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ABSTRACT 

Explanations for the transition from cosexuality to gender dimorphism have 

concentrated on overcoming the inherent 50% fitness loss of single-sexed nuclear gene 

mutants arising in cosexual populations. These mechanisms generally fall into two 

broad, non-exclusive categories: elimination of inbreeding depression by male-sterile 

mutants (i.e., selection for outcrossing) and compensatory resource reallocation following 

loss of one sexual function. This dissertation focuses on the relative importance of these 

mechanisms in the evolution of gender dimorphism in Lycium (Solanaceae) and then 

finds an emergent explanation. 

Plants of North American Lycium califomicum, L. exsertiim, and L. fremontii are 

either male-sterile or morphologically hermaphroditic, and populations are 

gynodioecious. Flowers on hermaphrodites are larger and have broader calyces and 

corollas than those on females. Phylogenetic relationships, using molecular and 

morphological data, indicate that gender dimorphism has evolved once in North America 

and have identified the cosexual relatives of the dimorphic taxa. 

Controlled pollinations and allozyme estimates of mating systems in cosexual 

relatives of dimorphic species indicate that gender dimorphism has evolved on a 

phylogenetic background of self-incompatibility. In contrast, studies of pollen tube 

growth indicate that hermaphrodites in the dimorphic species are self-compatible. To 

determine if females compensate for loss of male function, I estimated components of 

female reproduction for all three dimorphic and three cosexual species. I also 
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investigated reallocation within flowers by quantifying the portion of total floral biomass 

allocated to each floral whorl. Despite substantial savings due to loss of male function, 

females do not produce increased numbers of seeds, fruits, or flowers, nor do they 

allocate additional biomass to gynoecia compared to cosexual relatives. 

Phylogenetic analysis suggests that the common ancestor of dimorphic Lyciiim in 

North America was self-compatible and polyploid. In contrast, relatives of the dimorphic 

clade are cosexual, self-incompatible diploids. This appears to have occurred 

independently in African Lycium. I describe a novel hypothesis for the evolution of 

separate sexes involving polyploidy. In this scenario, polyploidy disrupts self-

incompatibility leading to inbreeding depression. Subsequently, male-sterile mutants 

invade and increase because they are fully outcrossed. Further evidence for this scenario 

is presented from 12 genera involving at least 20 independent evolutionary events. 
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CHAPTER 1 

INTRODUCTION 

The evolution of gender systems is an important general issue in biology that has 

intrigued evolutionary biologists for decades (Chamov et al. 1976; Kohn 1988; see 

reviews in TREE, February 1996). Plants make excellent systems in which to study the 

evolution of gender both because of their tremendous variation in gender systems and 

their ease of study in the field. Although gender specialization is a relatively rare 

condition (occurring in < 10% of angiosperm species, Geber et al. 1999), its repeated 

evolution among many unrelated taxa makes it an evolutionary event of importance. 

Historically, ideas conceming the evolution of gender dimorphism in plants have fallen 

into two categories, those invoking selection for outcrossing and those involving 

compensation and optimal resource allocation. However, synthesis of the literature to 

date suggests that combinations of selective forces may be responsible for the transition 

lo separate sexes in different groups of plants (Thomson and Brunet 1990; Charlesworth 

1999; Webb 1999). 

This dissertation elucidates the selective forces operating on the evolution of 

gender specialization in the plant genus Lyciiim (Solanaceae). Comparative data have 

frequently been used to study the evolution of gender in plants, but the analyses have 

often been incomplete and there have been repeated calls for a more explicit analysis of 

comparative data. The approach taken here, of combining field studies of function within 
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a phylogenetic context, is one answer to this call and will provide a substantial 

contribution to the evolutionary interpretation of gender specialization in plants. 

Selective Forces in the Evolution of Gender Dimorphism 

Hypotheses for the evolution of gender dimorphism in plants generally fall into 

one of two categories. The first set of hypotheses include those that invoke selection for 

outcrossing as the predominant force behind the establishment and maintenance of 

dimorphism (Lewis 1942; Baker 1959; Lloyd 1975; Charlesworth and Charlesworth 

1978; Thomson and Barrett 1981; Lloyd 1982; Schultzand Ganders 1996). The logic 

behind this argument appears sound because an obvious consequence of separate sexes is 

obligate outcrossing. Implicit in this hypothesis is the assumption that dimorphism has 

evolved from self-compatible ancestors (Baker 1959; Charlesworth and Charlesworth 

1979). However, the relationship between self-compatibility and dimorphism remains in 

question (Thomson and Barrett 1981; Givnish 1982; Willson 1982; Baker 1984) and is 

not yet fully resolved (Charlesworth 1985; Thomson and Brunet 1990). 

Willson (1982) points out that selection for outcrossing has been the recurrent 

explanation for an extensive list of botanical features (e.g., dichogamy, Lloyd and Webb 

1986; herkogamy, Webb and Lloyd 1986), including the evolution of dimorphism. She 

characterizes this widespread use of selection for outcrossing as an overused, "kneejerk 

response" and suggests investigation of alternative explanations for the evolution of 

dimorphism (e.g.. Freeman et al. 1976; Bawa 1980; Givnish 1982; Marshall and Ganders 

1997). In particular, Darwin (1877) proposed that compensating factors, such as 
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increased ovule production as a result of decreased allocation to pollen, could result in 

the evolution of dimorphism. This hypothesis is also suggested by the observation that 

female flowers of gynodioecious species are often smaller (and presumably less costly) 

than hermaphroditic flowers (Baker 1948; Eckhart 1992a; Delph 1996; Puterbaugh et al. 

1997; Williams et al. 2000). Resource compensation by females has been investigated 

empirically and appears to be important in the transition to and/or maintenance of gender 

dimorphism in some species (Kohn 1989; Eckhart 1992b; Ashman 1994; Eckhart and 

Chapin 1997; Gibson and Diggle 1997; Foot 1997). 

As Thomson and Brunet (1990) note, it does not seem likely that we will find a 

single "overarching" explanation for the evolution of gender dimorphism, especially as it 

is clear that this sexual system has evolved independently in multiple lineages of plants. 

In addition, the two hypotheses discussed above (selection for outcrossing and resource 

compensation) are not mutually exclusive and could act in concert to explain the 

evolution of gender dimorphism (see Charlesworth 1999). Most likely, the evolution of 

gender dimorphism is a case-specific phenomenon, requiring rigorous microevolutionary 

and comparative investigations within groups before we can understand larger-scale 

patterns. 

The Comparative Method and a Phylogenetic Framework 

Historically, ecologists and evolutionary biologists have used comparisons among 

species both to generate and test hypotheses concerning the functional significance and 

evolutionary importance of traits. During the last two decades various correlations 
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between dimorphic breeding systems in plants and ecological factors have been used to 

make evolutionary inferences about the origin of separate sexes (Thomson and Brunei 

1990; Renner and Ricklefs 1995). Yet critics of the traditional, ahistorical comparative 

method suggest that this approach may produce misleading results due to non-

independence of taxa (Felsenstein 1985; Harvey and Pagel 1991; Miles and Dunham 

1993) or spurious correlations among characters that covary (Muenchow 1987; 

Donoghue 1989; Thomson and Brunet 1990). Furthermore, in the absence of a 

phylogenetic context, assessing the directionality of evolutionary change is exceedingly 

difficult (Donoghue 1989). Because the goals of comparative studies typically include 

inferences about the causal mechanisms of patterns, it is important to use a phylogenetic 

context when possible (Ackerly and Donoghue 1995; Hart 1985; Donoghue 1989; Cox 

1993; Weller et. al. 1995; Weller and Sakai 1999; Weiblen et al. 2000). 

Modeling the Evolution of Gender Dimorphism 

The following is a simple mechanistic model that is similar to the model of 

Charlesworth and Charlesworth (1978) and that includes most of the factors relevant to 

the evolution of separate sexes. I assume a large, hermaphrodite ancestral population that 

is self-compatible, partially selFing, and potentially suffering inbreeding depression. The 

female Fitness of a hermaphrodite is estimated by the number of seeds 

outcrossed plus two times the number of seeds selfed, discounted by any inbreeding 

depression. This is represented mathematically in eqn. (1), where N,, is the number of 

seeds produced by a hermaphrodite, S is the selfing rate, (J-S) is the outcrossing rate, and 
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S is the level of inbreeding depression. The male fitness of a hermaphrodite 's 

estimated by the number of outcrossed seeds produced in the population times the 

fraction sired by an individual plant. Assuming that a female mutant produces an 

insignificant fraction of the total number of ovules in the population, the number of 

ovules available for fertilization is PNJI-S), where P is the population size. The fraction 

of seeds sired by an individual hermaphrodite is I/P, making male fitness of a 

hermaphrodite equal to NJ/S) (eqn. 2). Combining (1) with (2), gives the total fitness 

of a hermaphrodite, represented in eqn. (3), which simplifies to eqn. (3.1). The fitness of 

a mutant female in this population is equal to her seed number (W,=A/^) since selfing and 

consequent inbreeding are avoided by male sterility. Thus, the spread of a female mutant 

in a hermaphroditic population will occur if the fitness of females is greater than that of 

hermaphrodites by the amount depicted in inequality (4). By simple rearrangement (4) 

becomes (4.1), which states that a female mutant can spread when the ratio of female 

seed production to hermaphrodite seed production is greater than some number that is 

less than 2, depending on the degree of selfing and the severity of inbreeding depression. 

( 1) Winfemair) = Nk( 1 - 5) + M,5(2( 1 - 5)) 

( 2 ) Win male) = Mi( 1—5) 

(3) Wh = Nh( l-S) + NhS(2( l-S)) + Ni,( 1 - 5) 

( 3 . 1 )  W h  =  2 N h ( l - S S )  

(4) N f > 2 N i , i l - S S )  

(4.1) N f / N h > 2 { l - S S )  

Setting gives the value of selfing and inbreeding depression necessary for the 

evolution of separate sexes by outcrossing alone. Setting S o r  S  equal to zero in eqn. 

(4.1) eliminates outcrossing advantage and gives the conditions under which resource 
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compensation alone favors the evolution of separate sexes {N/N^>2). For the purpose of 

this study. I operationally define compensation in terms of the number of seeds per unit 

branch length in females versus hermaphrodites. Increased seed number per branch 

length in females (eqn. 5) could occur through increased flower production per branch 

length (F), fruit production per flower (Fr), seed production per fruit iSd) or all three as 

they are not mutually exclusive. 

M ^ Ff Fr, Sdf 

Ni: Fh Fn Sdh 

This Study 

For my dissertation research, I examined the selective forces important in the 

evolution of gender specialization in the genus Lycium (Solanaceae). The genus Lycium 

consists of -75 species of shrubby perennials distributed in arid to semi-arid 

environments throughout the world (Bemardello 1986). Lycium are particularly species-

rich on the American continents (51 species), with 30 species in South America and 21 

species in North America. More than half of the North American species in the genus 

occur in Arizona, and several additional species are found in nearby states (Nevada. 

Texas, New Mexico, California) and in Sonora and Baja California, Mexico. 

Explanation of Dissertation Format 

The chapters in this dissertation are included as six appendices. Appendix A 

describes the presence of gender dimorphism in North American Lycium ccdifoniicum, L. 

exsertum, and L. fremontii. Populations of the dimorphic species are morphologically 
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gynodioecious and are composed of male-sterile (i.e., female) and perfect-flowered (i.e., 

hermaphrodite) plants. In this appendix I also describe the sexual dimorphism of flowers 

in females and hermaphrodites and discuss floral shifts in size and shape as they relate to 

the transition to gender dimorphism. 

In Appendix B, I infer evolutionary relationships among Lycium species to 

provide the necessary historical framework in order to make inferences conceming 

evolutionary transitions to gender dimorphism. The results of an analysis of molecular 

sequence data from the internal transcribed spacer regions (ITS I and ITS2) of nuclear 

ribosomal DNA and 28 morphological characters are presented in Appendix B. This 

study included 25 species of Lycium, with 16 species from North America, including all 

three North American dimorphic species (L. califomicum, L. exsertum, and L.fremontii). 

To test the monophyly of North American Lycium, three species from South America. 

four species from Africa, and one species each from Asia and Australia were also 

included. 

Guided by the knowledge of evolutionary relationships (Appendix B), I collected 

comparative data for the three dimorphic species (L. califomicum, L. exsertum, and L. 

fremontii) and for five related cosexual species {L. andersonii, L. berlandieri. L. 

niacrodon, L. parishii, L. pallidum). These comparative data were used to evaluate 

hypotheses for the evolution of gender dimorphism in Lycium. Specifically, in Appendix 

C, I evaluate the resource compensation hypothesis, whereas in Appendices D and E, I 

assess the importance of selection for outcrossing as it relates to the evolution of separate 

sexes in Lycium. 
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In Appendix C, I determined whether or not females in dimorphic species 

reallocated resources not used in male function to increased female function. To do so, I 

estimated components of female reproduction for six closely related species of Lyciiim at 

the evolutionary transition from cosexuality to gynodioecy. Specifically, I determined 

seed number per fruit, fruit number per flower, and flower number per unit branch length 

for females and hermaphrodites of three dimorphic species and for three related cosexual 

species. I also investigated reallocation within-flowers by quantifying the portion of total 

floral biomass allocated to the gynoecium, androecium, calyx, and corolla. If resource 

compensation has been important in the establishment of females and the evolution of 

gender dimorphism in Lycium, then components of female reproductive success (seed 

number, fruit set, and flower number) should be higher for unisexual females compared 

with their perfect-flowered cosexual relatives. Also, there may be increased allocation to 

the gynoecium as a result of reduced allocation to male structures within flowers. 

In Appendices D and E, I ask whether or not selection for outcrossing was 

important in the evolution of gender dimorphism in Lycium. Specifically in Appendix D, 

I investigated breeding systems for the three dimorphic species (L. califomicum, L. 

exsertiim, and L. fremontii) and three related, cosexual Lycium species (L. beriandieri, L. 

pallidum, and L. parishii) using controlled pollinations. I asked if the cosexual species 

related to the dimorphic species were self-compatible and if the hermaphroditic morphs 

of the dimorphic species were self-compatible. If selection for outcrossing (avoidance of 

inbreeding) has been important in the evolution of gender dimorphism, self-compatibility 

is expected to occur in both the cosexual relatives of the dimorphic species and in the 
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hermaphroditic morphs of the dimorphic species. To address these questions, I 

performed controlled pollinations in the above species and determined fruit set, seed set, 

and pollen tube growth through styles following outcross and self pollination. I had 

several subsidiary objectives for this crossing experiment including: (1) documentation 

of gender dimorphism in North American Lycium, (2) determination of pollen limitation 

and/or agamospermy in females of dimorphic species, and (3) determination of autogamy 

in hermaphrodites of dimorphic species or cosexual species. The results of this 

experiment are presented in Appendix D. 

In Appendix E, I estimated mating system parameters (e.g., outcrossing and 

selFing rates, inbreeding coefficients) for two cosexual species of Lycium {L. berlundieri 

and L. parishii), which are closely-related to the gynodioecious taxa. were estimated 

using cellulose-acetate electrophoresis. The specific goal of this study was to 

characterize mating parameters in these cosexual, diploid species in order to provide 

evidence on the effectiveness of the self-incompatibility system at preventing selfmg in 

taxa presumed to be similar to the ancestors of the gynodioecious taxa. A subsidiary goal 

was to estimate the strength of inbreeding depression in the cosexual species using 

allozyme data. 

In Lycium gender dimorphism is associated with polyploidy. All three of the 

dimorphic species in North America have polyploid chromosome counts, whereas all of 

the cosexual Lycium studied are cosexual with the diploid number of chromosomes (N = 

12). A novel scenario for the evolution of gender dimorphism is described in Appendix 

F. Specifically, I propose that polyploidy is a trigger for the evolution of gender 



dimorphism. In this scenario, polyploidy disrupts self-incompatibility leading to self-

fertilization and the expression of inbreeding depression. Subsequently, male-sterile 

mutants invade and increase because they are unable to self-fertilize and are thus free 

from the detrimental effects of inbreeding. Evidence for this scenario is presented for 

North American Lycium. In North American Lycium, gender dimorphism has evolved 

polyploid, seif-compatible taxa whose closest relatives are cosexual, self-incompatible 

diploids. This appears to have occurred independently in South African Lycium. I 

present additional evidence for this pathway to gender dimorphism from 12 genera 

involving at least 20 independent evolutionary events. 
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CHAPTER 2 

PRESENT STUDY 

The methods, results, and the conclusions of this study are presented in the paf)ers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

In Appendix A, I describe the presence of male-sterility for plants in three North 

American Lycium species. Plants of L. califomicum, L. exsertum, and L. fremontii are 

either male-sterile (i.e., female) or hermaphroditic (i.e., have both male and female 

function in the same flower). Populations are gynodioecious and sex ratios in six of 

seven populations were not significantly different from 1:1. Eleven floral morphometric 

characters were measured for females and hermaphrodites and compared to five cosexual 

species of North American Lycium. Much of the variation in floral evolution in cosexual 

species has occurred via changes in flower size, rather than shape. Flower size has also 

changed in the dimorphic species, resulting in both small-flowered (L. califoniicum) and 

large-flowered {L. fremontii) dimorphic species. As described for many other 

gynodioecious populations, flowers on hermaphrodites are larger than those on 

conspecific females for all three dimorphic species of Lycium. In addition to shifts in 

flower size, changes in floral form have also accompanied the evolution of gender 

dimorphism in Lycium. Specifically, flowers on hermaphrodites have both broader 

calyces and corollas, whereas females have longer calyces, abortive androecia, and 

somewhat wider stigmas. 
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Appendix B describes phylogenetic relationships among 25 species in the genus 

Lycium and three related species in the genus Grabowskia. Sampling was most intensive 

for North American Lycium, as I was interested in determining both the number of times 

gender dimorphism evolved in North America and the close relatives of the North 

American dimorphic species. The three dimorphic species form a strongly supported 

clade, supporting the hypothesis that gender dimorphism has evolved once in North 

America. Phylogenetic analyses in Appendix B demonstrate that the closest extant 

relatives of the dimorphic species are the North American cosexual species L. andersonii 

and L. berlandieri. However, much work remains to be done concerning the systematics 

of Lycium. In particular, the genus is apparently not monophyletic as Grabowskia is 

nested within Lycium and sectional circumscriptions for the North American species are 

inadequate. In addition, the finding that the Old and New World Lycium species are not 

monophyletic requires that worldwide treatments of the genus be undertaken. 

In Appendix C, I estimate components of female reproductive success for six 

species of Lycium (all three dimorphic species and three cosexual species) to determine if 

females of dimorphic species reallocate resources, no longer necessary for male function, 

into increased female function. Although females have a substantial fecundity advantage 

compared to conspecific hermaphrodites, this cannot be used to conclude that resource 

compensation has occurred in the evolution of gender dimorphism because the 

hermaphrodites are specialized for male function. Rather, comparisons of females in 

dimorphic species with their cosexual relatives were made. In general, females do not 

make increased numbers of seeds, fruits, or flowers compared to their cosexual relatives. 
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providing little support for resource compensation. I also investigated reallocation within 

flowers by quantifying the biomass savings of females due to lack of pollen production. 

This was accomplished by quantifying the portion of total floral biomass to the 

gynoecium, androecium, calyx, and corolla. Despite a nearly 20% savings in total floral 

allocation due to reduced androecia, females do not produce larger gynoecia compared to 

cosexual species. This would seem to refute the imp>ortance of resource compensation in 

the evolution of gender dimorphism in this group. 

Theoretical models for the evolution of separate sexes predict that gender 

dimorphism evolves on a phylogenetic background of self-compatibility. In Appendix D 

I use field studies to test this assumption for three cosexual species that are closely 

related to the dimorphic species, and for hermaphrodites of all three dimorphic species. 

Controlled pollinations investigating fruit set, seed set and pollen tube growth for the 

cosexual species indicate that these species are primarily self-incompatible. Fruit set. 

seed set, and pollen tube growth were significantly lower following self pollination 

compared to outcross pollination in these cosexual species. Thus, contrary to theoretical 

predictions, gender dimorphism in Lycium has evolved on a phylogenetic background of 

self-incompatibility. In contrast to the cosexual species, however, hermaphrodites in the 

three dimorphic species have lost self-incompatibility, as indicated by the similar growth 

of self and outcross pollen in styles of the hermaphrodites. To reconcile these findings 

with theoretical models for the evolution of gender dimorphism, I propose that 

polyploidy disrupted self-incompatibility in the dimorphic species, ultimately resulting in 

the evolution of gender dimorphism. Appendix D also documents the presence of 
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functional dioecy in morphologically gynodioecious populations of L. califomicum, L 

exsertum, and L.fremontii. In these three species, hermaphrodite plants function 

principally as males and have low levels of fruit set, whereas female plants in these 

species have high fruit and seed production. This paper was co-authored by D. Lawrence 

Venable and was submitted for publication. 

In Appendix E, I estimated mating system parameters (e.g., outcrossing and 

selfing rates, inbreeding coefficients) for two species of cosexual Lycium that are closely 

related to the dimorphic species of Lycium. The estimates of selfing rates using allozyme 

markers were higher than those estimated from hand-pollination experiments. 

Nevertheless, both species were highly outcrossing (t„ = 0.839 and 0.742) and results 

were consistent with the hand pollination experiments described in Appendix D. 

Estimates of maternal inbreeding coefficients suggest that inbreeding depression is likely 

complete (5 = 1) in nature, as expected in predominately outcrossed species. Despite the 

presence of limited self-fertilization in both species, it is unlikely that gynodioecy could 

evolve in ancestral populations with similarly high levels of outcrossing such as those 

reported here for cosexual Lycium. Rather, other factors must have facilitated the 

transition to gender dimorphism in Lycium. Specifically, it is hypothesized that the self-

incompatibility system was disrupted with the evolution of polyploidy in the dimorphic 

lineage, subsequently leading to high levels of self-fertilization, the expression of severe 

inbreeding depression and the consequent evolution of females. 

In Appendix F, I show that gender dimorphism in North American Lycium 

(Solanaceae) has evolved in polyploid, self-compatible taxa and that the closest extant 
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relatives of these dimorphic taxa are self-incompatible diploid species. A similar 

association between ploidy level and gender dimorphism occurs in South African Lycium. 

I propose that polyploidy is a trigger for the evolution of separate sexes and describe a 

new scenario for the evolution of gender dimorphism. In the scenario outlined in 

Appendix F, polyploidy disrupts self-incompatibility leading to self-fertilization and 

inbreeding depression. Subsequently, male-sterile mutants invade populations and 

increase because they are unable to inbreed. Evidence for this transition is presented for 

the genus Lycium. Additional evidence for this pathway is presented for 12 genera 

involving at least 20 independent evolutionary events. This paper was co-authored by D. 

Lawrence Venable and is published in Science. 
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Abstract—Plants of Lyciiim califoniicum, L. exsertum, and L. fremontii are either 

male-sterile (female) or morphologically hermaphroditic, and male-sterility is present 

throughout the ranges of all three species. Populations are gynodioecious and sex ratios 

do not differ from 1:1 in six of seven populations. Eleven floral characters were 

measured for females and hermaphrodites in the dimorphic species and compared to five 

species of related cosexual (i.e., hermaphroditic) Lycium. The presence of a phylogenetic 

hypothesis for this group allowed historical reconstruction of the shifts in floral size and 

shape across the transition from cosexuality to gynodioecy. Much of the floral evolution 

in cosexual Lycium has occurred via changes in size, rather than shape. There has been 

similar evolution of flower size in the dimorphic species, though shifts in floral form 

have also accompanied the evolution of gender dimorphism. 
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In most angiosperm species individuals are hermaphroditic and have both male and 

female function. However, gender dimorphism (i.e., the segregation of male and female 

function on separate individuals) has evolved repeatedly within flowering plants (Geber 

et al. 1999). One form of gender dimorphism, gynodioecy, is the coexistence of male-

sterile (female) and hermaphroditic individuals in populations. Gynodioecy is often 

thought to be an intermediary sexual system between hermaphroditism and the evolution 

of complete dioecy (Darwin 1877; Lloyd 1975; Charlesworth and Charlesworth 1978; 

Ross 1978; but see Westergaard 1958). 

In species that are dimorphic in gender expression, the potential also exists for plants 

to be dimorphic in secondary sexual characters (Geber et al. 1999). That is. female and 

hermaphroditic plants may exhibit specialization for characters other than the primary sex 

organs (e.g.. corolla size) (cf. Lloyd and Webb 1977). This floral specialization has led 

to an interest in studying the floral characteristics of female and hermaphroditic plants in 

gynodioecious populations (Darwin 1877; Lloyd and Webb 1977, Baker 1948; Delph 

1996, Eckhart 1999). 

Flowers on female plants in gynodioecious populations are almost always smaller than 

flowers on conspecific hermaphrodites (Baker 1948; see Table 8.2 in Delph 1996; 

Eckhart 1999). This observation has suggested to some researchers that resource savings 

associated with the reduction in flower size allows females to reallocate to fruit and seed 

production and thus aid their maintenance in gynodioecious populations (Eckhart 1992). 

Others have attempted to explain flower size dimorphism using Bateman's principle 

(1948), which posits that male Fitness is limited by access to females. This results in 
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selection to increase hermaphroditic flower size so as to increase visitation by pollinators 

(Bell 1985). The assumption that larger corollas attract more pollinators has much 

empirical support (Galen and Newport 1987. Ashman and Stanton 1991; Eckhart 1991: 

Johnson et al. 1995). While both of these mechanisms (reduction in female flower size 

with subsequent compensation, and increased hermaphroditic flower size to attract 

pollinators) may be occurring in gynodioecious populations, genetic correlations may 

constrain the independent evolution of females and hermaphrodites (Meagher 1999). 

Though comparisons of females and hermaphrodites within gynodioecious 

populations direct hypotheses concerning adaptive explanations, these within species 

comparisons tell us little about how sexually dimorphic characters evolved in the first 

place. Understanding how females and hermaphrodites in gynodioecious populations 

evolve from hermaphroditic populations requires comparisons with hermaphroditic 

common ancestors (Charlesworth 1993, Eckhart 1999). 

Here I document the presence of male-sterility in three species of North American 

Lyciiim (Solanaceae). In addition, I describe the sexual dimorphism in floral morphology 

between females and hermaphrodites in gynodioecious populations, and compare females 

and hermaphrodites with their perfect-flowered, cosexual relatives in order to better 

understand the historical transition to sexual dimorphism in Lyciiim. The objectives of 

this paper are fivefold. First, I confirmed reports of male-sterility for L. exsertum and L. 

fremontii (Chiang-Cabrera 1981) and document male-sterility in L. californicum, which 

my own observations suggested was sexually dimorphic. Second, I assessed the 

consistency of gender expression of individual plants across several years in natural 
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populations. Third, I investigated the occurrence of male-sterility throughout the ranges 

for the three species using herbarium specimens and field observations. Fourth. I 

determined sex ratios in populations of the dimorphic species. Lastly. I investigated 

sexual dimorphism in floral characteristics between females and hermaphrodites of the 

dimorphic species, as well as for five perfect-flowered, cosexual Lyciiun species. With 

these morphological measurements. I reconstruct the shifts in floral size and form across 

the transition from cosexuality to gynodioecy. 

MATERIALS & METHODS 

Study species & populations—Lycium (Solanaceae) is a genus of shrubby perennials 

that is distributed worldwide in arid to semi-arid environments. The genus contains ~ 75 

species and is particularly species-rich in South America (30 species), southwestem 

North America (21 species), and southern Africa (17 species) (Hitchcock 1932; 

Bernardeilo 1986; Chiang-Cabrera 1981; Joubert 1981). Plants are typically 0.5 to 2.5 m 

in height, have long stems branching from the base, and bear whitish to violet flowers 

from fascicles along the branches. 

Most Lycium have perfect flowers on all plants and are cosexual in gender expression 

(Hitchcock 1932; Chiang-Cabrera 1981; Bernardeilo 1986). However, six species of 

Lycium that occur in southern Africa have been described as functionally dioecious 

(Minne et al. 1994; Venter et al. 1999). None of the South American species are 

dimorphic in gender expression (Bernardeilo 1986), although occasional male-sterile 

flowers have been reported in some species (Bernardeilo 1987). 
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Previous investigations of the North American members of the genus suggested that 

flowers of L. fremontii were dimorphic in size due to differential growth on plants. In his 

monograph of the American species, Hitchcock (1932) described two floral types found 

on L. fremontii and noted that younger flowers from fast growing portions of the plant 

were larger, whereas on older branches the flowers were reduced in size. In a later 

treatment of the North American species, Chiang-Cabrera (1981) characterized tloral 

sexual dimorphism in L. exsertum and L. fremontii. Based on observations of herbarium 

specimens, he described some specimens that had small flowers with exserted styles and 

reduced, sterile stamens, whereas others had large flowers with included styles and 

exserted. fertile stamens. He also noted that herbarium specimens with flowers having 

exserted styles had high levels of fruit set, whereas specimens with flowers having 

included styles had fewer fruits. Chiang-Cabrera (1981) interpreted this pattern of 

unequal fruiting as functional dioecy and he suggested that plants with long styles were 

functional females, whereas those with included styles were functional males. My own 

field observations suggested that another species, L. califomicum. was also dimorphic in 

gender expression. 

Male-sterility—Individual plants of L. califomicum, L. exsertum. and L. fremontii 

have flowers that are either perfect in structure with both male and female function 

(hereafter hermaphrodite), or flowers with reduced filaments and underdeveloped 

(apparently sterile) anthers (hereafter female). To confirm that male function was absent 

from plants with reduced filaments and underdeveloped anthers, I collected recently 

opened flowers and mature floral buds from 10 such plants, and also from 10 
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hermaphrodites for all three dimorphic species. For L. fremontii and L. exsertum. flowers 

were collected from plants during March 1995 from a population near Casa Grande in 

Pinal county, AZ (Table 1). Flowers from dimorphic L. califomicum were collected 

during March 1997 from the Houser Road population near Eloy, Pinal County. AZ (Table 

1). Anthers were removed from flowers and buds using fine forceps with the aid of a 

dissecting microscope and stained with basic fuschin gel (Beattie 1971). Anthers were 

then squashed on a microscope slide and assessed for the presence of pollen under a light 

microscope (lOx). 

Populations of L. califomicum, L. exsertum, and L. fremontii were scored for the 

presence of females and hermaphrodites when encountered in the field. In addition, 

herbarium specimens at the University of Arizona (ARIZ) were examined to determine 

the presence of male-sterility throughout the ranges for these species. Determination of 

plants as female or hermaphrodite was easily accomplished (sometimes using a lOx hand 

lens) by the presence of functional stamens in hermaphrodites or reduced, non-fertile 

stamens in females. Even anthers that had previously dehisced on hermaphrodites were 

readily distinguishable from the rudimentary anthers of females. 

Sex ratios—^The ratio of female to hermaphroditic plants was determined in seven 

natural populations in Arizona (Table 1). Sex ratios were determined in two ways. First, 

50 m transects were established and all plants that were within 10 m perpendicular (on 

either side of the transect) were assessed for sexual expression. Alternatively, 50 m" 

quadrats were established, and all plants inside the quadrat were scored for sex type. The 

only exception to these sampling techniques was at the Alamo Canyon population of L. 
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exsertum where dense vegetation prohibited the establishment of transects. For this 

population, sex ratios were determined by walking along an established trail and 

recording the sex expression of all visible L. exsertum plants. To determine if 

populations differed from the null expectation of a 1:1 ratio of females to hermaphrodites 

I used G-tests (Sokal and Rohlf 1995). 

Stability of gender expression—^To determine whether plants in populations were 

consistent in gender expression both within seasons and across years. I permanently 

tagged females and hermaphrodites and surveyed them several times during the season 

and also over several years. I monitored 130 plants of L. fremontii (60 females and 70 

hermaphrodites) in two populations from 1995-2000 (Table I). For L. exsertum, I 

surveyed 37 females and 57 hermaphrodites from the Desert Peak population from 1995-

2000 (but no individuals flowered here during 1996, and only a few flowered in 1997) 

(Table I). I monitored 23 females and 29 hermaphrodites in the Houser Road population 

of L. ccilifornicwn over four flowering seasons (1997-2000) (Table I). 

Sexual dimorphism in floral form—Flowers from plants occurring in natural 

populations of eight species (three dimorphic and five cosexual) were collected and 

preserved in F. A. A. (recipe from Keams and Inouye 1993). Flowers from females and 

hermaphrodites of all dimorphic species were collected during March 1998 and 1999 

(Table I). Collections from the cosexual species were made during March-April 1998 for 

L. cmdersonii, L. macrodon, L. pallidum, and L. parishii and during August-September 

1997 for L. berlandieri (Table 1). 
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Flowers were dissected and floral structures measured using a dissecting microscope 

equipped with an ocular micrometer. For each flower, several measurements were made, 

including calyx tube width, calyx tube length, calyx lobe length, corolla tube length, 

corolla diameter, distance of filament adnation along the corolla tube, length of the free 

portion of the filament, anther length, ovary length, style length, and stigma width (Fig. 

1). I measured two flowers per plant from 54 plants in each of the dimorphic species (27 

females and 27 hermaphrodites) and two flowers from 27 plants of cosexual L. 

herkmdieri and L. parishii. Sample sizes for the remaining cosexual species. L. 

andersonii, L. macrodon, and L. pallidum, included two flowers from 12 plants of each 

species. 

Means and standard deviations were calculated for each floral character for each 

species-morph combination (PROC MEANS, SAS Institute). A species-morph 

combination included both the species designation and also the sexual expression of the 

plant. Principal components analysis (PROC PRINCOMP, SAS Institute) was used to 

explore and summarize variation in the measured floral characters for females and 

hermaphrodites of the three dimorphic species, as well as for the five cosexual Lyciiim 

species. The two replicate fiowers on plants were averaged and these means were used 

for this analysis. All measurements were natural log transformed and standardized to 

have a mean of zero and a variance of one prior to the principal components analysis. 

Most of these natural log transformed measurements (88%, 107 of 121) were normally 

distributed within each species-morph combination. 
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I used analysis of variance (ANOVA. PROC GLM, SAS Institute) to test whether 

species-morph combinations differed in size and shape as defined by the first three 

principal components (PCI = size dimension; PC2, PC3 = shape dimensions). The Ryan-

Einot-Gabriel-Welsch (REGWQ, SAS Institute) multiple comparison procedure was used 

to compare all pairwise species-morph combinations. 

RESULTS 

Male-sterility—Pollen was absent from the reduced anthers of female plants of all 

three dimorphic species. No pollen grains were present in anthers collected from fiowers 

on female plants. In addition, for all three species, plants produced flowers that were 

either perfect (i.e., hermaphrodite) or male-sterile (i.e.. female). Field observations in 

populations of all three species confirmed the presence of only one floral type within 

plants. 

Male-sterility was present throughout a large part of the species range for the three 

dimorphic taxa. Females and hermaphrodites were present in all populations of 

dimorphic L. californicum, L. exsertiun. and L. fremontii encountered in the field, and 

inspection of herbarium material indicated the presence of male-sterile plants throughout 

much of their ranges (Fig. 2). 

Sex ratios—Sex ratios in natural populations were not generally different from a 1:1 

ratio of female to hermaphrodite plants. The only exception to this was the Queen Creek 

population of L. californicum which had an excess of hermaphrodites (Table 2). 

Stability of gender expression—Plants of all three species were consistent in their 

floral expression across years and the presence of "switching" (e.g., hermaphrodite in one 
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year, female in another year) was essentially absent. None of the 52 L. califoniicum 

plants (23 females and 29 hermaphrodites) monitored from Spring 1997 to Spring 2000 

changed the type of flowers produced. Similarly, none of 94 individuals surveyed from 

Spring 1995 to Spring 2000 changed gender expression for L. exsertiim. For L. freniontii, 

134 total plants (60 females and 74 hermaphrodites) were surveyed in two populations. 

One individual plant of L.fremontii that was originally identified as a hermaphrodite in 

1995 was recorded as a female in the following year and then as a hermaphrodite in 

subsequent years. Observer error cannot be ruled out for this particular individual 

because it was growing interspersed with at least two other plants. 

Sexual dimorphism in floral form—Comparison of the means (± SD) between 

hermaphrodites and females of dimorphic species reveals that hermaphrodites have 

longer and wider corollas (Table 3). Also, hermaphrodites have longer anthers and 

filaments (Table 3). Despite the fact that flowers of hermaphrodites are larger than 

females for most characters measured, absolute style length of females in L. fremoniii is 

longer than in conspecific hermaphrodites. Similarly, absolute stigma width is larger for 

females compared to hermaphrodites for both L. freniontii and L. califoniicum (Table 3). 

There were significant differences for all floral characters among the cosexual species 

(Table 4). 

The first principal component accounted for 63% of the variation in the data set and 

was an index of overall flower size (Table 5). The eigenvector associated with PCI had 

positive loadings for all of the floral characters and these loadings were of similar 

magnitude, characteristic of a size vector (Table 5). Large-flowered, cosexual L. 
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pallidum and L. macrodon and hermaphrodites of L. freniontii have high values for 

principal component I (PCI), while the small-flowered species. L. andersonii, L. 

herlandieri. and L. califomiciim have lower PCI values (Figs. 3A. 4). All of the cosexual 

species were significantly different from each other and hermaphrodites of the three 

dimorphic species were significantly larger than conspecific females (Fig. 3A). 

Principal component two (PC2) accounted for 12% of the variation and described 

shape and gender related traits. It had large positive loadings for calyx width and corolla 

diameter, whereas it had negative loadings for style length, stigma width, and the 

adnation distance of anthers along the corolla tube (Table 5). Thus, plants with high 

scores for PC2 had flowers with wide calyces and broad corollas, but with relatively 

shorter styles, more narrow stigmas, and short adnation distances along the corolla tube 

(e.g.. females and hermaphrodites of L. califoniiciun. hermaphrodites of L. freniontii. and 

cosexual L. pallidum) (Figs. 3B, 4). By contrast, plants with low scores for PC2 (L. 

andersonii and females of L. exsertum) had longer styles with wide stigmas and long 

adnation distances along the floral tube, but relatively narrow calyces and corolla 

diameters (Fig. 38. Table 5). Species-morph combination explained a significant amount 

of the variation in PC2 and hermaphrodites of dimorphic species had significantly higher 

values for PC2 than consp>ecific females (Fig. 3B). 

The third principal component (PC3) described aspects of floral shape and gender. It 

had a large positive loading for calyx length and, to a lesser extent, stigma width and 

ovary length, whereas it had strongly negative loadings for anther and filament length 
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(Table 5). Females for all dimorphic species have significantly higher values for PC3 

compared to both conspecific hermaphrodites and cosexual species (Figs. 3C. 5). 

DISCUSSION 

Plants of Lyciiim califomiciim, L exsertiim, and L. fremontii produce flowers that have 

either reduced stamens and abortive anthers (female plants) or are morphologically 

perfect and have both male and female structures (hermaphroditic plants). Pollen was 

absent from flowers on female plants examined in the field or laboratory for all three 

dimorphic species. Bemardello (1987) describes occasional male-sterile flowers on 

otherwise perfect-flowered, cosexual plants for some species of South American Lycium. 

He characterizes several types of male-sterility, ranging from anthers with abnormal 

development and no pollen to dehiscent anthers with shriveled, empty pollen grains. In 

all cases, male-sterility occurs after meiosis in early microspores (Bemardello 1986). 

The presence of occasionally male-sterile flowers on otherwise perfect-flowered plants 

suggests that somatic male-sterility mutations may be relatively common in Lycium. I 

have also observed the presence of an apparently somatic mutation to male-sterility on an 

otherwise hermaphroditic plant of dimorphic L. fremontii. On this plant, all flowers were 

hermaphroditic with the exception of the distal portion (~ 30 cm) of one branch, where 

flowers were male-sterile. Interestingly, there was a noticeable size dimorphism between 

the hermaphroditic and male-sterile flowers on this plant, suggesting that the reduction in 

flower size on female plants is associated with the lack of pollen production. This has 

been noticed elsewhere. Plack (1957) removed anthers from buds of Glechoma 

hederaceci (Lamiaceae) and recorded a reduction in corolla size. Further, the size 
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reduction was roughly proportional to the number of emasculated anthers (Plack 1957) 

and corolla size could be restored by application of gibberellic acid (Plack 1958). It is 

likely that the floral dimorphism in corolla size between females and hermaphrodites 

reported here for Lyciuni is the result of a developmental association between corolla size 

and pollen production (cf. Darwin 1877. pp. 308-09). 

In contrast to the occasional male-sterile flowers reported on otherwise cosexual plants 

in South America (Bemardello 1987), plants of L. califomiciim, L. exsertum. and L. 

fremontii have either female or hermaphroditic flowers, and plants do not alter their 

gender expression across years. Thus, these species are dimorphic in gender expression. 

Further, the presence of male-sterile plants has been recorded throughout much of their 

species ranges (Fig. 2). 

Under nuclear inheritance of male-sterility, theoretical models predict that population 

sex ratios will be affected by the seed fertilities of hermaphrodites and females (Lewis 

1941; Lloyd 1976). Lloyd (1976) formalized the relationship between C, the relative 

seed fertility of hermaphrodites (i.e., the seed fertility of hermaphrodites divided by the 

seed fertility of females) and p, the frequency of females in the population as 

1-2/7 
" populations are at equilibrium, knowledge of p, the proportion of 

females in a population, can be used to predict the relative seed fertility of 

hermaphrodites in that population. In Lycium, components of the seed fertilities for 

females and hermaphrodites in all three of the dimorphic species have been estimated and 

reported in detail elsewhere (Appendix C). Controlled pollinations on hermaphrodite 
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plants in populations of all three species reveal that, though hermaphrodites have the 

potential of setting frjit, they do so only at low levels and are principally male in function 

(Appendix D). By contrast, female plants have high fruit set compared to conspecific 

hermaphrodites and other cosexual Lyciiim species (Appendix D). The empirical 

estimates of the relative seed fertilities of hermaphrodites for L. caiifomicuni. L. 

exseniim. and L. fremontii are 0.0218, 0.0307, and 0.0279, respectively. Given such low 

estimates of the relative fertility of hermaphrodites, the presence of 1:1 sex ratios is not 

unexpected (Table 2). However, in the Queen Creek population of L. califomiciim, there 

was a significant excess of hermaphrodites (Table 2). Using Lloyd's equation to predict 

the seed fertility of hermaphrodites in this population, a value considerably higher than 

the empirical estimate was obtained (Cp„j= 0.1667; Q.„p=0.0218). Since the empirical 

estimate was determined for the Houser population (Appendix C). it would be interesting 

to experimentally determine the relative seed fertility of hermaphrodites in the Queen 

Creek population, to see if it is as high as predicted by Lloyd's (1976) equation. 

Gender dimorphism also occurs in six species of African Lycium (Minne et al. 1994; 

Venter et al. 1999). In these species, floral morphology of female plants is similar to that 

described here for the North American dimorphic species. In Africa, flowers on female 

plants have well developed gynoecia. and rudimentary androecia that produce no pollen 

(Minne et al. 1994). However, the African species appear to be morphologically more 

advanced towards full dioecy, because flowers on staminate plants have gynoecia that are 

either underdeveloped and possess only a rudimentary style and stigma, or the gynoecia 

are entirely absent (Minne et al. 1994). In North America, flowers on hermaphroditic 
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plants always produce female structures, though for hermaphrodites of L. fremontii. these 

are sometimes reduced in size. Phylogenetic analyses indicate strong support for the 

monophyly of the North American dimorphic species. L. califomicion. L. exsertiim. and 

L. fremontii (Fig. 2 in Appendix F; Appendix B), and it is likely that dimorphism has 

evolved separately on the two continents. It is interesting that functionally male plants in 

Africa have reduced or absent gynoecia, yet females retain stamens. This may suggest 

that the presence of stamens is important in pollinator attraction. It would be interesting 

to expand the phylogeny of Lycium (Appendix B) to include more African taxa in order 

to test hypotheses concerning rates of reduction in these "unnecessary" sexual organs (cf. 

Eckhart 1999). 

By overlaying phylogenetic relationships onto the principal component space. 

historical patterns of flower size (PCI in Fig. 4), shape and gender (PC2. PC3 in Fig. 5) 

evolution can be explored. A phylogeny for the species included in this study is 

presented in Figures 4 and 5. The hypothesized sister group of the dimorphic species are 

the sister species L. andersonii and L. berlandieri (Fig. 2 in Appendix F). Because 

gender dimorphism evolved only once in North America (Appendix F), I show the split 

between females and hermaphrodites once and map the subsequent evolution of the 

gynodioecious lineage separately for females and hermaphrodites (Figs. 4. 5). The 

branches of the phylogeny drawn in Figures 4 and 5 can be thought of as 

phylogenetically independent contrasts in PC space (cf. Donoghue and Ackerly 1996). 

Much of the variation among the cosexual species can be explained by size 

differences, and the cosexual species are all significantly different from each other in size 
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(PCI; Fig. 4B, see also Fig. 3A). In contrast, shape is remarkably constant among the 

cosexual species (the contrasts in Fig. 48 are mostly horizontal except for the branch 

connecting A and B). Likewise, there is little separation among cosexual species in Fig. 

58. which represents size-independent differences in shape and gender related traits. 

Only L. andersonii and, to a lesser extent. L. pallidum have distinctive floral shapes. 

Flowers on L. andersonii are considerably narrower than flowers from other species, and 

the calyx is much reduced. Furthermore, the style is relatively long, the stigma well 

developed, and the adnation distance of the filaments along the corolla tube is long 

compared to flowers on other species. By contrast, flowers on L. pallidum are broad and 

Hared. with a wide calyx and long, free filaments (as opposed to a long adnation distance 

along the corolla tube) (Fig. 58). Compared to PC2, principal component three (PC3) 

varies considerably less among the cosexual species, although it does distinguish L. 

andersonii from the other cosexual species (Fig. 58. see also Fig. 3C). 

In the evolution of gender dimorphism, changes in both flower size and shape have 

occurred. Flowers on hermaphrodites are significantly larger than those on conspecific 

females (Fig. 4A, see also Fig. 3A). In addition, hermaphroditic flowers are broader, 

with both wider calyces and corollas (PC2, Fig. 4A). The male-sterility of females is 

evident in PC3, as flowers on females of all three dimorphic species have short anthers 

and filaments, but long calyces and relatively wide stigmas (Fig. 5A). Though flowers of 

the dimorphic species are of considerably different sizes (Fig. 4A), the shape and gender 

related differences between females and hermaphrodites are remarkably similar for all of 

the dimorphic species (Fig. 5A). In other words, the relative position of females and 
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hermaphrodites in Figure 5A is consistent for ail three species. Given the single origin of 

gynodioecy in North America (Appendix B), this is perhaps not surprising. However, it 

is notable that despite considerable evolutionary change among the dimorphic species in 

flower size (Fig. 4A, see also Fig. 3A) and in fruit evolution (Hitchcock 1932. Chiang-

Cabrera 1981), patterns of floral dimorphism associated with female and hermaphrodite 

floral shape has remained unchanged. 

The presence of reduced, nonfunctional anthers in females has been reported for a 

number of gynodioecious taxa (e.g.. Saxifraga gramilata. Stevens and Richards 1985: 

Plicicelia linearis, Eckhart 1992; Eritrichiun aretioides, Puterbaugh et al. 1997). The 

retention of sterile, nonfunctional stamens may be due to genetic correlations between 

females and hermaphrodites (Meagher 1999), or they may be necessary for pollinator 

attraction (Mayer and Charlesworth 1991). Flowers on female plants of Lyciuin species 

studied here have long calyces, perhaps to protect the ovary from ovule and seed 

predation (Pettersson 1991) or to support developing fruit. In addition, the larger 

stigmatic surface for flowers on female plants could enhance female function by allowing 

increased pollen receipt and promoting pollen tube competition (Shykoff 1992). Further 

investigation of these potentially important ecological traits will discern the ecological 

and adaptive significance of floral size and shape in Lycium. 
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Table 1. Population localcs lor the dimorphic (D) and cosexual (C) spccies of Lycium included in this study. Abbreviations 

are MS, male-sterility; SR, sex ratio; GC. gender consistency; FM, floral morphology corresponding to experiments described 

in the methods. 

Spccies Population Location Experiments 

L. californicum D Houser Road N 32" 46'48" W 111" 37' 48" MS SR GC FM 

Queen Creek N33" I5'40" W HI" 56' 38" SR 

L exsei tum D Desert Peak N 32" 36' 00" W 111" 15'00" MS SR GC FM 

Alamo Canyon N 32" 3'58" W II2" 42'58" SR 

L fmnonlii D Casa Grande 
o 

o
 

o
 

z
 42' 22" MS SR GC FM 

Houser Road N 32" 46'48" W III" 37' 48" SR GC FM 

Queen Creek N33" 15'40" W 111" 56' 38" SR 

L andersonii C Desert Peak N 32" 36' 00" W 111" 15' 00" FM 

Organ Pipe National Monument N 32" 32' 28" WHO" 42' 44" FM 

Houser Road N 32°46'44"W III" , 23" FM 

L herlandieri C Casa Grande N 32" 47 31" W HI" 41'56" FM 

L pallidum C Oracle N32"32' 28" W HO" 42' 44" FM 

L parishii C Organ Pipe National Monument N3I"54'00" W 112" 5roo' FM 

L macrodon C De.sert Peak N 32" 36' 00" Will" 15' 00" FM 



Table 2. Ratio of female to hermaphrodite plants in natural populations of dimorphic 

Lycium species. G tests were performed to determine if the observed numbers differed 

significantly from the expected 1:1 ratio. F = females and H = hermaphrodites. 

Species Population F H G 

L. califoniicum Houser Road 78 74 0.105 

Queen Creek 40 60 4.027" 

L. exsertum Alamo Canyon 28 17 2.716 

Desert Peak 74 80 0.234 

L. fremontii Casa Grande 128 123 0.100 

Houser Road 106 82 3.072 

Queen Creek 54 56 0.036 

• P < 0.05 



Table 3. Means (± 1 SD) of floral iiieasurenients on hermaphrodite and female plants in dimorphic L calijorniciiin, L 

iwsi'rtiim, and L fremoniii. Dincrenees between morphs were tested by separate univariate ANOVAs for each floral character. 

All floral characters with the exception of calyx length were significantly different between females and hermaphrodites. 

Spccies and plants nested within species were significant for all measured characters. 

Floral character L. californicnm L exseriiim L. fremontii 

F H F H F H 

Calyx length 2.57 (± 0.30) 2.81 (±0.45) 3.67 (± 0.63) 3.65 (± 0.80) 4.34 (±0.68) 4.74 (± 0.92) 

Calyx width 2.33 (±0.16) 2.62 (±0.19) 1.87 (± 0.23) 2.32 (±0.19) 2.51 (± 0.34) 3.01 (± 0.27) 

Calyx lobe length 0.82 (±0.15) 0.97 (±0.15) 1.46 (± 0.30) 1.70 (±0.42) 1.46 (± 0.28) 1.95 (± 0.56) 

Corolla tube length 4.19 (± 0.59) 5.08 (± 0.68) 8,20 (±0.82) 10,66 (± 1.32) 10.03 (± 0.19) 13.37 (± 1.53) 

Corolla diaineler 4.26 (± 0.45) 5.21 (±0.57) 3.91 (±0.43) 5.21 (± 0.46) 7.19 (±0.98) 8.27 (± 0.88) 

Filament adnation 1.79 (± 0.24) 1.96 (± 0.26) 3.44 (± 0.50) 4.78 (±0.71) 4.09 ( ± 1 . 1 1 )  5.24 (± 1.05) 

Filament length 2.15 (± 0.31) 3.67 (± 0.54) 3.84 (±0.55) 7.44 (± 1.08) 4,79 (± 1.04) 8.92 (± 0.99) 

Anther length 0.61 (± 0.09) 1.27 (± 0.19) 0.82 (±0.11) 1.94 (±0.18) 1.08 (± 0.26) 1.88 (± 0.24) 

Ovary length 1.04 (± 0.11) 1.07 (±0.11) 1.83 (±0.21) 2.02 (± 0.23) 2.15 (± 0.20) 2.44 (± 0.22) 

Style length 3.34 (± 0.38) 3.27 (± 0.72) 6.83 (± 0.78) 7.43 (±1.13) 8.25 (± 1.50) 6.78 (± 1.88) 

Stigma width 0.38 (± 0.06) 0.30 (± 0.06) 0.88 (± 0.19) 0.87 (± 0.19) 1.14 (± 0.19) 0.80 (± 0.28) 

00 



Table 4. Means (± I SD) of floral measurements on plants ofcosexual L andersonii, L hcrlandicri, L inirishii, L ixilliduni, 

and L niacrodon. Differences between species were tested by separate univariate ANOVAs for each character. Species and 

plants nested within spccies were significant for all measured characters. 

Floral character L. andersonii L herlandieri L parixhii oallidtim L niacrodon 

Calyx length 1.39 (± 0.27) 2.03 (± 0.33) 2.62 (±0.39) 3.96 (± 0.41) 2.60 (±0.42) 

Calyx width 1.26 (± 0.22) 2.23 (± 0,20) 2.53 (± 0.25) 4.31 (± 0.26) 3.23 (±0.18) 

Calyx lobe length 0.48 (± 0.16) 0.96 (± 0.33) 2.83 (± 0.42) 4.54 (±0.38) 4.55 (± 0.97) 

Corolla tube length 7.51 (± 0.87) 4.69 (± 0.64) 9.50 (± 1.56) 18.53 (± 0.89) 10.96 (± 1.73) 

Corolla diameter 3.56 (± 0.50) 5.06 (± 0.69) 6.03 (± 0.90) 13.36 (± 1.03) 6.18 (± 0.55) 

Filament adnation 4.45 (± 0.65) 1.75 (± 0.34) 4.54 (± 0.93) 5.08 (± 0.57) 5.77 (± 1.16) 

Filament length 3.82 (± 0.48) 4.38 (± 0.67) 5.77 (± 1.00) 16.27 (± 1.49) 4.21 (±0.56) 

Anther length 1.07 (± 0,13) 1.30 (± 0.19) 1.38 (±0.21) 3.19 (±0.25) 1,94 (±0.18) 

Ovary length 1.26 (± 0.34) 1.65 (± 0.19) 1.58 (± 0.26) 3.30 (± 0.33) 1.87 (±0.16) 

Style length 6.37 (± 1.15) 5,22 (± 0.87) 8.60 (± 1.56) 17.44 (± 1.12) 6.98 (± 0.96) 

Stigma width 0.48 {± O . l l )  0.80 (± 0.16) 0.67 (±0.14) 1,37 (±0.21) 1.21 (± 0.09) 

4^ 



Table 5. Character loadings and the percentage of variance explained for the first three 

principal components of the analysis of all eight Lyciiim species. 

Floral character PCI PC2 PC3 

Eigenvalue 6.92524 1.29827 0.83076 

Proportion variance explained 0.629567 0.118024 0.075524 

Eigenvectors: 

Calyx length 0.235124 0.169640 0.748341 

Calyx width 0.238404 0.633818 0.040567 

Calyx lobe length 0.304150 0.121472 -0.015517 

Corolla tube length 0.354266 -0.169654 0.039119 

Corolla diameter 0.309597 0.379392 -0.032610 

Filament adnation 0.296200 -0.328253 -0.01 1867 

Filament length 0.334405 0.030852 -0.285184 

Anther length 0.297348 0.149144 -0.530790 

Ovary length 0.337724 -0.122171 0.143770 

Style length 0.310024 -0.355267 -0.103807 

Stigma width 0.275444 -0.331564 0.202118 
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Figure 1. Floral characters measured on species of Lycium. (A) Calyx width. (B)  calyx 

length. (C) calyx lobe length, (D) corolla tube length. (E) corolla diameter, (F) adnation 

of filament along the corolla, (G) filament length. (H) anther length. (I) ovary length. (J) 

style length, and (K) stigma width. 

Figure 2. Map of the distribution of male-sterile plants as determined from both 

herbarium and field collections. O = L. califomicuni. x = L. exsertum, and • = L. 

freniontii. 

Figure 3. Mean values of (A) principal component one. (B)  principal component two, 

and (C) principal component three for each species-morph combination. Significance as 

determined by the REGWQ multiple comparison procedure as implemented in SAS (SAS 

Institute). Species-morph combinations sharing the same letter are not statistically 

different. Abbreviations are: FEMALE = females of dimorphic species. HERM = 

hermaphrodites of dimorphic species. COSEX = cosexual. hermaphrodite species. 

Species are abbreviated; C = L. califomiciim, E = L. exsertum, F = L. freniontii. A = L. 

aiulersonii, B = L. berlandieri. P = L. parishii, M = L. macrodon. and L = L. pallidum. 

Figure 4. Plot of the first two principal components for (A) females and hermaphrodites 

in the dimorphic species and (B) cosexual species. Species-morph combinations are: CF 

= L. califomicum females, CH = L. califomicuni hermaphrodites, EF = L. e.xsertum 

females. EH = L. exsertum hermaphrodites, FT = L. freniontii females, and FH = L. 
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fremontii hermaphrodites, A = L. andersonii. B = L. berlandieri. P = L. parishii. M = Z.. 

nuicrodon, and L = L. pallidum. Phylogenetic relationships among species (see inset) are 

overlaid onto the principal component space (Appendix F). 

Figure 5. Plot of the second and third principal components for (A) females and 

hermaphrodites in the dimorphic species and (B) cosexual species. Species-morph 

combinations are: CF = L. califomicum females, CH = L. califoniicum hermaphrodites, 

EF = L. exsertum females, EH = L. exsertiim hermaphrodites, FF = L. fremontii females, 

and FH = L. fremontii hermaphrodites. A = L. andersonii, B = L. berlandieri. P = Z,. 

parishii, M = L. macrodon, and L = L. pallidum. Phylogenetic relationships among 

species (see inset) are overlaid onto the principal component space (Appendix F). 
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Figure 5 
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PH YLOGENETIC RELATIONSHIPS AND THE EVOLUTION OF GENDER 
DIMORPHISM IN LKC/t/A/(SOLANACEAE) 
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Abstract—Lycium is a Solanaceous genus of ~ 75 species found worldwide inhabiting 

arid to semi-arid environments. Phylogenetic relationships were inferred for 25 species 

of Lycium and three closely-related Grabowskia species using sequences of the internal 

transcribed spacer (nr-ITS) regions of nuclear ribosomal DNA and 28 morphological 

characters. The nr-ITS and morphological data sets were congruent and combined 

analyses showed strong support for a clade of North American species having distinctive 

noral and fruit morphology. In addition, there is strong support for a single origin of 

gender dimorphism for three North America species, and the closest extant relatives of 

the dimorphic species were identified. Inclusion of an African dimorphic species 

indicates that gender dimorphism has evolved separately at least once among African 

Lycium. Results suggest that Lycium is not monophyletic, but apparently includes the 

genus Grabowskia. Further, current sectional circumscriptions for North American 

Lycium are inadequate. Increased sampling within Lycium will strengthen hypotheses of 

relationships and allow for future tests of ecological and evolutionarily interesting traits. 
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Lyciiim (Solanaceae) is a genus of ~ 75 species distributed worldwide, but particularly 

species-rich in South America (30 species), southwestern North America (21 species), 

and South Africa (17 species) (Hitchcock 1932; Chiang-Cabrera 1981: Joubert 1981; 

Bemardello 1986, 1987). Lycium species are long-lived perennial shrubs, and the 

majority inhabit arid to semi-arid environments. Plants are usually hermaphroditic, 

having perfect flowers and tending to produce red, fleshy, multi-seeded berries. 

Functional dioecy has been described for three species in North America and six species 

in South Africa, though in North America the functionally male plants are 

morphologically perfect and capable of low levels of fruit set (Minne et al. 1994; Venter 

et al. 1999; Appendix D). 

In order to understand the direction of character change in Lycium, particularly as it 

relates to the evolution of gender dimorphism, a hypothesis of phylogenetic relationships 

is needed. Thus, my goal in this study was to infer phylogenetic relationships among 

species of the genus using molecular sequence data from the internal transcribed spacer 

regions (ITSl and ITS2) of nuclear ribosomal DNA. An analysis was also conducted on 

a subset of taxa using morphological data in combination with the molecular data. 

Specifically, I was interested in the number of times gender dimorphism evolved in North 

America and in determining the close relatives of the gender dimorphic taxa. 

This study also represents a first step towards developing a phylogenetic hypothesis 

for the genus. Infrageneric classifications in Lycium have historically been based on 

characters of the ovary and fruit, though no phylogenetic studies of Lycium have been 

undertaken. In his treatment of North and South American Lycium, Hitchcock (1932) 
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questioned previous sectional groupings that were based on characters of the corolla and 

calyx (e.g., Dunal 1852, Miers 1854, cited in Hitchcock 1932), and argued that these 

floral characters were too variable within species to be useful taxonomically. Instead, he 

proposed that the American species be divided into three sections, based primarily on 

ovary characters. The first section, Eulycium, included all of the North American species 

with one exception (L. califomiciim). and the majority of the South American species. 

Eulycium was characterized by the presence of two- to many-ovuled carpels and fruits. 

By contrast, only two species were included in each of the remaining sections. 

Sclerocarpellum and Selidophora. The dimorphic North American species L. 

ccilifornicum and the South American species L. ameghinoi were placed in 

Sclerocarpellum. These species have one-ovuled carpels and a much hardened (i.e., 

indurate), two-seeded fruit. Selidophora, which included the South American species L. 

ciliatum and L. chilense, was characterized by enlarged glands present at the base of the 

filaments, these being bordered by a row of cilia. 

Chiang-Cabrera (1981, 1983) restructured Hitchcock's classification in two ways. 

First, he renamed two of the three sections according to rules of botanical nomenclature, 

resulting in the substitution of section Lycium for Eulycium and section Schislocalyx for 

Selidophora. Second, he transferred four species (L. cooperi, L. macrodon, L. 

piiherulum, and L. schaffneri) from Hitchcock's Eulycium into section Sclerocarpellum. 

These four species were transferred into Sclerocarpellum based on the presence of an 

indurated endocarp in the fruit. Here, I use information on phylogenetic relationships to 
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specifically test the validity of this transfer, and the sectional groupings of Lyciiim in 

general. 

MATERIALS & METHODS 

Species sampling and outgroup selection—As I was particularly interested in the 

evolution of gender dimorphism in North American Lycium, sampling was focused on the 

North American species. This study included 25 species of Lycium, with 16 species from 

North America including all three North American dimorphic species (£. califomicum, L. 

exsertum, and L. fremontii). To test the monophyly of North American Lycium, three 

species from South America, four species from Africa, and one species each from Asia 

and Australia were also included (Table 1). Further, one of the African species included 

in this study was also dimorphic in gender expression (L. tetrandum). Intraspecific 

variation was investigated using multiple accessions from different individuals for three 

species (Z-. cestroides, L. exsertum, and L. fremontii). 

For the majority of species, young leaf tissue was collected from plants in the field 

during 1997 and 1998 and either dried in silica gel or kept on ice until being stored at 

-80° C. Leaf tissue or genomic DNA was also provided by G. Bemardello (Institute 

Multidisciplinario de Biologia Vegetal, Cordoba, Argentina) and R. G. Olmstead 

(Department of Botany, University of Washington) for several species (Table 1). Three 

species of the closely related genus Grabowskia (Olmstead and Palmer 1986; Olmstead et 

al. in press) were also included. However, Grabowskia was not designated as an 

outgroup as it was nested within Lycium in all analyses. Jaborosa integrifolia, Atropa 



helladonnci. and four species of the closely related genus Nolana (Olmstead et al. in 

press) were included as outgroups to polarize relationships among Lyciiini (Table 1). 

DNA extraction, amplification, and sequence alignment—Total genomic DNA was 

extracted from leaf tissue using a modified CTAB procedure from Doyle and Doyle 

(1987). The internal transcribed spacers (ITS 1 and ITS2) and the 5.8S coding region 

were amplified from total genomic DNA by the polymerase chain reaction (PCR). Total 

volume of the reactions was 25|il (rarely 50pl) and included 6(il template DNA (diluted 

to lOng/fil). 9.42(il sterile HjO, 2.5|al lOX PCR buffer. O.Sfil dNTPs. I.5|J1 MgCl,. l-Ofil 

primers: C26A, 5'-GTTTCTTTTCCTCCGCT-3' ^nd N-ncl8sl0. 5'-

AGGAGAAGTCGTAACAAG-3'(Wen and Zimmer 1996), 1.5^1 50% glycerol. 1.5(j1 

DMSO. and 0.08(il Taq polymerase. All PCR reactions included both positive and 

negative controls. Optimal annealing temperatures varied from 46-58° and were initially 

determined for each species separately. Later in the project, a touchdown procedure was 

employed rather than optimizing each taxon separately (McDade et al. 2000). The 

touchdown profile began with two cycles at an annealing temperature of 58° C. The 

annealing temperature was subsequently lowered 1° C every two cycles until a 

temperature of 48° C was reached. Finally, thirty additional cycles at 48° C were 

repeated. This touchdown profile was used for the remainder of the Lyciiim species (17 

accessions) and Jaborosa integrifolia. Genomic DNAs for Lyciuni berlandieri and L. 

lorreyi did not amplify initially and were gel purified prior to PCR. PCR products were 

visualized on 2.0% agarose gels. In most cases they were single banded and 

approximately 700 base pairs in length. PCR products were purified with the Qiagen ''^' 
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qiaquick purification kit and sequenced in both directions using the same primers as in 

amplification on an ABI-377 automated sequencer at the University of Arizona 

sequencing facility. 

To generate consensus sequences, the two sequences (1 in each direction) for each 

sample were aligned and their electropherograms compared for inconsistencies using 

Autoassembler™ v 1.4.0 (Applied Biosystems 1995). Mismatches were resolved by 

comparison of the signal clarity; ambiguous cases were coded using standard nucleic 

codes (e.g., R = A or G) or as unresolved. Consensus sequences for all species were 

aligned manually using SeqApp (Gilbert 1992). Alignment of the outgroup taxa {Nokina, 

Jciborosa, and Atropa) to Lyciiim and Grabowskia was achieved readily. Gaps within the 

ingroup were rare, typically of only a single base, and not coded as additional characters 

in the analyses as they were phylogenetically uninformative. 

Morphological characters for phylogenetic analysis—Data for 28 morphological 

characters were compiled for all of the North and South American Lyciuni species 

included in the molecular analysis and also for Grabowskia duplicata (Table 2). 

Information on these characters was obtained using preserved material, herbarium 

specimens, and the literature (Bemardello 1986, Hitchcock 1932, Chiang-Cabrera 1981). 

Twenty-one of 28 morphological characters were coded as binary, six characters had 

three states and a single character had five states (Table 2). All characters were treated as 

unordered and weighted equally in analyses. 

Molecular phylogenetic analyses—Data matrices were prepared in MacClade 

(Maddison and Maddison 1992) and are available upon request from the author. 



66 

Molecular data (ITS 1 and ITS2) were analyzed using PAUP* 4.0.0d64 (Swofford 2000). 

Phylogenies were inferred under parsimony using a heuristic search with 1000 random 

addition sequence replicates and Tree Bisection Reconnection (TBR) branch swapping. 

Phylogenetic signal in the data set was estimated using standard measures (CI. 

consistency index: RJ, retention index). Two hundred bootstrap searches (BS; 

Felsenstein 1985). each with 10 random addition sequence replicates and TBR branch 

swapping, were done to assess the consistency of these data in reconstructing branching 

patterns for Lycium. Decay indices (DI; Bremer 1988. Donoghue et al. 1992) were also 

calculated using PAUP* after using the "PAUP Decay Commands" option in MacClade. 

Combined Analysis—For the subset of 22 American species, molecular and 

morphological characters were combined to test sectional delimitations. Phylogenies 

were inferred using parsimony, with bootstrap and decay indices determined as described 

above. Before combining the molecular and morphological data, a partition homogeneity 

test (Farris et al. 1995, as implemented in PAUP*) was conducted to determine if the nr-

ITS and morphological data sets were congruent. One thousand replicates were 

performed, each with ten random addition sequence replicates and TBR branch-

swapping. Due to memory constraints, the MULTREES option was disabled such that 

only one tree was saved per replicate. 

In addition, constraint trees requiring monophyly of (a) the genus Lycium (excluding 

Grahowskia), (b) section Sclerocarpellum within Lycium, and (c) the Old World and New 

World Lycium were constructed in MacClade (Maddison and Maddison 1992). These 

trees were loaded into PAUP* and heuristic searches performed to determine the shortest 



trees consistent with the constraint trees. The difference between the length of the trees 

resulting from the constraint analyses and the length of the most parsimonious trees from 

the original, unconstrained analysis is the additional number of steps required for trees to 

be consistent with each constraint. 

RESULTS 

Analysis of nr-lTS data—Alignment of ITS 1 and ITS2 for all species required 498 

positions. ITS I and ITS2 included 267 and 231 nucleotide bases, respectively (Table 3). 

Of these 498 aligned bases, 104 (21%) were phylogenetically informative; they were 

equally distributed between ITS I (55 bp. 20.6%) and ITS2 (49 bp. 21.2%). The 5.8S 

region was 155 nucleotide bases in length and phylogenetically un in formative. Percent 

GC content of ITS 1 and ITS2 was 67% and 69%. respectively. Pairwise sequence-

divergence ranged from 0-9.8% within the ingroup to 3.8-21.2% among all species 

included in the study. 

The heuristic search using data from both ITS 1 and ITS2 generated six most 

parsimonious trees. The strict consensus of these six trees is well resolved, with the only 

ambiguity being the basal position in the uppermost clade (i.e.. the clade containing L. 

cestroides plus L. shawii switches position with L. tetrandum), and the terminal 

relationships in the clade containing L. parishii. L. torreyi, and an unidentified Lyciiim 

species (Fig. 1). There is support for the monophyly of Lycium including Grcihowskia 

(BS = 84, DI = 6), and for the monophyly of Grabowskia (BS = 94, DI = 6) but this clade 

is nested within Lycium. Further, the data strongly supported a clade composed of the 

North American dimorphic species, L. califomicum, L. exsertum, and L. fremontii (BS = 



98. DI = 5). The close relationship between the South American species L. cilkitum and 

L. chilense (BS = 81, DI = 3) and the sister taxon relationship between L. carolinianum 

and Hawaiian L. sandwicense (BS = 93, DI = 4) were also strongly supported. The two 

accessions of L. cestroides (BS = 100, DI = 6) and the three accessions of L. frcmontii 

(BS = 64, DI = 1) were each supported as monophyletic, whereas the two accessions of L. 

exsertum were unresolved (Fig. 1). 

Analysis of combined data—The partition homogeneity test revealed that the 

morphological and molecular data sets were congruent (P = 0.2). Thus, the 

morphological and molecular (ITS 1 and ITS2) data were combined. The combined 

analysis yielded two most parsimonious trees. The two shortest trees disagree concerning 

the placement of the clade containing L. parishii, L. brevipes, and an unidentified Lycium 

species, and the clade containing L. carolinianum, L. sandwicense. and L. torreyi (Fig. 2). 

In one tree, all of these groups are basal to L. ciliatiim plus L. chilense, but in the second 

tree they are basal to the ciade containing the dimorphic sjiecies plus L. andersonii and L. 

herlandieri (Fig. 2). The combined data are in agreement with the molecular-only data 

set in placing L. ciliatiim, L. chilense, L. pallidum, L. shockleyi, L. piibeniliini, L. 

macrodon. L. cooperi, and Grabowskia together (Fig. 2). The addition of morphology 

strengthens this relationship, resulting in a well supported clade in the combined analysis 

(BS = 80, DI = 3; Fig. 2). In addition, within this group, relationships among species are 

clarified and well-supported with the addition of morphological characters (compare the 

BS values for this clade in Figs. 1, 2). The combined data provide more evidence for 
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relationships within the dimorphic clade and supports a sister taxon relationship between 

L. exsertum and L. fremontii (BS = 86. DI = 1; Fig. 2). 

DISCUSSION 

Phylogenetic relationships in Lycium—Lyciiim is not monophyletic as currently 

circumscribed, but includes the genus Grabowskia (Figs. 1, 2). This result is also 

suggested by a larger scale study of the Solanaceae, in which Grabowskia (represented by 

one species) is nested within Lycium (represented by five species) in the majority-rule 

consensus tree for an analysis of the chloroplast genome (Olmstead et al. in press). 

However, in the present study constraint trees requiring the monophyly of both Lycium 

and Grabowskia are only 1.3% longer than the original trees. As Grabowskia is very 

strongly supported as monophyletic (BS = 94, DI = 6 in Fig. I) and has a considerably 

long branch, increased sampling within Lycium may result in more confident placement 

of Grabowskia as either basal to, or nested within Lycium. 

Although the strict consensus tree (Fig. 1) nests the three North American dimorphic 

species within a clade of exclusively North American species (with the exception of L. 

samlwicense, see discussion below), the other five North American taxa are included in a 

clade with non-North American Lycium and Grabowskia. Thus, North American Lycium 

are not supported as monophyletic (Figs. 1, 2). The Hawaiian taxon L. sandwicense is 

thought to be a variety of L. caroliniamun (Hitchcock 1932, Chiang-Cabrera 1981) and 

the nr-ITS results strongly support a close relationship between these plants (BS = 93, DI 

= 4; Fig. 1). L. sandwicense has an eastern Pacific Island distribution and Symon (1991) 

suggests that long-ranging bird species are responsible for the dispersal of this species to 
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islands in the Pacific. Contrary- to Olmstead et al.'s (in press) analysis, the Old and New 

World Lycium were not found to be monophyletic (Fig. I). Despite low bootstrap 

support for this result (Fig. I), constraint trees requiring the monophyly of the Old World 

and the New World species are 3.3% (13 steps) longer than unconstrained trees. 

Evolution of gender dimorphism—There is strong support for a single origin of 

gender dimorphism in North America (BS = 98, DI = 5 in Fig. I and BS = 95. DI = 4 in 

Fig. 2). The functionally dioecious species from southern Africa included in this study 

(L. tetrandiim) is not related to the North American dimorphic species. This argues for a 

minimum of two evolutionary origins of gender dimorphism within Lycium. depending 

on the patterns of relationships among African Lycium (only one dimorphic and three 

cosexual African Lycium were included here). More such transitions may have occurred, 

as there are six dimorphic species in South Africa (Minne et al. 1994; Venter et al. 1999). 

The association of polyploidy and gender dimorphism is also notable (Fig. 1). The North 

American dimorphic species are either tetraploid (n = 24; L. califomicwn and L. 

exsertum) or octoploid (n = 48; L. fremontii), whereas the dimorphic African species is 

hexaploid (n = 36; L. tetrandum). Interestingly, all of the cosexual species with 

chromosome counts presented in Figure 1 are diploid (n = 12; see Fig. 1). Elsewhere, I 

have discussed the relationship between polyploidy and gender dimorphism (Appendix 

F). Although bootstrap support is limited, both the molecular and morphological data 

sets (Figs. 1, 2) suggest that the closest extant relatives of the North American dimorphic 

species are L. andersonii and L. berlandieri. 



Sectional circumscription of Lycium—Current sectional divisions of American 

Lyciiim are inadequate (Fig. 2). In particular, section SalerocarpeHum requires revision. 

As currently circumscribed (Chiang 1983), Sclerocarpellum is not monophyletic (Figs. I. 

2). Constraining the monophyly of Sclerocarpellum yields trees 6% longer compared to 

the unconstrained analysis. Further, the strong support for the inclusion of L. 

californicum with L. exsertum and L. fremontii (BS = 98, DI = 5 in Fig. 1 and BS = 95. 

DI = 4 in Fig. 2) makes it virtually impossible to group all members of Sclerocarpellum 

into a monophyletic section {L. ameghinoi was not included in this study). 

Excluding L. californicum, other members of section Sclerocarpellum {L. cooperi, L. 

niacrodon, and L. puberulum) do form a monophyletic clade (Figs. 1. 2; L. schaffneri was 

not included here). These species are also closely related to L. sliockleyi and L. pallidum 

(Figs. 1. 2). All species in this clade of five North American species have relatively large 

(compared to other North American species) white, pendulous flowers with long calyx 

lobes. They also have distinctive fruits. Fruits of L. macrodon, L. puberulum, and L. 

cooperi all possess a transverse split that separates the fruit into upper and lower 

compartments, and an indurated endocarp that partially encloses the seeds in the upper 

compartment. In plants of L. macrodon and L. puberulum the separation between the 

compartments is complete, but in L. cooperi the separation is incomplete. In addition, 

these three species have a reduced number of seeds (typically < 8) in fruits that are 

yellowish-green at maturity and are presumably mammal dispersed (Chiang-Cabrera 

1981, J. S. Miller, unpub. obs.). Although L. sliockleyi does not have a transverse 

separation that divides the fruit into upper and lower compartments, it does possess a 
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suture or fold in this position across the outside of the fruit (Muller 1940. 1961). Chiang-

Cabrera (1981, p. 141) notes the suture described by Muller, but attaches no significance 

to this finding, as he finds no indurated portion in fruits of L. shockleyi. Nevertheless, in 

further support of a close relationship with L. macrodon, L cooperi, and L. piiheruliim. L. 

shockleyi shares a reduction in the number of ovules and seeds, typically to four seeds 

(Muller 1940, Chiang-Cabrera 1981. J. S. Miller, unpub. obs.). Lycium pallidum, also 

closely related to these species (Figs. 1, 2), has a multi-seeded berry with no indurated 

portion, but even here the otherwise fleshy berries have a small sclerified disk present in 

the distal region of the berry (J. S. Miller, unpub. obs.). One variety of L. pallidum (L. 

pallidum var. oligospenmim: Hitchcock 1932. Chiang-Cabrera 198 1), has only four to 

eight seeds, similar to the reduction found in the other species, although the phylogenetic 

position of this variety is unknown. 

The exclusively South American section Schistocalyx includes the South American 

species L. ciliatum and L. chilense (Bemardello 1986, 1987) and is confirmed by both the 

nr-ITS and the combined analyses as monophyletic (Figs. 1, 2). Two additional sections 

of Lycium, Lycium and Mesocope, have been proposed for the American taxa (Chiang 

1983, Bemardello 1986, 1987). Section Lycium is not supported by any synapomorphic 

characters and appears to include all Lycium species not placed in other sections. The 

section Mesocope was defined for the South American species and included species 

having an ovary with a protruding, conspicuous red basal nectary (Bemardello 1986, 

1987). However, this character is likely symplesiomorphic, as many taxa placed in the 

other sections also possess this trait. 
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Future directions—Despite several regional treatments of the genus Lyciiun 

(Hitchcock 1932: Feinbrun 1968; Haegi 1976; Chiang-Cabrera 1981; Joubert 1981; 

Bernardello 1986; Minne 1992). no worldwide classification has yet been attempted. The 

results presented here would suggest that such a treatment is necessary, given that the Old 

and New World Lycium species do not appear to be monophyletic. Further, current 

infrageneric classifications are inadequate and work on sectional circumscriptions is 

needed. This study has also provided direction for addressing a variety of questions of 

historical interest in Lycium. For example, increased sampling from South Africa could 

resolve the number of times gender dimorphism and polyploidy have evolved in concert 

in both the South African species and the genus as a whole (see Appendix F). In 

addition, questions concerning the biogeography of Lycium could be addressed with the 

inclusion of additional South American, South African, and Asian species (see Symon 

1991). Lastly, it would be interesting to investigate fruit evolution among the North 

American species, including the ecological importance (e.g., dispersal mechanisms) of 

the different fruit types present in this group. Increased sampling of Lycium and the 

inclusion of genes that evolve fast enough to capture within genus variation will 

strengthen hypotheses of relationships and allow for future investigations of ecological 

and evolutionarily interesting traits in Lycium. 
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Table 1. Taxon, locality (or.soiircc), voucher, and GenBank accession numbers for nuclear ITS sequences included in this 
study. Abbreviations are: BBNP = Big Bend National Park, Texas, U.S.A.; OPNM = Organ Pipe National Monument, 
Arizona, U.S.A. All vouchers collected by the author (JSM) will be deposited at the University of Arizona (ARIZ). Dashes 

Taxon Locality Voucher 
GenBank 

Accession 

Genus Lycium 

L andersonii Baja California Norte, Mexico JSM 97-12 AF238988 

L herkmdieri Tumamoc Hill, Pima County, AZ JSM 00-1 AF238989 

L hrevipes Baja California Sur, Mexico JSM 97-19 AF23899I 

L californiaim La Abra Plain, OPNM, Pima County, AZ JSM 00-2 AF238993 

L carolinianum Kingsville Biological Station, Kleberg County, TX A.L. Hempel — 

843 TAIC 

L cooperi Mohave County, AZ JSM 97-1 AF238984 

L. exsertum Desert Peak, Pinal County, AZ JSM 95-1 — 

L exsertum Alamo Canyon, OPNM, Pima County, AZ JSM 00-3 AF238994 

L fremonlii Pinal County, AZ JSM 95-2 — 

L fremontii Baja California Norte, Mexico JSM 97-9 — 

L fremontii Quitobaquito Springs, OPNM, Pima County, AZ JSM 00-4 AF238995 

L macrodon Desert Peak, Pinal County, AZ JSM 97-21 AF238983 

L pallidum near Oracle, Pinal County, AZ JSM 97-20 AF238986 



Table 1. Continued 

Taxon Locality Vouchcr 
GcnBank 

Accession 

L panshii OPNM, Pima County, AZ JSM 97-22 AF238990 

L puberulum outside BBNP, Brewster, Co. TX RL 97-6 ARIZ AF238985 

L torreyi outside Needles, CA along the CA-AZ border, in JSM 00-5 AF238992 

Mohave County, AZ 

L sandwicense DNA provided by R. G. Olmstead Wainica — 

Botanical 

Garden, 

acccssion no. 

74P209I 

L shockleyi outside Schurz, Mineral County, NV JSM 98-1 AF238987 

L cestroides DNA provided by R. G. Ohiistcad (BIRM S.0368) Olmstead S-34 — 

COLO 

L cestroides tissue provided by G. Bcrnardello; Cordoba, Argentina Bcrnardello 878 — 

CORD 

L chilense tissue provided by G. Bcrnardcllo; San Luis, Argcnlina Bcrnardcllo 877 — 

CORD 

•-J 
00 



Table 1. Continued 

Taxon Locality Voucher 
GenBank 

Accession 

L ciliatuw tissue provided by G. Bernardello; Cordoba, Argentina Bernardello 876 

CORD 

L australe DNA provided by R. G. Olmstead (Australia) Symon 14834 

AD 

L harharum Michigan, USA (cultivated) Olmstead S-35 

COLO 

L shaw'ii DNA provided by R. G. Olmstead (BIRM S. 1194) Olmstead S-36 

COLO 

L tetrandum West Coast National Park, South Africa; DNA provided 

by R. G. Olmstead 

R. Olmstead 99-

24 WTU 

L chiereuni Cape Province, So. Africa; DNA provided by R. G. 

Olmstead 

R. Olmstead 99-

13 WTU 

L ferocissium tissue provided by B. Tan, Strybing Arboretum & 

Botanical Gardens 

cultivated at 

Strybing 

Arboretum «fe 

Botanical 

Garden 



Table 1. Continued 

Taxon Locality Vouchcr 
GenBank 

Accession 

Lycium sp. outside Las Vegas, Claric County, NV JSM 97-23 — 

Genus Grahowskia 

G. boerhavia DNA provided by R. G. Olmstead BIRMS.1806 AF238981 

G. duplicata DNA provided by R. G. Olmstead BIRM S.0258 AF238982 

G. f>hiuca GENBANK N/A ABO 19289, 

ABO 19949 

Outgroups 

Atropa belUuhnna Sequence provided by R. G. Olmstead BIRM S.()078 — 

Jahorosa inU'i>rifolia DNA provided by R. G. Olmstead BIRM S.()290 — 

Nolana galapcifiensix GENBANK N/A ABO 19306, 

ABO 19966 

Nolana mollis GENBANK N/A ABO 19314, 

ABO 19974 

Nolana in/laia GENBANK N/A AB01931I, 

ABO 19971 

Nolana arenicola GENBANK N/A ABO 19294, 

ABO 19954 

00 
O 



Table 2. List of morphological characters used in phylogcnctic analysis of Lyciiim, with descriptions ol" characier stales. 

Character Stales 

1. Calyx lobe length (0) always shorter than the calyx lube 
(1) as long as or longer than the calyx tube 

2. Calyx lobe shape (0) at least as broad as long (e.g., triangular, deltoid) 
(1) longer than broad (e.g., lanceolate, linear) 

3. Calyx, posl anlhesis growth (0) not accrescent 
(1) accrescent 

4. Calyx tube shape (0) campanulate 
(1)tubular 
(2) cup-shaped 

5. Merosity (excluding the gynoecium) (0) 5 or mostly 5 
(1) 4 or mostly 4 

6. Pedicel length (0) sessile or sub.sessile, pedicel much shorter than calyx tube 
(1) pedicel pre.sent 

7. Calyx pubescence (0) glabrous lo sparsely pube.scent 
(1) densely pubescent 

8. Leaf type (0) flaltened, membranaceous 
(1) fleshy, succulent 

9. Leaf pubescence (0) glabrous or only sparsely pubcsccnt 
(1) densely pubescent 
(2) densely short pubescent (hispidulous) 



Table 2. Continued 

Character States 

10. Leaf color (0) green 
(1) glaucous-green 

i 1. Habit (0) upright shrub 
(1) creeping, prostrate shrub 

12. Flower orientation (0) upright 
(1) pendulous 

13. Corolla tube shape (0) campanulate 
(1) tubular 
(2) funnelform 

14. Corolla lobe position (0) spreading 
(1) reflexed 

15. Corolla color (0) greenish-white 
(1) while, sometimes pale purple 
(2) purplish, often deep violet 

16. Anther position (0) anthers equal or nearly so (subequal) 
(1) anthers unequal 

17. Filament adnation (0) adnate at or just below the mid-point of the corolla tube 
(1) adnation extending to the distal half of the corolla tube 

18. Filament base (0) glandless 
(1) with a strikingly large gland that is fringed with a row of cilia 



Tabic 2. Coniinucd 

Character States 

19. Filament pubescence (0) free portion of filament glabrous 
(1) free portion of filament pubescent 

20. Ovarian nectary (0) inconspicuous and green 
(1) conspicuous and red 

21. Fruit type (0) fleshy berry 
(I) berry with distal sclerified disk embedded within the berry 
(2) incompletely indurated endocarp with an incomplete transverse split 
(3) incompletely indurated endocarp with a transverse split 
(4) completely indurated endocarp with a longitudinal split 

22. Fruit color at maturity (0) orange to red 
(1) yellow, green, brown 

23. Number of seeds (0)> 10 
(1)2-4 (rarely 8) 

24. Chromosome number (0)n=12 
( l ) n = 2 4  
(2) n=48 

25. Ovule development (0) ovules develop normally 
( I )  s o m e  o v u l e s  a l w a y s  a b o r t i v e  

26. Corolla lobe length (0) corolla lobes always shorter than the corolla tube 
( 1 )  c o r o l l a  l o b e s  a s  l o n g  a s  o r  l o n g e r  t h a n  t h e  c o r o l l a  t u b e  

00 U) 



Table 2. Conliiiiicd 

Character States 

27. Corolla lobe margins (0) margins glabrous to sparsely ciliate 
( 1 )  m a r g i n s  d e n s e l y  c i l i a t c  
(2) margins ciliate-lanate 

28. Stamen position (0) stamens exerted 
( I )  s t a m e n s  a l w a y s  i n c l u d e d  o r  n e a r l y  s o  

00 
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Table 3. Characteristics of the nuclear ribosomal ITS region in 32 accessions of Lyciiun 

and Grabowskia. 

ITS! ITS2 

Raw length 246-254' 218-225' 

Aligned length 267 231 

Variable sites 116 (43.4%) 74 (32.0%) 

Parsimony informative sites 55 (20.6%) 49(21.2%) 

Pairwise distances, mean (range) 5.2% (0- 12.5%) 4.1% (0 - 8.7%) 

GC content, mean (range) 0.67 (0.62 - 0.70) 0.69 (0.65 - 0.71) 

ITS 1 for L. ciliatuni is missing a 31 bp region and was not included. 'ITS2 for L. torreyi 

is missing a 48 bp region and was not included. 
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Figure I. Strict consensus of six most parsimonious trees (length = 398) from heuristic 

parsimony analysis of ITS 1 and ITS2 sequence data for Lyciiim and Grabowskia (CI = 

0.616. RI = 0.688). Nolana spp.. Atropa belladonna, and Jaborosa integrifolia were used 

as outgroups. Numbers above the branches are bootstrap percentages for clades 

supported above a 50% value; below are decay indices. The functionally dioecious, 

polyploid taxa are in boxes. Taxa labeled in bold have available chromosome counts and 

are diploid (n = 12). Biogeographic regions are AFR = Africa. AS = Asia. AUS = 

Australia, HAW = Hawaii, NA = North America, and SA = South America. 

Figure 2. Strict consensus of two most parsimonious trees (length = 419) from heuristic 

parsimony analysis for molecular (ITSl and ITS2) and morphological data combined for 

American Lyciion and Grabowskia (CI = 0.623, RJ = 0.718). Nolana spp.. Atropa 

belladonna, and Jaborosa integrifolia were used as outgroups. Numbers above the 

branches are bootstrap percentages for clades supported above a 50% value: below are 

decay indices. Lycium sections follow Chiang (1983) and are labeled at right. 



87 

Figure 1 

T 
1^1 
T 

59 

fiE 
81 

54 

lioo^—L 
6 1 — L  

57 

Grabowskia glauca 
G. boerhaavia 
G. duplicata 
L. pallidum 
L shockleyi 

L. macrodon 
L. cooperi 
L. puberulum 
L. cHiatum 
L. chilense 
L. barbarum-i—AS 
L australe — AUS 
L. cinereum 
L. ferocissimum 
[L tetrandurrl 
L shawii 

cestroides (RGO) 
cestroides (BER) 

L. andersonii 
L. berlandieri 

SA 

NA 

SA 

APR 

SA 

iim 
6 

2L 
T" 

6^ 
r 

36 

T" 

1 

7? 

L californicum 
L. exsertum (DP) 
L. exsertum (OPNM) 
L fremontii (HOU) 
L fremontii (OPNM) 
L fremontii (BC) 

58 E 
93 

NA 

80 
66j 
pi 66^— 

1 ^ 

L. parishii 
unidentified Lycium sp. 

torreyl 
L. brevipes 
L. caroiinianum 
L sandwicense HAW 
Nolana arenicola 
Nolana infiata 
Nolana mollis 
Nolana galapagensis 
Atropa belladonna 

Jaborosa integrifolia I SA 

SA 



SCLEROCARPELLUM 

LYCIUM 

SCHISTOCALYX 

L macro don 
L. coo peri 
L puberulum 
L shockleyi 
L pallidum 
Grabowskia glauca 
Grabowskia boerhavia 
Grabowskia duplicata 
i_ ciiiatum 
L chiiense 
L andersonii I, 
L berlandieri | ""YOUM 
L californicum | SCLEROCARPELLUM 
L exsertum (DP) 
L exsertum (OPNM) 
L fremontii (HOU) 
L fremontii (OPNM) 
L fremontii (BC) 
L parishii 
unidentified Lycium sp. 
L. brevipes 
L torreyi 
L sandwicense 
L carolinianum 
L cestroides (RGO) 
L cestroides (BER) 
Nolana arenicola 
Nolana inflata 
Nolana mollis 
Nolana galapagensis 
Jaborosa integrifolia 
Atropa belladonna 

LYCIUM 

LYCIUM 



89 

APPENDIX C 
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FEMALES IN DIMORPHIC SPECIES TO RELATED COSEXUAL SPECIES 
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Abstract—Gynodioecy appears to have evolved once in North American Lycium 

(Solanaceae). and populations of three species are comprised of females and 

hermaphrodites. Theoretical models show that in order to be maintained in natural 

populations, females must compensate for their 50% automatic genetic loss due to male-

sterility. Two general explanations for this compensation exist: elimination of inbreeding 

depression by male-sterile mutants (i.e., selection for outcrossing) and compensatory 

resource reallocation following the loss of one sexual function. To determine if females 

reallocate resources not used in male function to increased female function. I estimated 

components of female reproduction for six closely related species of Lycium at the 

transition from cosexuality to gynodioecy. Specifically. I determined seed number per 

fruit, fruit number per flower, and flower number per unit branch length for females and 

hermaphrodites of three dimorphic species and for three related cosexual species. I also 

investigated reallocation within-flowers by quantifying the portion of total floral biomass 

allocated to the gynoecium, androecium, calyx, and corolla. Despite substantial savings 

in females due to the loss of male function (nearly 20% of total floral biomass). females 

do not respond by making increased numbers of seeds, fruits, or flowers, nor do females 

allocate additional biomass to larger gynoecia within flowers compared to their cosexual 

relatives. Though females have a substantial fecundity advantage compared to 

conspecific hermaphrodites, this cannot be used to conclude that resource compensation 

has occurred in the evolution of gender dimorphism since the hermaphrodites are 

specialized for male function. Rather, comparisons of females with cosexual, close 
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relatives provides little support for the importance of resource compensation in the 

evolution of gynodioecy in Lyciuni. 
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When unisexual individuals arise in cosexual populations, they lose half of their 

reproductive function. Thus, to invade and be successfully maintained in natural 

populations, unisexual individuals must compensate for this reduction in Fitness. In 

gynodioecious populations (i.e.. populations having both female and hermaphroditic 

individuals), there are two primary ways that unisexual females might compensate for 

reduced fitness due to male-sterility. First, females could produce more vigorous 

offspring as a result of obligate outcrossing. This hypothesis has been commonly 

invoked to explain the evolution of separate sexes (Lewis 1942; Lloyd 1975; 

Charlesworth and Charlesworth 1978). Alternatively, females could compensate by 

reallocating resources no longer needed for male function into increased female function 

(e.g., number of flowers, ovules, fruits, or seeds) (Darwin 1877; Lewis 1941; Chamov et. 

al. 1976; Charlesworth and Charlesworth 1978, 1981). Darwin (p. 279-80, 1877) first 

suggested the possibility that female plants, because they forgo the cost of producing 

androecial structures (including pollen), may reallocate these "saved" resources into 

additional female function. Although the first hypothesis (i.e., selection for outcrossing 

and increased offspring vigor in females) does not explicitly involve the partitioning of 

resources, the two hypotheses are not mutually exclusive, and both factors may contribute 

to the evolution of unisexuality. 

The degree to which females can reallocate resources not used for male function into 

additional female function is one determinant of whether a mutation for male-sterility can 

invade a hermaphroditic population. This has been investigated theoretically for non-

selfing populations (Chamov et. al. 1976), and also for partially-selfing populations 
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(Charlesworth and Charlesworth 1981). The conditions required for the spread of a male-

N f  
sterile mutant in a parti ally-selfing population are summarized by — > 2(1 - S5)  (eqn. 

N h  

1). where 5" equals the selfing rate, 5 is a measure of inbreeding depression, and /V/^and N,, 

are the seed fertilities of females and hermaphrodites. In a non-selfing population (i.e.. 

when S is equal to 0) and when gender is under nuclear control, the fitness of a female 

must be twice that of a hermaphrodite in order for the female to invade and spread in the 

population {Nf > 2Nh). However, in a selfing population that experiences inbreeding 

depression, the compensatory effects required for the spread of females are lower than in 

the non-selfing case. This is because as the selfing rate (and/or inbreeding depression) 

increases, the right-side of eqn. (I) decreases below 2. Thus, in partially-selfing 

populations, levels of selfing and inbreeding depression determine the degree of 

reallocation necessary to permit the spread of females. 

Gynodioecious populations present opportunities to investigate questions of sexual 

resource allocation because the two sexual morphs differ in their gender investments. 

Females and hermaphrodites in gynodioecious populations have been compared in order 

to investigate whether female plants reallocate resources, not used in male function, to 

increased female function (Kohn 1989: Eckhart 1992b; Ashman 1994; Gibson and Diggle 

1997: Foot 1997; Sakai et al. 1997). Females in gynodioecious populations often have 

higher relative fecundity than conspecific hermaphrodites (reviewed in Gouyon and 

Couvet 1987). For example, seed number is higher in females of Geranium maculatum 

(Agren and Willson 1991) and Limnanthes douglasi (Kesseli and Jain 1984) (but see 
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Table 1 in Delph et al. 1999) and fruit production is higher for females compared to 

hermaphrodites in Hebe suhalpina (Delph 1990) and in Phacelia linearis (Eckhart 

1992b). Additionally, females produce more flowers than hermaphrodites in Plantago 

Icmceolata (Van Damme and Van Delden 1982) and in Sidalcea oregana (Ashman 1994). 

Any of these reproductive components (seed number, fruit set. or flower number) could 

contribute to higher overall fecundity of females and. if present at sufficient levels, might 

be interpreted as evidence that females redirect resources to increased female fertility in 

response to their lack of pollen production. Furthermore, the observation that in 

gynodioecious populations, the vast majority of hermaphrodites have larger flowers than 

conspecific females (reviewed in Delph 1996), has prompted researchers to suggest that 

compensation in females could also come from reduced corolla size (Eckhart 1992a; 

Puterbaugh et al. 1997). This assumes, however, that allocation to corolla size affects 

male function more than female function (Chamov 1979; Bell 1985) such that making 

smaller flowers does not limit pollinator service to females (Charlesworth and 

Charlesworth 1987). 

Although it is instructive to compare the fertilities of females and hermaphrodites 

within gynodioecious populations, it is difficult to conclude that the extant compensation 

effect (measured by intraspecific comparisons of females and hermaphrodites) was 

meaningful for the initial establishment of females in ancestral cosexual populations. 

This is due to the difficulty of determining whether differences in fecundity between the 

sexual morphs are the result of increased female allocation in females, or reduced female 

allocation in hermaphrodites that have become specialized for greater male function. 
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Ideally, one would like to ask whether females of dimorphic species allocate significantly 

more to female function compared to their closest cosexual relatives (cf. Mayer and 

Charlesworth 1991: Webb 1999). 

In this paper, I present such a comparison between females and hermaphrodites in 

gynodioecious species and their perfect-flowered, cosexual relatives. To assess resource 

compensation, I estimate components of female reproduction for six closely related 

species of Lyciuni (Solanaceae) at the transition from cosexuality to gynodioecy. To 

assess seed production in these plants. I estimated three components of female 

reproductive success: seeds per fruit, fruits per flower, and flower number per unit branch 

length, the product of which equals the number of seeds produced per unit branch length. 

To determine if reallocation among gender functions occurred within flowers. I 

quantified total biomass allocation to flowers, as well as allocation to floral reproductive 

structures (androecium, gynoecium. calyx, and corolla) in flowers of cosexual species 

and in flowers of females and hermaphrodites of dimorphic species. In particular, I 

sought to: (1) document the resource savings (if any) of females compared to related 

cosexual species through reduction of the androecium and corolla, (2) compare the 

gynoecial investment of females with related cosexual species to determine if females 

reallocated savings into larger gynoecia, and (3) determine the extent of male 

specialization in hermaphrodites of dimorphic species through comparisons with their 

close cosexual relatives. 

If resource compensation has been important in the establishment of females and the 

evolution of gynodioecy in Lycium, then components of female reproductive success 



(seed number, fruit set, and flower number) should be higher for unisexual females 

compared with their cosexual relatives with perfect flowers. Also, there may be 

increased allocation to the gynoecium as a result of reduced allocation to male structures 

within flowers. 

MATERIALS AND METHODS 

Study species and populations—Lycium (Solanaceae) is a genus of shrubby 

perennials that is distributed worldwide in arid to semi-arid environments. Most Lycium 

have perfect flowers and are cosexual in gender expression (Chiang-Cabrera 1981; 

Bemardello 1986). Nine species of Lycium are dimorphic in gender expression. Six of 

these occur in southern Africa and populations are functionally dioecious (Minne et al. 

1994; Venter et al. 1999). Three North American species are dimorphic in gender 

expression and have gynodioecious populations comprised of female and hermaphrodite 

plants (Appendix A). 

Three dimorphic and four cosexual species, all from North America, were included in 

the experiments described below. Populations of the dimorphic species Lycium 

califoniicum and L. fremontii were located in a lowland (~ 460 m elevation) halophytic 

community near Eloy, Pinal County, AZ (N 32° 46' 48". Will" 37' 48"). Dimorphic L. 

exsertum populations were at - 670 m elevation along sandy washes at Desert Peak, Pinal 

County. AZ (N 32° 36' 00", W 111° 15' 00"). The cosexual species are L. andersonii, L. 

herlandieri, L. pallidum, and L. parishii. Plants of L. andersonii were collected near 

Desert Peak, Pinal County, AZ (N 32° 36' 00", W 111° 15' 00"), in Organ Pipe National 

Monument (OPNM), Pima County, AZ (N 32° 32' 28", W 110° 42' 44"), and near Eloy, 
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Pinal County, AZ (N 32°46' 44", W111°37' 23"). Lycium berlandieri was located at -

472 m elevation, along washes in the Casa Grande Mountains near Casa Grande. Pinal 

County. AZ (N 32° 47' 31W 111° 41' 56"). Study plants of cosexual L. pallidum were 

located southeast of Oracle, Pinal Co., AZ (N 32° 32' 28", W 110° 42' 44") in the foothills 

of the Santa Catalina Mountains. Lycium parishii was located along the U.S.-Mexico 

border in OPNM along Puerto Blanco Drive at ~ 430 m elevation in Pima Co.. AZ (N 

3I°54'00". W 112° 51'00'). 

Phylogenetic reconstruction of Lycium indicates strong support for a single origin of 

gender dimorphism in North America (Fig. 2 in Appendix F). Regarding the species in 

this study, the three dimorphic species form a monophyletic group that includes the sister 

species L. exsertum and L. fremontii and also L. califoniicum (Fig. 1). Both molecular 

and morphological data suggest that the closest extant relatives of the dimorphic species 

are the perfect-flowered cosexual sister species L. andersonii and L. berlandieri 

(Appendix B). The clade containing the dimorphic species plus L. andersonii and L. 

berlandieri is nested within a larger group of North American species, including cosexual 

L. parishii. Finally, L. pallidum is more distantly related to all other species in this study. 

Components offemale reproductive success—Seed number per fruit—Seed number 

per fruit was determined by counting seeds from open-pollinated plants in natural 

populations of five Lycium species. The mean number of fruits sampled per plant ranged 

from four (L. exsertum hermaphrodites) to 6.2 (cosexual L. berlandieri). The number of 

plants ranged from ten for the low-fruiting hermaphrodites of dimorphic L. exsertum to 

52 for cosexual L. pallidum (Table 1). Fruits were collected during peak flowering and 
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fruiting period for ail species. This was August-September 1997 for L. berlandieri and 

March-May 1998 for all other species. Seed number was analyzed using analysis of 

viiriance (ANOVA) in which the dependent variable was the number of seeds in a fruit on 

a given plant (PROC GLM, SAS Institute). The model included the fixed effect of 

species-morph combination and the random effect of plant nested within species-morph 

combination. Due to the non-overlapping flowering phenologies of the different species, 

season was confounded with species-morph combination and was not included in the 

model. Species-morph combination was tested for significance using plant nested with 

species-morph combination as the error term. Seed number was square-root transformed 

prior to statistical analysis to normalize the residuals. I used the Ryan-Einot-Gabriel-

Welsch (REGWQ. SAS Institute) multiple comparison procedure to determine if mean 

seed number differed significantly among the different species-morph combinations. 

Specifically, I wanted to compare seed number per fruit between females of dimorphic 

species and their cosexual relatives to ask if compensation in seed number occurred in 

females. 

Fruit set per flower—Fruit set was estimated for whole plants by marking open-

pollinated flowers and recording the number of marked flowers that set fruit. The 

average number of flowers marked per plant ranged from 4.2 {L. exsertum females) to 

1 1.0 {L. freinontii females). The number of plants ranged from 14 for cosexual L. 

berlandieri and L. pallidum to 39 hermaphrodites of dimorphic L. fremontii (Table I). 

Fruit set for the cosexual species was determined during peak flowering and fruiting for 

species. This was during Auust-September 1997 for Lycium berlandieri, April 1998 for 
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L. parishii, and during March-April 1997 and 1998 for L. pallidum. Fruit set was 

estimated during two seasons (March 1998, 1999) for females and hermaphrodites of 

dimorphic L. exsertuni. Lycium califomicum females and hermaphrodites were sampled 

during three seasons (March and September 1997, March 1998). Fruit set for L. freniontii 

hennaphrodites was determined during three seasons (March 1997, 1998, and September 

1997). Lycium fremontii females were sampled during the same seasons as conspecific 

hermaphrodites and also in March 1999. Data for fruit set were analyzed using a 

generalized linear model assuming a binomial response variable and a logit link function, 

and chi-square values were adjusted to account for over-dispersion (PROC GENMOD. 

S AS Institute). For binomial data, the residual scaled deviance should be approximately 

equal to the residual degrees of freedom (i.e.. the Scaled Pearson Chi-square/df = 1: 

Crawley 1993). However, in this analysis the data were over-dispersed, as indicated by 

the significant Scaled Pearson Chi-square statistic (X" = 195.99. df = 106). Therefore, I 

corrected for over-dispersion by dividing the Chi-square value for the effects tested by 

the Scaled Pearson Chi-square/df, and then compared these scaled values for the effects 

in the model to an F distribution (Aitkin et at. 1989; Crawley 1993). The dependent 

variable was the number of marked flowers that produced fruit on a given plant divided 

by the total number of flowers marked on the same plant. The fixed effect of species-

morph combination and the random effect of season nested within species-morph 

combination were included in the model. Species-morph combination was tested for 

significance using the Chi-square value corresponding to the season nested within 

species-morph combination term. Data for hermaphrodites of dimorphic species were not 



10! 

included in the analysis because fruit set was near zero for all three species and S AS 

GENMOD could not analyze these data (i.e., maximum likelihood procedures did not 

converge). In a separate analysis, I included data for the hermaphrodites of dimorphic 

species and used a general linear model (PROC GLM, SAS Institute) to analyze fruit set. 

The dependent variable, proportion fruit set. was arcsin-square root transformed prior to 

analysis. Effects included in the model were as described above. The REGWQ multiple 

comparison procedure was used to determine if species-morph combinations were 

significantly different from one another. 

Flowermimber per centimeter—Estimates of flower number on plants were 

determined by counting buds, flowers, and fruits (the sum of which equals total flower 

production) on two or three branches of known length for females and hermaphrodites of 

dimorphic L. califoniicuni, L. exsertum. and L. freniontii and also for cosexual L. 

herlancl ier i .  Sample  s izes  ranged f rom 14 {L.  f remont i i  hermaphrodi tes)  to  21 plants  (L .  

exsertum females) (Table I). Branches were collected from natural populations during 

March 2000 for the dimorphic species and September 2000 for cosexual L. berlandieri. I 

tested for differences in flower number among species-morph combinations using 

ANOVA (PROC GLM, SAS Institute). Species-morph combination was included as a 

fixed effect and plant nested within species-morph combination was a random effect. As 

in the seed number analysis above, due to non-overlapping flowering phenologies for the 

different species, season was not included as an effect. Species-morph combination was 

tested for significance using plant nested within species-morph combination as the error 

term. To compare among species-morph combinations and determine if females of 
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dimorphic species compensated for the loss of male function with increased flower 

production. I used the REGWQ multiple comparison procedure as implemented in SAS 

(SAS Institute). 

Biomass measurements—Flowers from ten female and ten hermaphrodite plants of 

dimorphic species and ten plants of cosexual L. andersonii and L. berlandieri were 

collected and preserved in F. A. A. (recipe in Keams and Inouye 1993). Flowers from 

dimorphic species were sampled during March 1998 for L. califomicuni and during 

February-March 1999 forL. exsertum and L. fremontii. Collections from the cosexual 

species were made during March 1998 for L. andersonii and during August 1997 for L. 

berlandieri. The androecium, gynoecium. calyx, and corolla were separated from two to 

ten flowers of each plant. Flowers parts were pooled within plants to increase the 

accuracy of biomass measurements. For each plant, floral structures (androecium. 

gynoecium, calyx, and corolla) were dried at 60° C for 48 hr in pre-weighed aluminum 

tins and weighed to the nearest (ig on a Cahn 29 autobalance. Because anthers had 

dehisced prior to dissection, anthers were removed from androecia of the hermaphrodite 

morphs of the dimorphic species and the cosexual species. To estimate pollen and anther 

biomass for these samples, 30-50 undehisced anthers from mature floral buds were 

dissected, dried, and weighed separately for each species. The per anther weight was 

calculated, multiplied by the number of stamens present (either four or five depending on 

the species), and then added to the biomass of the filaments to estimate total androecial 

allocation for each sample. This was not necessary for females of dimorphic species 

because the anthers do not produce pollen (Appendix A). All samples were divided by 



number of flowers included in the original pooled sample to calculate per flower biomass 

allocated to each of the four floral organs. All measures of dry biomass were log-

transformed prior to statistical analyses. 

Total biomass allocation to flowers (i.e., flower weight) was examined among species-

morph combinations using ANOVA (PROC GLM, SAS Institute) and species-morph 

combinations were contrasted using the REGWQ multiple comparison procedure. 

Due to large differences in total flower biomass. both among species and between 

gender classes in dimorphic species, analysis of covariance (ANCOVA) was used to 

examine differences in biomass allocation to the androecium, gynoecium. calyx, and 

corolla for the different species-morph combinations (PROC GLM, SAS Insitute). The 

covariate used in these analyses was the total flower biomass minus the particular 

dependent variable. This avoided autocorrelation between the dependent variables and 

the covariates (cf. Eckhart 1992a). Initially, a heterogeneity-of-slopes ANCOVA was 

used to test the two-way interaction of species-morph combination x covariate (Littell et 

al. 1986). The two-way interaction of species-morph combination x covariate was not 

significant for either androecium biomass or gynoecium biomass ANCOVAs. indicating 

that the regression slopes for the different species and morphs of Lycium were parallel 

(i.e., they had similar scaling relationships or allometries). Therefore, the interaction 

terms were removed from these models and absolute allocation to floral structures 

compared among the species-morph combinations using difference-in-elevation 

ANCOVAs (Littell et al. 1986). Pairwise differences in absolute allocation between the 

species-morph combinations were assessed using the REGWQ multiple comparison 
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procedure (SAS Institute). Because the scaling relationships for the species-morph 

combinations were equivalent, size-adjusted means could be calculated such that relative 

allocation to the androecium and gynoecium could be compared among species-morph 

combinations. Size-adjusted means adjust the biomass of the dependent variable (i.e.. the 

androecium or gynoecium) to a common total biomass so that comparisons across 

differently sized flowers can be made. I contrasted size-adjusted means for the 

androecium and gynoecium biomass measurements between females of dimorphic 

species and their cosexual sister species using the Tukey-Kramer multiple comparison 

procedure as implemented in SAS (SAS Institute). Specifically, I asked if, adjusted for 

overall floral size differences, females allocated relatively more biomass to the 

gynoecium compared to their cosexual relatives. In addition, by comparing size-adjusted 

means for the androecium measures, I could determine the degree of resource savings in 

females and male specialization in hermaphrodites. 

The two-way interaction of species-morph combination x covariate was significant in 

the heterogeneity-of-slopes ANCOVAs for calyx and corolla biomass, indicating that the 

different species-morph combinations had different scaling relationships. Investigation 

of the interaction for the corolla analysis revealed that a single outlier for L. califoniiciim 

was responsible for the significant interaction effect. Therefore, I removed this 

observation for the analysis of corolla biomass, repeated the ANCOVA without the 

interaction, and compared both absolute allocation to the corolla and size-adjusted means 

for corolla allocation among the species-morph combinations. For the calyx biomass 

analysis, the interaction was significant (FOO5(7.M)=3.03, P=0.(X)8), but explained only 
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1.5% of the total variance, and was due to two individuals, one of L. berlandieri and one 

L. califonticiim both of which had unusually small calyx allocation compared to 

conspecifics. Thus, in order to compare allocation to the calyx, I removed the interaction 

term and proceeded as in the analyses described above. 

RESULTS 

Components offemale reproductive success—Seed number per fruit—Seed set varied 

from 8 to 19 seeds per fruit among the five species studied (Fig. 2A). There was a 

significant effect of species-morph combination as well as a plant effect on the number of 

seeds produced per fruit (Table 2). Fruits from females and hermaphrodites of L. 

freniontii had significantly more seeds than did all other species, whereas L. exsertuni 

females and cosexual L. parishii had fewer seeds than most other species (Fig. 2A). 

Fruit set per flower—Despite the range in fruit set among females of dimorphic 

species and cosexual species, there was no significant species-morph effect for the 

analysis of fruit set data using PROC GENMOD (Table 2). However, the effect of 

season nested within species-morph combination was significant, indicating that, for the 

species sampled in multiple years, fruit set varied among seasons (Table 2). Specifically, 

fruit set on females in dimorphic species varied considerably across seasons for L. 

cciHfomicum (26-100%) and L. fremontii (47-83%), but less so for L. exsertuni (34-47%). 

Though season was significant, there was no one season in which fruit set was 

consistently higher or lower for all species. The results of the REGWQ multiple 

comparison procedure for the analysis including hermaphrodites of dimorphic species 

(i.e., on proportion fruit set) is presented in Fig. 2B. Fruit set was near zero for the 
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hermaphrodites of all three dimorphic species, indicating that they are functional males. 

In contrast, fruit set was high for females of dimorphic species, ranging from 36% in L. 

califoniiciim to 63% in L. fremontii. Fruit set in the cosexual species was 12% for L. 

pallidum. 41% for L. berlandieri, and 58% for L. parishii (Fig. 2B). 

Flower number per centimeter—Flower number was generally similar for the species 

sampled. The only exception was that females of L. califomicum made more flowers per 

centimeter than all other species and morphs (Fig. 2C). There was a trend for females in 

dimorphic species to have more flowers than conspecific hermaphrodites, but this 

difference was significant only in L. califomicum (Fig. 2C). 

Biomass measurements—The different species-morph combinations varied 

significantly in total floral biomass (Tables 3, 4). Flowers of both females and 

hermaphrodites of L. exsertum and L. fremontii were significantly larger than all other 

species (Table 4). In addition, flowers on hermaphrodites of all three dimorphic species 

were larger than those on conspecific females (Table 4). In general. L. andersonii. L. 

berlandieri. and L. califomicum were small-fiowered (< 2 mg), whereas L. exsertum and 

L. fremontii were larger-fiowered (> 2.5 mg) (Table 4). 

For all of the fioral biomass ANCOVAs. species-morph combination and the covariate 

were significant (Table 3). As expected, size-adjusted means showed that females of 

dimorphic species allocated relatively less biomass to the androecium compared to 

conspecific hermaphrodites and cosexuals (Fig. 3A). Females of L. exsertum had a 

surprisingly large androecial investment for their size (Table 4, Fig. 3A). In general, 

hermaphrodites of dimorphic species allocated relatively more biomass to the androecium 
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compared to the cosexual species. The only exception was L. califomiciim 

hermaphrodites, which had a size-adjusted allocation to the androecium that is slightly, 

but not significantly, less than that of cosexual L. berlandieri (Fig. 3A), but substantially 

more than in conspecific female flowers. 

Controlling for flower size, biomass allocation to the gynoecium in females was either 

less than or equal to that of the two cosexual species studied here (Fig. 3B). In contrast, 

females of all three dimorphic species allocated more to the gynoecium than conspecific 

hermaphrodites, significantly so for L. exsertiim and L. fremontii (Fig. 3B). 

Hermaphrodites allocated less to the gynoecium compared to cosexuals. significantly so 

for all comparisons to L. berlandieri and for L. califoniicum hermaphrodites compared to 

L. andersonii (Fig. 3B). 

Females of all dimorphic species allocated both absolutely (Table 4) and relatively 

(Fig. 3C) more biomass to the calyx than did cosexual L. andersonii. In addition, females 

of L. califomiciim and L. fremontii had greater relative calyx allocation than did cosexual 

L. berlandieri, though significant for only L. califomicum (Fig. 3C). Also, there were no 

significant differences between the size-adjusted means of calyx biomass of females and 

hermaphrodites within each of the dimorphic species, though in all three species 

allocation was higher in females (Fig. 3C). With the exception of L. califomicum, there 

were no differences in the size-adjusted means for calyx biomass between 

hermaphrodites and cosexual species (Fig. 3C). 

The size-adjusted means for biomass allocation to the corolla showed that most 

separate-sexed species allocated significantly more to the corolla than L. berlandieri. but 



108 

not than L. andersonii (Fig. 3D). In addition, there were no differences in the relative 

allocation to corolla between females and hermaphrodites in L. califoniicum and L. 

freniontii. In L. exsertum. after correcting for differences in flower size, females 

allocated significantly more to the corolla than conspecific hermaphrodites (Fig. 3D). 

DISCUSSION 

In all three dimorphic species, females have reduced filaments with abortive anthers, 

and allocate less to the androecium compared to conspecific hermaphrodites and 

cosexuals (Fig. 3A; see also Appendix A). Females of the dimorphic species allocate 15-

18% less of their total floral biomass to the androecium compared to conspecific 

hermaphrodites (Table 4). Compared to the cosexual species, females of L. califoniiciun 

and L. freniontii save 16% and 18% of their total floral biomass due to reductions in the 

androecium. respectively (Table 4). In contrast, females of L. exsertum save only 8% 

compared to cosexuals (Table 4). Both females and hermaphrodites of L. exsertum are 

characterized by having dense trichomes on the filaments, which increases allocation to 

the androecium in both sexual morphs of this species. However, the size-adjusted means 

indicate that females of L. exsertum allocate significantly less biomass to the androecium 

than do conspecific hermaphrodites and cosexual L. berlandieri (Fig. 3A). Thus, females 

in all dimorphic species save resources by allocating less resource to the androecium (i.e.. 

reduced stamens with no pollen). 

There is some debate as to how much savings females gain by their lack of male 

function. Mayer and Charlesworth (1991) suggest that, for females that produce 

structures associated with male function (i.e., filaments, empty anthers, sterile pollen). 
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resource savings may not be substantial. However, because initiation of male function 

precedes female function in angiosperm flowers, male function may be especially cosily 

in terms of future allocation to female function (i.e., fruit development) (see Eckhart and 

Chapin 1997). Foot (1997) found that hermaphroditic plants of gynodioecious Plantago 

lanceolatci allocated up to 65% of the dry mass of flowers to male function, indicating a 

large cost of male function in this wind-pollinated species. 

Comparing the size-adjusted means for androecium and gynoecium allocation between 

hermaphrodites of dimorphic species and cosexual species suggests that hermaphrodites 

of  d imorphic  species  are  specia l ized for  male  funct ion.  With  one except ion {L.  

califoniiciim), hermaphrodites of the dimorphic species allocate more biomass to the 

androecium than do the cosexual species (Fig. 3A). This result, coupled with the 

observation that on average, hermaphrodites allocate less biomass to the gynoecium 

compared to cosexuals (Fig. 3B), suggests that flowers on hermaphrodites are specialized 

towards greater male function. 

Despite the resource savings of females from reduced allocation to androecial 

structures, they do not compensate with increased allocation to seed or fruit production 

(Figs. 2A, B) or to increased biomass allocation to the gynoecium (Fig. 3B). In fact, 

controlling for flower size, the amount allocated to the gynoecium in females is either 

less than (L. califomicum) or equal to (L. exsertum and L. fremontii) the two cosexual 

species (Fig. 3B). In addition, gynoecial investment in both females and hermaphrodites 

of L. califomicum was significantly lower than in most other species (Fig. 3B), reOecting 

the fact that L. califomicum produces a reduced ovary with only two ovules. All other 
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species studied here have many ovules and fruits are many seeded berries. Ovaries in 

female flowers do not contain significantly more ovules or mature a significantly larger 

percentage of their ovules compared to flowers from cosexual species (J. S. Miller. 

unpub. data). Though seed mass in females of L. exsertum and L. fremontii is greater 

than in cosexual L. parishii (F,, ,45) = 96.63. P < 0.0001 and F,i 245) = 61.05. P < 0.0001). 

it is equal to that in cosexual L. berlcmdieri (F,,.:45, = 3.67, P = 0.0566 and F,, ,45, = 2.69, 

P = 0.102!) and less than that in L. pallidum (F,, ,^5, = 80.53. P < 0.0001 and F,, ,4,, = 

312.87, P < 0.0001). Thus, it is not likely that reallocation to greater seed mass has 

occurred in female Lyciiim (see also Delph et al. 1999). 

Comparing overall flower production, females of L. californicuni make significantly 

more flowers per branch length than cosexual L. berlandieri (Fig. 2C). Thus, females in 

this .species have more opportunities (i.e., flowers) to set fruit than do cosexual species, 

potentially increasing lifetime seed production. However, it is unlikely that this results in 

greater overall seed production because L. califoniicitm has only a two-ovuled ovary 

compared to an average of 41.2 ovules for L. berlandieri. By contrast, females of L. 

exsertum and L. fremontii do not make increased numbers of flowers compared to L. 

berlandieri (Fig. 2C), suggesting that the opportunities available for successful fruit and 

seed production are the same for females of these species and cosexuals. This assumes 

that cosexual and dimorphic species have equivalent life spans. However, little is known 

concerning the reproductive life span of dimorphic Lycium species, though cosexual 

species L. andersonii and L. berlandieri have been aged at 120 and >72 years old. 

respectively (Goldberg and Turner 1986; Bowers et al. 1995). Calculating the lifetime 
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seed production of such long-lived species would be difficult. However, seasonal 

estimates of seed production can be obtained from the product of the three reproductive 

components reported here. The product of seed set, fruit set, and flower number (Figs. 

2A-C) is a measure of the number of seeds produced per centimeter branch length. In 

Lyciiim. this may be a fairly reasonable estimate of seed production because flowers are 

produced along most branches on a plant. This product is 2.7 seeds/cm. 9.0 seeds/cm. 

and 35.1 seeds/cm for females of L. califoniiciim, L. exsertum, and L. fremontii. 

respectively and 13.5 forcosexual L. berlandieri. These results provide no evidence for 

resource compensation in females of dimorphic species. 

Patterns of biomass allocation to the calyx and corolla are difficult to interpret due to 

the large among species variation. At least two observations suggest that much of the 

variation in calyx allocation is associated with differences among species. Lycium 

califoniiciim females allocate a large amount to the calyx, perhaps to support its unique 

sclerified, two-seeded fruit. In contrast, L. andersonii has a reduced calyx and allocates 

significantly less to the calyx compared to most other species included in this study (Fig. 

3C). Though there were no significant differences in the size-adjusted calyx allocation 

between females and hermaphrodites for the dimorphic species, females allocate up to 

8% more of their total floral biomass to the calyx, suggesting that this may be an 

important gender-related trait (see also Appendix A). Despite wide variation in the 

absolute biomass allocation to the corolla (350 ng - 2.(X)8 mg), most species allocated 

from 37-41 % of total floral biomass to the corolla (Table 4). Only cosexual L. 

berlandieri allocated relatively less; flowers of this species are strikingly different 
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compared to those of all other species, having a reduced corolla tube and much exerted 

sexual organs. Hermaphrodites of dimorphic L. exsertion also allocated relatively little to 

corolla (0.33), perhaps related to disproportionate allocation to the androecium (see 

above). 

Flowers on females of the dimorphic species are 33-49% smaller than flowers on 

conspecific hermaphrodites (Table 4). This pattern is not unique to Lycium and has been 

documented repeatedly for many gynodioecious taxa (reviewed in Delph 1996. Eckhart 

1999). This observation has led some researchers to suggest that by making smaller 

flowers, females may save additional resources (beyond those saved from the loss of 

pollen production) for reallocation purposes (Eckhart 1992a; cf. Puterbaugh 1997). To 

test this. I compared flower size between females of dimorphic species and their cosexual 

relatives. Contrary to this idea, flowers on females of dimorphic L. exsertuni and L. 

fremontii were larger than those on cosexual species (Table 4). Thus, savings by females 

via reduction in flower size are not likely to have occurred in these species, especially 

because females and cosexual L. berlandieri produce equal numbers of flowers (Fig. 2C). 

In contrast to the other dimorphic species, flowers on females of L. californiciini were 

significantly smaller than on cosexual L. berlandieri (Table 4) and, not surprisingly, these 

individuals also produced more flowers (Fig. 2C). However, whether this increased 

flower production compensates for the fact that L. califomicum produces only two seeds 

per fruit (compared to 12.7 for L. berlandieri) is unknown. 

There is a substantial female fecundity advantage for females compared to conspecific 

hermaphrodites in dimorphic species of Lycium. However, this cannot be used to 
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conclude that resource compensation is important in Lycium, because the hermaphrodites 

are specialized for male function (Fig. 2B). Instead, comparisons must be made between 

females and their close cosexual relatives (cf. Mayer and Charlesworth 1991; Webb 

1999). However, even using this comparison, there is little evidence for resource 

compensation in females. 

In Lychim. controlled pollinations (Appendix D) and allozyme estimates of mating 

system parameters (Appendix E) for two cosexual species indicates that they are 

primarily outcrossing. Further, molecular studies of S-allele variation in L. andersonii 

indicate that self-incompatibility is the basal condition for the genus (Richman and Kohn 

2000), although in Lycium the incompatibility system may be "leaky" (Appendix E; see 

also Stephenson et al. 2000). Confidence limits on allozyme estimates of selfing rates for 

cosexual Lycium range from 0.11 to 0.40 for L. berlandieri and from 0.05 to 0.27 for L. 

pcirishii. Estimates of inbreeding depression from allozyme data are inferred to be 

complete in nature (= 1. Table 5; Appendix E). To maintain females in ancestral 

populations with similar levels of selfing and inbreeding depression, females would need 

a 1.2-1.9 fold fertility advantage compared to the cosexual species (using eqn. 1; see 

Table 5). Although females of L. fremontii have 2.6 x the seed fertility of L. berlandieri 

and could theoretically be maintained even under complete outcrossing (S = 0. eqn. 1). 

females of L. ccdifomiciim and L. exsertum have only 0.197 or 0.675 x the seed fertility 

of L. berlandieri, respectively. Therefore, females of L. califomicum and L. exsertum 

would not be able to invade an ancestral population similar to L. berlandieri. This 

suggests that resource compensation is insufficient to explain the maintenance of females. 
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However, controlled pollinations investigating pollen tube growth reveal that 

hermaphrodites of the North American dimorphic species are self-compatible (Appendix 

D). Elsewhere, Miller and Venable (Appendix F) have hypothesized that the dimorphic 

species lost self-incompatibility as a result of polyploidy (reviewed in Lewis 1949: Stout 

and Chandler 1941; Brewbaker 1958; Pandey 1968; de Nettencourt 1977; Richards 

1997). As Lyciiim species do not possess alternative outcrossing mechanisms to prevent 

self-fertilization (besides self-incompatibility, e.g. temporal or spatial segregation of 

sexual organs), it is likely that these newly self-fertile polyploids experienced high levels 

of self-fertilization. Plants of Lyciiim species have floral displays with hundreds of 

Hovvers open simultaneously, and the potential for geitonogamy (i.e.. pollen transfer 

within a plant) is high. Thus, once self-incompatibility broke down, these plants were 

likely highly self-fertilizing. In the presence of high levels of selfing coupled with strong 

inbreeding depression (= 1), the threshold level of compensation necessary for the 

maintenance of females is lowered and females can spread with little or no fertility 

advantages (eqn. 1). Thus, it is likely that females spread initially due to the loss of self-

incompatibility associated with the evolution of polyploidy. 
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Table 1. Numbers of plants included in the assessment of components of reproductive success for three dimorphic species (L .  

califoniicum, L cxscrtum, and L. frcmontii) and three cosexual species {L. hcrlaiulicri, L iHiri.shii, and L pallidum) of Lyciuiii. 

A dash indicates that estimates were not obtained. Abbreviations are F = females of dimorphic spccies, H = hermaphrodites of 

dimorpliic species, C = cosexual, hermaphrodite; — = data not available. 

Species 

Seeds per fruit Fruits per flower Flowers per cm 

Species plants fruits plants flowers plants branches 

L herlaiulieri C 11 68 14 70 16 2 

L parishii C 61 255 24 133 — — 

L pallulim C 52 237 14 146 — — 

L catifnrniaun F — — 17 129 15 3 

L exsertum F 22 92 25 105 21 2 

L frcmontii F 36 174 25 276 16 3 

L californicwn H 19 195 15 3 

L exsertum H 10 40 24 206 19 2 

L frcmontii H 47 215 39 269 14 3 



Table 2. Results of analyses lor (a) seed number per fruit, (b) fruit set per flower, and (e) flower number per em for dimorphic 

and coscxual Lycimi spccics. 'Chi-squarc values obtained in PROC GENMOD were divided by the appropriate denominator 

(see methods). 

source 

(a) Seed number 

Species-morph combination 

Plant (spccies-niorph combinalion) 

Error 

df Type III 

MS 

6 

232 

837 

54.071 

3.270 

I . I l l  

16.535 

2.943 

0.0001 

0.0001 

(b) Fruit set 

Species-morph combination 

Season (species-morph combination) 

Scaled Pearson Chi-square/df 

5 

7 

106 

80.859" 

37.509* 

1.849 

3.018 

20.286 

ns 

0.001 

(c) Flower Number 

Species-morph combinalion 

Plant (species-morph combination) 

Error 

6 

107 

166 

8.167 

2.222 

0.678 

12.04 

3.28 

0.0001 

0,0001 

lO 



Table 3. RcsuUs of (a) ANOVA for lotal flower bionniss and (b) ANCOVAs of bioniass allocalion lo ihc androccium, 

gynoeciuiii, calyx, and corolla in dimorphic Lyciuin and their sister spccics, L amlersonii and L hcrhuulieri. "All values are 

signiricani at the P < 0.0001 level. 

source df Type III 

MS 

(a) Log total flower biomass 

Species-morph combination 7 0.685164 

Error 72 0.005524 

124.03"' 

(b) Log androccium biomass 

Spccies-niorph combination 

Log (total riovver biomass)'' 

Error 71 

0.952696 

0.083392 

0.002990 

318.627' 

27.890" 

Log gynoecium biomass 

Species-morph combination 

Log (total flower biomass)'' 

Error 71 

0.202573 

0.365910 

0.006086 

33.285* 

60.123' 

to 



Table 3. Conliiuicd 

source df Type III 

MS 

Log calyx biomass 

Species-morph combination 

Log (total flower biomass)' 

Error 71 

0.221299 

0.316881 

0.005323 

41.57' 

59.53' 

Log corolla biomass 

Spccies-morph combination 

Log (total flower biomass)'' 

Error 70 

0.068563 

0.397489 

0.002593 

26.44' 

153.29' 

Flower biomass - androecium biomass 

'' Flower biomass - gynoecium biomass 

' Flower biomass - calyx biomass 

'' Flower biomass - corolla biomass 



Tabic 4. Absolute allocation in nig (proportional allocation in parentheses) to the androeciuin, gynoecium, calyx, and corolla 

in the dimorphic species o( Lycinni and their sister species, L amlersonii and L herlandii'ri. Values are back-transformed 

means. Values with the same letter for within column comparisons are not significantly different using the REGWQ multiple 

comparison procedure. Abbreviations arc F = females of dimorphic species, H = hermaphrodites of dimorphic specics, and C 

= co.sexual, hermaphrodite specics. 

Species Androecium Gynoccium Calyx Corolla Total Flower 

L (uulersonii C 0.219'' (0.24) 0.17r'(0.19) 0.153^0.17) 0.350'' (0.39) 0.900^" 

L berlandieri C 0.482'' (0.24) 0.419^(0.21) 0.543'* (0.27) 0.546^" (0.27) 2.003'' 

L. californicmn F 0.086' (0.08) 0.137'^^ (0.13) 0.414^(0.39) 0.410'(0.39) l.05r" 

L exsertum F 0.434"" (0.16) 0.501"" (0.19) 0.674"" (0.26) 1.01(^(0.38) 2.635^ 

L freniontii F 0.165^(0.06) 0.576" (0.22) 0.827" (0.31) I.078M0.4I) 2.66 r 

L. californicum H 0.403^ (0.22) 0.188'' (0.10) 0.566^"' (0.31) 0.671'' (0.37) 1.838'' 

L exsertum H 1.325'(0.34) 0.481"" (0.12) 0.795" (0.20) 1.283" (0.33) 3.907" 

L fremontii H 1.228" (0.23) 0.719' (0.14) 1.280'(0.24) 2.008" (0.38) 5.259" 
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Table 5. Mean outcrossing rate (t^) ± 2 SE for cosexual L. berlandieri and L. parishii 

based on allozyme estimates of mating systems (Appendix E). Selfing rates are (l-t„) 

and lower and upper confidence limits for the selfing rates are given. The seed fertility 

advantage necessary for the maintenance of females (N/N^) was calculated using eqn. 1 

Inbreeding depression is = 1 in natural populations (Appendix E). 

tm Confidence interval of (l-t^,) N./N, 

L. berlandieri 0.742 (± 0.146) 0.112 -0.404 1.2-1.8 

L. parishii 0.839 (±0.110) 0.051 - 0.271 1.5 - 1.9 
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Figure 1. Schematic of phylogenelic relationships among the species included in this 

study. Open bars indicate the gender dimorphic species, whereas closed bars indicate 

cosexual species. Lycium pallidum and L. pcirishii are part of larger clades that include 

species not investigated here. 

Figure 2. Components of reproductive success for cosexual and dimorphic species of 

Lycium. (A) Back-transformed means of seeds per fruit with 95% confidence limits. (B) 

Mean number of fruits per flower (± 1 SE). and (C) mean number of flowers per cm (± 1 

SE). Means sharing the same letter are not significantly different using the REGWQ 

multiple comparison procedure. Note that not all species were sampled for each 

component. Abbreviations are COSEX = cosexual, hermaphrodite species. FEMALE = 

females of dimorphic species, and HERM = hermaphrodites of dimorphic species. 

Species are abbreviated: B = L. berlandieri, P = L. pcirishii, L = L. pallidum. C = L. 

californicum. E = L. exsertum. and F = L. fremontii. 

Figure 3. Biomass allocation to the (A) androecium. (B) gynoecium, (C) calyx, and (D) 

corolla in the dimorphic species of Lycium and their close relatives. L. andersonii and L. 

berlandieri. Values are back-transformed size-adjusted means and error bars are 95% 

confidence limits. Size-adjusted means sharing the same letter are not significantly 

different using the Tukey-Kramer multiple comparison procedure. Abbreviations are 

COSEX = cosexual. hermaphrodite species, FEMALE = females of dimorphic species, 

and HERM = hermaphrodites of dimorphic species. Species are abbreviated: A = L. 
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andersonii. B = L. berlandieri, C = L. californicum. E = L. exsertum. and F = Z.. 

fremontii. 
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APPENDIX D 

THE TRANSITION TO GYNODIOECY ON AN EVOLUTIONARY BACKGROUND 
OF SELF-INCOMPATIBILITY: AN EXAMPLE FROM LYCIUM (SOLANACEAE) 
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Abstract.—Self-fertilization and consequent inbreeding depression are commonly 

invoked in population genetic models as important selective forces promoting the 

invasion of male-sterile mutants (i.e.. females) into hermaphroditic populations. A 

corollary prediction of these models is that gynodioecy evolves on a phylogenetic 

background of self-compatibility. However, in the genus Lycium (Solanaceae) 

gynodioecy has evolved on a background of self-incompatibility. E.xperimental 

pollinations for three cosexual, perfect-flowered species, which are closely related to the 

gynodioecious species, demonstrates that they are self-incompatible. Fruit set. seed set. 

and pollen tube number following outcross pollination were significantly higher than 

following self pollination in these cosexual species. Though the hermaphrodites in 

gynodioecious populations function primarily as males, investigation of pollen tube 

growth reveals that they are self-compatible in all three species. To reconcile the 

distribution of incompatibility with the evolution of gynodioecy in Lycium. we 

hypothesize that polyploidy disrupted the incompatibility system in the gynodioecious 

species leading to the evolution of gender dimorphism. 
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Gender dimorphism is the presence of two sexual mating types (e.g.. females and 

males in dioecy. or females and hermaphrodites in gynodioecy) that coexist in 

populations (Geber et al. 1999). Population genetic models for the evolution of 

gynodioecy from hermaphroditism propose that selection to promote outcrossing allows 

for the spread of male-sterile mutants (i.e., females) in hermaphroditic populations (Lloyd 

1975; Charlesworth and Charlesworth 1978a, b). This is because females, which do not 

produce pollen and are thus free from selfing, can invade selfing, hermaphroditic 

populations that are suffering inbreeding depression. Both theoretical (Lloyd 1975; 

Charlesworth and Charlesworth 1978a, b) and empirical studies (reviewed in Webb 1999) 

provide evidence for the importance of selection for outcrossing in the evolution of 

gynodioecy. The models make explicit predictions concerning the sequence of 

evolutionary events and hypothesize that sexually dimorphic species evolve from self-

compatible taxa that suffer from self-fertilization and inbreeding depression 

(Charlesworth and Charlesworth 1979). 

Self-incompatibility is defined as the inability of a fertile cosexual plant to set 

abundant seed following self pollination (Barrett 1998). Several different types of 

physiological incompatibility exist (de Nettancourt 1977; Seavy and Bawa 1986; Barrett 

1988; Nasrallah and Nasrallah 1993; Newbigin et al. 1993), and self-incompatibility has 

evolved a number of times in angiosperms (Bateman 1952; Matton et al. 1994; Weller et 

al. 1995). It is well established that physiological self-incompatibility is a mechanism to 

avoid self-fertilization and prevent inbreeding depression in plants (Jame and 

Charlesworth 1993; Proctor etal. 1996; Barrett 1998). 



Baker (1959) was the first to point out that because both dioecy and self-

incompatibility are mechanisms to avoid inbreeding, they are unlikely to exist together in 

the same lineage. The obvious corollary, that gender dimorphism is more likely to evolve 

in groups that are self-compatible, has been stated repeatedly (Baker 1959; Thomson and 

Barrett 1981; Baker 1984; Charlesworth 1985). However, controversy exists as to 

whether or not there is an association between self-compatibility and gender dimorphism 

(Givnish 1982; Willson 1982; Thomson and Brunet 1990; Freeman et al. 1997). 

Thomson and Barrett (1981) found support for Baker's observations and argued that at 

both the family and generic levels, a negative correlation exists between self-

incompatibility and dioecy. Givnish (1982). in an early attempt to statistically analyze 

the association, found no relationship between self-incompatibility and gender 

dimorphism and argued that ecological factors were at least as important as selection for 

outcrossing in the evolution of dioecy (see also Willson 1982; Freeman et al. 1997). 

Charlesworth (1985), in the most thorough analysis to date, suggested that the available 

data are too fragmentary for an adequate test of the association. She found no statistical 

support for a negative association, though she supported Baker's (1959) original 

conclusion due to the low frequency of dioecy in lineages where self-incompatibility is 

known to occur. More recently. Freeman et al. (1997) argued that many dioecious 

species have close relatives with other outbreeding mechanisms (e.g., herkogamy, 

dichogamy, self-incompatibility, monoecy) and suggested that gender dimorphism, in 

these cases, is not likely due to selection for outcrossing. They point out that these 

alternative outbreeding strategies appear to be present in species that have evolved dioecy 
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from monoecy and concede that, in gynodioecious taxa, females may invade due to 

selection for outcrossing. Detailed studies of compatibility systems in the close relatives 

of dimorphic species and in the hermaphrodites of gynodioecious species are needed to 

resolve Baker's original hypothesis. In this paper, we present the results of such an 

approach. We investigate the nature of compatibility at the transition from co.sexuaiity to 

gynodioecy in the genus Lycium (Solanaceae). 

Lycium is a genus of shrubby perennials found worldwide occupying arid to semi-arid 

environments. Gender dimorphism has apparently evolved a single time in North 

America (Appendix B) and occurs in three species. The North American dimorphic 

species have separate female and perfect-flowered (i.e.. hermaphroditic) plants (Gilmartin 

1983; Appendix A). All other Lycium in North America (-18 spp.) are cosexual. with all 

individuals producing perfect flowers (Chiang-Cabrera 1981). 

To ask if selection for outcrossing could be important in the evolution of gender 

dimorphism, we investigated breeding systems for three dimorphic species {Lycium 

californicum, L. exsertum. and L. fremontii) and three related, cosexual Lycium species 

{Lycium berlandieri, L. pallidum, and L. parishii). Specifically, we asked if the cosexual 

species related to the dimorphic species were self-compatible and if the hermaphroditic 

morphs of the dimorphic species were self-compatible. If avoidance of inbreeding has 

been important in the evolution of gender dimorphism, self-compatibility should occur in 

both the cosexual relatives of the dimorphic species and in the hermaphroditic morphs of 

the dimorphic species. We then attempted to reconcile the observed distribution of 

incompatibility with the negative association proposed by Baker (1959). We had several 



I 

137 

subsidiary objectives including: (1) documentation of gender dimorphism in North 

American Lycium, (2) determination of pollen limitation or agamospemiy in females of 

dimorphic species, and (3) determination of autogamy in hermaphrodites of dimorphic 

species or cosexual species. 

MATERIAL AND METHODS 

Study Species and Populations 

Experimental populations of the study species were located in Pima and Pinal 

counties in south-central Arizona. Pollinations of the dimorphic species L. califonticuni 

and L. freniontii were conducted at a site where they occur as the co-dominant species in 

a lowland (~ 460 m elevation) halophytic community, along a 4 km stretch of Houser 

Road off of Interstate-10 at exit #203 near Eloy, Pinal Co., AZ (N 32° 46' 48", Will" 37" 

48"). Dimorphic L. exsertum was studied at ~ 670 m elevation along sandy washes at 

Desert Peak, Pinal Co., AZ (- 9.5 km east on Park Links Drive, from exit #226 on 

Interstate-10; N 32° 36' 00". W 111° 15' 00"). Cosexual Lycium berlandieri was studied 

at ~ 472 m elevation, along washes in the Casa Grande Mountains, approximately 3 km 

southwest of the intersection between Interstate-10 and Interstate-8 near Casa Grande, 

Pinal Co., AZ (N 32° 47' 31", W 111° 41' 56"). The study population of cosexual L. 

pcihshii, the most common Lycium species at Organ Pipe National Monument (OPNM), 

was located along the U.S.-Mexican border inside OPNM along Puerto Blanco Drive, - 5 

km from the intersection of Puerto Blanco Drive and State Route 85 at ~ 430 m elevation 

in Pima Co., AZ (N 31° 54' 00", W 112° 51' 00'). Study plants of cosexual L. pallidum 
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were located southeast of Oracle, Pinal Co., AZ (N 32° 32' 28", W 110° 42' 44") in the 

foothills of the Santa Catalina Mountains. 

Fruit and Seed Set 

To determine if the cosexual species (L. berlandieri, L. pallidum, L. parishii) and the 

hermaphroditic morphs of dimorphic species (L. califoniicum, L. exsertum, L. fremontii) 

were self-compatible, we compared fruit and seed set of flowers hand-pollinated with 

outcross pollen to those pollinated with self pollen during the peak flowering of each 

species. The number of treatment plants per population ranged from 14-24 (mean=18) in 

cosexual species and 19-33 (mean=25) in hermaphrodites of dimorphic species. On each 

plant, fine mesh bags were placed over unopened flower buds to prevent insect visitation. 

During the next mornings several recently opened flowers on which anthers had not yet 

dehisced were chosen haphazardly from within the bags (mean=7.7 flowers per plant). 

These were emasculated and half were pollinated with outcross pollen and half with self 

pollen. Self pollen was collected from flowers on the same plant, whereas outcross 

pollen came from two donors located at least 10 meters away. Pollen was transferred 

directly to the stigma from donor anthers using fine forceps to hold stamens. The amount 

of pollen received by fiowers greatly exceeded the number of ovules present and was 

sufficient for full seed set. All treated flowers were re-covered to prevent pollination by 

insects. Additional newly opened, unmanipulated, and uncovered flowers were marked 

(mean=7.8 fiowers per plant) as controls to assess natural levels of fruit and seed set on 

14-29 (mean=20) plants in cosexual species and 19-39 (mean=27) hermaphrodites of 

dimorphic species. To determine if the cosexual species and the hermaphroditic morphs 
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of dimorphic species were autogamous, flower buds were marked and covered with fine 

mesh bags to preclude external pollination. 

To determine if females of dimorphic species were pollen limited, we augmented 

pollen on open-pollinated flowers (mean=6.1 flowers per plant) and compared fruit and 

seed set to unmanipulated. open-pollinated control flowers (mean=7.6 flowers per plant) 

on the same plant. We used 17 females of L. califoniicwn and 25 females each of L. 

exsertum and L. freniontii in this experiment. For the augmentation treatment, both the 

pollen source and the application procedure were identical to those for the outcross 

treatment described above. Floral buds on females of dimorphic species were marked 

and covered with fine mesh bags to determine if they were agamospermous. All 

treatments were monitored through fruit set (approximately 3-4 weeks). Fruits were 

collected when ripe and stored at 4°C until seeds were counted. 

For the pollination treatments described above (outcross. self, and control on 

cosexuals and hermaphrodites of dimorphic species, and augmentation and control on 

females), pollinations took place during Fall (August-September) and Spring (March-

May) over four flowering seasons. Crosses on cosexual species were performed during 

Fall 1997 for L. berlandieri and Spring 1998 for L. parishii, and during Spring 1997 and 

Spring 1998 for L. pallidum. For the dimorphic species, pollinations took place during 

Spring 1998 and Spring 1999 for females and hermaphrodites of L. exsertum. Lyciuni 

califoniicum females and hermaphrodites were pollinated during Spring 1997. Fall 1997. 

and Spring 1998. Pollinations on L. freniontii hermaphrodites were made during Spring 



140 

and Fall of 1997 and Spring 1998. Females of L. fremontii were pollinated during the 

same seasons as conspecific hermaphrodites and also in Spring 1999. 

Data for fruit set were analyzed using a generalized linear model assuming a binomial 

response variable and a logit link function; chi-square values were adjusted to account for 

over-dispersion when necessary (PROC GENMOD, SAS Institute). For binomial data, 

the residual scaled deviance should be approximately equal to the residual degrees of 

freedom (i.e., the Scaled Pearson Chi-square/df = I; Crawley 1993). Therefore, in our 

analyses, when this ratio was > 1, we corrected for over-dispersion by dividing the Chi-

square value for the effects we were interested in by the Scaled Pearson Chi-square/df. 

We then compared these scaled values for the effects in the model to an F distribution 

(Aitkin et al. 1989; Crawley 1993). The dependent variable was the total number of 

flowers that produced fruit following a particular pollination treatment on a given plant 

divided by the total number of flowers in that pollination treatment on the same plant. 

Effects included in the model were season (fixed effect), plant nested within season 

(random effect), pollination treatment (fixed effect), and the two-way interaction of 

season x pollination treatment. Season was tested for significance using the Chi-square 

value corresponding to plant nested within season. This is equivalent to a split-plot 

design in which season (the whole-plot treatment) is applied to a set of plants, and 

pollination treatment is applied to flowers (subplots) within plants (blocks) (Milliken and 

Johnson 1992). When the season x pollination treatment interaction was not significant it 

was removed from the model. Because pollinations of L. berlandieri and L. pcirishii were 

completed in a single season, the season and season x treatment interaction were not 
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included as effects for these analyses. To determine if hermaphroditic plants of 

dimorphic species or individuals of cosexual species were self-compatible, contrasts 

between the outcross and self treatments were performed. To determine if females were 

pollen limited, augmentation and control treatments were contrasted. 

Due to the frequency of zeroes in the datasets for the hermaphrodites of dimorphic 

species (i.e., low fruit set, see Table 5), the analyses for the model described above did 

not converge and thus SAS GENMOD could not be used to analyze these data. In these 

cases, we used a general linear model (PROC GLM, SAS Institute) to analyze fruit set. 

The dependent variable, proportion fruit set, was arcsin-square root transformed prior to 

analysis. Effects included in the model and hypothesis testing were as described above. 

Results of analyses for the hermaphrodites of the dimorphic species should be viewed as 

approximate since the residuals of these analyses were not normally distributed, although 

ANOVA is fairly robust to violation of this assumption (Zar 1996). 

Seed production was analyzed using a general linear model (PROC GLM. SAS 

Institute). The dependent variable was the number of seeds per fruit following a 

particular pollination treatment on a given plant. For Lycium berlandieri and L. pcirishii. 

the model included plant (random effect) and pollination treatment (fixed effect). Both 

factors were tested for significance over the residual error term. Lycium pallidum, L. 

exsertum, and L. fremontii were analyzed using a general linear model that included 

season (fixed effect), pollination treatment (fixed effect), plant nested within season 

(random effect), and the two-way interaction of season x pollination treatment. All 

factors were tested for significance over the residual error term with the exception of 
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season, which was tested using plant nested within season as the error term. When the 

season x pollination treatment interaction was not significant, it was removed from the 

model. Contrasts between the pollination treatments (i.e.. self, outcross. control) were 

performed to test for differences in seed set among pollination treatments. In all analyses 

of .seed set data, residuals were normally distributed. Because there were different 

numbers of fruits for the various pollination treatments on different plants, we also 

analyzed seed number using a weighted general linear model (JMP IN v3.1.5. SAS 

Institute). The dependent variable was the average seed number for a particular 

pollination treatment on a given plant. The number of fruits used to calculate average 

seed number was used as the weight. These two analyses for seed number gave 

comparable results. Only results from the unweighted analyses are presented below. 

Pollen Tube Growth 

Controlled pollinations to evaluate pollen tube growth were conducted during Spring 

1998 and Spring 1999 on individuals of five species of Lycium, including cosexual L. 

pallidum and L. parishii and dimorphic L. califoniicum, L. exsertum, and L. fremontii. 

Fine mesh bags covered the fiowers for the duration of the experiment to prevent 

contamination of the pollen treatment. Sets of fiowers on plants of cosexual species and 

on hermaphroditic plants of dimorphic species were emasculated prior to anther 

dehiscence and pollinated with either outcross or self pollen as described above for the 

fruit and seed set experiment. Flowers on females received only the outcross pollen 

treatment. Flowers were harvested after sufficient time to allow pollen tubes to grow 

through the style (as determined by pilot experiments). Flowers were then fixed in 
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F.A.A. for 24 hours and transferred to 70% EtOH. The gynoecia were dissected from 

flowers and rinsed in tap water before softening in 8M NaOH for 5-8 hours. Samples 

were rinsed for ~ 1 hour to remove excess NaOH and stained in aniline blue for 8-12 

hours. Gynoecia were flattened between a coverslip and a slide, and pollen tubes were 

viewed with an Olympus compound microscope equipped with a fluorescent light source 

and an ultraviolet filter. The number of pollen tubes present halfway down the style and 

at the base of the style were counted. 

In 1998, all flowers were collected 24 hours after pollination from 11 hermaphroditic 

plants of dimorphic L. califoniicum and 48 hours after pollination from 14 

hermaphroditic plants of dimorphic L. fremontii. Flowers from ten plants of cosexual L. 

pallidum and three plants of cosexual L. parishii were sampled 48 hours post-pollination. 

For each treatment on each plant, the number of pollen tubes present at each style 

position was averaged over replicate flowers. 

In 1999 flowers were sampled from plants at several time intervals following 

pollination. Also, female plants (outcross pollen only) of dimorphic species were 

included in 1999 to assess pollen tube growth differences between females and 

hermaphrodites in dimorphic species and cosexual species. For dimorphic L. 

californicuin, which has small flowers and short-styles, one or two flowers from five 

females and five hermaphrodites were collected following 2, 4, 6, 8, and 24 hours post-

pollination. In the remaining species, one to three flowers on all plants were sampled at 

6, 12. 24, and 72 hours post-pollination. Eight females and nine hermaphrodites of 

dimorphic L. exsertum and four hermaphrodites and four females for dimorphic L. 
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fremontii were included. Six plants of cosexual L. parishii were also included in 1999. 

As in 1998, for each treatment and collection time replicate flowers were averaged to 

obtain the mean number of pollen tubes present at each style position on each plant. 

Because preliminary data indicated that L. pallidum and L. parishii were self-

incompatible (Tables 1, 3), we hypothesized that outcross pollen would be more 

successful at growing through the style than would self pollen. To test this hypothesis, 

we compared the relative success of outcross versus self pollen in cosexual species and 

dimorphic hermaphrodites using data from paired pollinations (i.e., outcross and selQ 

performed on the same plant and collected at the same time interval following 

pollination. The dependent variable in this analysis was the log ratio of outcross to self 

pollen tubes calculated as the difference (logio(outcross+l)-log,o(self+l)). We used later 

collection limes for each species (24 hours for short-styled L. califoniicuni and >24 hours 

for all other species) to maximize the number of tubes present at the base of the style. 

Different plants were used in the two years, and we combined the data from both 1998 

and 1999. We did not test for differences between years because year and collection time 

were confounded and year was not our primary interest. Rather, our focus was the 

relative success of outcross versus self pollen tube growth for flowers collected at the 

same time interval following pollination on a particular plant. We analyzed the 

dependent variable using a split-plot ANOVA design in which species was the whole-plot 

treatment and flowers were the experimental units within plants (= blocks) (Milliken and 

Johnson 1992; JMP IN v3.1.5, SAS Institute). Effects included in the model were species 

(fixed effect), style position (fixed effect), plant nested within species (random effect). 
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and the two-way interaction of species x style position. All factors were tested for 

significance over the residual error term with the exception of species, which was tested 

using plant nested within species as the error term. 

To test whether pollen tube growth was equal for outcross and self in the 

hermaphrodites of dimorphic species, we set the log ratio of outcross to self pollen tubes 

for the cosexual species L. pallidum and L. parishii equal to zero. To do so. we 

subtracted the mean value for L. pallidum from each L. pallidum data point and the mean 

value for L. parishii from each L. parishii data point. We then reanalyzed the model 

described above and contrasted the dimorphic hermaphrodites to the cosexual species 

(i.e.. to the null expectation that outcross equals self). Conversely, to test whether pollen 

lube growth was equal for outcross and self in the cosexual species, we set the log ratio of 

outcross to self pollen tubes for the dimorphic hermaphrodites to zero and contrasted the 

cosexual species to the dimorphic hermaphrodites (i.e., to the null expectation that 

oulcross equals self). 

We also investigated differences in pollen tube growth among females and 

hermaphrodites of dimorphic Lycium exsertum and L. fremontii and hermaphrodites of 

cosexual L. parishii. Dimorphic L. califoniicum was not included in this analysis since 

the intervals between pollination and flower collection were different than for the other 

species. We compared the number of pollen tubes present at the two style positions 6. 

12, 24, and 72 hours following outcross pollination. We analyzed the data as a split-plot 

design and included species-morph combination, collection time, and style position as 

fixed effects, while plant nested within species-morph was designated as a random effect. 
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The dependent variable pollen tube number was log|o(x+l) transformed prior to analysis. 

Differences between the species-morph types were tested for significance over the plant 

nested within species-morph type error term. Contrasts between females and 

hermaphrodites of dimorphic species assessed fertility differences between the mating 

types. We also compared the fertilities of both females and hermaphrodites of dimorphic 

species with cosexual L. parishii. 

In a separate analysis for L. califomiciim, we tested for differences between females 

and hermaphrodites using a split-plot design that included morph, collection time, and 

style position as fixed effects and plant nested within morph as a random effect. Morph 

type was tested for significance using plant nested within morph as the error term. 

RESULTS 

Fruit and Seed Set in Cosexual Species 

In all three cosexual Lyciuni species, outcross pollination resulted in significantly 

greater fruit set than self pollination (> 50% for outcross pollination vs. < 20% for self 

pollination; Tables 1, 2). In all cosexual species, some plants had higher fruit set than 

others regardless of pollination treatment, as indicated by a significant plant main effect 

(Table 2). Fruit set did not differ among seasons in L. pallidum (Table 2). the only 

cosexual species for which data were collected in multiple seasons. Outcrossed flowers 

set more fruit than control flowers in all three cosexual species, significantly so in L. 

parishii and L. pallidum (Table 2). This suggests pollen limitation, at least in the latter 

two species. Autogamous fruit production was rare and occurred in only one of 65 
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flowers on 13 plants of L. parishii, and was never observed in either L. berlcindieri or L. 

pallidum. 

Outcrossed fruits set 2-8 times more seed than did selfed fruits in the three cosexual 

species (Tables 3. 4). This difference was significant for L. berlandieri and L. parishii, 

but not for L. pallidum, which showed a large difference (25 vs. 11 seeds per fruit) but 

low sample size due to the low fruit set of self crosses (Table I). Maternal plant 

explained a significant portion of the variation in seed number in both L. berlandieri and 

L. parishii, but not in L. pallidum (Table 4). Seed number did not differ among seasons 

in L. pallidum (Table 4). Comparisons of seed numbers in outcrossed fruits to those of 

control fruits indicate significant pollen limitation in L. berlandieri and L. parishii. but 

not in L. pallidum (Table 4). These fruit and seed set data indicate that these species are 

partially self-incompatible, though not strictly so. 

Fruit and Seed Set in Dimorphic Species 

Hermaphrodites in all three dimorphic species functioned primarily as males. Fruit 

set for these morphs was near zero for all treatments (Table 5), with no significant 

differences among self, outcross, and control treatments with the exception of L. 

fremontii (Table 6). In this species, the control hermaphrodite had significantly higher 

fruit set than the outcrossed hermaphrodite (Tables 5, 6). There was a significant plant 

effect for both L. exsertum and L. fremontii (Table 6) suggesting that particular 

hermaphrodite individuals may have a greater propensity for female function. There was 

no significant main effect or interactions involving season. In addition, autogamous fruit 
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production (assessed from bagged, uncrossed flowers) was absent from hermaphrodites 

in all three dimorphic species. 

Due to the low fruit sei in hermaphrodites of dimorphic species (Table 5). it was not 

possible to statistically analyze the data for seed number per fruit. However, the single 

hermaphroditic plant of L. fremontii that set fruit for both outcross and self treatments 

had 20 and 44 seeds, respectively. Average seed number for the outcross treatment in L. 

exsertum hermaphrodites was 9.6 (five fruits from two plants), while the single self fruit 

contained seven seeds. Average seed set from control fruits was 31 (six fruits from four 

plants) in L. fremontii and 29 (two fruits from one plant) for L. exsertum. These data, 

while limited, do not suggest higher seed set for outcrossed (compared to selfed) fiowers 

on hermaphrodites of L. exsertum or L. fremontii. 

In contrast to the low fruit set in hermaphrodites, the female morph of dimorphic 

species had nearly 50% fruit set in both control and augmented treatments (Table 5). 

Although on average pollen augmentation slightly increased fruit set over controls in 

females of L. califomicum and L. exsertum (Table 5), these differences were not 

statistically significant (Table 7). In contrast, fruit set was significantly lower with 

augmented pollen than for controls in females of L. fremontii (Tables 5. 7). Thus, fruit 

set does not seem to be pollen limited in females of dimorphic species (but see results for 

seed number per fruit below). There was a significant plant main effect for all three 

dimorphic species, indicating that fruit set varies among female plants regardless of 

pollination treatment. Fruit set did not differ among seasons for females of any of the 

three species (Table 7). However, forL. califomicum, the interaction between pollen 
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treatment and season was significant, indicating differences in pollen limitation across 

seasons (Table 7). Specifically, in this species, augmented fruit set was higher than 

control fruit set in two seasons (Spring of 1997 and 1998), but control fruit set was higher 

during the third season (Fall 1997). In the absence of pollen application and pollinators, 

no flowers on females of L. califoniiciim (98 flowers on 10 plants), and only three of 178 

flowers on 13 plants of L. fremontii and two of 94 tlowers on 13 plants of L. exsertum. set 

fruit. This suggests that females of these species do not reproduce by agamospermy. It is 

likely that the flowers that set fruit were due to pollinator visitation to unopened buds 

prior to bagging (J. S. Miller pers. obs.). 

Pollen augmentation increased seed number per fruit by more than 1.5 times 

compared to control fruits for females of dimorphic L. exsertum and L. fremontii. 

indicating that females of both these species are pollen limited with regard to the number 

of seeds produced per fruit (Tables 8, 9). Because L. califomiciim has only two ovules 

and consistently produces a two-seeded fruit, pollen limitation for seed number does not 

seem to occur and was not evaluated in this species. Seed number did not vary among 

years for either L. exsertum ov L. fremontii, but maternal parent explained a significant 

portion of the variation in seed number for both species (Table 9). In addition, the season 

X pollination treatment interaction was significant for L. fremontii indicating that the 

magnitude of pollen limitation varied across seasons (Table 9). Specifically, .seed 

number for augmented fruits of L. fremontii ranged from 1.5 times that of control fruits in 

Spring of 1999 to 2.5 times that of control fruits in Fall 1997. 

Pollen Tube Growth 
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Outcross pollen germinated and produced more pollen tubes that grew to the middle 

or base of styles than did self pollen in both cosexual L. pallidum and L. parishii (Fig. 1; 

Table 10. a posteriori contrast of cosexual species to zero). In contrast, outcross and self 

pollen growth was equivalent in hermaphrodites of dimorphic L. califomicunt, L. 

cxsertum, and L. fremontii (Fig. 1; Table 10. a posteriori contrast of dimorphic 

hermaphrodites to zero). These results suggest that the cosexual Lycium studied here are 

self-incompatible, but the hermaphrodites of the dimorphic species are self-compatible. 

Analyses of pollen tube data also show that more pollen germinates and grows 

through styles of outcrossed females of dimorphic species than through outcrossed 

conspecific hermaphrodites (Table 11. a posteriori contrast between dimorphic females 

and dimorphic hermaphrodites). However, this appears to be due to increased fertility of 

females rather than reduced fertility of hermaphrodites, since pollen tube numbers were 

similar in hermaphrodites of dimorphic species and a related cosexual species (Table 11. 

a posteriori contrast between dimorphic hermaphrodites and L. parishii). In addition to 

the expected differences due to collection time and style position, there were differences 

among individual plants in the number of pollen tubes present in styles (Table 11). The 

species-morph x collection time interaction was significant (Table 11) but nonetheless, 

females had higher numbers of pollen tubes than conspecific hermaphrodites and 

cosexual species at all collection times (Fig. 2). The significant collection time x style 

position interaction reflects that at the early collection times, pollen tubes had not reached 

the base of the style. 
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As in the other dimorphic species, the female morph of dimorphic L. califomicum 

had more pollen tubes than the hermaphroditic morph. and some plants had more pollen 

tubes regardless of other treatments (Table 12). Collection time was also significant, 

indicating the continued growth of pollen tubes over the course of the experiment (Table 

i 2). Additionally, the significant morph x collection time interaction suggests a growth 

rate difference between females and hermaphrodites, with pollen tubes growing faster 

through the styles in females compared to hermaphrodites (Table 12). 

DISCUSSION 

Summary of Experimental Pollinations 

Our results indicate that the three morphologically gynodioecious species of North 

American Lycium are functionally dioecious. For L. califomicum. L. exsertum. and L. 

fremontii, fruit set in females greatly exceeds that of hermaphrodites, which in 

consequence function primarily as males (Table 5). Gender dimorphism is uncommon in 

Solanaceae, known only from three genera; Solanum (Anderson 1979), Deprea (Sawyer 

and Anderson 1998), and Lvcm/w (Minne et al. 1994; Venter et al. 1999). In Lycium. 

there have been at least two separate origins of gender dimorphism: one occurring in 

North America and (at least) one other in South Africa (Appendix B). Of the ~ 80 

species of Lycium worldwide, 9 species are dimorphic (Appendix A; Chiang-Cabrera 

198 1; Gilmartin 1983; Minne et al. 1994; Venter et al. 1999). All other Lycium that have 

been studied appear cosexual, with perfect flowers on all plants. 

The pollen tube experiment suggested that the hermaphroditic morphs of all three 

dimorphic species are self-compatible (Table 10; Fig. 1). Although females had greater 
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pollen tube growth than conspecific hermaphrodites (Table 11: Fig. 2), this was not due 

to reduced fertility of hermaphrodites relative to related cosexual species. Rather, pollen 

tube growth following outcrossing was similar for dimorphic hermaphrodites and 

cosexual L. parishii (Table 11; Fig. 2). Thus, differences in the performance of self 

pollen between the dimorphic hermaphrodites and the perfect-flowered, cosexual species 

can be attributed to self-fertility in the dimorphic hermaphrodites. Though fruit set was 

low and hermaphrodites were functionally male, similar numbers of fruit and seed were 

obtained from self and outcross pollinations in hermaphrodites of L. exsertum and L. 

fremontii. Thus, it appears that dimorphic Lycium species do not possess a functional 

self-incompatibility system as found in the cosexual Lycium studied here and in 

Solanaceae in general (see below). 

In contrast to the hermaphrodites of dimorphic species, the cosexual species of 

Lycium studied here were self-incompatible based on results from fruit (Tables I. 2) and 

seed set (Tables 3, 4). Experimental pollinations reveal that outcrossing results in a 14-

27 fold increase in seed production per flower compared to selfing, and it seems unlikely 

that self pollen would be successful at fertilizing many ovules in the presence of mixed 

pollen loads. Furthermore, in L. pallidum and L. parishii, pollen tube growth following 

outcrossing was more successful than following selfing (Table 10; Fig. 1). and evidence 

of the self-incompatibility reaction (i.e., thickened, irregular callose deposition and 

wandering pollen tube growth) was observed in self pollinations (de Nettancourt 1977). 

Differences between the outcross and self treatments are conservative measures of the 

self-incompatibility reaction, since S-allele genotypes were unknown and outcross pollen 
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may have shared S-alleles with maternal parents. If so, the average performance of the 

outcross treatment would be reduced (relative to a fully compatible cross), subsequently 

reducing the difference between the outcross and self treatments. Despite this potential 

bias, these data demonstrate that the cosexual Lycium species studied are self-

incompatible. 

In addition to the self-incompatibility documented here for cosexual Lycium, 

gametophytic self-incompatibility is well documented in Solanaceae (de Nettancourt 

1977; Newbigin et al. 1993: Matton et al. 1994; Richman et. al 1996). S-allele diversity 

in North American cosexual Lycium cuidersonii, a close relative of the dimorphic taxa 

(Appendix F). has been estimated at -36 alleles in one population, indicating the 

presence of a functional gametophytic self-incompatibility system (Richman and Kohn 

2000). In addition, coalescence analysis has shown that the S-allele lineages in this 

species are older than the genus as a whole, implying trans-generic evolution of S-alleles 

and that self-incompatibility is the ancestral condition for the entire genus (Richman and 

Kohn 2000). 

Fruit set was pollen limited in the cosexual species L. parishii and L. pallidum 

(Tables 1. 2), and seed set was pollen limited in cosexual L. berlandieri and L. parishii 

(Tables 3, 4). Our results for pollen limitation are consistent with a recent comparative 

analysis demonstrating that self-incompatible species are often pollen limited (Larson and 

Barrett 2000). We found little evidence for autogamy in either the cosexual species or in 

the hermaphrodites of dimorphic Lycium. Pollen limitation for seed number but not fruit 

set was observed in females of dimorphic L. fremontii and L. exsertum (Table 8), 
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indicating the importance of pollinator visitation in setting a full complement of seeds. 

Interestingly, for all species, neither fruit nor seed set differed among seasons (Tables 2. 

4. 6-7. 9). perhaps suggesting that these perennial species effectively buffer 

environmental variability in these parameters. In addition, we found no evidence for 

agamospermy in females of any of the dimorphic species. 

Baker's Prediction and Lycium 

Baker (1959) pointed out that because both dioecy and self-incompatibility are 

mechanisms to avoid inbreeding, they are unlikely to exist together in the same lineage. 

Implicit in his hypothesis is the assumption that dimorphism has evolved from self-

compatible ancestors. However, the relationship between self-compatibility and 

dimorphism remains highly debated (Thomson and Barrett 1981; Givnish 1982; Willson 

1982: Baker 1984) and is not yet fully resolved (Charlesworth 1985: Thomson and 

Brunet 1990). 

Following Baker's hypothesis (1959) and predictions of population genetic models 

for the evolution of gender dimorphism (Lloyd 1975; Charlesworth and Charlesworth 

1978a, b; Charlesworth and Charlesworth 1979), we predicted that both the 

hermaphrodites in dimorphic species and their cosexual relatives should be self-

compatible. However, we have found that gender dimorphism has evolved on a 

phylogenetic background of self-incompatibility (Appendix F) and that only the 

dimorphic hermaphrodites are self-compatible. Below, we construct a scenario for how 

gender dimorphism evolved in Lycium in an attempt to reconcile our results with Baker's 

predictions. 
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In Lyciiim, polyploidy is associated with both self-fertility and gender dimorphism 

(Appendix F). All three North American dimorphic species are polyploid, whereas the 

relatives of the dimorphic species are cosexual and diploid (Chiang-Cabrera 1981). This 

pattern of sexually dimorphic polyploids and cosexual diploids is also present in South 

African Lyciiim. All six of the sexually dimorphic Lycium in South Africa are polyploid, 

whereas the cosexual species for which chromosome counts are available are all diploid 

(Venter et al. 1999) and undoubtedly self-incompatible based on molecular studies of S-

allele variation (Richman and Kohn 2000). 

Elsewhere we have proposed that polyploidy was the trigger for the evolution of 

gender dimorphism in Lycium (Appendix F). First, polyploidy broke down the self-

incompatibility system, then self-fertilization and inbreeding depression selected for the 

spread of male-sterile mutants in these populations. 

The first step of this scenario is well documented in other plants, including other 

Solanaceae (Livermore and Johnstone 1940; Stout and Chandler 1941; Pandey 1968; de 

Nettancourt et al. 1974). Polyploidy is known to disrupt self-incompatibility in several 

genera and families (reviewed in Lewis 1949; Brewbaker 1958; de Nettencourt 1977; 

Richards 1997), particularly in those with gametophytic control of incompatibility 

(Appendix F). The tendency for polyploids to express self-compatibility is thought to be 

due to genie interactions in diploid pollen grains (Lewis 1943, 1949; Chawla et al. 1997). 

Such breakdown is thought to be important for the establishment of otherwise 

reproductively isolated polyploids (Richards 1997; Ramsey and Schemske 1998). 
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The second step is also well documented. Following the breakdown of self-

incompatibility in populations that have remained sheltered from inbreeding for many 

generations, inbreeding depression is typically strong. However, because polyploidy 

buffers the effects of selfing more effectively than does diploidy (Lande and Schemske 

1985; Husband and Schemske 1997; Ronfort 1999), the resultant polyploid plants may be 

shielded initially from the detrimental effects of inbreeding depression. Despite this 

buffering, both theoretical (Ronfort 1999) and empirical (Dewey 1969; Johnston and 

Schoen 1997) results indicate that equilibrium inbreeding depression under some 

conditions can be quite severe in polyploids. Specifically, for certain sets of dominance 

coefficients, inbreeding depression can vary non-monotonically with the selfing rate and 

even increase with increased selfing rates (Ronfort 1999). In the face of strong 

inbreeding depression, male-sterile mutants may invade populations because they 

produce no pollen and cannot self-fertilize. 

In Lyciiim. gender dimorphism has evolved in a group that is primitively self-

incompatible, and the closest relatives to the gender dimorphic species are self-

incompatible (Appendix F). Nonetheless, it appears that selection for outcrossing may 

have driven the evolution of gender dimorphism after polyploidy broke down self-

incompatibility. Webb (1999) cites examples where the breakdown of other outcrossing 

mechanisms initiates selection for separate gender function. For example, in Aralici 

(Araliaceae). increased inbreeding due to the breakdown of dichogamy (temporal 

segregation of sexual function) with an increase in clone size has resulted in the 

establishment of gender dimorphism (Barrett 1984). Webb (1999) suggests that the 
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breakdown of outcrossing mechanisms may frequently be the starting point for the 

evolution of gender dimorphism. However, the cited scenarios usually involve a 

background of self-compatibility. The study reported here is perhaps the best 

documented case of the evolution of dimorphism following the breakdown of .self-

incompatibility. 

Our scenario for Lycium is similar to the Aralia scenario described above, but 

mediated by polyploidy. Though it is well known that polyploidy is associated with the 

evolution of autogamy or apomixis (Stebbins 1971; Grant 1981; Richards 1997), Lycium 

is unique in that polyploidy facilitates transition to an outbreeding strategy. Elsewhere 

we have documented other cases where this has apparently occurred (Appendix F). 

Detailed studies of particular evolutionary transitions can provide important insights into 

breeding system evolution. Inclusion of Lycium in a study of the distribution of self-

compatibility and gender dimorphism would incorrectly conclude that the two traits were 

not related. However, closer inspection of the dimorphic species and the distribution of 

compatibility systems reveals that the pattern in Lycium is consistent with Baker's 

original predictions and with theoretical models for the evolution of gynodioecy. 
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Table 1. Fruit set among pollination treatments in cosexual Lycium species. Values are 

average fruit set among plants (number of plants in parentheses) for a particular 

pollination treatment. For within-species comparisons, means sharing the same 

superscript do not differ significantly (see Table 2). 

L. berlandieri L. parishii L. pallidum 

outcross 0.59 (12r 0.86 (24)" 0.50(14)" 

self 0.17 (13)" 0.18(24)" 0.07 (14)" 

control 0.41 (14)^ 0.58 (24)'-" 0.12 (14)" 



Tabic 2. Generali/ed linear model analyzing fruit set (niniiber llowers maturing into fruits/total number tlowers in pollination treatment) 

for coscxual L. hcrldiulicri, L inirishii, and /,. iHillidiim. Note that data for /.. herlaiulieri and L. purishii were collected during one 

season. The two-way interaction of season x pollination treatment was not significant forL pdlluluin and was removed from the model. 

Significance indicated by '"P < 0.001, "P < 0.005, and 'P < 0.05. 

source 

L. bcrlandii'if 

df x' F 

L parishii^' 

df x' source 

L pailidimi' 

df x' F 

season*' 1 1.33 0.31 

plant 13 46.68 19.97"' 23 37.45' plant (season) 12 51.79 34.96"' 

pollination 2 32.62 13.96"* 2 68.77'" pollination 2 25.91 17.48'" 

treatment treatment 

outcross V self 1 31.06 13.29" 1 66.77"" oulcross V self 1 22.80 15.39" 

oulcross V control 1 3.86 1.65 1 16.23"' outcross V control 1 14.74 9.95' 

"For L herlandieri: Chi-square values were divided by Pearson X"/df (=2.3372) lo correct for over-dispersion in the data. F-tesl 

denominator df=23. 

''For L. parishii: Pearson X'^^f was 1.0098 so correction for over-dispersion in the data was not needed. 

Tor L pallidum: Chi-square values were divided by Pearson x^df (=1.4815) lo correct for over-dispersion in the data. F-test 

denominator df=26. 

''Season was tested for significance using the Chi-square and df associated with plant nested within season. 
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Table 3. Seed set from pollination treatments in cosexual Lycium species. Values are 

average number of seeds per fruit among plants (number of plants, number of fruits in 

parentheses) for a particular pollination treatment. For within-species comparisons, 

means sharing the same superscript do not differ significantly (see Table 4). 

L. berlandieri L. parishii L. pallidum 

outcross 24.8 (9, 35r 13.7(23,49)" 24.9 (9, 23)" 

self 3.2 (7. 1 D" 4.6(10, 14)" 11.0 (3,3)^ 

control 14.1 (11,74)'-" 9.2 (24, 75)" 13.6(8. 17)-



Tabic 4. Gcucnil linear model analyzing seed luimber I'or eosexv\al L hcrlimdicri, L piiiishii, and L pallidum. The iwo-svay inlcraclion 

of season x pollination (realnicm for L. pallidum was not significant ami was removed from the model. Significance indicated by '"P < 

0.0001. 

L bcrlaudicif L pnrixhii'' L pallidum' 

source df Type III 

MS 

F df Type 111 

MS 

F source df Type III 

MS 

F 

season'' 1 1.77 0,01 

plant 12 283.45 4.39"" 23 146.64 3.95"" plant (season) 10 254.04 1.50 

pollination 2 1626.41 25.17*" 2 5.30.18 14.29"" pollination 2 125.79 0.74 

treatment treatment 

outcro.ss V self i 3095.21 47.91"' 1 703,24 18.95"' outcross V self 1 249,12 1.47 

outcross V control 1 1391.03 21.53"" 1 713.18 19.22"" outcross V control 1 8,21 0.05 

"F-test denominator df=105. 

"•F-le.st denominator df=l 12. 

'F-test denominator df=29, except for season df=10. 
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Table 5. Fruit set among pollination treatments in hermaphrodites and females of 

dimorphic Lyciiim species. Values are average fruit set among plants (number of plants 

in parentheses) for a particular pollination treatment. For within-column comparisons, 

means sharing the same superscript do not differ significantly (see Tables 6. 7). 

L. ccilifornicum L. exsertum L. fremontii 

F H F H F H 

outcross — 0.000 — 0.035 — 0.008 

( i 7 r  (24r (30)^ 

self — 0.000 — 0.006 — 0.004 

( i 9 r  (24r (32)-^ 

control 0.36 (17r 0.012 0.41 (25r 0.011 0.63 (25r 0.015 

( i 9 r  (23 r (32)" 

augment 0 .41  ( i v r  — 0.54 { 2 5 f  — 0.49 (25)" — 



Table 6. General linear model analyzing proportion IViiit set for hermaphrodites of dimorphic /.. cdlifoniicum, I., c.xserlimi, and L. 

fri'monlii. Proportion fruit set was arcsin-square root transformed prior to analysis. The two-way interaction of season x pollination 

treatment was not significant and was removed from the model. Significance indicated by "P < 0.0001 and "P < O.O.'i. 

ailiforniciim' L cxscrtiim^' L frenwiitii^ 

source df Type III F df Type III F df Type III F 

MS MS MS 

season 2 0.004 1.28 1 0.030 1.00 2 0.002 0.09 

plant (season) 16 0.003 0.83 22 0.030 2,10* 29 0.021 5.29'" 

pollination treatment 2 0.008 2.06 2 0.010 0.74 2 0.014 3.72' 

outcross V self 1 0.00004 0.01 1 0.020 1.41 1 0.001 0.15 

outcross V control 1 0.013 3.09 1 0.009 0.66 1 0.017 4.39' 

T-test denominator df=34, except for season df=l6. 

'"F-tcst denominator df=45, except for season df=22, 

"F-test denominator df=60, except for season df=29. 



Tabic 7. Generalized linear model analyzing fruit set (number llowers maturing into fmits/total number flowers included in pollination 

treatment) for females of dimorphic L ccilijorniciini, L fremontii, and /.. (wscrliiin. The two-way interaction of season x pollination 

treatment was not significant for L cxscrmm or L frcnwiitii and was removed from the model. Significance indicated by '"P < 0.001, "P 

< 0.005, •?< 0.05. 

L , californciiini' L exserliim^' L. freniontii^ 

sourcc df 
1 r df 

1 

X" F df r 
season'' 2 9.31 1 9.34 3.68 3 3.82 

plant (season) 14 26.56* 23 58.34 37,96"* 21 85.64'" 

pollination treatment 1 2.76 1 4.33 2.82 1 6.02' 

season x pollination 2 10,48' — — — — — 

treatment 

Tor L californiciim: Pearson %'k\{ was 0.8120 so correction for over-dispersion in (he data was not needed. 

""For L c'xserlum: Chi-square values were divided by Pearson (=' .5370) to correct for over-dispersion in (lie data. F-tcsl 

denominator df=24. 

Tor L. fremonlii: Pearson x^df was 1.1540 so correction for over-dispersion in the data was not needed. 

•"Season was tested for significance using the Chi-square and df associated with plant nested within season. 
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Table 8. Seed set from pollination treatments in females of dimorphic Lyciuni species. 

Values are average seed number per fruit among plants (number of plants, number of 

fruits in parentheses) for a particular pollination treatment. For within-species 

comparisons, means sharing the same superscript do not differ significantly (see Table 9). 

L. exsertum L. fremontii 

augment 17.1 (14. 38r 25.6 (23. 99)" 

control 10.4(12. 29)' 16.0(23. 138)' 



Table 9. General linear model analyzing seed number for t'emales in dimorphic L cxseriiini and L frvniontii. The iwo-way 

interaciion of season x pollination treatment for L cxscrtiiin was not significant and was removed from the model. 

Significance indicated by "'P < 0.0001, "P < 0.005, and 'P < 0,05. 

L exsertunf L fremontit 

source df Type F source df Type F 

III MS HI MS 

season 1 52.85 0.31 season 3 557.72 0.79 

plant(season) 15 171.82 3.62" plant (season) 19 707.11 7.10"" 

pollination ! 1267.9 26.70*" pollination 1 2619.4 26.31'" 

treatment 3 treatment 6 

season x 3 333.66 3.35' 

pollination 

treatment 

"F-test denominator df=49, except for season df=15. 

''F-test denominator df=210, except for season df=19. 

U) 
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Table 10. General linear mode! analyzing the log ratio of the number of outcross to self 

pollen tubes for hermaphrodites of dimorphic L. ccilifomicum. L. exsertum. and L. 

fremontii and cosexual L. pallidum and L. parisliii. Significance indicated by "'P < 

0.0001. 

source" df Type III 

MS 

F 

species 4 1.935 7.88"" 

plant (species) 44 0.268 7.49"" 

style position 1 0.037 1.05 

species x style position 4 0.082 2.28 

dimorphic hermaphrodites v cosexual 1 6.645 27.07"*" 

species 

dimorphic hermaphrodites v zero 1 0.016 0.06 

cosexual species v zero 1 6.603 26.91""" 

'F-test denominator df=40 for all effects, except species and the contrasts df=45.28. 
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Table 11. General linear model analyzing the number of pollen tubes following the 

outcross pollination treatment for females and hermaphrodites of dimorphic L. exsertmn 

and L. fremontii and cosexual L. parishii. Significance indicated by '"P <0.0001 and "P 

< 0.05. 

source"" df Type III 

MS 

F 

species-morph 4 0.751 3.13' 

plant (species-morph) 24 0.271 3.86"' 

collection time 3 3.461 49.22'" 

style position 1 3.770 53.62'" 

species-morph x collection time 12 0.158 2.24" 

species-morph x style position 4 0.047 0.67 

collection time x style position 3 0.273 3.89' 

dimorphic females v dimorphic 1 1.672 6.96' 

hermaphrodites 

dimorphic females v cosexual L. parishii 1 1.608 6.70" 

dimorphic hermaphrodites v. cosexual L. 1 0.035 0.15 

parishii 

'F-test denominator df=128 for all effects, except species-morph and the contrasts 

df=26.31. 
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Table 12. General linear model analyzing the number of pollen tubes following the 

outcross pollination treatment for females and hermaphrodites of dimorphic L. 

califoniicum. Significance indicated by '"P < 0.0001 and 'P < 0.05. 

source'' df Type in F 

MS 

morph 1 1.018 7.62' 

plant (morph) 8 0.157 3.29' 

collection time 4 2.043 42.83"* 

style position 1 0.155 3.25 

morph X collection time 4 0.188 3.93' 

morph X style position 1 0.014 0.29 

collection time x style position 4 0.019 0.40 

•"F-test denominator df=54 for ail effects, except morph df=9.3827. 
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Figure 1. Relative advantage of outcross pollen compared to self pollen for the 

hermaphroditic morphs of three dimorphic species and two cosexual species of Lxciiim. 

The y-axis is the log ratio of the number of outcross to self (± 1 SE) pollen tubes present 

at the middle and base of the style. 

Figure 2. The species-morph combination x collection time interaction graphed as 

collection time on the x-axis and mean number (± I SE) of pollen tubes present following 

the outcross pollen treatment on the y-axis (note the log scale). 
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Figure 2 
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APPENDIX E 

OUTCROSSING RATES IN THE COSEXUAL RELATIVES OF GYNODIOECIOUS 
LYCIUM (SOLANACEAE) 
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Abstract 

Population genetic models for the evolution of gynodioecy from hermaphroditism 

propose that selection to promote outcrossing and prevent inbreeding depression allows 

for the spread of females in hermaphroditic populations. These models assume that 

gynodioecious species evolve from self-compatible ancestors. However, in North 

American Lyciiim (Solanaceae) gynodioecy has evolved on a background of self-

incompatibility. Outcrossing rates for two cosexual species, which are related to the 

gynodioecious taxa, were estimated using cellulose-acetate electrophoresis. Multilocus 

outcrossing rates were 0.839 and 0.742 for the two cose.xual species indicating that they 

were predominately outcrossed, though the incompatibility system is apparently leaky. 

Estimates of maternal inbreeding coefficients were either zero or significantly negative in 

these species, suggesting that inbreeding depression is likely complete in nature. Despite 

the presence of limited self-fertilization in both species, it is unlikely that gynodioecy 

could evolve in ancestral populations with similarly high levels of outcrossing such as 

those reported here for the cosexual relatives of the dimorphic species. Instead, it is 

hypothesized that polyploidy disrupted the self-incompatibility system in the 

gynodioecious species leading to high levels of selfing and the consequent evolution of 

females. 
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Introduction 

Gynodioecy is a sexual polymoqjhism in which male-sterile (i. e.. females) and 

hermaphroditic individuals coexist in populations. Gynodioecy is often considered an 

intermediary sexual system between hermaphroditism and the evolution of complete 

dioecy (Darwin 1877; Lloyd 1975; Charlesworth and Charlesworth 1978a). Population 

genetic models for the evolution of gynodioecy from hermaphroditism propose that 

selection to promote outcrossing and prevent inbreeding depression allows for the spread 

of females in hermaphroditic populations (Lloyd 1975; Charlesworth and Charlesworth 

1978a, b). This occurs because females, which do not produce pollen and therefore are 

free from selFmg and inbreeding depression, can invade selfing, hermaphroditic 

populations. Both theoretical treatments (Lloyd 1975; Charlesworth and Charlesworth 

1978a. b) and empirical studies (reviewed by Webb 1999) provide considerable evidence 

for the importance of selection for outcrossing in the evolution of gynodioecy. These 

models make explicit predictions concerning the sequence of evolutionary events and 

hypothesize that gynodioecy evolves from self-compatible species that suffer from self-

fertilization and inbreeding depression (Charlesworth and Charlesworth 1979). 

In North American Lycium (Solanaceae), gynodioecy appears to have evolved from 

hermaphroditism on one occasion and occurs in three species (Appendix F; Appendix B). 

However, in contrast to the above predictions, the hermaphroditic (i. e., cosexual) 

relatives of these dimorphic species are presumably self-incompatible ba.sed on controlled 

pollination experiments (Appendix D). Among Solanaceae, self-incompatibility is 

determined by a single gene (the S gene) with multiple alleles (de Nettencourt 1977; 
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Matton et al. 1994; Richman et al. 1996). Pollen grains that carry an allele that is also 

present in the maternal style are rejected in the stylar tissue. Because the incompatibility 

response is controlled by the genotype of the pollen grain, the reaction is said to be 

gametophytic. Evidence for gametophytic self-incompatibility (GSI) in cosexual species 

of Lycium is based on controlled pollination experiments examining pollen tube growth 

and fruit and seed set in three cosexual species (Appendix D), and on molecular studies 

of S-allele variation in another cosexual species (Richman and Kohn 2000). Among six 

genera of Solanaceae (including Lycium andersonii), Richman and Kohn (2000) have 

documented extensive trans-generic evolution of S-alleles. Trans-generic evolution 

occurs when an S-allele found in one species is more closely related to an S-allele from a 

different species than to other S-alleles in conspecifics. S-alleles of several extant genera 

(including Lycium) appear to predate the divergence of the genera from each other, 

suggesting that GSI is the primitive condition for the genus Lycium. 

Lycium is a genus of shrubby perennials that occurs worldwide in arid to semi-arid 

environments. The genus contains ~ 75 species and is particularly species-rich in South 

America (30 species), southwestern North America (21 species), and southern Africa (17 

species) (Hitchcock 1932; Bemardello 1986; Chiang-Cabrera 1981; Joubert 1981). The 

two Lycium species investigated here, L. parishii and L. berlandieri, are diploid (n = 12), 

cosexual shrubs that occur in North America. These species are related to the North 

American gynodioecious taxa based on phylogenetic analysis of both molecular and 

morphological data (Appendix B; Appendix F). The specific goal of this study was to 

use allozyme variation to characterize outcrossing rates in these cosexual, diploid species. 
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This will provide evidence on the effectiveness of the self-incompatibility system at 

preventing selfing, permitting inferences about the mating system of the ancestors of the 

gynodioecious taxa. A subsidiary goal was to estimate the strength of inbreeding 

depression in the cosexual species using allozyme data. 

Materials and Methods 

Study populations and seed collection 

The study population of L. parishii, the most common Lycium species at Organ Pipe 

National Monument (OPNM). was located along the U.S.-Mexico border inside OPNM 

along Puerto Blanco Drive, ~ 5 km from the intersection of Puerto Blanco Drive and 

State Route 85 at - 430 m elevation in Pima Co., AZ (N 31° 54' 00W 112° 51' 00'). An 

average of 25.2 fruits were collected from each of 36 plants in this population. The 

population of L. berlandieri was located at - 472 m elevation, along washes in the Casa 

Grande Mountains, approximately 3 km southwest of the intersection between Interstate-

10 and Interstate-8 near Casa Grande, Pinal Co., AZ (N 32° 47' 31", W 1 1 l°4r 56"). 

Fruits from L. berlandieri were not collected specifically for the allozyme experiment, 

but were part of a different study using controlled pollinations to determine the breeding 

system of this species. Therefore, sampling was not as intensive as in L. parishii. 

Sample size for L. berlandieri included a total of 70 fruits from 1 1 plants, for an average 

of 6.4 fruits per plant. Seeds were removed from fruits, counted, and stored in collection 

envelopes at room temperature until homogenization and electrophoresis. 
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Honiogenization 

Seeds were imbibed overnight on filter paper in covered petri dishes. Individual seeds 

were homogenized by grinding in 75 |il of 0.1% (v/v) Tris-triton buffer (0.05g Tris. 49.95 

ml distilled H^O, 50 |Xl triton; see Mather et al. 1993) in 1.5 ml plastic centrifuge tubes 

using 1000 jil pipette tips (with the tips melted and molded) as pestles; tubes and pestles 

were used only once. All homogenization steps were carried out on ice. Homogenates 

were centrifuged at 6,000 rpm for 15 minutes in a refrigerated centrifuge (4° C). For each 

homogenate, six to seven separate 10 ^il aliquots were pipetted into 0.5 ml plastic PCR 

tubes on dry ice. These replicate homogenate samples were stored at -80° C until 

electrophoresis. 

I homogenized an average of 14 seeds per plant for 24 maternal plants of L. parishii, 

and an average of 20 seeds per plant for the 11 maternal plants of L. berlandieri. For L. 

parishii. each seed was sampled from a different fruit. In contrast, for L. berlandieri 

several seeds were sampled from within the same fruit, as an average of only 6 fruits per 

maternal plant were available for this species. 

Electrophoresis 

Electrophoresis was conducted using 76 mm x 76 mm cellulose-acetate plates (Helena 

Laboratories, Beaumont. TX). Plates were soaked in the electrode buffer (Histidine-

ciirate. pH 5.7; 10.09 g L-Histidine, pH with citric acid, monohydrate; see Wendel and 

Weeden 1989) for at least 30 minutes prior to electrophoresis; samples were loaded onto 

the plates following Hebert and Beaton (1989). On each plate, I also ran a homogenate 
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sample for an isogenic hybrid tomato (Better Boy Hybrid VFN. W. Atlee Burpee & Co.. 

Warminster. PA) as a control for contamination and migration distances across the plate. 

Homogenate samples were run at 150-200 volts for 75 minutes: ice packs were placed on 

lop of the electrophoresis rigs during each run. 

Eleven enzyme systems were assayed for activity, including alcohol dehydrogenase 

{Adh), 6-phosphogluconate dehydrogenase (6Pgd), glucose dehydrogenase (Gldh). 

glucose-6-phosphate dehydrogenase {G6pdh), hexokinase {Hk). isocitrate dehydrogenase 

{Idh), lactate dehydrogenase (Ldh), malate dehydrogenase (Mdh), phosphoglucomutase 

(Pgm), phosphoglucose isomerase {Pgi), and shikimate dehydrogenase (Skd) using 

several electrode buffers and pH levels. Of these, Adh, Pgm, Pgi, Mdh, and Lxlh had high 

activity; however, variation at Mdh and Ldh could not be interpreted reliably and 

therefore these systems were not used for the analyses. In addition, Adh was not run for 

L. berlandieri. 

I verified the Mendelian inheritance of Adh, Pgm, and Pgi by comparing progeny 

arrays within maternal parents (Kephart 1990). For example, in no cases did progeny 

derived from a single maternal plant have more than two different homozygotes (e.g.. 

progeny from a maternal plant did not have 11, 22, and 33 homozygotes) and at least one 

of the two maternal alleles (inferred by MLTR) was always present in the progeny 

examined. The secondary structures of these loci {Pgi and Adh are dimeric and Pgm is 

monomeric) are well documented and facilitated interpretation of the zymograms 

(Wendel and Weeden 1989; Kephart 1990). 
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The mating system of the two species was estimated using the MLTR computer 

program (available from Kermit Ritiand at 

(http://genetics.forestry.ubc.ca/ritIand/programs.html). Parameters of the mating system 

were estimated using the mixed-mating model of Ritiand and Jain (1981) and Ritiand 

(1989). This model uses a maximum likelihood procedure to infer the maternal 

genotypes, the frequencies of alleles in the pollen pool, and the proportion of progeny per 

family that are derived from outcrossing. Several parameters were estimated, including 

the multilocus outcrossing rate (t^), the average single-locus outcrossing rate (tj, the 

inbreeding coefficient of maternal parents (F), the correlation of selfing within progeny 

arrays (rj. and the correlation of outcrossed paternity within progeny arrays (rp). 

Maximum likelihood estimates were obtained using the Newton-Raphson method as 

implemented in MLTR. Standard errors of the population estimates were determined 

from 1000 bootstrap replicates of the progeny arrays. 

Results 

Three enzyme loci for L. parishii and two loci for L. berlandieri were scored for the 

estimates reported here (Table 1). Pollen and ovule allele frequencies for maternal plants 

were estimated separately and are presented in Table 1. For L. parishii, there were three 

or more alleles for each locus. However, for two of these, one allele made up > 90% of 

the alleles sampled (Table 1). For L. berlandieri, both Pgi and Pgm were variable and 

had six and two alleles, respectively (Table 1). 

http://genetics.forestry.ubc.ca/ritIand/programs.html
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Both L. parishii and L. berlandieri were highly outcrossing, as expected for self-

incompatible species (t„. Table 2). However, the outcrossing estimates were significantly 

less than one, indicating that the incompatibility system was leaky and that plants 

experienced limited self-fertilization (l-t^,. Table 2). Alternatively, given the standard 

errors for t^ in Table 2, it is possible that the true outcrossing rates are considerably 

higher for both species (i.e.. 0.95 for L. parishii. 0.89 for L. berlandieri) and that and the 

remaining selfing detected here was due to population substructure (i.e.. biparental 

inbreeding). In L parishii, there was significant biparental inbreeding depression, as 

indicated by the significantly positive difference between the multilocus and average 

single-locus estimates of outcrossing rates (tn, -1,, Table 2; Ritland and Jain 1981). 

Maternal plants for both species had negative inbreeding coefficients (Table 2). but this 

was statistically significant for only L. berlandieri. The correlation of selfing within 

progeny arrays (r„ Table 2), or the probability that any two seeds from a progeny array 

were selfed, was significantly greater than zero for L. berlandieri, but not different from 

zero for L. parishii. The correlation of outcrossed paternity within progeny arrays (rp) is 

the probability that any two progeny chosen from an array were fathered by the same 

pollen donor. This parameter was significantly greater than zero for both species (Table 

2). 

Discussion 

Outcrossing and selfing rates 
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Lycium parishii and L. berlandieri are predominantly outcrossing. This was expected, 

and is consistent with previous studies of fruit and seed set following controlled 

pollinations for these species (Appendix D). Experimental pollinations reveal that 

outcrossing (versus selfing) results in a 14-27 fold increase in seed production per flower 

for L. parishii and L. berlandieri (Table 3). Selfing rates, as estimated from fruit and 

seed set following controlled pollinations are 0.071 and 0.037 for L. parishii and L. 

berlandieri. respectively (Table 3). These estimates are substantially lower than the 

allozyme estimates (0.16 and 0.26. see Table 2). At least two factors could explain this 

difference. First, the controlled pollinations involved pure outcross and pure self pollen 

loads (Appendix D). Thus, if plants selectively abort fruits that have been self-pollinated 

(e.g.. Stephenson and Winsor 1986; Becerra and Lloyd 1992; Huth and Pellmyr 2000; see 

also Burd 1998), then selfing rates based on the controlled pollinations would be 

underestimated. Similarly, in a natural situation, the presence of mixed pollen loads (i.e., 

flowers with mixtures of outcross and self pollen) could potentially lead to "mentor 

effects" of outcross pollen tube growth on the success of self pollen (Dayton 1974; 

Howlett et al. 1975; Pandey 1977; Richards 1997). In Campsis radicans (Bignoniaceae), 

Bertin and Sullivan (1988) demon.strated that although application of purely self pollen 

indicated self-sterility, the presence of mixed pollen loads permitted self pollen to 

fertilize a limited number of seeds. This has been termed cryptic self-fertility (Bertin and 

Sullivan 1988). If similar processes occur in Lycium, it could explain why the estimates 

of selfing rates were lower for the controlled pollinations since only pure pollen loads 

were used in those experiments. 
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It is becoming increasingly clear that self-incompatibility is not a qualitative 

phenomenon in plants, but rather that considerable variation in the expression of self-

incompatibility exists in natural populations (cf. Ascher 1984). Partial or "leaky" self-

incompatibility has been reported under many conditions (reviewed by de Nettencourt 

1977, Richards 1997; see also Stephenson et al. 2(XX) and references within). For 

example. loss of self-incompatibility can occur as flowers age (Ascher and Peloqutn 

1966; Stephenson et al. 1992 cited in Stephenson et al. 2000) or in flowers located on 

inflorescences that have low fruit set (Stephenson et al. 2000). Thus, if pollinator 

visitation results in considerable geitonogamy (i.e., pollen transfer within a plant), it is 

possible that the self-incompatibility system may be relaxed and plants may experience 

some self-fertilization. Given the large number of simultaneously open flowers on 

individuals of both Lycium species studied here, it is possible that self-incompatibility 

functions initially and effectively prevents geitonogamy, but perhaps breaks down as 

flowers age or in the absence of sufficient amounts of cross pollen. However, the 

standard errors of the outcrossing estimates (Table 1) indicate that these species could in 

fact be outcrossing at very high rates (i.e., 0.95 for L. parishii and 0.89 for L. 

herlandieri), as would be predicted for self-incompatible species. Further experiments 

investigating the degree of self-fertility in flowers of different ages or produced at 

different times during the flowering season could clarify the patterns associated with 

selfing in these predominately self-incompatible species. For example, is self-

fertilization in Lycium an "assurance" mechanism for seed production? 
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Inbreeding coefficients 

Assuming Hardy-Weinberg equilibrium, an inbreeding coefficient (F) of zero 

indicates that maternal plants are completely outcrossed. For L. parishii. the inbreeding 

coefficient was not significantly different from zero (Table 2), whereas for L. berlcmdieri 

it was significantly lower than zero (indicating an excess of heterozygous individuals). 

The very negative F estimate for L. berlandieri may have been the indirect result of the 

high allelic diversity at the Pgi locus as even minimal mis-scoring (e.g.. due to the 

presence of null alleles) may result in F estimates that are highly negatively biased (K. 

Ritland. personal communication). 

Given that self-fertilization occurs (I-t„, Table 2), it is notable that the F estimates are 

either zero or significantly less than zero (Table 2). This suggests that despite the 

presence of self-fertilization, inbreeding depression in selfed progeny is complete, such 

that selfed progeny do not survive in natural populations and that all surviving matemal 

plants are completely outcrossed (cf. Kohn and Biardi 1995; Schultz and Ganders 1996; 

Sakai et al. 1997). 

Correlation of selfing and outcrossed paternity 

The correlation of selfing within progeny arrays (rj describes the probability that any 

two seeds chosen at random from a plant both resulted from selfing (Ritland 1989). This 

estimate was not different from zero for L. parishii, for which seeds were sampled from 

different fruits, but was significantly greater than zero for L. berlandieri (Table 2). 

However, because multiple seeds were sampled from within fruits for L. berlandieri (and 
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thus, not randomly), this result is perhaps not unexpected. Ritland (1989) reports for 

Mimulus guttatiis (Scrophulariaceae) that the correlation of selfmg within plants was 20% 

when seeds were obtained from different fruits, but increased to 40% when using seeds 

collected from the same fruits. Thus, the significant correlation for L. berlcinclieri could 

be more a measure of the correlation of selfing within fruits than within plants. 

The correlation of outcrossed paternity (rp) is the probability that any two outcrossed 

progeny from a maternal plant are full siblings. In other words, rpis the probability that 

any two progeny from a particular plant received pollen from the same donor. For both 

L. paris/iii and L. berlandieri. values of rp were significantly greater than zero (0.653 for 

L. pcirishii and 0.999 for L. berlandieri', see Table 2). In species that require insect 

pollinators for successful seed set such as Lycium (Appendix D), specific patterns of 

pollinator foraging could explain the high paternal correlation among progeny within 

plants. First, if pollinators forage for long periods on individual plants and visit multiple 

flowers on these plants, they will potentially accumulate large amounts of pollen from 

this single donor. Next, if pollinators with the same foraging behavior then moved to 

another plant, much of the initial plant's pollen will be deposited onto stigmas of the 

latter plant, resulting in a correlation of paternity among outcrossed progeny (rp). In 

contrast, if pollinators foraged briefly on individual plants and moved quickly between 

plants, this correlation would be weaker or not present. In Lycium species, hundreds of 

flowers can be open simultaneously and insects have been observed visiting multiple 

flowers per plant (J. S. Miller, unpubl. obs.). Thus, it is likely that pollinator behavior is 

responsible for the high estimates of outcrossed paternity reported here. 
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A significant correlation of outcrossing within maternal families (rp) could also arise if 

plants repeatedly mated with only a few near neighbors. Assuming that neighbors have 

an equal probability of siring seeds on a maternal plant and that consecutive matings are 

independent of one another, Ritland (1989) argues that the inverse of rp is the effective 

"mate pool. " or the number of neighbors that could explain the observed values of rp. 

Using Ritland's method, plants of L. parishii and L. berlandieri mate with fewer than two 

other individuals (1.5 and 1.0, respectively). In L. berlandieri^ the estimate of rpWas 

essentially one, suggesting that all of the outcrossed progeny were the result of 

pollinations from the same pollen donor. However, estimates of correlated parameters (r, 

and Tp) are sensitive to the number of alleles present at the different loci used in the 

estimation procedure (Ritland 1989); as the number of alleles increases, the ability to 

detect different fathers in the population is enhanced. Thus, estimates for rp in Lyciiim are 

likely overestimates, because several of the loci sampled were dominated by one allele 

(Table 1). 

Conclusions 

Self-incompatibility is well characterized in Solanaceae (de Nettencourt 1977; Matton 

et al. 1994; Richman et al. 1996) and has been reported for L. andersonii. Using RT-

PCR, Richman and Kohn (2000) estimated that - 35 S-alleles were present in a 

population of L. andersonii. In addition, they documented extensive trans-generic 

evolution of S-alleles in L. andersonii and other Solanaceae (Nicotiana, Petunia, 

Physalis, Solanum, Witheringia; Richman and Kohn 2000), suggesting that self-
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incompatibility is the primitive condition for the genus. Lycium andersonii is the sister 

species of L. berlandieri and is also closely related to L. parishii (Appendix F; Appendix 

B). Thus, the result here, that L. berlandieri and L. parishii have some level of self-

fertility (i.e.. tn, was significantly less than 1, Table 2) was surprising. It would be 

interesting to estimate S-allele diversity in these populations of L. parishii and L. 

berlandieri for comparison to S-allele diversity to L. andersonii. Despite some selfing. 

cosexual Lycium are predominantly outcrossed as indicated by ailozyme estimates (Table 

2) and comparisons of outcross and self pollen tube growth through the styles of cosexual 

species (Appendix D). Thus, it is unlikely that females could invade ancestral 

populations with mating systems similar to those reported here for the cosexual species. 

In contrast to the cosexual species, the hermaphrodites of gynodioecious species are 

apparently self-compatible, based on data from pollen tube growth (Appendix D). The 

gynodioecious species are polyploid, whereas the cosexual species are diploid (Chiang-

Cabrera 1981). Miller and Venable (in press) have hypothesized that the dimorphic 

species lost the ancestral GSI system as a result of polyploidy (reviewed in Lewis 1949; 

Stout and Chandler 1941; Brewbaker 1958; Pandey 1968; de Nettencourt 1977; Richards 

1997). Subsequently, self-fertilization and consequent inbreeding depression selected for 

the spread of females in these newly self-fertile populations. Lycium species do not 

possess other outcrossing mechanisms (e.g., temporal or spatial segregation of sexual 

organs) that might prevent self-fertilization. Thus, if self-incompatibility is disrupted. 

high levels of self-fertilization are predicted, especially given that individuals have 

hundreds of flowers open simultaneously and the potential for geitonogamy is high. In 
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addition, the result here, that selfed progeny do not survive to adulthood (i.e.. F < 0 

despite the presence of selfing). suggests that inbreeding depression is severe in cosexual 

Lyciuin. as expected in outcrossing species (Husband and Schemske 1996). Therefore, 

the joint effects of self-fertilization and inbreeding depression were likely sufficient to 

drive the evolution of females in this group. Further studies of selfing rates and 

inbreeding coefficients in the dimorphic polyploids could confirm high selfing rates and 

further support this scenario. 
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Table 1. Allele frequencies in populations of L. parishii and L. berlanclieri. Standard 

errors are in parentheses. 

Pollen Ovule 

Species Locus/allele Frequency SE Frequency SE 

L. parishii Adh a 0.055 (0.026) 0.083 (0.040) 

Adh b 0.035 (0.012) 0.063 (0.032) 

Adh c 0.910 (0.031) 0.854 (0.047) 

Pgi a 0.018 (0.011) 0.020 (0.001) 

Pgi b 0.004 (0.003) 0.041 (0.024) 

Pgi c 0.932 (0.022) 0.857 (0.040) 

Pgi d 0.046 (0.014) 0.082 (0.036) 

Pgm a 0.392 (0.040) 0.375 (0.066) 

Pgm b 0.049 (0.016) 0.063 (0.032) 

Pgm c 0.468 (0.041) 0.479 (0.054) 

Pgm d 0.087 (0.037) 0.063 (0.033) 

Pgm e 0.004 (0.003) 0.021 (0.014) 

L. berlandieri Pgi a 0.088 (0.034) 0.130 (0.059) 

Pgi b 0.032 (0.018) 0.130 (0.057) 

Pgi c 0.606 (0.103) 0.565 (0.048) 

Pgi d 0.214 (0.083) 0.087 (0.047) 

Pgi e 0.047 (0.030) 0.043 (0.029) 

Pgi f 0.012 (0.006) 0.043 (0.002) 

Pgm a 0.823 (0.073) 0.864 (0.064) 

Pgm b 0.177 (0.073) 0.136 (0.64) 



Table 2. Populalion estimates of the niiiltilocus outcrossing rale (t,„), the average single locus outcrossing rale (tj, the 

inbreeding coefficient of maternal parents (F), the correlation of selfing within progeny arrays (rj, and the correlation of 

outcrossed paternity within progeny arrays (r,,). The selfing rate is 1 -1,„. Values in parentheses arc standard errors of the 

population estimates. 

Population tn, Is F 's ••P NSREJS N 

L parishii 0.839 0.810 0.029 -0.342 0.066 0.653 332 24 

(0.055) (0.055) (0.014) (0.219) (0.222) (0.219) 

L herUuulieri 0.742 0.743 0.000 -0.890 0.412 0.990 219 II 

(0.073) (0.071) (0.017) (0.076) (0.197) (0.080) 
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Table 3. Mean fruit and seed set following outcross and self pollination treatments in L. 

parishii and L. herUuidieri (see Appendix D). Values are average proportion fruit set and 

average seed number per fruit among plants (number of plants in parentheses). Selfing 

rates were calculated as the number of seeds produced from selfing (fruit set multiplied 

by seed number following selfing) divided by the total number of seeds produced by both 

outcrossing and selfing. 

L. parishii L. berlandieri 

Fruit set Seed set Fruit set Seed set 

Outcross 0.86 (24) 13.7 (23) 0.59(12) 24.8 (9) 

Self 0.18 (24) 4.6(10) 0.17(13) 3-2 (7) 

Selfins rate 0.071 0.037 
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APPENDIX F 

POLYPLOIDY AND THE EVOLUTION OF GENDER DIMORPHISM IN PLANTS 
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occanic drcuJanon (25). Source ages deter* 
mined \^ith the system in the Gulf Coast 
region (I2)m also dose lo tbose of this study, 
[f iodine ages determined in pore fluids associ* 
aced v^ith other gas hydnte deposics into (be 
same time range, the case would be strength-
coed thai the period around 55 Ma was re^wo-
siblc for brgc-scale deposition of onganic mat
ter and subsequent hydrocarbon geoeratiaa in 
the oceans. 
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year'*) « M< )̂*/r,*5(ir) • i (constant because of 
steady suu) •>W(*) * («« y«ar-«). 
The age of sediment partides S (̂v) is 

s^)- jw{.r'dx 

Dertve the expression for pore waUr agr (Ihot of pcre water in kg m"'* year'*) • •> can-
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stant (bvouse of steady state). The oorstant is derived by the arfianent that at the dipth of fuly compacted sedhwent particles std pore water are burM at tfie same rate s> Hence. 
-> Vtr) -P(r). Tha age of pore water ̂ ^(x) is 

|v(x)-dic 

The variables are as loiowc P  ̂porooty at sedbnent 
surface (0.72)[ P  ̂porosity at *fuly compacted* 
segment (0.43); L ̂  OiJOZ; danstty of par« water 
(1000 fcg m~  ̂ d«tsity of parttdes (2S00 k  ̂
m'*); s, rate of partide daposition at sedknmt sur
face (0.130 k( m~' year'*); f(x). porosity profile: 
S(r) a 1 - f(x). *iadenantosity' profie: W^). rate of 
pore watar flour faUtiM to laifcnawt saface (m 
yaar'*): and )• of partide bwial ratatfve to 
lailmawt siafaca (m year' *). toundary ujndWum; for sadbnant ages are derived from biosiratigraphic dMa for Biifai (271. 24. The addWon of Huiugeî  *^*1 is descrftwd in the 
folowbiC cquatiOR: 

W«. - (N«rArftKf/')a' - «»p(-x„.r)IAuJ 

The evoiuoon or sex and sexual systems is a 
central issue of evoiutioaiiy biology, and the 
deploynient of sexual fiindion into one or more 
rootphs is a cote coooeni (/. i). Gender dimor-
phism (die presence of two sexual moiphs in a 
population) occiin in only ~l<m of angio-
Hieiiu species but has CVOITOI from cosexual 
imstots io nearly half of (he angiospetm &m-
ilies, maidiig it an important evolutjooaiy trend 
(J). Sevenl pathways for (he evolution of gen
der dimorpiiism have been advanced (j-5). The 
mechanistic explanations for the transition from 
cosexuality to gender dimoiphism have conccn-
tiaied on overcoming the inherent 50% fitness 
loss of single.sexed twclear gene mutants aris
ing in cosexual populalioiB (6. 7). These mech-
aiusms &11 into two broad notintrhisive cate
gories: elimination of inhreeding dqxession 
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(IBD) by male sterile mutants (i.e., sdection for 
outcrossing) and compensatory resource reallo
cation following Ihe loss ofone sexual fimctioii. 
Wheteas both factors are thought lo be impor-
Bnt in the evolution of gender dimorphism, the 
oulcrassing scenarios have mote etnpirical sup-
pott and are widely advanced as the principal 
ttiechanism (avoting gender dimoiphism (S). 
Because inbreeding avoidance is not important 
for self-incompalible laxa, the prominence ac-
oortied the inbreeding avoidance mechanism 
has led to a search for a correlation between the 
oocunence of separate sexes and an evolution
ary backgrouitd of self-compatibility (9. /0). 

Polyploidy disrupts self-iitcompatibility in 
many species (//. /2). The tendency for poly
ploids to express self-compatibility [due to gen
i e  i n t o a c i i o n s  i n  d i p l o i d  p o l l e n  g r a i n s  ( / J ) J  
allows for the establishment of otherwise tepto-
ductivdy isnlatrrt polyploids (//. /4). Because 
polyploids buffer the effects of selfing mote 
efl^veiy than diploids (//. 75. 75), the result
ant polyploid plants may be shielded initially 

Polyploidy and the Evolution of 
Gender Dimorphism in Plants 

J. S. Millar* and O. L VanabU 

Gender dimorphism and polyploidy arc important evolutionary traruitions that 

have evolved repeatedly in many plant families. We show that gender dimor

phism in North American Lydum (SoUiuceae) has evolved in polyploid, self-

compatiUe taxa whose dosest relatives are cosexual. self-incompatible dip

loids. This has occurred independently in South African Lydum. We present 

additional evidence for this pathway to fender dimorphism from 12 genera 

involving at least 20 independent evolutionary events. We propose that 

polyploidy is a trigger of unrecognized importance for the evolution of gender 

^morphism, which operates by disrupting scif-incompatibitity and leading to 

inbreeding depression. Subsequentiy, male sterile mutants invade and increase 
because they are unable to inbreed. 
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iTom the dctrinicnial cHccts of iBO. However, 
ihcorctical it?) and ctnpincai ilH. /9) resulCs 
inilicatc thai cquiiibnum IBO unfcr some con
ditions can be quite severe in polyptokls. Spe-
ctflcally. for certain sets of dominance coeOi* 
cicnts. IBO can vary non-monoianically with 
iIk; sclfing rate and even increase with mcreased 
filing rates (/7). fn ihe Cice of sirong IBD. 
male sienic mutants may invade because they 
pmditcc no pollen and cannot self (Fig. I >. This 
poicnttai connection between self^inconipalibil' 
iiy. polyploidy, and gender dimoq^hism has 
not been widely appreciated [but. see (J<7)). 

Pi>lypl4>«dy IS ;tssociafcd with rclf-lcftility 
and gender dimoqihtsm in North American Lv-
itum (wollberry). as depleted in Fig. 2 (J/K 
Gender dimoq^htsm has evolved oncc among 
Nonh American Lyctum and occur; in throe 
species that possess separate fbralc and per-
feet-flowered (i.e., hermaphroditic) individuals. 
All oilier Lyvitim in North America ( — 18 spe-
cics) are cosexual. with all indivuliais produc
ing perlcct (lowers. Chromosome counts are 
avaiLible for K) of liie co^xual North Amen-

R E r O R T S  
can Lyciumi all arc diploid with /r = 12 ( 
The three dimorphic species, in corurast^ arc 
ictiaploidsorocloploids wiih/r = 24 or 48(^2). 
Gamctophytic sclf-incompatibiiity is well doc
umented in Soiaraceae {12. 23. 24). Allelic 
diversity at the ^adf-incomfiaiibility (5) gene in 
Lycium andcrsomi, a close relative of the di
morphic taxa (Fig. 2). has been estimated at 
>35 alleles, and coakscence analysis has 
sho%vn that the J^lele lineages in ihis '^^ccies 
arc older than the genus as a who4e. indicating 
that self-incompatibility is the basal condition 
for Lyctum (JJ). Results of experimental polli
nations fcveal that, for three cosexual species, 
oulcross pollen rcsulls in a 14- to 27-fbld if>> 
cicase m seed production per f1o%ver. as com
pared to selfing (Fig. 3). Furthermore, pollen 
tube growth following outcrossing was more 
successful than that fbllowtr^ selling (Fig, 4). 
and evidence of the self-incompotibility reac
tion (i.e^ thickened, irregular calloete deposition 
and wandering pollen tube growth) was ob
served in sclf-pollinations. These icsults indi
cate that gameiophytic self-incompatibility, imt 

Fig. 1. Scenario for the 
evolution of gertder 
dimorphism involving 
polyploidy. Polyploidy 
disr\4pts ^f-irKOmpat-
ibility in cosexual. diploid caxa. The resultant s«(f-<ompalible polyploids are then subfect to 
invasion by male sterile plants that are free from sdfing ar«d IW. SC. sc(f-compatib4e: SI. 
set f-incompatible. 
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r«sutts «i tfi* 
MvasBon of 

lemaies 

Fig. 2. Phylogenetic re
lationships. ploidy. and 
compatiMtty of North 
Amencan Lycium (So
lanaceae). Stnct con
sensus of four trees 
(hat are most parsi-
montoiis. with a con
sistency index of 0.68 
and a retention irtdex 
of 0.70. Gender di
morphism has evolved 
once in Nonh America 
(indicated by the ar
row) <ir>d IS associated 
with polyploidy ar>d 
the loss of sclf-incom-
patibility. All other Ly-
rjum are cosexual in 
,::;ender expression, hav
ing perfect flowers. 
Open bars represent 
iIm? gender dimorphic. 
polyplOKl. self-compat
ible species, and hatched 
bars indicate cosex
ual. diploid species for 
which there is ex-
penmcntal eviderKe for 
,e(f-tncompatibi(ily. All 
other species of Lyct
um are >elf-irKompati-
ble on the basis of 
transgenenc evolution 
diploid; P. polyploid; SC. 
bootstrap percentages 

G#adow»*ae spp. 

/iiecfe*n(0) 
oDap*ri(0) 
pubmmlumiO) 
SAocfUtyX?) 
paffiMm (0. SI) 
ARMTONONÎ (D. SI) 
bmrtmnOimriiO St) 

oMormcum (P. SC 
(P. SC) 

IrrnnoMHHP. SC>-
PANS/MR (O. SI) 
Of»v^M(0) 
Airrv^(O) 

not̂ nm «|)f> ' 

atmpa ewAMbnna * 
JtolMyosa uttmgnfo/im' 

 ̂ i r 

' ̂  " r 

of S alleles an>ong Lycium artd other gertera in the Solanaceae (23). O. 
self compatible; SI. sclf-iricompatible. Asterisks indkate outgroup taxa. arKi 

are shown in association with nodes in the phytogeny. 

the theoretically expected sclf-compatibility. is 
the immediaic ancestral breeding system of the 
dimorphic Lycium. Fniit arKl seed set levels in 
(he hermaphroditic morphs of the dimorphic 
polyploids are loo low lo be used lo lest for 
self<ompanbiliiy. Yet. pollen tube growth fol
lowing sdfing and ouicros.sing of tfiese plants is 
equivalent, suggesting that self-incompatibility 
has broken down (Fig. 4). as shown in oilier 
Solanaceae {12. 25). It is ditllciili to documcni 
the level of IBD in tlie hermaphroditic morphs 
of polyploid, dirnorpliic Lyx tum species be-
caic£ of low levels of tniii artd seed set. How
ever. Ilowers of l.vtium do not possess other 
omcrossing mechmisms such as T^KHOI or tem
poral segregation of gender function that would 
reduce selling once ^If-incompatibility was 
disnjpled. Also, seffing among dilTerent flowers 
on tlie same plant ts likely to be high becatcie of 
large tloral di.splays (>5f)0 Ilowers per plant 
arc often open simulianeotcily). 

Gender dimorphism in So«ilh African l.V' 
cifim IS evolulionariW irtdependent of .ind mor-
phologicaily di.stiiKt from that in North Amer
ica (.?6. 27). A> m North .America, all MX 
dimorphic Npecies are polypltHt^ </i > 24 tir 
36). whereas all of tlie co*«xual species ( 
species) with chromosome counts arc diploid 
with n - 12 (.?7) and arc undotibiedly sdf-
incompatiblc. based on mi>lcctilar snnfies of 
.V-allele vanation (.V), 

I'lilyploidy IS wlde^pn:ad in plants ( /•/. .*.V). 
(f It leads lo ^ell^ng aixJ '.^iHier diimirplMsm 
even «)ccaMO«ially. it slKHjId he puvsiblc to tiiid 
examples in (lie litemlure of polyplcMd. scll-
conipatthlc. diimxplik: specio that jre as.s4x'i-

0 

to 

1 
Pan Pan Berl 

fig. 3. OiploKj. cosexii.ll Lycium species are 
self-mcompatible. Outcross pollination results 
m significantly higher (A) fruit set per flower 
and (B) seed mjmber per fruit than does self-
pollination in experimental crosses of three 
cosexual Lycmm species. All comparisons be
tween outcross and self were significant (P -
0.(X}S). except for seed number in L. p^Uidum. 
Berl. L. bcriandierr. Pall. L pallidum-. Pari. L 
p^nshti. Error bars are t 1 SC. (^tails ol meth
ods are irKkided as supplemental material (29). 
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ated with diploid, sclf-incooipalible. cosonial 
ancestors. We have idenofiod 12 gcnen in 
which polyploid, diraofpfa'c tan have evolved 
&Dm diploid, cosexual aocestots at least 20 
times (Table I), tn Lydum, Chionograpfiis. 
Rubus, Fragaria, Pachyceraa, and Echino-
cereus, the diploid laxa are cosexual and 
seir-incompatible, whereas dimoiphic Caxa 
aie polyploid and self-compatiblc. The rela
tionship between polyploidy and dimoiphism 
is fimfaer illustiated in PoUtuiUa, Uammill-
aria, Astilbe, Labordia, Thalictmm, and Bou-
teloua, in which diploid taxa arc cosexual and 
polyploid taxa are dimoiphic. Data on com
patibility systems are dlber ittcamplele or 
lacking for these groups but consistent with 
the proposed scenario where present. 

A survey of 37 lelated pairs of taxa for 
which there is both compatibility information 
and variation in ploidy shows that a bceakdown 
of incompatibility has occurred in 70% of 
polyploids associated with diploid self-incom
patible plants (29). This suggests that the first 
step in the proposed scenario (Fig. I) is wide
spread. Moreover, recent molecular work (/5) 
and the experimental observation that induced 
polyploidy breaks down self-incompatibility 
(11-13.2S) argue for a causal role of polyploidy 
in die breakdown of incompatibility. Interest
ingly, of the subset showing the predicted pat
tern (i.e., diploids, self-incompatible and 
polyploids, self-compabble), 92% arc in fam
ilies known to have gametophytic self-incom
patibility. Thus, the scenario outlined here 
may occur more often in species with ga-
metophytically controlled self-incompatibili
ty. Another test of the proposed scenario 
would be to determine compatibility for the 
genera listed in Table 1 for which informa
tion concerning compatibility is incomplete. 
In these cases, we predict that diploid taxa 
will be self-incompaulile and polyploids will 
be self-compatible. 

uj o « = 

2.C 
01 o ' 
2 

il 

BaM 
Fig. 4. Hermaphrodite mocphs in potyptokt di
morphic species are sc4f-conipatib(e, whereas 
diploid, cosexual species are sctf-jncompatMe. 
Shown is the log ratio of outaoss to self pollen 
tubes [le. tfw difference k}g,,(outcross) — 
log,g(s f̂ )| present at the base of the style for 
five Lydum spedes, including the heimaphro-
dite mofphs of dimocphic L atifomicfmi (open 
drde). L txsatum (open square), and L fn-
montS (triangle) artd cosexual L pallidum (̂ d 
drde) and L paiafiS (solid square). Error bars 
are ±1 SE. Details of methods are included as 
supplemental material (29). 

Though many polyploid seIf<ompatible 
species may remain self-compatible cosexu-
als, selection for outbreeding will still exist in 
many such species and may frequently result 
in the evolution of new outcrossing mecha
nisms not present in the self-incompatible 
ancestors. The net results are likely to be 
various: purging and remaining predomiruct 
selfers, rtew spatial or temporal mechanisms 
that reduce selfing, or (as documented here) 
gender dimorphism. Determining the relative 
frequency of these outcomes following the 
breakdown of self-irtcompatibility would fur
ther reveal the scope of the proposed scenario. 

Gender dimorphism has evolved by other 
avoaies, and diere are other patterns of gender 
dimorphism in relation to polyploidy and com
patibility, yet these do not nccessaiily constitute 
counter evidence to the proposed scenario. For 
example, diploid Emparum nigrum (Em-
pedaceae) is dimorphic, wincas polyploid £ 
hermaphroditum is cosexual. Here, dimor

phism evolved at tiie diploid level under an 
alternative evolutionary scenario, and the sex-
<ietennining mechanism appears U have broken 
down with polyploidy (//). Thus, polyploidy 
can break down dimorphism as well as trigger 
iL However, hrraiisr gender dimofphism 
evolved on a diploid background before 
polyploidization, the importance of polypfeidy 
as a trigger for gender dimorphism in sdf-
incotnpaCiblc, diploid, cosextxal populations 
caiuut be tested in such systems. Similaily, in 
fsotoma flmiatUis (Campanulaceae), diploid 
populations are either cosexual or dimorphic, 
whereas polyploid populations ate exclusively 
cosexual (,30). Apparently, both dioecious dip
loids and cosexual polyploids evolved fnim 
cosexual dipk)id populations. However, the 
diploids are self-compatible, so polyploidy is 
not a necessary m'gger for gender dimorphism. 
No association is expected in such cases. 

Baker (9) first suggested that dioecy and 
sdf-incompatibility are unlikely to exist togeth-

TabU 1. Taxa in which gender dimofphtsm is assodated with potyp(oidy. For each genus listed, the first 
tine fcfers to the gender dimofphic taxa. and the second Un« refers to the presum  ̂«^cestrai states of 
the dimorphic taxa. A fuUy referenced table is available as supplementary information (Z9). SC 
self-compatible: SI. self-irKompatible: P. polyploid: PF, cosexual plants with perfect flowers: 0. diploid; ?. 
urUcnown: M, monoecious populations (i.e  ̂ cosexual plants with unisexual flowers). § indicates (hat 
dimorphic taxa cannot be s f̂-pollinated to test for self-compatibtlity. 

Number of 
Taxon Gender expression Ploidy SC/SI times 

evolved 

Lydum (Solanaceae) Cynodioecjous (three spedes): 
dioedous (six spedes) 

P SC 22 

Cosexual (PF)*t D (1 P) D-SI (P-?) 

Chionognphis japonia Usually gynodtoedous P SC 21 
(Liliaceae) (three subspecies) 

Usually cosexual (PF)t 0 SI 

Rubus (Rosaceae) Dioedous (five spedes) P SC 23 
Cosexual (PF) t 0 or P O-Sl. p.sc 

Fngvui (Rosaceae) Cynodioedous or dioedous 
(seven spedes) 

P SC or § 23 

Cosexual (PF. M) t D SI or SC 

(Cactaceae) Trioedous (or\e spedes) P SC 1 
Cosexual (PF)t D SI 

Bctunocenus Functionally dioedous P SC 1 
(Cactaceae) [one species with a few 

cosexual (PF) populations] 
Cosexual (PF)t 0 or P D-SI 

PotentMlM ffutkosa Dioedous populations P § 1 
(Rosaceae) 

Cosexual (PF) populationst 0 SI 

Mammiffana (Cactaceae) Cynodioedous (one spedes) P 7 1 
Cosexual (PF)t 0 or P D-SI; P.SI 

Astifbe (Saxifragaceae) Cynodioedous (one spedes) P SC 1 
Cosexual (PF)t 0 7 

UboriU Dioedous (sixteen spedes) P 7 1 
(Cenlostomaceae) 

Dioedous (sixteen spedes) 

Cosexual (PF)* D (Cenrasroma) ? 

ThaUctrum Dioecious (nine spedes) P § 2 
(Ranunculaceae) 

Dioecious (nine spedes) 

Cosexual (Pf)*t 0 or P ? 
Bouttious (Poaceae) Dioedous (eight spedes) P(1 D) § 23 

Cosexual (PF, M)t D or P ? 

r<UHi*g ol tfie <fcnufyhfc bawd at fhylmwwiic HuAts. ^OvneStrisXia |«ras. {WWwiHpedes eaanipW fcwoMng muttipl* pgpuUtions or nibsp«d«s. 
*aiar«clart(da of tfw of cmeertl ipedes the 
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cr in the same lineage because both are mecfaa-
nisms to avoid inbreeding. The obvious corol
lary. that gender diroofphism is more likely to 
evolve in groups that are sdf'Conipaable* has 
often been discussed (9. 10. 20). Yet, if scenar
ios hke that proposed here are coouooa, gender 
dimorphism may frequently evolve in lineages 
with self-incompatibiiity \frithout oegaCxog in
breeding avoidortce as a selective mechanism. 
The pathway presented here reinforces the im
portance of inbreeding avoidance in the evolu
tion of gender dimorphism and could explain 
why a negative association between gender di
morphism and self-inconipatibtlity has been dif
ficult to find (7(7). Although gender dimorphism 
has been widely studied, many aspects are not 
fully understood, and new scenarios, such as the 
one presented here, surely await discovery. 
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and specificity of cclluiar responses in ani
mals (1-3). In plant cells (Ca^*!^ oscilla
tions are induced by mulliplr stimtili (4-9)', 
however, it remains unknown whether oscil
lations are required to elicit physiological 
responses in plants. Here we show that the 
Arabidopsis detS mutant abolishes guard cell 
[Ca^'^l^ oscillations and stomatal closure in 
response to oxidative stress and extracellular 
calcium ([Ca'^]„,). but not to abscisic acid 
(ABA) aiid cold. Restoring [Ca'^l.^-induced 
[Ca'*]^ oscillations in det3 guard celts res
cued stomatal closure, suggesting that 
[Ca"']^ oscillations are essential Tor stonu-
tal closure. 

Stomatal closure follows increases in 
guard cell [Ca'^]^ (/O), and endomembnoe 
calcium transport contributes to the (Ca^*']^ 
signal (7, 11-13). Genetic impairment of en-
domembruie calcium transport could there-
fore provide a direct approach for dissecting 
(Ca'^^y, signals. The de-ttialaud 3 (det3) 
Arabidopsis mutant has reduced endomem-
brane energization owing to a 60% reduction 

Alteration of Stimulus-Specific 
Guard Cell Calcium Oscillations 

and Stomatal Closing in 
Arabidopsis det3 Mutant 

Catfiyn J. AlUn,̂ * Sarah P. Chu.^t Karin SchwmacliM-.'tt 
Chad T. Shinuuaki.̂  Oiemta Vafaados,' Andrea K«mp«r,' 

Scott D. Hawk*,' Gary Tatlman.* Regw Y. TtiMi.* 
Jeffrey F. Harper,' Joanne Chory,' Julian L Schroeder''* 

Cytosolic caldum osdlUtions control signaling in animal celts, whereas in plants 
their importance remains Urgdy uniaiown. In wM-type Arabidopsis guard cells 
absdsic add. oxidative stress, cold, and external caldum didted cytosolic 
caldum osdlUtions of differing amplitudes and fre<^endes and induced sto
matal dosure. In guard cells of the V-ATPase mutant det3. external catdum and 
oxidative stress elidted prolonged caldum increases, which did not osdtlate, 
and stomatal dosure was abolished. Conversely, cold and absdsic add elidted 
caldum osdtlations in det3, and stomatal dosure occurred normally. Moreover, 
in det3 guard celts, experimentally imposing external caldum-induced osdlta-
tions rescued stomatal dosure. These data provide genetic evidence that stim-
ulus-spedfic caldum osdllations are necessary for stomatal dosure. 
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Supplementary Material 

Methods for fruit and seed set experiments (corresponds to Fig. 3). 

Flower buds were bagged on 14 to 24 (mean = 18) plants in cosexual species and 

19 to 33 (mean = 25) plants in hermaphrodites of dimorphic species. Flowers for which 

anthers had not yet dehisced were emasculated, and several flowers per plant (mean = 

7.7) were hand-pollinated with outcross pollen and self-pollen (half each) from 0600 to 

1100 hours. Outcross pollen came from two donors located at least 10 m from the 

treatment plant and was sufficient for fiill seed set. Fruit and seed set were compared 

between outcrossed and selfed flowers by using a generalized linear model assuming a 

binomial response variable, a logit link function, and adjusting chi-square values to 

account for overdispersion (fruit set, PROC GENMOD, SAS Institute), or by using a 

general linear model (seed number, PROC GLM, SAS Institute). 

Methods for pollen tube studies (corresponds to Fig. 4). 

One to three experimental flowers on plants of cosexual species and on 

hermaphroditic plants of dimorphic species were either outcrossed or selfed as described 

above. Flowers were harvested on multiple occasions between 24 and 72 hours following 

pollen application, processed, and pollen tubes viewed with an Olympus compound 

microscope equipped with a fluorescent light source and an ultraviolet filter. We 

compared the ratio of the number of pollen tubes following outcross and self-pollination 

using data from paired pollinations (i.e., outcross and self) performed on the same plant 



and collected at the same time for pollen tubes present at two style positions (mid-style 

and base of the style). We analyzed the ratio of outcross to self pollen tubes as the 

difference [logio(outcross) - logio(self)] in a split-plot ANOVA design for which sources 

of variation included in the model were species, style position (both fixed effects), plant 

(random effect), and species x style position. All factors were tested for significance 

over the residual error term with the exception of species which used plant nested within 

species as the error term. To test whether pollen tube growth was equal for outcross and 

self, we set [logio(outcross) - logio(selO] for Lycium pallidum equal to zero by subtracting 

the mean value. We then proceeded with the model as described above and performed a 

posteriori contrasts, comparing the other species to L. pallidum [i.e., to the null 

expectation of logio(outcross) = logio(selO]-



Supplemental Table 1. Taxa in which gender dimorphism is associated with polyploidy. For each genus listed in the table, 

the first line refers to the gender dimoiphic species and the second line refers to the presumed ancestral states of the dimor|)hic 

spccies. PF, cosexual plants with perfect flowers; M, monoecious populations (i.e., cosexual plants with unisexual flowers); P, 

polyploid; D, diploid; SC, self-conipatiblc; SI, sclf-incompatiblc. § indicates that dimorphic taxa cannot be self-pollinated to 

test for self-compatibility. 

Taxon Gender expression Ploidy SC/SI No. times evolved 

Lycium (Solanaceae) (/-.?) gynodioecious (3 species); P SC > 2 

dioecious (6 species) 

cosexual (PF)*'^ D ( 1 P )  D-SI(P-?) 

Chinographis japonica usually gynodioecious (3 P SC > 1 

(Liliaceae) { 4 )  subspecics) 

usually cosexual (PF)^ D SI 

Rubus (Rosaceae) (J, 6) dioecious (5 species) P SC >3 

cosexuai (PF)^ D or P D-Sl, P-SC 

Fragaria (Rosaccae) (7, 8) gynodioccious or dioccious (7 P SC or § >3 

species) 

cosexual (PF, M)^ D SI or SC 



Supplemental Table 1. Continued 

Taxon Gender expression Ploidy SC/Sl No. times evolved 

Pachycereus (Cactaceae) (9) trioccious (1 species) P SC 1 

cosexiial (PF)^ D SI 

EclUnocereus (Cactaceae) {10- functionally dioecious [1 species P SC 1 

1 2 )  with a few cosexual (PF) 

populations] 

cosexual (PF)^ D o r P  D-SI 

Potent ilia fniticosa (Rosaceae) dioecious populations P § 1 

(13. 14) 

cosexual (PF) populations* D SI 

Mammillaria (Cactaceae) (//, gynodioecious (1 species) P ? I 

72. 15. 16) 

cosexual (PF)^ D or P D-SI; P-SI 

Astilbe (Saxifragaceae) {17) gynodioecious (1 species) P SC 1 

cosexual (PF)^ D 7 



Supplemental Table 1. Continued 

Taxon Gender expression Ploidy SC/Sl No. times evolved 

Lahordia (Geniostomaceae) dioecious (16 species) P 7 1 

( 1 8 )  

cosexual (PF)* D 7 

{Geniostoma) 

Tluilicirum (Ranunculaceae) dioecious (9 species) P § 2 

(/9. 20) 

cosexual (PF)' ̂  D or P 7 

Boutelomi (Poaceae) {21) dioecious (8 species) P ( 1 D )  § >3 

cosexual (PF, M)^ D or P 7 

Characteristics of the closest known relatives of the dimorphic species, based on phylogenetic studies. 

^Characteristics of cosexual species within the genus. 

^Within-species example involving multiple populations or subspecies. 
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Supplemental Table 2. Summary of a literature survey for 37 closely-related pairs of 

taxa for which there is variation in ploidy and information on compatibility. In most 

cases (70% of observations), incompatibility is disrupted in polyploids associated with 

diploid self-incompatible plants. Of the subset showing the predicted pattern (i.e.. 

diploids, self-incompatible and polyploids, self-compatible), 92% are in families known 

to have gametophytic self-incompatibility. Abbreviations are: D, diploid; P. polyploid; 

SC, self-compatible; SI, self-incompatible. 

Ploidy-compatibility % Gametophytically Sporophytically 

combination controlled SI system controlled SI system 

D, SI - P, SC 26/37 = 70% 24/26 = 92% 1/26= 4% 

D, SI - P, SI 11/37 = 30% 6/11= 55% 5/11 =45% 



Supplemental Table 3. Details of literature survey for Web Table 2. Angiospenii families follow (22). Incompatibility 

systems were detemiined using {23-25). 

Ploidy-compatibility Taxa for which there is evidence for the breakdown Family and self-

combination of SI with polyploidy incompatibility system 

D, SI - P, SC Echmocereus spp. (10-12) Cactaccae - G (//, 12) 

Hatiora x graeseri {26) Cactaceae - G {26) 

Pachycereus spp. (9) Cactaccae - G (9, 11) 

Campanulapersicifolia {27, 28) Campanulaccae - ? 

Capsella spp. (29) Cruci ferae - S 

Trifolitim hyhrUlium {30) Leguminosae - G 

Trifolium pratense {31) Legiiminosae - G 

Trifolium repens {28, 32) Leguminosae - G 

Tulipa spp. {33, 34) Liliaceae -G 

Cli ionograpli is japonica (4) Liliaceae s. 1. - G 

Allium schoenoprasum{34, 35) Liliaceac s.l. •• G 

Oenothera organensis {28, 36) Onagraceae - G 

Fragaria spp. (7, 8) Rosaceae - G 

Prunus spp. {34, 37) Rosaceae - G 

Pyrus communis {28, 38) Rosaceae-G 

Pynis malus {28, 39) Rosaceae - G 



Supplemental Table 3. Continued 

Ploidy-compatibility Taxa for which there is evidence for the breakdown Family and self-

combination of SI with polyploidy incompatibility system 

Rubus (5, 6) Rosaceae - G 

Aniirr/iinum molle {28, 40) Scrophulariaceae - G 

Lycium spp.* {1-3) Solanaceae - G 

Lycopersicon pemvianum {41) Solanaceae-G 

Nicotuimi spp. {42) Solanaceae - G 

Petunia {axillaris ?) {28, 43) Solanaceae - G 

Petunia hyhrida {44) Solanaceae - G 

Solamm Imlbocastanum {28, 45) Solanaceae - G 

Solanum cluicoense{28. 45, 46) Solanaceae - G 

Solanum Jamesii {28, 45) Solanaceae - G 

D, SI - P, SI Ananas sativus {28, 47) Bromeliaceae - G 

Tniiiescantia palilosa {48} Conimelinaceae - G 

Taraxcum kok-saghyz {28, 49) Conipositae - S 

Ipomoca spp. {50) Convoivulaccae - S 

Brassica campestris {28, 51) Criici ferae - S 



Supplemental Table 3. Continued 

Ploidy-compatibilily 

combination 

Taxa for which there is evidence for the breakdown Family and self-

of SI with polyploidy incompatibility system 

Brassica rapa {28, 51) 

Raplmnus sativus {2S, 51) 

Liliitm {48, 52) 

Hemerocallis {48, 52) 

Oenothera rhomhipetala (28, 53) 

Heuchera inicrantlia {54) 

Cruciferae - S 

Cruciferae - S 

Liliaceae - G 

Liliaccae s. 1. - G 

Onagraceae - G 

Saxifragaceae - G 

This study. 

Is) 
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