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ABSTRACT OF THE DISSERTATION

The Study of Sexual Systems and Consequences in the Genus Cylindropuntia
by
Niveditha Ramadoss

Doctor of Philosophy, Graduate Program in Evolutionary Biology
University of California, Riverside and San Diego State University, September 2024
Dr. Lluvia Flores-Renteria and Dr. Amy Litt, Co-Chairpersons

Flowering plants have a remarkable diversity in sexual systems. These sexual sys-
tems have ecological and evolutionary implications, yet comprehensive studies are hindered
by the scarcity of species-level sexual system data. In this dissertation, we will focus on the
genus Cylindropuntia (family Cactaceae), which although has a variety of sexual systems,
has been poorly studied. My first goal is to accurately determine the sexual system of C.
wolfii reported anecdotally as gynodioecious. To achieve this, we carried out experimental
crosses and histological analysis of putative female and bisexual flowers. We found that C.
wolfti is functionally dioecious where the putative bisexual flowers were actually function-
ally male. Dioecious species often exhibit sexual dimorphism, which can have significant
ecological effects, particularly in terms of plant-pollinator interactions. My second goal is
to identify whether C. wolfii has sexual dimorphism and if that influences pollinator at-
traction. We conducted a comprehensive analysis of quantitative and qualitative traits in
C. wolfii flowers and compared them statistically. Our findings indicate that male flowers

of C. wolfii are larger and more brightly colored, leading to a higher attraction of poten-
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tial pollinators compared to female flowers. In this study, we utilized fluorescent dyes as
pollen analogues, which are available in various colors. However, previous research has not
investigated whether the color of these dyes influences pollinator attraction. Therefore, my
third goal was to assess whether there is any bias in pollinator attraction due to the color
of the dye. We conducted fluorescent dye assays on: Oscularia deltoides, which exhibits
consistent flower coloration, and C. wolfiz, which displays flower color polymorphism. We
discovered that the presence of green dye influences the attraction of bees. Dioecy is hy-
pothesized to lead to low genetic diversity and so my fourth goal was to determine whether
the dioecious Cylindropuntia species have lower genetic diversity than hermaphrodites. We
found that dioecious Cylindropuntia has comparable diversity to that of hermaphrodites.
But, the overall genetic diversity of all Cylindropuntia were found to be low signaling the
need for protection measures. Our study sheds light on sexual separation in plants and its

influence on ecological and genetic factors.
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Chapter 1

Introduction

The diversity of sexual systems in angiosperms is vast, and understanding the
causes and consequences of this diversity has been a significant area of inquiry since Dar-
win’s time (Darwin, 1851). While hermaphroditism, where both stamens and pistils coexist
in the same flower, is the most common sexual system in angiosperms, various other config-
urations have evolved. For instance, gynodioecious systems consist of individuals bearing
hermaphroditic flowers alongside those carrying only female flowers. This system is preva-
lent in approximately 7% of angiosperm species (Richards, 1997) and is widespread across
phylogenetic groups (Jacobs and Wade, 2003), encompassing about 50 families. Addition-
ally, some plants have evolved complete sexual separation under the dioecious system, where
female and male flowers are borne on different individuals. Dioecy is found in around 6%
of angiosperms, occurring in roughly 40% of angiosperm families, and has independently

evolved at least 871 times across various lineages (Renner 2014).



The sexual system of a species carries ecological and evolutionary consequences.
For example, Janzen (1971) demonstrated through field studies that dioecious species ex-
perience reduced seed predation due to spatial segregation of sexes, resulting in fewer seed-
producing females. Muyle et al. (2018) utilized population genetics approaches to reveal
that dioecious species in the Silene genus exhibit higher genetic diversity and adaptation
rates compared to their non-dioecious counterparts. Therefore, sexual systems play a crucial
role in determining genetic variation, inbreeding rates, adaptive potential, and long-term
evolutionary outcomes such as speciation and extinction. This information can be valuable
for designing effective conservation strategies (Janzen 1971; Vamosi and Vamosi, 2005; Tree
of Sex Consortium, 2014; Anderson et al., 2015; Tsuji and Fukami, 2018; Muyle et al.,
2018).

Plant sexual systems data at the species level are limited, hindering compara-
tive evolutionary studies involving sexual systems and correlated traits (Glick et al., 2016).
Accurately identifying the sexual system is crucial in plant studies. In certain cases, non-
functional sexual organs may persist as vestigial, potentially leading to the oversight of
unisexuality and incorrect descriptions of sexual systems. Ambiguity surrounding the
sexual system can impede our comprehension of the evolutionary and ecological signif-
icance of species with that particular sexual system (Penagos et al., 2021). Therefore,
detailed morphological and developmental analyses or experimental crosses are imperative
(Hoffman, 1992; Wang et al., 2017). For instance, in species like Spachea membranacea
(Malpighiaceae) and Withania aristata (Solanaceae), individuals were observed to bear

either hermaphroditic or female flowers. However, crosses and histological experiments



revealed that the hermaphroditic individuals functioned as males, leading to the charac-
terization of their sexual system as functionally dioecious (Steiner, 1985; Anderson et al.,
2006). Similarly, within the cactus family, descriptions of sexual systems have often been
ambiguous and imprecise, primarily relying on anecdotal observations rather than thorough
morphological analysis or experimental validation of the system (Hoffman, 1992). Hence,
accurately determining the sexual system of plants through developmental studies or ex-
perimental crosses is crucial to avoid misinterpretations of evolutionary patterns in sexual
systems (Lloyd, 1980; Steiner, 1985). Chapter 1 is focused on accurately determining the
sexual system of Cylindropuntia wolfii (Cactaceae) previously reported anecdotally as gyn-
odioecious but we expect it to be functionally dioecious.

The Cylindropuntia genus consists of both completely cosexual (hermaphroditic)
and separate sexual (gynodioecious) systems constituting a suitable model to explore plant
sexual systems and its consequences. Cylindropuntia forms one of the major groups of cacti
that occupy the warm deserts of North America and includes 39 species (Bobich et al.
2014, Majure et al. 2019). In our study, we included six species from this genus, each char-
acterized by distinct sexual systems: three species featuring hermaphroditic sexual systems
(C. echinocarpa, C. ganderi, and C. ramosissima), one gynodioecy (C. chuckwallensis),
one dioecy (C. wolfii), and one hermaphroditic species with a clonal reproductive strategy
(C. bigelovii).The coincidence of unisexual flowers, polyploidy, and geographic proximity
among C. chuckwallensis, and C. wolfii is remarkable. Both these species share similar
flower color morphs ranging from bright green to yellow to red, and filament color (Baker

and Hughes, 2014). Baker and Hughes (2014) hypothesize that these species originated



through allopolyploidy and share a common parent. But there is no genetic data to sup-
port or refute this. Several species of this genus are endemic to the deserts of Southwestern
US and Mexico (Goettsch et al. 2015). As desert ecosystems are predicted to be more
susceptible to global climate change (Hantson et al. 2021), these species are under threat.
Consequently, obtaining genetic data related to the Cylindropuntia species diversity and
population structure is crucial for their conservation.

Cylindropuntia wolfii serves as an exceptional model for studying sexual dimor-
phism and dichromatism, as well as their impact on pollinator attraction. This is due to
the presence of six distinct color morphs within the same geographical area and its sexual
system (Ramadoss et al., 2022). Throughout the five years of our field study, we did not
observe any changes in color morphs within an individual over time. Pollinator attraction
is a crucial factor in determining successful reproduction in species with separate sexes.
Furthermore, pollinator-mediated selection favors traits that improve pollination success in
males and fertilization success in females, leading to sexual dimorphism in many dioecious
species (Queller, 1987; Waelti et al., 2009). This phenomenon often results in males being
more attractive than females. Male attractiveness can be enhanced through various factors.
Generally, many dioecious species develop larger male flowers than females, which tend to
attract more pollinators (Stephenson and Bertin, 1983; Delph, 1996; Costich and Meagher,
2001). In certain cases, such as Silene latifolia, although male flowers may be smaller, the
male plants produce a higher number of flowers, often preferred by pollinators (Meagher,
1992). Additionally, male flowers may emit more floral scent for pollination compared to

females (Waelti et al., 2009). In some populations of S. latifolia, male flowers produce



higher sugar concentrations, providing higher-quality rewards (Shykoff and Bucheli, 1995).
Moreover, in this species, females may evolve to be less attractive, as floral signals can
attract both pollinators and florivores (Bopp et al., 2004), potentially impacting sexual re-
production when pollinator abundance is low (Vamosi and Otto, 2002). To counteract this,
females may mimic the signals of males (eg. similar scent) to attract pollinators equally,
ensuring mating success and maximizing the fitness of both sexes (Renner, 2006). For in-
stance, Hossaert-McKey et al. (2016) demonstrated the stability of dioecy in figs through
female chemical mimicry of male floral scents using gas chromatography-mass spectrome-
try. Chapter 2 is focused on identifying sexually dimorphic traits in the flowers of C. wolfii
(Cactaceae) and its potential influence on pollinator attraction. Here we report for the first
time sexual dichromatism and fluorescent dichromatism in plants.

Pollen transfer or dispersal is a crucial parameter that offers valuable insights into
the evolution of plant traits and sexual systems (Pyke, 1981; Perkins, 1977; Williams and
Mazer, 2016), and the effectiveness of pollinators (Schmitt, 1980; Diller et al., 2022). A
commonly used and successful method involves coating the anthers with fluorescent dye
powder (Stockhouse, 1976; Van Geert et al., 2010; Huais et al., 2022). Different colors of
dyes have been utilized in studies without assessing their potential differential attractive-
ness to pollinators. For instance, in a study by Adler and Irwin (2006), green and orange
dyes were used to examine the pollination effectiveness of various bee visitors on the dis-
tylous plant Gelsemium sempervirens. The researchers found differences in pollen-carrying
capacities among bee genera, but the impact of dye color attraction on increased pollen

load remains uncertain, as bees are known to be attracted to specific flower colors. In our



Chapter 3, we aimed to address the following question: Do different colored fluorescent dye
powders affect pollinator attraction, and if so, which colors exhibit a bias?

There are two competing hypotheses that explain sexual separation in plants. The
first one states that gynodioecious and dioecious systems have evolved as an adaptation
to mitigate inbreeding (in the absence of self-incompatibility) and the associated negative
effects of inbreeding depression (Charlesworth and Charlesworth, 1978). In some gynodi-
oecious systems, females are obligatory outcrossers, while hermaphroditic individuals can
self-pollinate, with selfing rates being highly variable between populations. Consequently,
offspring of females tend to be more outcrossed than those of hermaphrodites, resulting
in higher seed quality and quantity in females (Darwin, 1877; Shykoff et al., 2003; Du-
fay and Billard, 2011). The frequency of females in gynodioecy is linked to the selfing
rate of hermaphrodites, relative seed production, and inbreeding depression (Darwin, 1877;
Lloyd, 1982; Charlesworth and Charlesworth, 1978; Maki, 1992) In general, the frequency
of females is positively correlated to selfing rate of hermaphrodites to avoid inbreeding
depression and also positively correlated to seed production (Lloyd, 1982; Charlesworth
and Charlesworth, 1978; Maki, 1992). In contrast to gynodioecy, dioecy promotes max-
imum outcrossing since there are no hermaphrodites within the population (Lloyd, 1982;
Charlesworth and Charlesworth, 1978), thereby reducing the risk of inbreeding depression
(Thomson and Barrett, 1990; Charlesworth, 1999).

An alternative hypothesis proposes that dioecious clades exhibit lower species rich-
ness compared to their non-dioecious sister clades (which included both self-compatible and

self-incompatible species) due to heightened extinction rates (Heilbuth, 2000). Heilbuth et



al. (2001) elucidated this hypothesis by highlighting two evolutionary disadvantages of
dioecy. Firstly, only half of the population, i.e., females, contribute to seed production
and dispersal, potentially leading to fewer seeds and reduced dispersal (resulting in smaller
geographic distributions) and increased competition for local resources (resulting in fewer
individuals per species) compared to hermaphroditic species (Heilbuth et al., 2001). Sec-
ondly, in dioecious species with biotic pollination, intrasexual competition in males drives
them to become more attractive to pollinators than females. Consequently, population size
fluctuates with pollinator density, impacting genetic diversity (Vamosi and Otto, 2002).
Renner (2014) challenges the dead-end hypothesis, suggesting that 43% of dioecious species
within species-rich clades remain understudied. Additionally, Muyle et al. (2018) tested one
of the predictions of the dead-end hypothesis, which posits that dioecy increases extinction
rates, by comparing the genetic diversity and adaptive potential of dioecious species with
their close non-dioecious relatives. Contrary to expectations, they found that both dioe-
cious and gynodioecious species exhibited increased genetic diversity compared to their close
hermaphroditic relatives (Muyle et al., 2018). However, a contrasting study by Maki (1992)
in the Chionographis genus showed that gynodioecious species had low genetic diversity and
higher inbreeding depression compared to their hermaphroditic relatives. These conflicting
studies are the only two assessing the effects of different sexual systems on genetic diver-
sity, highlighting the need for additional research to elucidate which hypothesis applies to
angiosperms more broadly. So our chapter 4 is focused on validating these two hypotheses
using species of Cylindropuntia genus. The sexually separated species, C. chuckwallensis

and C. wolfii, exhibit a close and narrow distribution within California. The convergence



of traits such as unisexuality, hexaploidy, and a spectrum of flower color morphs ranging
from bright green to red, as well as filament color, is noteworthy. Baker and Hughes (2014)
proposed a hypothesis suggesting shared ancestry between these two species. However, no
genetic data currently support this claim. Hence, our chapter 4 also focuses on determining
the population structure of six Cylindropuntia species to determine if we can discern the
shared ancestry of the polyploid species C. wolfii and C. chuckwallensis. Notably, we are

the first to report any genetic estimates on this genus.



Chapter 2

Accurate Characterization of

Sexual System

2.1 ABSTRACT

In certain unisexual flowers, non-functional sexual organs remain vestigial and
unisexuality can be overlooked leading to the ambiguous description of the sexual systems.
Therefore, to accurately describe the sexual system, detailed morphological and develop-
mental analyses along with experimental crosses must be performed. Cylindropuntia wolfii
is a rare cactus endemic to the Sonoran Desert in southern California and northern Baja
California that was described as gynodioecious by morphological analysis. The aims of

our project include accurately identifying the sexual system of C. wolfii using histological

The materials presented in Chapter 2 have been published in BMC Plant Biology 2022 as ” Unraveling
the development behind unisexual flowers in Cylindropuntia wolfii (Cactaceae)”



and functional studies and characterizing the developmental mechanisms that underlie its
floral development. Histological analyses were carried out on different stages of C. wolfii
flowers and controlled crosses were performed in the field.Our results identified C. wolfii
to be functionally dioecious. The staminate flowers were not able to produce fruits and
had aborted ovules confirming that they are functionally males and the pistillate flowers
produced no pollen but mature fruits confirming that they are functionally females. The
ovule and anther development differed between staminate and pistillate flowers. In vivo
pollen germination tests showed that the pollen of staminate flowers were viable and the
stigma and style of both staminate and pistillate flowers were receptive. This suggests that
there are no genetic or developmental barriers in the earlier stages of pollen recognition and
pollen germination. Despite being functionally dioecious, we observed that functionally
pistillate individuals produced fruits with a large number of aborted seeds. This implies
that not only does this species have low reproductive success, but its small population sizes

may lead to low genetic diversity.

2.2 INTRODUCTION

The breeding or sexual systems of organisms is a critical aspect of natural biology
that affects genetic diversity and genome evolution (Charlesworth, 2006). Dioecy is a sexual
system in which populations are made of distinct male individuals and female individuals
(Freeman et al., 1979). About 6% of angiosperm species have evolved to separate their
sexes in a dioecious system and dioecy has evolved at least 871 times independently in

175 families (Charlesworth and Guttman, 1999; Renner, 2014). Dioecy is reported to have
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evolved from hermaphroditic flowers by the accumulation of mutations that drive male
sterility in pistillate flowers and female sterility in staminate flowers (Charlesworth and
Guttman, 1999). Despite heavily depending on pollinators for a successful fertilization
(Westergaard, 1958) and having fewer individuals that can produce seeds compared to
the hermaphroditic populations, dioecious angiosperms are present in species rich entirely
dioecious clades disputing its negative consequences (Renner, 2014). Studies on unisexual
flower development have shown that the developmental processes are not consistent among
species and unisexual flower development is not well studied in rare species.

In dioecy, two types of developmental regulations are involved in producing uni-
sexual flowers (Mitchell and Diggle, 2005). Type I involves the arrest of one sexual organ
at a very early stage which leads to unisexual flowers by inception (Mitchell and Diggle,
2005). Type II involves carpel/stamen abortion after all of the organs have been speci-
fied by the flower, but one sexual organ remains functional (Mitchell and Diggle, 2005).
This leads to unisexual flowers that carry vestigial organs of the other sex (Sobral et al.,
2016). Programmed Cell Death (PCD) has been described as a principal force for driving
the development of unisexuality in angiosperms through Type II (Irish and Nelson, 1989;
Lebel-Hardenack and Grant, 1997; Wu and Cheung, 2000). However, the abortion of the
male and female organs can occur in different stages and tissues (Caporali et al. 2003;
Coimbra et al. 2004; Flores-Renteria et al. 2013; Caporali et al. 2019; Hernandez-Cruz et
al. 2019) and it is species dependent.

As abortion of one of the sexual whorls occurs late during the development of

Type 11 flowers, non-functional sexual organs remain vestigial and unisexuality can be over-
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looked leading to the ambiguous description of the sexual systems. Thus, to describe the
breeding system precisely, detailed morphological and developmental analyses or experi-
mental crosses are a necessity (Hoffman, 1992; Wang et al., 2017). For example, some
species have been originally considered as gynodioecious or androdioecious, but a closer
look at their hermaphroditic flowers has shown they are functionally dioecious. For exam-
ple, Spachea membranacea Cuatrec. (Malpighiaceae) and Withania aristata (Aiton) Pauquy
(Solanaceae) were observed to have individuals that have either hermaphroditic flowers or
pistillate flowers, but crossing and anatomical experiments revealed that the hermaphroditic
individuals were functioning as males thus describing their sexual system as functionally
dioecious (Steiner, 1985; Anderson et al. 2006). A member of the Caryophyllaceae, Hon-
ckenya peploides (1.) Ehrh. var. major (Hook.) Abrams, was initially identified as an-
drodioecious based on morphological studies and then proved to be functionally dioecious
based on manual outcrosses performed over a consistent two year study period (Tsukui and
Sugawara, 1992). Thus, it is of importance to determine the sexual system of plants based
on functional studies as their reproductive systems are often not accurately represented by
superficial observations of the floral morphology (Lloyd, 1980; Steiner, 1985).

The family Cactaceae has about 2000 species (Anderson and Brown, 2001), most
of them are hermaphroditic; although 23 species have Type II unisexual flowers in either
dioecious, gynodioecious or trioecious sexual systems (Séanchez and Vazquez-Santana, 2018
and references therein). Within the cactus family, the description of the sexual systems has
been ambiguous and imprecise attributed mostly to anecdotal observation rather than de-

tailed morphological analysis or experimental confirmation of the system (Hoffman, 1992).
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Recent studies in the Cactaceae have advanced our understanding of the cellular mecha-
nisms by which flowers develop unisexuality as well as their spatial and temporal patterns
(Flores-Renteria et al., 2013; Hernandez-Cruz et al., 2018). In most cactus examples, pistil-
late flowers underwent anther degradation before the completion of meiosis. For example,
in the genus Consolea Strittmatter et al. (2006) showed that the pistillate flowers under-
went anther abortion early at the onset of meiosis leading to sterile anthers bearing no
pollen grains. In Opuntia stenopetala Englem. the pistillate flowers undergo various cellular
changes (vacuolization, DNA degradation, cytoplasm collapse) in the microsporangium and
all cell layers prior to completion of meiosis (Flores-Renteria et al., 2013). Similarly, in
four species of Echinocereus with pistillate flowers, the microspore mother cell development
was arrested prior to meiosis with other cell layers collapsing later (Hernandez-Cruz et al.,
2018).

In Cactaceae, female sterility varies considerably between taxa (Hernandez-Cruz
et al., 2019). In the functionally dioecious O. stenopetala, the ovule abortion in staminate
flowers was initiated in early primordial stages (Orozco-Arroyo et al., 2012), whereas in
Consolea the ovule degeneration was induced prior to anthesis, after the development of
embryo sac (Strittmatter et al., 2008). In Echinocereus, the seed abortion takes place after
the zygote is formed (post-fertilization) (Hernandez-Cruz et al., 2018). The role of PCD in
female sterility of Cactaceae is not clearly determined. One recent study in Opuntia robusta
H.L. Wendl. ex Pfeiff. showed that placental arrest and ovule abortion in staminate flowers

were regulated by PCD (Hernandez et al., 2019).
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Plants that are dioecious can deviate from the 1:1 sex ratios, especially those
restricted to small populations, thereby decreasing their viability (Field et al., 2013; Cuevas
et al., 2017). This is because biased sex ratios allow for few mating opportunites which
impacts the effective population and thereby the genetic diversity (Field et al., 2013; Cuevas
et al., 2017). Among them, male biased ratios are at least twice as frequent as the female
biased ones (Field et al., 2013). These biases are attributed to the differences in reproductive
costs (i.e sex that spends more on reproduction rather than growth will have a higher
mortality), pollen or seed dispersal (For instance, in abiotically pollinated species, males face
higher reproductive costs than females to produce rich pollen and hence are more vulnerable
whereas in biotic seed dispersal females spend more on reproduction to produce fleshy
fruits), sex chromosomes (for example degeneration of Y chromosome influences female
bias) and/or differential rate of mortality (Harris and Pannell, 2008; Field et al., 2013). In
Cactaceae, subdioecious populations (consisting of males, females and hermaphrodites) of
Consolea spinosissima (Mill.) Lem. (Strittmatter et al., 2002) and Pachycereus pringlei (S.
Watson) Britton & Rose (Fleming et al., 1998) as well as functionally dioecious populations
of O. stenopetala have been reported to have a male biased sex ratio.

Interestingly, several species of Cylindropuntia have been described as gynodioe-
cious, with some individuals having perfect flowers and others having functionally female
flowers (Rebman, 1998; Rebman and Pinkava, 2001). These species are C. calmalliana (J.M.
Coult.) F.M. Knuth, C. chuckwallensis M.A. Baker and M.A. Cloud-Hughes, C. molesta
(Brandegee) F.M. Knuth, C. sanfelipensis (Rebman) Rebman, and C. wolfii (L. D. Benson)

M.A. Baker.
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In our study, we focus on Cylindropuntia wolfii, which occurs within a very re-
stricted range in extreme southern California, USA and extreme northern Baja California,
Mexico (Figs. 1A and 1B). This species has been described as gynodioecious based on
field and herbarium specimen observations (Rebman, 1998), but little is known about its
reproductive biology. The putative female individuals were assumed because the anthers
looked shriveled and no pollen was present. Type II flowers are easily misidentified by su-
perficial observations, therefore, histological studies and experiments (e.g. manual crosses)
are needed in order to accurately describe the sexual system in C. wolfii. Our goals are to
identify the sexual system of C. wolfii, to describe the developmental processes contributing
to the formation of unisexual flowers using histological observations, experimental crosses,

and pollen viability tests, and to estimate the sex ratios in some populations.

2.3 METHODS

2.3.1 Plant Material

Cylindropuntia wolfii is listed on the Inventory of Rare and Endangered Plants by
the California Native Plant Society, rare plant program (2021) at CA Rare Plant Rank 4.3
due to its limited distribution, but the populations are not very threatened. It is narrowly
distributed in the Sonoran Desert of southern California and Baja California (Benson and
Baker, 2003) Fig.2.1. It is a hexaploid succulent shrub that is densely branched with stout
cylindrical stems having terminal branchlets that are not easily detached. The stems have
dense spination and oblong to obovate tubercles bearing the spines (Pinkava et al. 1992).

The flowers have a variable tepal color on different individuals ranging from yellow-bronze
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to red with a pink to red style and stamens with yellow to red filaments. The fruits are dry
at maturity, densely spined to bur-like, and most often do not contain seeds.

Samples from C. wolfii were collected from around the Desert View Tower (Im-
perial County, CA) (32.6592 N, 116.0999 W) and Mountain Springs (Imperial County)
(32.674509 N, 116.098834 W), California between March 2017 and July 2019. We tagged
47 individuals, 27 putative hermaphrodites (flowers with developed anthers which released
pollen at anthesis and a normal pistil, Fig. 2.2A, 2.2C) and 20 which superficially looked
female (with reduced anthers and a lack of pollen at anthesis, Fig. 2.2B, 2.2D). The flowers
were collected at different development stages, ranging from early pre-anthesis to late post-

anthesis based on the presumed sex of the parent plants via observed flower morphology.

2.3.2 Histological methods

To analyze the morphological development, flowers and buds from C. wolfii were
collected at different stages for separating and sectioning the anthers and ovules. The
samples were fixed in 4 % paraformaldehyde in 1x phosphate-buffered saline (PBS). This
was followed by dehydration using ethanol in increasing concentrations. Fixed samples
were embedded through LR White Resin medium grade (Electron Microscopy Sciences,
Fort Washington, PA, USA). LR-White-embedded samples were sectioned at 1-3 pm using
an ultramicrotome (Reichert- Jung Ultracut E) and stained with toluidine blue solution
(1% toluidine blue and 1% sodium borate in distilled water) using Hoffmann et al. (1983)
procedure in Polychrome Stains for High Resolution Light Microscopy. Stained samples

were mounted with Kleermount@®) solution. The mounted samples were viewed under a
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Figure 2.1: Distribution of Cylindropuntia wolfii (A). This species has a narrow distribution
in both California and Baja California, Mexico (B). Red points show the current distribu-
tion of C. wolfii. Occurrence data that included only precise points were extracted from
SEINet Portal (www.swbiodiversity.org), misidentifications were excluded and the map was
generated using Google imagery. (C) Natural occurrence of C. wolfii in Mountain Springs,

Imperial County, California. Figures A and B were obtained from SEINet Portal and were
collated with figure C in Adobe Photoshop

17



Figure 2.2: Anther development of flowers of Cylindropuntia wolfii. A) Anther of staminate
flowers shows four layers at pre-meiosis of the microspore mother cells (MC). (B) Tetraloc-
ular male anther in pre-anthesis with young pollen grain (YPG) developing with tapetum
fully disintegrated but endothecium (EN), epidermis (EP) and connective tissues (CT) in-
tact. (C) Male anther in late pre-anthesis with stomium (ST) initiation indicating that
the anther is about to dehisce. (D) Male anther at anthesis releasing fully mature pollen
grains. (E) Female flower anther in pre-anthesis with MiMC (MC) developing. All cells in
the anther wall such as tapetum (T), middle layer (ML), endothecium (EN) as well as the
MiMC start showing hyper-vacuolization. (F) Microspore mother cells and tapetum show
complete disintegration by this stage and only few tapetal cells are visible. (G) Female
anther in late pre-anthesis showing the disintegration of the MiMC, nuclei are visible in
cells of the anther wall. (H) Aborted anther in female flower at anthesis lacking nuclei in
most remaining cells
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compound microscope (Nikon Microphot-FX) at different objectives.

2.3.3 In-vivo pollen germination test

In order to test for pollen viability and stigma receptivity, a pollen germination
test was performed. Manual crossing was done between different sexes at the time when the
flowers were fully open. The flowers were collected approximately 48hrs after the manual
crossing and the pistils were removed. The pistils were prepared for analysis by following
the procedure mentioned by Livia et al. (2015) with a few modifications. The pistils were
fixated in 3:1 ethanol: acetic acid solution for 24 hrs. After fixation, the samples were
cleared by immersion in 1M sodium sulphite for 25 mins. This was followed by immersion
in 1% aniline blue overnight. The pistils were then sectioned longitudinally and flattened on
a clean glass slide. Glycerol at 50% concentration was used as the mounting medium. The
samples were viewed with a compound microscope (Nikon Microphot-FX) at 10X objective

under UV light.

2.3.4 Crosses

In order to further test for ovule and pollen viability, controlled crosses were con-
ducted between the putative hermaphroditic and female individuals in the field and in the
growth chamber (Percival E-36L2). Plant segments having buds were cut and planted in
a soil mix containing 70% potting mix, 15% sand and 15% perlite. The planted pots were
placed in the growth chamber with 12 hours of daylight and an optimal temperature of
25°C in the day and 15°C in the night. A total of 130 crosses were performed including

both the plants in the field and the segments in the growth chamber. Plants in the field
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were surveyed in early March 2018 and 2019 for floral buds, and in April 2018 and 2019
pollination tests were performed. Crosses were divided into 4 types: 1) natural controls
— bee pollinated flowers, 2) outcross — pollen from hermaphroditic flowers was manually
deposited on stigmata of pistillate flowers and anthers from pistillate flowers were removed
and rubbed on the stigmas of hermaphroditic flowers as pistillate flowers lack pollen, 3)
selfing - manually pollinated self-crosses for hermaphroditic and pistillate flowers and 4)
negative control — cross pollination was avoided by bagging the buds with pollination bags.
Each cross was noted with a colored tag and protected with fabric bags (ULINE, 2018). A
monthly survey was conducted and dry fruits were collected from August-September 2018
and August-September 2019. Ovule counts, developed seed counts, and terminated ovule
counts were done using a Nikon SMZ25 stereoscopic microscope. The seed set was calcu-
lated as the ratio of developed seeds with respect to the total number of ovules. A value of
0 indicates that no seeds were formed or no ovules were fertilized and a value of 1 indicates
that all the ovules were fertilized to form seeds. A Welch two sample t-test was performed
in the R program (R Core Team, 2017) to check if the seed set mean of outcrosses vs natural
crosses differed significantly between the pistillate flowers. The fruit set was calculated as
the ratio of fruits with seeds with respect to the total number of flowers. A value of 0
indicates that no fruits were formed and a value of 1 indicates that all the flowers developed

to fruits.

2.3.5 Sex Ratio

We surveyed the plants present in a 600 meter transect in Mountain Springs,

Imperial County, California. The sexes were identified through the presence/absence of de-
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hiscent anthers releasing mature pollen at anthesis and in some flowers through the presence
of ovules in flowers and confirmed by performing viability tests and cross sections in the
lab as described above. The observed sex ratio was compared to the expected 1:1 sex ratio

through chi square test in MS Excel using CHISQ.TEST function.

2.4 RESULTS

Based on histological examinations and cross-pollination experiments, we discov-
ered that C. wolfii is functionally dioecious with individuals that have bisexual flowers
that abort to one sex during the development process. Thus, the previously identified

hermaphrodites are hereafter referred to as males or staminate flowers.

2.4.1 Androecium development

Staminate flowers

Staminate flowers develop a typical tetralocular anther with an anther wall com-
posed of 4 single cell layers surrounding the Microspore Mother Cells (MiMCs). The wall is
made of epidermis (Ep), endothecium (En), middle layer (Mi) and tapetum (Ta). Meiosis
of the MiMCs results in four microspores, at this point the middle layer disappears and the
tapetum disintegrates which contributes to the pollen nutrition and wall ornamentation of
the intermediate pollen grain (IPG) (Fig. 2.3A). The epidermal cell begins to change into
a conical shape. In late pre-anthesis, the anthers become bilocular with the disintegration
of the connective tissues that form the septum of the microsporangia, and a stomium forms

(Fig. 2.3B). During anthesis, the last layer consists of endothecium and epidermis in conical
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shape. The wall dehydrates, and eventually dehisces (Fig. 2.3C) to reveal visible pollen

(Fig. 2.2A and 2.2C).

Figure 2.3: (A) Cylindropuntia wolfii staminate flower (left) and pistillate flower (right). (B)
Lateral cross-section of staminate flower (left) and pistillate flower (right). Fruits collected
from a staminate plant (C) and pistillate plant (D). Fruits collected from male (E) and
female plants (F)
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Pistillate flowers

Anther development of pistillate flowers is interrupted after the formation of the
MiMCs and does not undergo meiosis. At this stage, the MiMCs and the cells of the
anther wall are highly vacuolated (Fig. 2.3D). The MiMCs and the tapetum completely
disintegrate, while the middle layer is atypically retained (Fig. 2.3E). This is followed by
the hypervacualization of the epidermis and the endothecium cells and the disintegration
of their nuclei (Fig. 2.3F). In pistillate flowers, the anthers at anthesis do not dehisce. The
septum that separates the two microsporangia in each thecae remains visible (Fig. 2.3E),
whereas it disintegrates in the male counterpart (Fig. 2.3B). Here, the anther development
halts and no pollen is formed and no dehiscence occurs; therefore, no pollen is readily visible

on the anthers of pistillate flowers (Fig. 2.2B and 2.2D).

2.4.2 Gynoecium development

Staminate flowers

In staminate flowers, differentiation of the ovule primordia is similar to that of
the pistillate flower until the formation of the megagametophyte. The ovule primordia
develops the integuments (It), the funicle, and Megaspore Mother Cells (MeMC) (Fig.
2.4A). During the megagametogenesis, the young circinotropous ovule degenerates. The
degeneration starts on the megagametophyte and extends to the nucelle (Fig. 2.4B). The
funicle exhibited some signs of disruption but it is not known if that is a direct disintegration
or an artifact due the lack of internal support of the ovule during the sectioning. At anthesis,

the ovule is completely disintegrated and cellular debris can be observed along with tannins
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Figure 2.4: Ovule development of flowers of Cylindropuntia wolfii. (A) Ovule in male flower
at pre-anthesis, with long funicle (FU) and integuments (external (EI) and internal (II))
developing with a Megaspore Mother Cell (MC). (B) Ovule of male flower in late pre-anthesis
showing the collapse of the megagametophyte (MG). (C) Aborted ovule in male flower
completely collapses in male flowers, at maturity only cellular debris are observed. (D) Ovule
of female flower in early pre-anthesis, with a long funicle (FU) and integuments (external
(EI) and internal (II)) developing with an archesporial cell (AC). (E) Ovule of female flower
in early pre-anthesis showing the formation of the megagametophyte (MG). (F) Fully mature
ovule of female flower in early pre-anthesis showing well developed megagametophyte and
tannin (TN) deposits
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in the integuments and vascular system in the debris of the funicle (Fig. 2.4C). Although
staminate flowers’ ovaries carry ovules early in development, (Fig. 2.2C) they are considered

nonfunctional.

2.4.3 Pistillate flowers

In pistillate flowers, the primordial ovule developed starting with wrapping it-
self around with the long funicle, forming the integuments and the MeMCs (Fig. 2.4D).
The pre-anthesis ovule has a curved nucelle, the MeMCs divides into 7 cells to form the
megagametophyte. At this stage the development of the integuments is completed with the
internal integument defining the micropyle (Fig. 2.4E). Tannin deposits in the integument
are visible during megagametogenesis (Fig. 2.4E). At anthesis, the fully mature ovule is
campylo-circinotropous. The megagametophyte is well developed and surrounded by the
nucelle. The chalazal region is formed by the conjunction of the funicle and the integuments
which have tannin deposits (Fig. 2.4F). The embryonic sac develops seven cells, three an-
tipodal cells are ephemeral and only four cells are found at maturity including the central

cell, the synergids and the egg at the micropylar end (Fig. 2.5).

2.4.4 Pollen tube visualization

The aniline blue dye used to stain the callose in pollen tubes, enabled clear vi-
sualization of the germinated pollen in different crosses (Fig. 2.6). The pollen tubes that
germinated were observed in male x male selfed crosses (Fig. 2.6A) and female x male

crosses (Fig. 2.6B). This germination of pollen in stigmas of pistillate and staminate flow-
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Figure 2.5: Fertilization of the egg (EG) by pollen tube (PT) in megagametophyte (MG) of
ovules of female flowers. The pollen tube enters through the micropyle (MI). The megaga-
metophyte is surrounded by nucelle (NU), internal integument (II) and external integument
(EI), which in turn is surrounded by the funicle (FU). Four cells are found at maturity in-
cluding the central cell (CC), two synergids (S, only one visible) and the egg (EG)
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ers indicates that the stigma of pistillate and staminate flowers are functionally viable. As

pistillate flowers did not contain any pollen, there were no pollen tubes observed between

male x female crosses and female x female selfed crosses.

Figure 2.6: Cylindropuntia wolfii pollen tube (PT) development from pollen grain (PG) on
stigma and style of flowers used for the crosses (A, B) male x male (selfing) male x female
(C, D). The callose (CA) in the pollen tube fluoresces as a result of staining by aniline blue.
Other crosses were not possible as females do not form pollen. Magnification:10X
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2.4.5 Fruit development and Seed Set from Natural and Artificial Crosses

The fruits of C. wolfii become dry at maturity. Functionally female individuals
were the only ones that formed mature fruits. Functionally male plants aborted the ovules,
but ovaries were retained and dried (Fig. 2.2C). Thus, the fruits of female individuals are
larger than male aborted fruits (Fig. 2.7A). However, a large number of fruits also aborted in
functionally female plants, and some produced a few mature seeds with most ovules aborted,
flattened, and located against the wall of the ovary (Fig. 2.7B). In contrast, no mature
seeds were produced in functionally male individuals, (Fig. 2.7C). Some mature seeds of
functionally female individuals lacked embryos (Fig. 2.7D), but most developed mature
embryos (Figs. 2.7E and 2.7F). Since aborted ovules were visible under the microscope in
both female and male fruits, we were able to estimate the seed set in both sexes in manual
and natural crosses.

Using the controlled crossing experiment, we confirmed the ovule viability by for-
mation of seeds. Fruits were collected when they appeared dry, plump, and brown (Fig.
2.7A). From the collected fruits, we calculated the average seed set for each type of cross
(Fig. 2.8A). The seed set values of females acting as pollen receptors were as follows: 1)
natural controls had a seed set of 0.05; 2) outcross had a seed set of 0.25; 3) selfing had
a seed set of 0 and 4) negative controls had a seed set of 0.01. Male individuals acting as
pollen receptors had a seed set of 0 in every cross type. The fruit set of males was 0 in all
types of crosses and for females the values are as follows - 1) natural controls had a fruit set
of 0.14; 2.2) outcross - 0.61; 3) selfing - 0 and 4) negative controls had 0.05 (Fig. 8B). Our

data showed that the staminate flowers produced no fruits or seeds in any type of crosses
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Figure 2.7: Cylindropuntia wolfii fruit and seed development. A) Fruits of female (left) and
male (right) individuals. Aborted ovules are found in fruits of both female (B) and male
(C) individuals (red arrows), however, fruits of female individuals also form some mature
seeds (black arrow). D-F) Mature seeds from fruits of female individuals showing the thick
funicular coat. D) Seed with abnormal development that lacks the white solid embryo
as shown in E-F. The latter shows a mature seed with endosperm consumed by the fully
developed embryo and remaining perisperm (arrow).
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which denotes that even though they superficially appear to have a functional stigma and
style, their ovules were not viable. On the other hand, we observed pistillate flowers to
produce fruits and seeds in outcrosses, natural crosses and also in a single negative control
individual. Overall, our results suggest that the pistillate flowers have viable ovules. Both
sexual morphs subjected to selfing did not produce any seeds. This further supports that
the sexual system of C. wolfii is functionally dioecious.

Our analysis shows that in general the seed set of C. wolfii is low, 0.25 for outcrosses
and 0.05 for natural crosses. This difference in seed set between natural and outcrosses are

significantly different (t = 3.2568, df = 50, p-value = 0.002027).

2.4.6 Sex ratio

A total of 137 plants were surveyed in the Mountain Springs area, 42 were identified
as female individuals (31%) and 95 were identified as males (69%). The sex ratio of male:
female was calculated to be 42:95, therefore there are approximately 2 males for every
female in the sampled population. The male biased sex ratio is significant with p-value of

0.00000595177, chi-square statistic = 20.5036, df=1.

2.5 DISCUSSION

Given the recent evolution and wide polymorphism in reproduction, Cactaceae are
considered an ideal family to study sexual systems in plants (Herndndez-Cruz et al., 2019).
Using histological observations, pollen viability tests, and controlled experimental crosses,

we identified the sexual system of the rare cactus, Cylindropuntia wolfii, as functionally
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Figure 2.8: Experimental crosses in Cylindropuntia wolfii. (A) Bar chart showing the av-
erage fruit set (Y axis) obtained from various controlled crosses (X axis) in functionally
female (gray bars) and functionally male (black bars) individuals. (B) Bar chart showing
the average seed set (Y axis) obtained from various controlled crosses in functionally female
(gray bars) and functionally male (black bars) individuals
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dioecious and not gynodioecious (individuals with hermaphroditic flowers and individuals
with pistillate flowers) as previously described (Rebman, 1998). This species has a Type
II flower, with functionally female individuals retaining aborted anthers and functionally
males retaining aborted ovules. In the staminate flowers of C. wolfii the differentiation
of the ovule primordia is similar to that of the pistillate flower until the formation of the
megagametophyte. During megagametogenesis the young circinotropous ovule degenerates
starting on the megagametophyte and extending to the nucelle. At anthesis, the ovule is
completely aborted, but it is retained. The retention of the ovules on staminate flowers
during anthesis, makes it difficult to identify whether they are aborted, reinforcing the idea
that histological analyses are needed to accurately characterize the sexual system. The
female sterility pattern exhibited in C. wolfii is similar to the one presented in Consolea
spinosissima in which the ovules abort just before anthesis and start with the disintegration
of nucelle proceeding to a complete break down of the ovule (Strittmatter et al., 2002). In
comparison, in both O. robusta and O. stenopetala female sterility happens much earlier
suppressing the ovule in its primordial stage (Orozco-Arroyo et al., 2012; Hernandez-Cruz
et al., 2019). On the other hand, in Echinocereus the ovule abortion takes place only after
the zygote is formed (post-fertlization) (Hernandez-Cruz et al., 2018), requiring careful
observation to determine the sexual system. These observations imply that the cellular
mechanisms or pathways behind ovule abortion in C. wolfii might be different from that of
other species in the Cactaceae.

From our histological data, it was revealed that the androecium development in

pistillate flowers was interrupted in late pre-anthesis by the degradation of the tapetum
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and MiMCs. The early degradation of the tapetum is known to affect the nutrient supply
to developing microspores by causing variations in callose metabolism and other tapetal
enzymes critical for normal development (Dong et al., 2005; Xu et al., 2014; Zhang et al.,
2014). This pattern of tapetal disintegration is common in dioecious species of Cactaceae
studied thus far although the temporal patterns might differ (Herndndez-Cruz et al., 2019).
The mechanism behind tapetal disintegration of most of the cacti species - Opuntia robusta
(Hernandez-Cruz et al., 2019), O. stenopetala (Flores-Renteria et al., 2013), and in the
dioecious species of FEchinocereus (Hernandez-Cruz et al., 2018) is reported to be PCD.
Moreover, tapetal disintegration by itself is a hallmark of PCD because mutations in male
developmental genes lead to premature PCD or retarded PCD ultimately damaging the
tapetum (Balk and Leaver, 2001). The ovule abortion in staminate flowers occurs after
the anther abortion in pistillate flowers. This suggests that the unisexuality expression is
asynchronous, a phenomenon reported in Opuntia robusta (Herndndez-Cruz et al., 2019)
and O. stenopetala (Flores-Renteria et al., 2013). In conclusion, tapetal disintegration to
attain male sterility might be a conserved trait of the Cactaceae, but as the timings vary,
the regulating pathways might be evolving separately.

Similar to C. wolfii, O. robusta and six species of Consolea have staminate flow-
ers that appear to be hermaphroditic having a functional looking stigma and style. Our
pollen germination tests showed that the stigma of staminate flowers in C. wolfii is func-
tional which is also true for O. robusta and Consolea (Negréon-Ortiz and Strittmatter, 2004,
Strittmatter et al., 2008; Hernandez et al., 2019). This suggests that there are no genetic or

developmental barriers in the earlier stages of pollen recognition or pollen germination in
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C. wolfii. In contrast, the staminate flowers of O. stenopetala are devoid of stigmatic tissues
suggesting a strict self-incompatibility mechanism (Orozco-Arroyo et al., 2012). Thus, the
degree of degradation in stigma and style differs among cactus species. The ovule abor-
tion is the main cause for female sterility in most species of Cactaceae although the timing
and degree of abortion differs. Although in O. robusta, female sterility was regulated by
PCD (Hernandez et al., 2019), it is unclear if this mechanism is conserved throughout the
Cactaceae.

The controlled experimental crosses showed that functional males were not capa-
ble of producing seeds through any crosses, further confirming that their ovules are non-
functional. The pistillate flowers produced seeds in outcrosses, natural crosses, and also in
one functional female used as a negative control. The seeds found in the female negative
control could be an artifact or a sign of apomixis (i.e. adventive embryony) - which is
the formation of seeds without pollination and this kind of reproduction has been reported
previously in a variety of Opuntia species (Griffith, 2001) and in C. fulgida (Engelm.)
F.M.Knuth (Baker and Pinkava, 1987). Overall, our results suggest that the pistillate flow-
ers have viable ovules. Based on these results we predict that the abortion of one sex in
unisexual flowers of C. wolfii is happening later in the developmental stages - after anthesis.
This confirms that the sexual system of C. wolfii is functionally dioecious.

The seed set data from controlled crosses showed that, in general, the seed set of
C. wolfii is low, and has been reported to produce generally abortive seeds (Mayer et al.,
2011), but very little is known about its reproductive biology. A similarly low value of seed

set (avg: 37 seeds/ 158 ovules = 0.23 seed set) has been observed in O. microdasys (Lehm.)
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Pfeiff. where sexual recruitment by seeds is rare. Moreover, the seed set of C. wolfii was
significantly lower in natural crosses as compared to manual crosses. This suggests that, in
2019, natural pollination may not be as effective as manual pollination in C. wolfii, possibly
because of a low number of pollinators. Ecological studies are needed to ascertain the factors
causing the reduced seed set in our system. About 40% of our outcrossed fruits failed to
produce seeds. Some species of Cactaceae are narrowly distributed and dioecy could evolve
to avoid the negative effects of inbreeding depression (Austerlitz et al., 2012). If dioecy
prevents inbreeding depression through avoidance of selfing then why is the seed set of C.
wolfii low? The low seed set suggests C. wolfii is struggling for sexual reproduction and the
lack of easily detached segments suggests it does not use clonal propagation as its main way
of reproduction. These combined might explain its restricted distribution. This, in turn,
might lead to low levels of genetic diversity and high levels of inbreeding (Silvertown, 2008,
Hamadeh et al., 2018) reducing the adaptive potential, and population genetic studies are
necessary to address this concern and develop conservation strategies.

The sex ratio of the C. wolfii population in Mountain Springs (Imperial County)
was significantly male-biased. Among dioecious species, a male-biased sex ratio is twice as
common as the female-biased one (Field et al., 2013). A high female reproductive investment
towards production of fruits may be the cause of the male-biased sex ratio (Charnov, 1982).
In order to precisely identify the causes of a male-biased ratio in C. wolfii, we need to
evaluate the stage of lifecycle in which the bias is established and factors that contribute to
sex ratio differences such as life history traits (survival, growth, flowering, clonality, etc.)

and phylogenetic relationships (Field et al., 2013). One of the consequences of a male-biased
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sex ratio is a lower effective population size that can lead to bottleneck effects (Sinclair et
al., 2012). As bottlenecks can cause inbreeding, it is of interest to resolve if dioecy with
male biases is really adaptive.

The evolution of sexual separation and its association to polyploidy has been
known for a long time (Stebbins, 1950), but it is uncertain whether it is a cause, conse-
quence or both. This relation is also seen in many species of Cactaceae. For example,
Pachycereus pringlei, O. robusta, Consolea species and five species of Echinocereus have a
sexual system with unisexual flowers (e.g. trioecious, gynodioecious or dioecious) and have
a level of polyploidy either as tetraploid, hexaploid or octaploid (Ferguson, 1989; Rebman,
2003; Baker, 2006; Segura et al., 2007; Majure et al., 2012). This pattern is consistent in
the genus Cylindropuntia in which polyploid species are either gynodioecious, e.g. C. chuck-
wallensis, C. sanfelipensis, C. calmalliana, and C. molesta (see Baker and Cloud-Hughes,
2014) or functionally dioecious such as in C. wolfii. Exceptions to this rule include O.
stenopetala and O. grandis Pfeiff. which are subdioecious and diploid (Pinkava et al., 1977;
Baker and Cloud-Hughes, 2014), C. arbuscula (Griffiths) F.M.Knuth. which is triploid,
but does not have a dioecious system although it seems to propagate mostly by clonal
means (Cloud-Hughes, 2014, Pinkava and McLeod, 1971), hermaphroditic species such as
C. bigelovii (Engelmann) F.M.Knuth. which is mostly triploid and rarely diploid, C. prolif-
era (Engelmann) F.M.Knuth. which is triploid and C. cholla (F.A.C.Weber) F.M.Knuth.
which is mostly diploid and rarely tetraploid (Baker et al. 2009). However, C. wolfii was
previously described as gynodioecious. but in this study we have shown it has a functional

dioecious system. Therefore, a detailed study is warranted for the other polyploid species
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of Cylindropuntia whose breeding systems are described based on superficial observations

(e.g., C. arbuscula, C. calmalliana, C. chuckwallensis, C. molesta, C. sanfelipensis).

2.6 CONCLUSION

Our study aimed to identify the sexual system and present the developmental
process of unisexual flowers of a rare and endemic cactus of the Sonoran Desert - Cylin-
dropuntia wolfii. Through controlled cross experiments, histological analysis, and pollen
viability tests, it was confirmed that the sexual system of C. wolfii is functionally dioecious
rather than gynodioecious as previously described. The ovule abortion in staminate flowers
and pollen abortion in pistillate flowers occurred during and before anthesis respectively,
presenting asynchrony in formation of unisexuality. Pistillate flowers underwent anther
disintegration to attain male sterility and staminate flowers underwent ovule abortion for
female sterility. In species of cacti with unisexual flowers, the developmental mechanisms
underlying sterility are similar, although the timing of abortion differs. By characterizing
the developmental events of unisexuality, our study complements the existing literature on
the emergence of different sexual systems. Furthermore, this is the first study describing
the development of unisexuality in the genus Cylindropuntia. Evidence from the seed set of
C. wolfit suggests that this species might be struggling to reproduce sexually and occupies
a very restricted distribution which could lead to inbreeding depression. Further field and
genetic studies will offer opportunities for gaining more insights into the consequences of

dioecy in this rare native species.
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Chapter 3

Ecological Ramifications of Sexual

Separation

3.1 ABSTRACT

Sexual separation in plants is associated with sexual dimorphism and identifying
dimorphic traits is critical in advancing our knowledge on plant—pollinator interactions.
For example, dimorphism in floral colors, or sexual dichromatism, is a crucial mediator of
pollinator choice on foraging decisions. We studied Cylindropuntia wolfii, a model system,
with diverse flower colors and a functionally dioecious sexual system. However, evidence
suggests that sexual reproduction is limited in this species as it has a low seed set especially

in naturally pollinated fruits. Thus, it is critical to this native species’ conservation to

The materials presented in Chapter 3 have been published in Oecologia 2023 as ”Influence of sexual
dimorphism and dichromatism on reproductive success in a rare native cactus”
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investigate its relationship with pollinators. Our goals were to: (a) investigate the sexual
dimorphism including the sexual dichromatism in the flowers of the cactus, and (b) deter-
mine whether sexually dimorphic traits affect the pollinator attraction of both the sexes.
We measured several quantitative and qualitative traits and compared them between male
and female flowers. Then we recorded the pollinator visitation rate in nature for both sexes
and tracked pollinator color preference using fluorescent dyes as pollen analogues. Our
study showed that male flowers of C. wolfii are bigger and brighter, and they attract more
potential pollinators than females, supporting the hypothesis that sexual dimorphism influ-
ences pollinator visitation preference. Fluorescence dichromatism, in which female flowers’
anthers fluoresce more than male flower anthers suggest this could be female flowers’ strat-
egy to compensate for their dark colors and small size. The results from this study showed
that C. wolfii exhibits sexual dichromatism and fluorescence dichromatism, which is a novel

finding in plant research.

3.2 INTRODUCTION

Dioecy, a sexual system where female and male flowers are separated in individ-
uals, is present in 6% of angiosperms and its occurrence is observed in about 40% of the
angiosperm families (Renner 2014). Dioecy is reported to have evolved independently in
many lineages at least 871 times (Renner 2014). One common factor that sexual separation
is accompanied by is sexual dimorphism (Correns 1928; Lloyd and Webb 1977; Barrett and
Hough 2013). Sexual dimorphism is defined as the morphological differences between males

and females in secondary characters, including traits other than reproductive organs.
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In dioecious plants, sexual dimorphic traits include floral size (Delph et al. 1996),
flower longevity (Primack 1985), number of flowers per individual (Delph et al. 2005), scent
(Ashman 2009), nectar production (Bawa and Opler 1975). However, sexual dimorphism
in terms of color, also known as sexual dichromatism, has not been reported in plants to
the best of our knowledge. In contrast, it has been widely reported in animals such as birds
(Badyaev and Hill 2003), fishes (Kodric-Brown 1998) and reptiles (Olsson et al. 2013).
Studies on sexual dimorphism in plants have identified few species that exhibit intersexual
mimicry to overcome pollinator visit discrimination. This mimicry is especially prevalent
in plants where the females do not offer any rewards such as pollen or nectar (Delph et al.
1996; Ashman 2009). While this mimicry is not always successful, theory predicts that it
should not effectively affect reproduction as long as there is no pollinator limitation (Yang
et al. 2022).

The evolution of sexual dimorphism has been explained by sexual selection, espe-
cially in animals (Darwin 1851; Bateman 1948). Darwin (1851) suggested that two factors
contribute to sexual selection of traits: male—male competition and female choice. In the
past decades, this principle has also been increasingly applied to plants (Delph and Ash-
man 2006). Male-male competition in plants results in male flowers becoming more attrac-
tive to pollinators by evolving a brighter display, more potent scent, and other relatable
traits (Stanton 1994). However, there can be other architectural traits that are sexually
selected but do not have an effect on biotic pollinator attraction, in the wind pollinated
species (Tonnabel et al. 2019). Even within the insect pollinated species, forces other than

pollinator-mediated selection like fertility selection in females, can select for traits that im-
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prove the reproductive success (Barbot et al. 2022). From the female’s perspective, studies
have observed selection for fertility traits such as ovule number and flower number (Delph
and Herlihy 2012; Barbot et al 2023), although flower number can also be a result of pol-
linator mediated selection. Studies have shown that the mating success (finding mates)
increases with reproductive success (siring offspring) in males while they are not correlated
in females and hence the difference in selection acting on different floral traits (Tonnabel et
al. 2021; Kwok and Dorken 2022).

On the other hand, cryptic female choice is predicted to occur in plants, but there
is little evidence as it usually occurs a long time after fertilization through pre-selected
abortion of ovules during the embryogenesis (Moore and Panell 2011). Recently, Tonnabel
et al. 2022 reported female choice in wind pollinated species which involved traits such as
pollen tube growth, size of stigma and expression of pollen proteins that facilitate competi-
tion for ovules. This suggests that sexual selection continues to occur even after the pollen
dispersal phase of plant reproduction.

Studies on plant sexual dimorphism will advance our knowledge on plant—pollinator
interactions and the influence of pollinators’ preference on plant sexual separation. The key
factors that contribute to the study of plant—insect pollination and their conservation in
the face of climate change and loss of biodiversity are floral strategies and flo