improvement Grant by the National Science Foun-
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