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Recurrent modification of floral
morphology in heterantherous
Solanum reveals a parallel shift in
reproductive strategy

Mario Vallejo-Marı́n1, Catriona Walker1, Philip Friston-Reilly1,
Lislie Solı́s-Montero1 and Boris Igic2

1School of Biological and Environmental Sciences, University of Stirling, Stirling FK9 4LA, UK
2Department of Biological Sciences, University of Illinois, Chicago, IL 60607, USA

Floral morphology determines the pattern of pollen transfer within and

between individuals. In hermaphroditic species, the spatial arrangement of

sexual organs influences the rate of self-pollination as well as the placement

of pollen in different areas of the pollinator’s body. Studying the evolutionary

modification of floral morphology in closely related species offers an opportu-

nity to investigate the causes and consequences of floral variation. Here, we

investigate the recurrent modification of flower morphology in three closely

related pairs of taxa in Solanum section Androceras (Solanaceae), a group charac-

terized by the presence of two morphologically distinct types of anthers in the

same flower (heteranthery). We use morphometric analyses of plants grown in

a common garden to characterize and compare the changes in floral mor-

phology observed in parallel evolutionary transitions from relatively larger to

smaller flowers. Our results indicate that the transition to smaller flowers is

associated with a reduction in the spatial separation of anthers and stigma,

changes in the allometric relationships among floral traits, shifts in pollen allo-

cation to the two anther morphs and reduced pollen : ovule ratios. We suggest

that floral modification in this group reflects parallel evolution towards

increased self-fertilization and discuss potential selective scenarios that may

favour this recurrent shift in floral morphology and function.
1. Introduction
Angiosperms display a large amount of variation in the form of their reproductive

organs, and the morphological diversification of flowers has attracted the atten-

tion of evolutionary biologists since Darwin [1,2]. Correlations between form

and function have been demonstrated in many instances including changes in

pollinator fauna in closely related species with different floral characteristics

(e.g. Aquilegia [3], Mimulus [4], Penstemon [5], Stylidium [6]), visitation by special-

ized pollinators [7–9] and evolutionary shifts from cross- to self-fertilization

[10–13]. Studying the evolution of floral form provides clues about the functional

significance of the variation of plants’ sexual reproductive structures.

In hermaphroditic species, floral morphology can influence both the pattern

of pollen transfer between individuals and the rate of self-pollination. The rela-

tive position of male and female organs within a flower affects pollen placement

and receipt from the pollinator’s body, which in turn influences the rates of

pollen transfer between plants [14–16]. In addition, the degree of spatial separ-

ation between anthers and stigma within a flower (herkogamy) can reduce

sexual interference in self-compatible species [9,17,18] and is functionally

related to the extent of within-flower self-pollen deposition, with reduced her-

kogamy resulting in higher rates of selfing [19,20]. It is therefore expected that

changes in flower morphology have the potential to change patterns of pollen

transfer, including the relative contribution of self- versus cross-fertilization to

offspring production (mating system).
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Figure 1. Phylogenetic relationships for the six Solanum taxa studied here, inferred from the analysis of Solanum section Androceras by Stern et al. [34]. Section
Androceras is a monophyletic group of 12 species arranged in three series [33,34]. (1) Series Violaceiflorum: (a) S. citrullifolium and (b) S. heterodoxum; (2) series
Pacificum: (c) S. grayi var. grandiflorum and (d ) S. grayi var. grayi; (3) series Androceras: (e) S. rostratum and ( f ) S. fructo-tecto. Taxonomic classification follows
Whalen [33]. (Online version in colour.)
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Changes in flower morphology may be determined in

part by size-dependent relationships between floral characters.

Allometric studies of flower morphology represent a classic

and powerful tool to investigate the extent to which changes in

flower morphology simply reflect proportional scaling with

overall size [21,22]. Moreover, because flowers are formed of

developmentallyand functionally related modules of phenotypi-

cally integrated traits [15], changes in the allometric relationships

between traits could reveal developmental or functional vari-

ation. Indeed, changes in the allometry of floral traits in closely

related species or populations have often been used to identify

potential differences in floral function across taxa [23–26].

The evolution of anther dimorphism within a flower,

or heteranthery, represents a prime example of the close

relationship between flower form and function. Heteranthery

has evolved multiple independent times in the history of

angiosperms, in at least 12 different orders [27], and is often

associated with nectarless flowers that offer pollen as the

main or only reward to floral visitors, mirror-image flowers

(enantiostyly) and vibratile or buzz pollination [27,28]. Heter-

anthery is characterized by the morphological and functional

differentiation of stamens within flowers into more than one

type [27,29–31]. Usually, heterantherous species have two

structurally distinct types of stamens that differ in shape, size

and/or colour. One stamen type usually has brightly coloured

anthers located centrally within the flower. Floral visitors com-

monly collect pollen from this set of stamens, termed feeding

anthers [29,31]. The second set of stamens, known as pollinat-

ing anthers [29], consists of one or more anthers that are often

larger, cryptically coloured and displaced away from the centre

of the flower. The spatial location of this anther set approxi-

mately corresponds to the location of the style in the same

flower or flowers of the opposite morph in species with

mirror-image flowers [27]. Experimental manipulations in

Melastoma and Solanum have demonstrated that pollen pro-

duced in pollinating anthers is more likely to reach the

stigmas of other flowers than pollen from feeding anthers

[30,32]. Importantly, these different fates of pollen from the

two anther types arise in large part from differences in the mor-

phology and spatial location of stamens within the flower.

Pollinating anthers place pollen in areas of the pollinator’s
body where grains are less prone to be actively removed

(groomed), and more likely to contact the stigma [32]. The mul-

tiple origins of heteranthery across angiosperms represent an

excellent example of pollinator-mediated selection driving

the evolution of floral form, and of the functional specialization

of anthers into ‘pollinating’ and ‘feeding’ functions partly due

to morphological characteristics of the sexual organs.

In order to investigate repeated transitions in floral

morphology in a heterantherous group, we have identified

species in Solanum section Androceras (Solanaceae) that com-

prise three pairs of closely related heterantherous taxa with

relatively large and small flowers [33,34], suggesting parallel

transitions in both floral form and function. Changes in the

degree of herkogamy and the level of morphological differen-

tiation between anther types appear to accompany this

transition in flower size. However, to date there is no evi-

dence to evaluate the hypothesis that differences in floral

characteristics within Solanum section Androceras reflect

functional differences.

The six Solanum taxa chosen here (five accepted species and

one named variety) represent pairs of closely related or sister

taxa [34] in each of the three series in section Androceras [33]

(figure 1): S. rostratum Dunal and S. fructo-tecto Cav. (series

Androceras); S. grayi var. grayi Whalen and S. grayi var. grandi-
florum Whalen (series Pacificum); and S. citrullifolium A. Braun

and S. heterodoxum Dunal (series Violaceiflorum). Each of these

three pairs contains one taxon with relatively large, strongly

heterantherous flowers, and one taxon with smaller, less heter-

antherous flowers. In one of these pairs (S. grayi var. grayi and

S. grayi var. grandiflorum), the transition from large to small

flowers closely corresponds with the sympatric presence of a

relatively large-flowered sister species (S. lumholtzianum). Popu-

lations of S. grayi co-occurring with S. lumholtzianum have

significantly smaller flowers (S. grayi var. grayi) than allopatric

populations (S. grayi var. grandiflorum) [35]. The reduction of

flower size in sympatry appears to allow S. grayi var. grayi
to avoid competition with S. lumholtzianum by exploiting

smaller pollinators. This case represents a classic example of

reproductive character displacement in plants [36,37].

Here, we test the hypothesis that changes in floral charac-

teristics reflect a shift in reproductive strategy. Specifically,

http://rstb.royalsocietypublishing.org/


rstb.royalsocietypublishing.org
Phil.T

3

 on October 17, 2014rstb.royalsocietypublishing.orgDownloaded from 
we address three questions: (i) Is the reduction in floral size

associated with a change in floral architecture (changes in

the allometric relationships between floral traits)? (ii) Are

smaller flowers less heterantherous? and (iii) Are changes

in flower size correlated with shifts in the relative allocation

to pollen and ovule production? To address these questions,

we used a morphometric analysis of floral traits measured

in plants grown in a common garden. Our results suggest

that the recurrent transition from larger to smaller flowers

in Solanum section Androceras has been accompanied by a dis-

proportionate reduction in herkogamy, the breakdown of

heteranthery and lower pollen : ovule ratios, suggesting a

shift in mating system towards increased self-fertilization.
 rans.R.Soc.B
369:20130256
2. Material and methods
(a) Study system
Solanum is the largest genus in the Solanaceae, comprising

approximately 1500 species with diverse habits and life histories,

including annual and perennial herbs, vines and trees [38].

Solanum flowers are commonly hermaphroditic, nectarless,

usually radially symmetric, pentamerous, with five equal anthers

arranged in a cone at the centre of the flower and a style pro-

truding from the anther cone terminating in a small to minute

stigma [34,39,40]. The anthers of Solanum open through

small apical pores, and pollinators, usually bees, use high-

frequency vibrations to extract the small, dry pollen grains in a

phenomenon known as buzz pollination [39,41].

Solanum section Androceras consists of a monophyletic clade of

12 enantiostylous, self-compatible, annual to short-lived perennial

species with varying degrees of anther differentiation [33,34].

Solanum section Androceras is distributed across Mexico and

North America and is divided into three taxonomic groups:

series Androceras, with five species with yellow or rarely white

flowers distributed from south-central Mexico to Canada; series

Violaceiflorum, with four purple-flowered species located from the

Mexican highlands to Texas; and series Pacificum with three species

of white- or yellow-flowered plants distributed along the Pacific

slope from Mexico to Arizona [33]. Molecular analyses have

shown that series Androceras and Violaceiflorum are not monophy-

letic, and that two species (S. heterodoxum and S. citrullifolium) are

polyphyletic [34]. Despite being a small group, species in section

Androceras display considerable variation in the colour, size and

shape of flowers. Importantly, some shifts in floral characteristics,

most prominently a reduction in floral size, seem to have occurred

in parallel along different clades, providing an excellent study

system to investigate replicate evolutionary transitions in floral

traits in a small group of closely related species.

(b) Seed collection and plant growth
Seeds of five of the six studied taxa were collected from natural

populations in Mexico between 2007 and 2010 (electronic sup-

plementary material, table S1). Seeds of S. citrullifolium were

obtained from the Experimental Garden and GeneBank Solanaceae

collection at Radboud University, Nijmegen, The Netherlands

(electronic supplementary material, table S1). Seeds were extracted

from mature fruits, dried and stored in paper bags at 5–78C until

the experiment commenced. To induce germination, seeds were

pre-treated for 24 h with a 2000 ppm aqueous solution of gibberellic

acid (GA3; Sigma-Aldrich, Dorset, UK). Seeds were planted in plas-

tic trays containing Modular seed growing medium compost

(William Sinclair Horticulture PLC, Lincoln, UK) and kept in a

glasshouse at 14–228C with natural daylight supplemented with

compact-fluorescent lamps to provide at least 14 daylight hours.

After two to three weeks, seedlings were transplanted to
individual 3.5- to 6-inch pots containing All Purpose Growing

Medium (Sinclair) with Perlite Standard (Sinclair) in 3 : 1 pro-

portion and fertilized once with slow-release fertilizer (Osmocote

16 : 9 : 12; Scotts Miracle-Gro Co., Marysville, OH, USA).
(c) Floral characteristics
To describe the variation in floral characteristics among the studied

species, between 38 and 251 flowers per species were analysed

soon after the onset of flowering (586 flowers total). For each indi-

vidual plant, one to eight flowers (mean ¼ 3.70) were randomly

selected and the following measurements were taken: (i) maxi-

mum corolla length, (ii) maximum corolla width, (iii) distance

between the stigma and the apical pores of the pollinating

anther, (iv) distance between the stigma and the apical pore of

the closest feeding anther and (v) distance between the apical

pores of the pollinating anther and the nearest feeding anther.

These measurements were always made directly facing the

anther cone in the same plane as a pollinator would normally

approach the flower. The flowers were then dissected and an

additional set of measurements of individual sexual organs was

recorded: (vi) length and (vii) width of the pollinating anther,

(viii) length and (ix) width of the feeding anther, (x) style length

and (xi) stigma width. Stigma width was not measured for flowers

of S. grayi var. grayi and S. grayi var. grandiflorum. All measure-

ments were taken either from digital images (S. rostratum,

S. fructo-tecto, S. citrullifolium and S. heterodoxum; Canon Powershot

A480, Canon, Surrey, UK) analysed in IMAGEJ [42], or using digital

callipers (S. grayi var. grayi and S. grayi var. grandiflorum; Absolute

Digimatic Caliper, Mitutoyo Ltd., Hampshire, UK).

To estimate pollen and ovule numbers, anthers and ovaries

were collected from a subset of individuals and stored in 70%

ethanol (mean ¼ 18 individuals per species; range ¼ 7–25; 100

flowers total). The four feeding and single pollinating anthers

were stored separately in microcentrifuge tubes with 1 ml of

70% ethanol. Ovules were counted in a stereo microscope

(MZ6, Leica Microsystems, Milton Keynes, UK). Pollen grains

were stained with lactophenol-aniline blue and counted in a hae-

mocytometer. Two counts were performed per flower: one on the

single pollinating anther and the other on the four feeding

anthers collectively. Multiple flowers were measured per individ-

ual, and the average values per plant for each trait were used for

further analysis. Pollen : ovule ratios (P : O) were calculated by

dividing the total number of pollen grains in both sets of anthers

by ovule number.
(d) Statistical analysis
(i) Floral morphology
Overall floral morphology was compared across species using

linear discriminant analyses (LDA). LDA is a multivariate tech-

nique that simultaneously uses multiple traits to calculate a new

set of variables that maximize the differentiation among pre-

defined groups, in our case, different taxa. Therefore, it allowed

us to determine to what extent species can be differentiated based

on quantitative floral measurements alone. The LDA included the

first 10 floral traits measured (i.e. except stigma width), and a

cross-validation test was performed using the MASS package [43]

in R v. 3.0.1 [44]. In addition, a correlation matrix was calculated

among floral traits 1–10 and used to perform a principal com-

ponent analysis (PCA). The PCA was used to simplify the

comparison of overall floral morphology across species.

To compare statistically overall flower morphology (PC com-

ponents) and P : O ratios between small- and large-flowered

taxa, we introduced a fixed effect variable for floral type, where

S. rostratum, S. grayi var. grandiflorum and S. citrullifolium are coded

as ‘large’, and S. fructo-tecto, S. grayi var. grayi and S. heterodoxum
were coded as ‘small’. In this model, taxon and individual were

http://rstb.royalsocietypublishing.org/
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included as random effects. This floral-type variable allowed us to

estimate whether flower morphology and P : O ratios floral traits

are different not only across species (random effect) but between

large- and small-flowered taxa. Mixed models were fitted with

the lme4 package [45] in programming language R, and p-values

were estimated with the car package [46] for fixed effects and with

likelihood ratio tests of nested models for random effects.
5
LD1

100–5
–10

Figure 2. The first two axes of an LDA of 10 floral traits in Solanum section
Androceras. Grey triangles: S. citrullifolium; open triangles: S. heterodoxum;
grey squares: S. grayi var. grandiflorum; open squares: S. grayi var. grayi;
grey circles: S. rostratum; open circles: S. fructo-tecto. Ellipses enclose 95%
of the observations.
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(ii) Floral allometry
To investigate changes in the relationships among floral character-

istics in taxa with smaller flowers compared to those observed in

their larger flowered relatives, a series of mixed effects models

were analysed. Mixed models were chosen because the dataset

collected here included multiple flowers per individual for each

taxon, and such nested data structures can be easily accommo-

dated using mixed effect models. Other methods for comparing

differences in floral architecture, such as Mantel tests of species-

specific correlation matrices [47], may not be suitable for this

kind of structured data.

We investigated whether the allometric relationships between

floral traits differed between the two taxa in each of the three small-

and large-flowered taxon pairs (series Androceras, Pacificum and

Violaceiflorum). We analysed the allometric relationships between

corolla width—as an overall estimate of flower size—and other

floral characters. Corolla width is positively correlated with all

floral traits measured here (corolla length, pollinating and feeding

anther width and length, style length and distance between stigma

and anthers; Pearson’s r: mean ¼ 0.75, min ¼ 0.28, max ¼ 0.96),

except stigma size (r ¼ 20.74; all correlations calculated at the

flower level). We analysed the following linear mixed effects

(LMEs) model for a given floral character y: yijk ¼ Bi þ Ai � xijk þ
cij þ eijk, where i represents the identity of a taxon (two taxa per

model), j represents the individual plant, k represents a flower,

xijk is the value of floral character x (corolla width), cij is a normally

distributed random variable and eijk are the residuals. Each of the

three pairs of taxa was analysed separately. When analysing

log-transformed variables, the coefficients Ai and Bi are easily com-

parable, respectively, to the allometric slope and intercept of the

familiar allometric regression [48]: log(y) ¼ log(b) þ a[log(x)].
Differences in the intercept between species in a pair indicate

different relative sizes of character y with respect to flower size,

while differences in the allometric slope indicate changing scaling

trajectories [48].

Fitted models included taxon, corolla width and taxon � cor-

olla width as fixed effects, and plant identity as a random effect.

We selected the simplest model by backward elimination of fixed

effects using likelihood ratio tests. All analyses were done with

log-transformed variables. Anther volume was estimated from

the linear measurements (i.e. (anther width)2 � anther length)

as it has previously been shown to positively correlate with

pollen production in S. rostratum [32]. Mixed models were

fitted with the lme4 package [45] in programming language R,

and p-values for the main effects and the interaction were

estimated with the car package [46].
3. Results
(a) Floral morphology
The linear discriminant analysis (LDA) showed that the six

taxa studied here can be clearly distinguished based on the

characteristics of their floral morphology alone (figure 2).

The cross-validation error of the LDA was 3.24% (19/586),

indicating strong confidence in the assignment of individuals

to their respective taxon. The first two linear discriminant

axes explained 90% of the trace, and differentiated large-
from small-flowered taxa. However, small-flowered taxa

showed much less separation in these first two axes (figure 2).

Table 1 presents the summary statistics for the 11 floral

characteristics used in this study. In general, all floral traits

were relatively smaller in the corresponding small-flowered

taxon of each of the three pairs (table 1). An exception to this

pattern was stigma size. In the four species for which this trait

was measured, stigma width was larger in species with smaller

flowers than in the sister taxa with larger flowers (0.30+0.02

versus 0.65+0.01 for S. citrullifolium/S. heterodoxum, and

0.20+0.01 versus 0.74+0.02 for S. rostratum/S. fructo-tecto;

electronic supplementary material, figure S1). The PCA on

10 floral variables (excluding stigma width) indicated that the

first principal component (PC1) explains 88% of the variation

in floral traits and is positively correlated with all traits (elec-

tronic supplementary material, table S2). Therefore, PC1

represents an overall estimate of floral size. A LMEs analysis

on PC1 showed that ‘flower type’ (large/small) is statistically

significant after accounting for taxon and plant as random

effects (figure 3; regression coefficients: ‘large’ type ¼ 15.07+
6.3, ‘small’ type ¼ 27.5+6.3, p , 0.05). A likelihood ratio

test of nested models confirmed that both taxon and plant sig-

nificantly contribute to explaining variation in PC1 ( p , 0.001).
(b) Allometric relationships
Given that small-flowered taxa show an overall reduction in

flower size, we were then interested in determining whether

allometric relationships between floral traits differed between

small- and large-flowered taxa in each species pair. Differences

in scaling relationships would indicate that a small-flowered

taxon is not simply a proportionally reduced version of the

large-flowered one.

Our allometric analysis indicated changes in at least some

of the allometric coefficients (intercept and/or slope) of most

floral traits within all species pairs (table 3 and figure 4). For

series Androceras (S. rostratum/S. fructo-tecto), corolla length

and corolla width differed slightly but significantly in both

the intercept and slope of the allometric coefficients (table 3),

suggesting changes in the length/width ratio of the corolla.

However, this species pair showed marked differences in the

relative sizes of their style and anthers. For example, S. fructo-
tecto displayed proportionately shorter styles relative to

average flower size compared with S. rostratum (figure 4).
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Although the scaling relationship between anther volume and

flower size was maintained in this species pair (no statistical

evidence for a difference in allometric slope between taxa,

table 3), we found a significant reduction in their allometric

intercepts, indicating that anther size is proportionately much

smaller in S. fructo-tecto than in S. rostratum (table 3 and

figure 4).

We also detected significant allometric changes in series

Pacificum (S. grayi var. grayi/S. grayi var. grandiflorum), although

the magnitude of these differences was smaller. The scaling

relationship between corolla length and width was very similar

between the two taxa (intercept ¼ 0.57 and 0.64, for S. grayi var.
grandiflorum and S. grayi var. grayi, respectively; slope ¼ 0.79;

interaction term non-significant; table 3) indicating small differ-

ences in corolla traits (figure 4). For style length and anther size,

S. grayi var. grayi was consistently smaller for a given flower size

compared with its sister taxon S. grayi var. grandiflorum (i.e. the

allometric intercept of S. grayi var. grandiflorum was significantly

larger than for S. grayi var. grayi; table 3), although the scaling

relationship between each of these organs and corolla width

was conserved across these two taxa (no statistically signifi-

cant difference in allometric slope; taxon� corolla width

term, p . 0.05 in all cases). Finally, in series Violaceiflorum, we

found a statistically significant relative reduction in corolla

length, style and both pollinating and feeding anther size in

S. heterodoxum compared with S. citrullifolium as evidenced

by smaller allometric intercepts for all traits (table 3 and

figure 4). Moreover, S. heterodoxum showed a weaker effect

of changes in flower size on style length compared with

S. citrullifolium (allometric slope ¼ 0.08 versus 0.34, respect-

ively; taxon � corolla width interaction, p , 0.05; table 3 and

figure 4). Taken together, our allometric analysis clearly

shows that the flowers of S. fructo-tecto, S. grayi var. grayi and

S. heterodoxum are not simply proportionately scaled down

versions of their larger flowered counterparts.
(c) Functional traits
Small-flowered taxa had shorter distances between the stigma

and the anther pores of both feeding and pollinating anthers

than larger flowered taxa across all taxa pairs (figure 5a,b).

This reduction in anther–stigma distance was accompanied

by a less marked deflection of the pollinating anther and the

style to opposite sides of the floral axis (level of enantiostyly)

in small-flowered taxa compared with their larger flowered

relatives, although the level of enantiostyly was not quan-

titatively estimated here. Surprisingly, in the species pair

S. citrullifolium/S. heterodoxum, the reduction in anther–

stigma distance was less marked in pollinating anthers than

in feeding anthers. In part, this may be a consequence of the

fact that the flowers of S. citrullifolium studied here displayed

a relatively low extent of enantiostyly compared with other

large-flowered species (M Vallejo-Marı́n 2012, personal obser-

vation). In general, a reduction both in the size of floral organs

and in the level of enantiostyly accompanies the loss of spatial

separation between male and female structures.

Changes in floral morphology in small-flowered taxa were

accompanied by a shift in the relative allocation of pollen to

pollinating versus feeding anthers. In large-flowered species,

the single pollinating anther produced 50% (S. citrullifolium),

64% (S. grayi var. grandiflorum) and 67% (S. rostratum) of the

total pollen per flower (table 2 and figure 5c), indicating that

heteranthery in these species incorporates a strong asymmetry

http://rstb.royalsocietypublishing.org/
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in the allocation towards pollen to each of the five anthers

within a flower. By contrast, in small-flowered taxa, the

pollen production of the pollinating anther dropped to 39%

in S. heterodoxum, 41% in S. grayi var. grayi and 27% in

S. fructo-tecto, with the latter species approaching the allocation

when pollen is distributed equally across the five anthers

(20%; figure 5c).
Finally, the comparison of P : O ratios showed that small-

flowered taxa produce fewer pollen grains per ovule than

large-flowered species (figure 5d and table 2). In small-

flowered S. heterodoxum and S. grayi var. grayi, the P : O

ratio was 3.6 times lower than in their paired large-flowered

relatives S. citrullifolium and S. grayi var. grandiflorum. The

shift was even more marked in S. fructo-tecto, which had a

http://rstb.royalsocietypublishing.org/
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Table 2. Pollen and ovule production in six taxa of Solanum section Androceras. Pollen count estimates are given separately for each of the two anther sets. FA
pollen count, total pollen production in all four feeding anthers; PA, pollen production in the single pollinating anther; P : O, pollen : ovule ratio; N, number of
individual plants used in the estimation. Mean+ s.e.

taxon N
FA pollen count
(3103)

PA pollen count
(3103)

total pollen
(3103) N

ovule
mean P : O ratio

series Androceras

S. rostratum 18 276+ 13 546+ 34 822+ 42 14 63.2+ 2.4 13149+ 680

S. fructo-tecto 11 100+ 6 51+ 11 151+ 14 10 79.6+ 3.2 1754+ 76

series Pacificum

S. grayi var.

grandiflorum

24 450+ 28 800+ 70 1250+ 90 27 47.2+ 1.7 27528+ 2144

S. grayi var.

grayi

25 167+ 9 118+ 7 285+ 14 28 38.8+ 1.5 7612+ 477

series Violaceiflorum

S. citrullifolium 7 318+ 26 269+ 21 587+ 37 7 55.0+ 2.3 10727+ 642

S. heterodoxum 15 47+ 10 29+ 4 75+ 13 13 28.8+ 2.2 2929+ 479
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7.4-fold reduction in P : O ratio compared with its sister

species S. rostratum (table 2). In S. heterodoxum and S. grayi
var. grayi, both pollen and ovule number were reduced

compared with their large-flowered relatives, but the larger

decrease in pollen grain number relative to ovules resulted

in an overall reduction in P : O ratio. By contrast, the

reduction in P : O ratio in S. fructo-tecto resulted from
producing fewer pollen grains as well as from an

increase in the number of ovules per flower compared with

S. rostratum (table 2). The differences in P : O ratios between

small- and large-flowered taxa were statistically significant

after accounting for the effects of taxon (regression coeffi-

cients: ‘large’ type ¼ 9.63+ 0.36, ‘small’ type ¼ 8.07+ 0.35;

p , 0.001).

http://rstb.royalsocietypublishing.org/


Table 3. Allometric relationships between corolla width and corolla length, style length, pollinating anther (PA) volume and feeding anther (FA) volume in
three pairs of taxa of Solanum section Androceras. Superscripts indicate the nominal statistical significance (type III Wald likelihood ratio tests) in the taxon-
specific intercept (i.e. different intercepts between taxa) and slope (corolla width); a significant interaction term taxon � corolla width indicates a difference
between taxa in the allometric slope (interaction coefficient measured relative to the large taxon). Coefficient+ s.e.

corolla length (mm) style length (mm) PA volume (mm3) FA volume (mm3)

series Androceras (S. rostratum/S. fructo-tecto)

taxon (S. rostratum) 0.43+ 0.31*** 2.65+ 0.03*** 3.17+ 0.58*** 0.28+ 0.63***

taxon (S. fructo-tecto) 1.21+ 0.21*** 1.73+ 0.03*** 0.29+ 0.49*** 21.06+ 0.54***

corolla width 0.88+ 0.09*** n.s. 0.47+ 0.16** 0.75+ 0.18***

taxon � corolla width 20.28+ 0.11* n.s. n.s. n.s.

series Pacificum (S. grayi var. grandiflorum/S. grayi var. grayi)

taxon (S. grayi var. grandiflorum) 0.57+ 0.13*** 1.56+ 0.15*** 2.59+ 0.41*** 0.17+ 0.50***

taxon (S. grayi var. grayi) 0.64+ 0.11*** 1.19+ 0.14*** 1.52+ 0.38*** 20.25+ 0.46***

corolla width 0.79+ 0.04*** 0.27+ 0.05*** 0.32+ 0.14* 0.61+ 0.17***

taxon � corolla width n.s. n.s. n.s. n.s.

series Violaceiflorum (S. citrullifolium/S. heterodoxum)

taxon (S. citrullifolium) 1.07+ 0.21*** 1.61+ 0.37*** 3.90+ 0.12*** 1.04+ 0.78***

taxon (S. heterodoxum) 0.74+ 0.16*** 1.50+ 0.17*** 1.41+ 0.08*** 20.77+ 0.57***

corolla width 0.69+ 0.06*** 0.34+ 0.10*** n.s. 0.51+ 0.21*

taxon � corolla width n.s. 20.26+ 0.12* n.s. n.s.

***p , 0.001; **p , 0.01; *p , 0.05
n.s. denotes p . 0.05.
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4. Discussion
We found that the transition from relatively large to small flow-

ers in three species pairs in Solanum section Androceras is

accompanied by shifts in both floral allometry (table 3 and

figure 4) and the patterns of resource allocation to pollen and

ovules. The reduction in anther–stigma distance in small-

flowered taxa and the joint evolution of lower P : O ratios

strongly suggest a transition towards increased self-fertilization

(figure 5a,b,d and table 2). Moreover, the reduction in the relative

proportion of pollen allocated to the pollinating versus feeding

anthers (figure 5c) and the reduced morphological differen-

tiation between the anther types (table 1) suggest a breakdown

of heteranthery in these small-flowered taxa. Our results provide

a crucial first step in the study of the recurrent breakdown of

heteranthery, a complex floral morphology, where the spatial

arrangement of sexual organs within a flower and their inter-

action with bee pollinators result in functional specialization of

pollen into fertilizing and feeding functions.

(a) Replicate transitions in floral morphology
The replicate evolutionary transitions from large to small

flowers in Solanum section Androceras could be caused by at

least three non-mutually exclusive hypotheses: (i) a shift in

pollinator assemblages, (ii) a change in the mating system

towards increased self-fertilization and (iii) reproductive

character displacement driven by selection to reduce inter-

specific mating (i.e. reinforcement). Below, we discuss each

of these hypotheses.

(i) Pollinator shift hypothesis
The functional division of labour in heterantherous species

relies on a close interaction between floral and pollinator
morphology and behaviour [32,49,50]. Moreover, the corre-

spondence between flower and pollinator size can potentially

affect the likelihood that sexual organs contact the pollinator’s

body to transfer pollen [35]. For example, a small bee visiting a

relatively large flower may fail to contact the stigma while

collecting pollen from the feeding anthers, and thus effectively

act as a pollen thief [35,51]. An increase in the reliance on or

availability of smaller pollinators during the speciation process

could have favoured a reduction in floral size. To date, there is

limited information on the pollinator assemblages of the

species studied here. Solanum rostratum is visited by bees

and other insects of diverse sizes, but seems to be effectively

pollinated mostly by medium- to large-size bees ([52,53],

L Solı́s-Montero and M Vallejo-Marı́n 2013, unpublished

data). The pollinator shift hypothesis would predict that

small-flowered species, such as S. fructo-tecto, should be

effectively pollinated by relatively smaller bees than their large-

flowered relatives. However, this hypothesis alone would not

explain why heteranthery breaks down in smaller flowers.

(ii) Mating-system shift hypothesis
The observed changes in flower size, anther differentiation and

resource allocation to pollen and ovules may simply reflect

selection for autonomous self-fertilization, reducing the

reliance on pollinators for reproduction. Large-flowered,

heterantherous Solanum have the capacity to both self- and

cross-fertilize, but estimates of outcrossing rates in S. rostratum
indicate that this species is mostly outcrossing in both natural

populations (t ¼ 0.70+0.03; [54]) and experimental arrays

(t ¼ 0.74+0.06; [53]). Unfortunately, there are currently no

genetic estimates of the outcrossing rates of any of the small-

flowered taxa. However, empirical studies in other closely

related plant species pairs have repeatedly demonstrated that

http://rstb.royalsocietypublishing.org/
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reductions in flower size and anther–stigma separation

often accompany the evolution of increased self-fertilization

[11,12,24,55,56]. The increase in stigma size in two of the tran-

sitions towards smaller flowers may also aid in capturing

self-pollen, as it is the case in wind-pollinated species [57]. In

addition, a transition from outcrossing to autonomous self-

pollination is expected to be followed by a reduction in

pollen production due to both increased local mate compe-

tition and because the number of pollen grains necessary to

successfully reach and fertilize ovules is reduced relative

to outcrossing species [58–60]. Pollen production per flower

is significantly reduced in S. heterodoxum, S. grayi var. grayi
and S. fructo-tecto compared with their corresponding large-

flowered taxa (table 2). In nectarless, buzz-pollinated species

such as Solanum, total pollen production may initially need

to be particularly high because pollen is directly sought and

consumed by floral visitors [39,41,61], but a loss of reliance

on insect visitation for reproduction may select for lower

pollen production. Moreover, to the extent that heteranthery

functions as a strategy to maximize pollen export during

visits by pollen-eating visitors [27], the loss of differentiation

between anther sets is also consistent with a diminishing role

for pollinators in reproduction.

Probably the strongest single piece of evidence that repli-

cated shifts from large- to small-flowers among the species

studied here reflect a shift in mating system comes from the

observed changes in P : O ratios. A reduction in P : O ratios

accompanying increased self-fertilization has been demon-

strated across many groups [58,59]. In particular, P : O

ratios track the breeding system of other Solanum species, as

has been shown in section Basarthrum, where dioecious and

self-incompatible taxa have significantly higher P : O ratios

than autogamous, self-compatible ones [61]. However, even

the P : O ratios observed here in some of the small-flowered

taxa are relatively high compared with angiosperms in gen-

eral [58], particularly for S. grayi var. grayi (table 2), which

suggests that pollinators may still be required for either facili-

tated selfing or facultative outcrossing in these nectarless

species. Determining to what extent shifts in floral mor-

phology and P : O ratios reflect different outcrossing rates

will require estimating outcrossing rates in the field.

(iii) Reproductive character displacement hypothesis
The evolution of heteranthery allows precise pollen place-

ment on the pollinator’s body, and if accuracy and

precision in pollen deposition are high [62], populations can

specialize in placing pollen in different areas of the pollina-

tor’s body [15,63,64]. As proposed by Whalen [33,35], the

transition from large to small flowers in Solanum section

Androceras could be the result of interactions between sympa-

tric species causing reproductive character displacement in

areas where closely related species co-occur. Indeed, the tran-

sition from large to small flowers in S. grayi closely matches

the zone of sympatry with its sister species S. lumholtzianum
[35]. Differences in flower morphology, and more specifically

in the relative size and position of pollinating and feeding

anthers within a flower, could serve as pre-zygotic barriers

by placing and collecting pollen from different areas of the

pollinator’s body, or by exploiting different pollinators

[35,65]. Because hybrids between species in Solanum section

Androceras often fail to develop [33,35], selection should

favour reproductive character displacement as divergence in
floral morphology in sympatric populations could reduce

pollen and ovule wastage [37,66].

Reinforcement may have played a role in the transitions

in floral morphology in S. grayi var. grandiflorum and S. grayi
var. grayi, although this has yet to be demonstrated. The con-

tribution of interspecific hybridization to floral divergence

in the species pairs of S. citrullifolium/S. heterodoxum and

S. rostratum/S. fructo-tecto is, however, less obvious although

it cannot be ruled out. The distribution of S. heterodoxum
var. heterodoxum is allopatric from S. citrullifolium [33], but the

geographical context during the establishment of floral dif-

ferences between these two taxa is unknown. By contrast,

S. fructo-tecto is distributed mostly in the highlands of central

Mexico, nested within the much larger historic distribution of

S. rostratum from southern Mexico to the central USA [33],

and these two species can occur in sympatry. Studies of sympa-

tric populations, either natural or experimental, could help in

determining whether differences in floral morphology among

species pairs contribute to reducing hybridization either via

pollinator partitioning [65] or through increased selfing [67].

The hypotheses described above to explain the causes and

consequences of transitions in flower size are not mutually

exclusive and instead could act in concert with each other.

For example, divergence in floral morphology caused by selec-

tion acting against hybridization may instigate the evolution of

higher selfing rates [67]. Alternatively, a shift to visitation by

smaller pollinators may negate the fitness benefits of anther

dimorphism for pollen transfer as it may not be possible to

compartmentalize pollen from feeding and pollinating anthers

on the body of small pollinators.
5. Conclusion
Our results indicate that the replicate transitions from

large to small flowers in Solanum section Androceras have

been accompanied by non-scaling but predictable changes

in anther–stigma separation, the extent of anther dimorphism

within flowers and allocation of resources to pollen and

ovules. Together these changes in morphology reveal a shift in

floral function towards increased self-fertilization, and a break-

down of heteranthery. Heteranthery is a reproductive strategy

based on a relatively complex floral morphology and a close

interaction between plant and pollen-eating insects. Although

rare across angiosperms, it has evolved multiple independent

times in disparate groups with varied floral characteristics, per-

haps in response to similar selective pressures imposed by

pollinators [27,28]. Here, we show, for the first time, that heter-

anthery has also been lost multiple times within a group of

closely related species. Elucidating the selective forces involved

in the loss of anther dimorphism will help understanding the

demise of complex floral phenotypes.
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