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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
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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

32



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-

40



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 floral resource
availability (Vanbergen and Insect Pollinators Initiative 2013). One of the crucial mediators
of plant and pollinator interaction is flower color polymorphism (Weiss 1991). While many
factors contribute towards pollinator choice for a particular flower, a large number of studies

have suggested that flower color widely influences their choice on foraging decisions (Dafni
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et al. 1990; Omura and Honda 2005; Détterl et al. 2014; Reverte et al. 2016). Diurnal
insect pollinators have trichromatic vision which covers a broader range of spectrum than
humans. Their vision includes visible light in the UV, fluorescent, blue, and green spectra
(Chittka 1992; Mori et al. 2018). Based on phylogenetic analysis, it has been shown that
pollinators were pre-adapted to trichromatic vision long before the widespread radiation of
angiosperms. This evidence leads to the hypothesis that flowers have evolved their beautiful
colors to visually attract the pollinators (Chittka 1997; Reverte et al. 2016). Among floral
color traits, UV patterns play a major role in pollinator preference since UV-absorbance
and reflection guide the pollinators to foraging parts (Lunau et al. 2017). Several studies
have demonstrated the importance of UV patterns in bees through artificial manipulation
of UV patterns in flowers (Welsford and Johnson 2012; Rae and Vamosi 2013; Brock et
al. 2016; Klomberg et al. 2019). Recently, a study by Rao and Ostroverkhova (2015)
demonstrated the strong attraction of a wide variety of wild bees to fluorescence under UV
excitation. Therefore, studies in plants displaying dimorphism in floral traits and the effect
of floral color polymorphism, including UV and fluorescence patterns, on pollinator attrac-
tion is needed. Sexual dichromatism in fluorescence has only been recently reported in blue
winged parrotlets (Barreira et al. 2012), highlighting the need to further study the role
of fluorescence patterns on sexual dimorphism. Moreover, the relationship between sexual
sterility in plants and the specific autofluorescent properties of anthers remains an area of
scientific investigation that has not yet been explored fully (Araki et al. 2020; Nakashima

et al. 1984).

42



Cylindropuntia wolfii (Cactaceae) is an exceptional model to study sexual dimor-
phism and dichromatism, and its influence on pollinator attraction owing to its six distinct
color morphs within the same geographical location (Fig. 3.1) and its functionally dioecious
sexual system (Ramadoss et al. 2022). The sexual system is called functionally dioecious
as their flowers carry vestigial organs that are non-functional. Both the male and female
flowers have anthers but males have pollen on them and females lack pollen (Ramadoss et
al. 2022). This species is rare and native to California and Baja California. Cylindropuntia
wolfii is ranked 4.3 on the Inventory of Rare and Endangered Plants by the California Native
Plant Society (1968 onwards) implying it has limited distribution but the populations are
not threatened. Moreover, our previous study on C. wolfii showed that it had a lower seed
set compared to its close relatives (Ramadoss et al. 2022). This seed set was significantly
lower in naturally pollinated fruits compared to manually pollinated ones. Thus it would
be beneficial to this native species’ conservation to explore its relationship with pollinators.
Our goal here is to investigate the sexual dimorphism of the cactus C. wolfii and determine

its effect on pollinator attraction.

3.3 METHODS

3.3.1 Study site and species

The present field work was carried out in Mountain Springs (Imperial County, CA)
from April 2021-July 2022. Cylindropuntia wolfii is a rare endemic shrub which is narrowly
distributed only in the Sonoran Desert of southern California and Baja California. This

is the only known population of this species. It is densely branched with stout cylindrical
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stems and sheaths on their spines. The flowers have six tepal colors ranging from green to

red with green to dark pink filaments on their stamens (Fig. 3.1).

Figure 3.1: Six color morphs are found in C. wolfii flowers— Green (A), Greenish yellow
(B), Yellow (C), Yellowish orange (D), Orange (E) and Red (F). In addition, three different

filament color morphs are present, for example (A) green filaments (C) pink filaments, and
(D) red filaments
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3.3.2 Flower dimorphism measurements

To determine sexual dimorphism, we measured and compared several quantitative
and qualitative characters between the male and female flowers. The qualitative floral traits
refer to flower color and filament color, and quantitative factors refer to flower display
diameter, tepal length, tepal width, and number of flowers open at a time per plant. For
the qualitative factors, we recorded the flower color and sex of only 53 plants along a 600
m transect in Mountain Springs (Imperial County, California). The flower colors were
attributed based on a self-built color map with the help of herbarium color reference chart
(McCamy et al. 1976). The six flower color morphs were further distinguished into two
groups as brighter (green, greenish yellow and yellow) and darker (yellowish orange, orange
and red) colors. During our pollinator survey, we visually and statistically observed a
pattern where brighter morphs attracted more than the darker morphs so we split the six
color morphs into two groups based on their color gradient, grouping 3 morphs per group.
The low sample size we have here is due to asynchronous blooming and reduced number
of plants. The filament color was recorded from 94 plants we collected from the field. A
Fisher’s independence test was performed to check if the qualitative factors are related to
sex.

Then, quantitative factors which are display diameter, tepal length and tepal width
were measured and compared between the two sexes. To control for the variability in tepal
factors, we randomly chose 2 tepals per flower and took the average measure of them. The
survey was done in 2022 with a sample size of 94 plants with at least seven plants per sex

and color combination. A general linear model of ANOVA was used to assess the significant
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differences in quantitative traits between sexes after testing for normality using Shapiro’s
test and homoscedasticity using Bartlett’s test. We then explored the correlation between
color morph and flower size to assess if brighter colored flowers, regardless of sex, are bigger

using a two-way ANOVA.

3.3.3 Ultraviolet (UV) and green fluorescence (GF) measurement

To determine sexual dimorphism in terms of UV and GF, we measured their emis-
sion intensity in male and female flowers. Plant fragments with buds were collected. At
least seven fragments per color and sex combination (i.e male reds, female reds, male greens
and so on) were obtained and tracked until blooming to assess dimorphic differences. The
fragments were potted in 70% soil, 15% perlite, and 15% sand mixture and grown in a
growth chamber. The photoperiod was set to 12 h with day temperature of 25 °C and night
15 °C. The bloomed flowers were collected and mounted under a NIKON stereomicroscope
(SMZ-25/18) at 0.5X magnification. Photographs were taken using RBG (Red Green Blue)
filter for human eye view and Blue, green, and UV filter for bee’s eye view (Fig. 3.2) based
on the false color photography protocol by Verhoeven et al. (2018). In addition, GFP
(Green Fluorescent Protein) filter cube photographs were also taken to capture the green
autofluorescence of anthers in male and female flowers. Photographs were analyzed using
Nikon BRanalysis software to measure the emission intensity of UV and GF per unit area,
from the flowers. The emission intensities were compared by ANOVA and post hoc tests in

R and R studio.
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Figure 3.2: Human eye view (A) vs Bee’s eye view (B) of a red C. wolfii flower
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To further investigate the autofluorescence in female flower anthers, buds from
C. wolfii females were collected from the pre-anthesis stage as that is when the premature
degradation of tapetum occurs (Ramadoss et al. 2022). The anthers were placed in glass
vials containing 70% ethanol for preservation. The anthers were frozen in the cryostat’s
freeze medium and then cut into sections with a thickness of 10 pm using a Leica CM1950
cryostat. The cryo-sectioned samples were placed on SuperFrost Plus microscope slides
(Fisher Scientific, USA) and observed under Nikon stereo microscope under regular vs GFP

light for observing the location of autofluorescence.

3.3.4 Pollinator visitation rate

To determine the pollinator visitation rate between the sexes, we followed three
steps. First, we determined whether C. wolfii flowers attract potential pollinators by man-
ually surveying the diurnal floral visitors during the peak flowering season, April-May of
2021. We surveyed 24 plants including both sexes and all colors except for male red as they
are hard to find, for 10 min each during the daytime (between 8 am and 2 pm when the pol-
linators were present) in the Mountain Springs field site on a clear sunny day. The number
of visits and types of visitors (i.e., bees, moths, beetles) were noted down. The percentage
of visits from each type of visitor was calculated. Two samples from each pollinator species
were collected and identified.

After confirming the presence of potential pollinators in the first step, we quantified
the pollinator visitation rate per flower for the two sexes and tested whether one sex or color
attracts pollinators more than the other in the secind step. Here we manually surveyed the

plants and noted the number of pollinators’ visits for each flower. We surveyed 75 plants
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for all six colors with at least 11 plants per color and 32 males and 43 females that had
one branch with one flower in the field and observed them for 10 min each. This survey
was conducted for diurnal floral pollinators during the peak flowering season, April-May of
2021. We used a two-way ANOVA to test if pollinator visits were influenced by sex, color
or interaction of both. We log transformed the visits data to achieve a normal distribution.
The visits data then satisfied the assumptions of normality and homogeneity of variance.
We controlled for the time of day by using time as a random factor in ANOVA. We also
assessed the influence of flower color on pollinator visitation, categorizing it into brighter
hues encompassing green, greenish yellow, and yellow, and darker shades, which included
yellowish orange, orange, and red flower colors.

Finally, in order to corroborate that the potential pollinators exhibiting biased
visits to these flowers were indeed responsible for pollen transportation, we employed the
fluorescent dye powder. These fluorescent dyes act as pollen analogues, and this method is a
good indicator of pollen dispersal (Fenster et al. 1996). We used three colors of dye: green,
violet, and orange due to restricted availability. Subsequently, we organized the six color
morphs into pairs based on their proximity along the color gradient, resulting in the creation
of three primary flower color categories, grouping them as follows: green=green/greenish
yellow; yellow=yellow/yellowish-orange; red=orange/red. It was ensured that significant
differences in pollinator visits were not observed within these pairs. We selected male
plants that are of these three colors in four separate locations along a 188 m transect. Since
females do not have any pollen we did not include them in this experiment. The selected

plants were marked with flags and GPS points. We then applied the color dye using a sterile
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brush on the anthers. The following colors were green, violet, and orange corresponding to
green, yellow, and red flowers respectively. To avoid cross contamination, three individuals
performed the dye deposition separately. The deposition was carried out on a clear sunny
day early morning to avoid dye carryover by abiotic factors. We visited the study site that
same day after sunset to observe the flowers in the area under UV light. We surveyed only
the plants with flowers present within a 950 m2 quadrant around the dyed flowers. We
manually noted the presence or absence of fluorescent dye in 55 flowers of the neighboring
plants around the four locations. Then we calculated the percentage of flowers that had the

different colored dyes on them from the flower counts data.

3.4 RESULTS

3.4.1 Males flowers are bigger and brighter

Our study on sexual dimorphism in floral traits revealed three quantitative traits
were significantly different between sexes with males always having a higher value for each:
tepal length (P <0.01), tepal width (P<0.01), and display diameter (P<0.01) (Fig. 3.3). In
addition the color of the flowers also influenced the size traits such as diameter (P<0.01),
tepal length (P=0.01), tepal width (P<0.01) but we did not see a consistent pattern that
explains brighter color flowers regardless of sex being bigger. For display diameter, yellow
flowers regardless of sex are bigger than green (P<0.01). For tepal length, yellowish orange
flowers are bigger than green (P=0.01). For tepal width, yellowish orange flowers are bigger

than green (P=0.01) and orange flowers (P<0.01). The other colors were not significantly
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Figure 3.3: Box plots showing Cylindropuntia wolfii males have a significantly larger display
diameter (A), tepal width (B) and tepal length (C) than females

different from the others.

We found that flower color and sex are related (X2=18.63; P=0.03). For example,
male flowers are usually associated with green and yellow shades while the females are mainly
associated with orange and red shades (Table 3.1). We acknowledge that the number of
females is low. Unfortunately, this is due to the small sample size and likely also influenced
by the male-biased sex ratio, as we found few females. In addition, the filament color
(Fig. 3.4) differed between the six color morphs and had a correlation with brighter colors
generally displaying brighter filament colors (green and pink) ( P<0.01) (Fig. 3.4). There
was no significant difference between the number of flowers in males and females. Both

sexes had a mean of about 26 flowers per plant.
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Table 3.1: Counts of sexes found in different tepal colors. Males are gradually decreasing
and females are gradually increasing with darker shades of colors

Tepal color No. of males | No. of females
Green 9 1
Greenish yellow 10 2
Yellow 5 2
Yellowish orange 8 2
Orange 3 4
Red 2 5

B Green [OGreenishyellow HYellow DYellowishorange ®@Orange MERed

100%

60%
40%

20%

0%

Green filament
IAN R

Figure 3.4: (Top) Bar plots showing the frequency of the three fila- ment colors (green,
pink, and red) across the six flower color morphs (green, greenish yellow, yellowish orange,
orange, and red). Green filament color is not seen in darker shades of flower color (e.g.,
yellowish orange, orange and red). (Bottom) Cylindropuntia wolfii has flow- ers with three
different filament color morphs—Green (A), Pink (B) and Red (C)
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3.4.2 Female flowers fluoresce more than males

A total of 113 flowers were imaged under RGB, UV, and GFP filter cubes. We
sampled at least seven flowers per sex and color. The mean UV emission intensity per-
unit area and mean GF emission intensity per-unit area were measured using the Nikon
BR elements application. The intensity values were compared between the two sexes and
among the six colors using a linear model in ANOVA and Tukey’s post hoc test. The
data fit the normality and homoscedasticity assumptions of ANOVA. Sex and color were
fixed factors and individuals were random factors. We checked if the emission intensity of
the individuals changed as a factor of sex or color or interaction between sex and color.
The ANOVA analysis showed that there were no significant differences in the UV emission
intensity between the sexes (P=0.09) or color (P=0.11). However, the GF emission intensity
in the anthers differed significantly between the sexes. Anthers of females were shown to
have a higher emission of GF compared to that of males (Fig. 3.5; P<0.01). This could be
due to the obstruction of fluorescence by pollen in male anthers. Further, the GF emission
intensity of tepals did not vary significantly as a factor of sex or flower color. When the cryo-
sectioned female anther sections were viewed under the GFP filter light, autofluorescence

was observed in the areas of degraded tapetum (Fig. 3.6).

3.4.3 Males attract more potential pollinators

We observed that C. wolfii flowers attracted diverse insects such as beetles (5%),
moths (5%), and potential pollinators like bees (90%). Two species that we collected were

identified as Apis mellifera (European honey bee) and Diadasia spp. (native cactus bee).
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Figure 3.5: Boxplot showing GF emission intensity of anthers in females being higher (i.e.
more fluorescent) than males
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Figure 3.6: Cross sections of female anthers at pre-anthesis under regular light (left) vs
GFP light (right)
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We identified the beetles as belonging to the Nitops genus and the moth as a member of
the hummingbird moth taxon (Hemaris spp.).

Our ANOVA results on the potential pollinator visitation rate showed that sex and
tepal color influenced the pollinator visitation rate. Males attract more potential pollinators
than females (P=0.02) (Fig. 3.7A). In terms of colors, we observed that brighter flower
colors attracted more pollinators than darker flower colors (P=0.02) (Fig. 3.7B) but there
was no significant interaction between flower color and sex in influencing pollinator visits

(P=0.12). The time of the day did not have a significant effect (P=1).
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Figure 3.7: Box plots showing pollinator visitation rate with respect to sex (A) and flower
color (B). In (A), males attract significantly more potential pollinators than females. In (B)
Bright green-yellow flower colors (related to male sex) attracted significantly more potential
pollinators than dark (related to female sex) flowers
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Our experiment using dye pigments to track pollen movement and validate polli-
nator preference showed that out of the total 55 flowers, the majority of them (39/55) did
not have any dye. About 20% (11/55) had green dye on them, which corresponds to the
green/greenish yellow male flowers. None of the flowers (0/55) had the violet dye which
was applied to yellow /yellowish orange flowers. Five flowers (5/55) had the orange dye that

corresponds to orange/red flowers.

3.5 DISCUSSION

Our study focused on measuring the dimorphic floral traits of a functionally dioe-
cious native cactus, C. wolfii, which is a valuable model system to study because of the
sexual dimorphism/dichromatism relation and the effects of varying floral traits on polli-
nator floral preferences within a single population. The flowers of C. wolfii carry vestigial
organs i.e., non-functional anthers in female flowers and non-functional pistil in the male
flowers (Ramadoss et al. 2022). This is considered as a ‘deceit strategy’ where the plants
try to deceit the pollinators into visiting their non-rewarding flowers equally as rewarding
flowers to ensure successful sexual reproduction (Dafni 1984). This strategy of developing
both sexes whorls in unisexual flowers and later arresting the development of the opposite
sex called as cryptic dioecy is observed in at least 78 species from 18 families (Mayer and
Charlesworth 1991), commonly in Anacardiaceae (Zohary 1952) and Rosaceae (Cronk and
Muller 2020). Despite this strategy, this rare species is limited in its sexual reproduction
(Ramadoss et al. 2022) and studying its floral ecology might provide us with some valuable

insights.
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Our results on sexual dimorphism showed that male flowers were larger and brighter
than female flowers. Large flower size is a trait that is often selected by pollinator-mediated
selection as they attract more pollinators and facilitate more pollination (Parachnowitch
and Kessler 2010; Glaettli et al. 2008, Delph et al. 1996). In C. wolfii, we observed that
the quantitative traits such as tepal length, tepal width, and tepal display diameter were
significantly higher in male flowers than female flowers. Intersexual mimicry theory suggests
that in rewardless females (i.e. females that lack pollen or nectar) qualitative traits such
as scent composition do not differ significantly between the sexes to ensure unbiased polli-
nation and successful reproduction (Ashman 2009). However, C. wolfii did not completely
support this theory. With respect to the qualitative trait—color, females are usually found
to be in orange-red shades while males tend to be mostly in brighter colors of green-yellow
shades. However, there is no strict dimorphism cutoff in the flower color trait. For instance,
males are generally more brightly colored, but they can also exhibit darker flower colors. We
predict that males are biased towards brighter colors because it is potentially advantageous
as pollinators, especially bees, tend to be attracted to brighter colors, such as yellow flow-
ers, and the male reproductive success depends on pollen dispersal (Acharya et al. 2022).
On the other hand, we predict that females are biased towards darker shades as brighter
colors might be more apparent and attract florivores and herbivores which might affect the
fruit production (McCall and Irwin 2006). But we do not have collected data to support
this. Some birds can see fluorescence, but we are unsure about the specific identities of
the florivores in this species (Martins et al. 2018). Additionally, florivores have a longer

visual range than bees, and petals serve as long-distance signals, while anthers are used for

58



short-distance decisions, making petals more attractive to herbivores or florivores (Martins
et al. 2018). Additionally, the color of the flower also seems to be correlated with the size
of the flower. In general, the green flowers appear to exhibit reduced size dimensions in
comparison to their yellow or yellowish orange counterparts.

We found an interesting relation between flower color and filament color in which
lighter colored flowers usually have lighter colored filaments. A similar association was
observed in Biza orellana flowers where deeper colors had darker filaments and it was
suggested that this color combination could act as visual cues to pollinators because with
the background colors blending the anthers could stand out with better contrast (Joseph and
Siril 2013). In fact, a study on bumble bees has shown that the contrast of flowers against
their background is more critical for identifying their targets than color patterns within
the flower (Whitney et al. 2013). Alternatively, within-flower contrast helps in guiding
pollinators towards the nectar (Goldblatt et al. 1998; Hempel de Ibarra and Vorobyev
2009; Sletvold et al. 2016). Additionally, factors such as scent and nectar composition also
play a major role in female attractivity (Bawa and Opler 1975; Ashman 2009). Previous
studies in Mammillaria magnimamma (Callejas-Chavero et al. 2021) have shown that
females have smaller nectar chambers and that in Opuntia quimilo (Diaz and Cocucci 2003)
have lower nectar supply than hermaphrodites. Future studies on dioecious Cylindropuntia
could focus on measuring these differences between the sexes and how they may influence
pollinator attraction.

Moreover, it is critical to consider patterns that are visible by insects only, such

as UV and fluorescence. Floral fluorescence is proposed to be a visual signal for insect
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pollinators (Gandia-Herrero et al. 2005). Several plant species have been reported to
have auto blue or green fluorescence in their petals, stigma, ovaries and nectaries (Iriel
and Lagorio 2010; Lagorio et al. 2015; Mori et al. 2018). Therefore, we examined the
insect perspective by measuring emission intensity in the UV and GF spectra. Our results
suggested that there was no significant difference in UV emission intensity between sexes
and/or colors. However, we observed that GF emission intensity of anthers differed as
a factor of sex. The anthers of females had a higher emission intensity than the male
anthers. Though fluorescence signals are proposed to be involved in communication of
plant—pollinator systems, there are few studies that performed behavioral experiments to
understand the perceiving capabilities of bees for fluorescence (Gandia-Herrero et al. 2005;
Garcia-Plazaola et al. 2015). A recent study by Mori et al. (2018) showed that honeybees
in the field were attracted to blue fluorescence of anthers and pollen. Thus, brighter anther
fluorescence patterns found in females could be attractive to bees that possess green light
sensitivity and attractivity to brighter targets. This could be one way the female flowers
are compensating for their dull flower colors.

We propose that the mechanism by which anthers of female flowers have brighter
fluorescence patterns is associated with the sterility cellular mechanism. Autofluorescence
in pollen and anthers has been reported in some plants (Castro et al. 2010). Persistent
autofluorescence in anthers of female flowers only has been reported in mutant soybeans
Glycine mazx. It was suggested that due to early degeneration of tapetum in male sterile
flowers, the autofluorescence pigment is not transferred to the microspores and ends up

piling in the tapetum, which leads to persistent autofluorescence in male-sterile flowers only
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(Nakashima et al. 1984). Premature disintegration of the tapetum is a hallmark of male
sterility in C. wolfii (Ramadoss et al. 2022). In the pre-anthesis stage of female anthers
of C. wolfii, autofluorescence was detected inside the anther where the microspores dete-
riorated suggesting that C. wolfii follows a similar pattern as that of the mutant female
soybeans which highlights the potential for fluorescence sexual dichromatism in other func-
tionally dioecious species. Additionally, premature tapetal disintegration is not uncommon
in dioecious Cactaceae Opuntia (Orozco-Arroyo et al. 2012; Flores-Renterfa et al. 2013),
Consolea (Strittmatter et al. 2002, 2006, 2008) and Echinocereus (Hernandez-Cruz et al.
2018). Particularly, in O. stenopetala autofluorescence has been reported in male sterile
flowers at later stages of development due to abnormal callose retention in the anthers
(Flores-Renteria et al. 2013). These observations underscore the potential for fluorescent
dichromatism in those species as well. Sexual dichromatism in fluorescent signals has only
been recently observed in birds (Barreira et al. 2012) and studies about its role on animal
evolution are still limited (Ancillotto et al. 2022). We report for the first time fluorescence
sexual dichromatism in a plant species which has important implications for future research
on the evolution of sex in plants.

Our results on pollinator visitation showed that male flowers attract more pollina-
tors than females. However, discerning the relative influence of color or size on pollinator
visitation rates is not possible with our data. Our results showed that males had larger
flowers than females. This could be evolved by growth-sexual investment tradeoff where fe-
males generally allocate more resources towards production of seeds thereby affecting their

growth in terms of flower size, while males directly allocate their resources towards growth
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(Stearns 1992; Rabska et al. 2022). Several studies have found flower size to positively
influence pollinator visitation (Bell 1985; Eckhart 1991; Dudash et al. 2011; Lazaro et al.
2013; Barbot et al. 2023) as larger flowers are expected to be more attractive. Alternatively,
the pollinator visitation bias observed could be due to sexual dichromatism in our species.

Our investigation revealed a statistically significant preference for brighter tepal
colors in attracting a higher number of pollinators compared to darker hues. This observa-
tion aligns with the notion that bees have limited capacity to perceive the color red, but
exhibit heightened sensitivity to the color green, as substantiated by prior studies (Kevan
et al. 1996; Chittka and Waser 1997; Acharya et al. 2022). This was in agreement with
our observations that about 67% of the flowers that received dye moved by pollinators
was green suggesting that the green/greenish yellow flowers were visited more frequently
than the other colors. Based on our empirical data, the enhanced pollen dispersal from
green/greenish yellow male flowers explains the higher prevalence of brighter coloration in
male flowers as opposed to darker variants. This suggests that male flowers evolved to
become more attractive through intrasexual competition that occurs as a consequence of
sexual selection (Stearns 1992, Paterno et. al 2020; Barbot et al 2023).

Our experiment with dyes to track pollen movement found low pollinator visita-
tion. About 71% of the flowers we surveyed did not have any dye on them which might
be an indication of low pollinator density or low pollinator visits or inefficient movement
of pollen or the dyes we used to the C. wolfii flowers in general. Concordantly, we have
previously observed that natural pollinations of C. wolfii resulted in a reduced average seed

set (0.05) compared to that of hand pollination (0.25) (Ramadoss et al. 2022). Studies
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have theorized and empirically shown that while male attractiveness is optimal during high
pollinator visits, this strategy could lead to inefficient sexual reproduction when the pol-
linator density is low due to the biased visit to the most attractive sex, which is usually
the males (Vamosi and Otto 2002; Moquet et al. 2022). Experimental studies have shown
that plants can abort fruits that have reduced seed number due to low pollen deposition to
save their resources (Stephenson 1981). We acknowledge the presence of multiple variables
beyond pollination that may exert influence on reduced seed production such as resource
availability, predation, and environmental conditions, which have not been subjected to

empirical investigation in our study.

3.6 CONCLUSION

Studying sexually dimorphic traits is essential for understanding plant—pollinator
interactions, especially on species with restricted distributions like C. wolfii, which is limited
with low seed production. Our results suggest that C. wolfii exhibits sexual dimorphism
with male flowers being bigger than females. Additionally, they exhibited sexual dichroma-
tism with males usually having brighter tepals and females having darker tepals. We also
observed an unprecedented phenomenon of fluorescent sexual dichromatism, which had not
been previously observed in plants. The mechanism for autofluorescence of sterile anthers
might be prevalent in other functionally dioecious species and more studies need to be un-
dertaken. Our pollinator survey showed that males attracted more pollinators than females
which could be a consequence of the observed sexual dimorphism. This observation could

potentially account for the reduced seed production observed in this endemic species, as
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when pollinator density is low female plants have less opportunity for ovules to be fertilized

and therefore produce mature fruits.
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Chapter 4

Unveiling Bias with Fluorescent

Dyes in Pollination Studies

4.1 ABSTRACT

Assessing pollen transfer in angiosperms is crucial for comprehending plant-pollinator
interactions. One effective method to study this is through the use of fluorescent dye pow-
der. However, studies have utilized various dye colors without comparing their potential
variations in attractiveness to pollinators. Our research addresses this gap by examining
the dispersal patterns of different dye colors on both uniform and polymorphic flowers. We
conducted fluorescent dye assays on two plant species—one with consistent flower color
(Oscularia deltoides) and the other displaying flower color polymorphism (Cylindropuntia
wolfii). We recorded the number of flowers with each colored dispersed dye to assess differ-

ences and compared them to determine if one color was more dispersed than another. Our
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findings revealed a discrepancy in pollen transfer, with the green dye showing the highest
transfer frequency in both O. deltoides and C. wolfii. We hypothesize that this is due to
the common pollinator in both systems, Apis mellifera, being attracted to green color, and
consequently, to the green dye used. This chapter highlights that fluorescent dye color sig-
nificantly influences pollinator attraction, particularly the green dye, thereby introducing a

potential bias in pollination experiments.

4.2 INTRODUCTION

In angiosperms, pollen transfer/dispersal serves as a critical metric to study various
aspects of plant biology, including population structure (Schaal, 1975; Motlep et al., 2021),
mating patterns (Harder et al., 1996; Wessinger, 2021), evolution of plant traits and sexual
systems (Pyke, 1981; Perkins, 1977; Williams and Mazer, 2016), and pollinator effectiveness
(Schmitt, 1980; Diller et al., 2022). However, the limited capacity to track the movement
of pollen grains has rendered pollen dispersal one of the less explored aspects of plant
reproductive biology (Minnaar et al., 2019).

Previous studies have attempted to estimate pollen transfer by recording the dis-
tances traveled by pollinators (Schmitt, 1980; Waser and Price, 1982). However, this method
presents significant challenges, as pollen taken from one flower may not be entirely deposited
onto the next flower, and monitoring pollinators in natural environments can be complex
(Waser and Price, 1982). To address these challenges, more specific methods have been
developed to track pollen grains, such as the use of radioisotopes (Colwell, 1951; Schlising

and Turpin, 1971; Reincke and Bloom, 1979) or heavy metals (Gaudreau and Hardin, 1974)
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to mark pollen grains. But they are expensive and time-consuming (Waser and Price, 1982;
Minnaar and Anderson, 2019). Alternatively, pollen polymorphisms, such as differences in
color or size, have occasionally been employed for pollen tracking (Thomson and Plowright,
1980). However, the applicability of these methods is limited to species exhibiting such poly-
morphisms (Minnaar and Anderson, 2019). Recent advancements in molecular tools have
enabled scientists to sequence microsatellite markers from pollen and identify the pollen
donor (Matsuki et al., 2007). Nevertheless, this method requires substantial labor and fi-
nancial resources due to the meticulous process of isolating individual pollen, extracting
DNA, and sequencing them (Minnaar and Anderson, 2019).

An often-utilized and successful approach is the use of fluorescent dye powder
to coat the anthers (Stockhouse, 1976; Van Geert et al., 2010; Huais et al., 2022). These
powders, characterized by their minute particle sizes and emission of fluorescence in near-UV
wavelengths, are available in a variety of colors. Employing fluorescent dyes as substitutes
for pollen has notable advantages, like simplicity and cost-effectiveness (Waser and Price,
1982; Van Geert et al., 2010). Furthermore, formaldehyde-free dyes, when administered to
insects, have been observed to have minimal or no adverse effects on survival and mobility
(Rojas-Araya et al., 2020).

Various colors of dyes have been employed in studies without comparing their
potential differential attractiveness to pollinators. For instance, in a study by Adler and
Irwin (2006), green and orange dyes were used to evaluate the effectiveness of different
bee visitors in pollinating the distylous plant Gelsemium sempervirens. The researchers

noted variations in pollen-carrying capacities among different genera of bees. However, the
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potential influence of dye color attraction on the increased pollen-carrying load remains
uncertain. In another study, Diniz et al. (2019) utilized three distinct fluorescent dye colors
as surrogate pollen to explore the contribution of bats to pollen movement between three
isolated urban populations of Crescentia cujete (Bignoniaceae). The researchers observed
short-distance dispersal of the dye among these populations, a phenomenon inconsistent
with the anticipated dispersal capacity and foraging range of bats. However, the underlying
cause of this discrepancy, particularly whether it arises from the attractive nature of the
dye colors remains unclear.

In a parallel study, Ramadoss et al. (2023) investigated the influence of various
flower color morphs on pollinator visitation rates, utilizing fluorescent dyes as pollen analogs.
Focusing on the species of interest, C. wolfii, which exhibits six distinct flower color morphs,
the authors employed three different colored dyes (Ramadoss et al., 2023). The researchers
found that green flowers experienced a higher visitation rate, corresponding to the increased
dispersal of the green dye applied to them, a result consistent with their direct observations
of pollinator behavior. However, a crucial question that remains unanswered is whether
applying green dye to different flower colors would yield a similar increase in dispersal,
potentially indicating a bias toward the color of the dye in pollinator attraction.

In this chapter, we aimed to address the following questions:

1) Do different colored fluorescent dye powders affect pollinator attraction?

2) Does the application of green dye enhance pollen dispersal compared to other
dye colors in C. wolfii species?

To achieve these objectives, our study compares the dispersal patterns of dyes
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on two plant species—one with uniform flower color and the other exhibiting flower color

polymorphism.

4.3 METHODS

4.3.1 Species of interest

To compare dye dispersal patterns in systems with uniform and dimorphic flowers,
we selected two species for our investigation. For the uniform flower color system, we
chose Oscularia deltoides (family Aizoaceae) that produces pink colored flowers with yellow
colored pollen. This ornamental succulent is grown in the Mediterranean garden of San
Diego State University and has been observed to attract Apis mellifera, the European
honeybee. For the system with flower color polymorphism, we studied Cylindropuntia wolfii
(family Cactaceae). The flowers of C. wolfii exhibit six different color morphs, including
green, greenish yellow, yellow, yellowish orange, and red (Ramadoss et al., 2023) with yellow
pollen. Previous research has suggested that C. wolfii faces limitations in seed production
(Ramadoss et al., 2022). They are known to attract Apis mellifera and Diadasia sp., the

native cactus bee in the field (Ramadoss et al. 2023).

4.3.2 Fluorescent Dye Tracking Assay

To control for flower trait variables and isolate the potential influence of dye color
on pollinator attraction, we conducted the fluorescent dye assay on the uniform-looking
pink flowers of Oscularia deltoides. Six different colored dyes (ultra violet, horizon blue,

signal green, saturn yellow, blaze orange, aurora pink from DayGlo Color Corp) with a
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consistent amount of 1/2 teaspoon were randomly assigned to different flowers, with four
flower replicates for each dye color (sample size = 24 flowers with one flower per plant on
24 different individuals). To avoid edge effects, we selected plants located within a core
area, ensuring they were surrounded by neighboring plants within a 10-meter radius. Dye
application took place in the morning, and subsequent observations were conducted in the
evening. The presence or absence of dye on nearby flowers (within a 10m radius) was
manually recorded by illuminating them with UV light. We then counted the number of
flowers with each colored dispersed dye to identify any differences.

We conducted a fluorescent dye assay on the polymorphic flowers of C. wolfii,
employing a different approach from Ramadoss et al. (2023). Specifically, we applied green
dye to yellow flowers. To have a systemic and reproducible way of assigning dyes, each
of the six different color morphs was paired with a fluorescent dye based on ascending
wavelengths: green flowers with violet dye, greenish yellow flowers with blue dye, yellow
flowers with green dye, yellowish orange flowers with yellow dye, orange flowers with orange
dye, and red flowers with pink dye. In this approach, the flower color and dye color were
easily distinguishable by the observer. We employed four flower replicates for each dye color
(sample size = 24 flowers with one flower per plant on 24 different individuals). To avoid
edge effects, we selected plants located within a core area, ensuring they were surrounded
by neighboring plants within a 20-meter radius. We applied dyes to the anthers of flowers as
they began to bloom. A consistent amount of 1/2 teaspoon of dye was added to all flowers.
In the evening, we manually inspected neighboring flowers within a 20m radius to determine

dye dispersal. Due to the larger area of C. wolfii plants in the field as opposed to O. deltoides
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in the SDSU garden, we employed a greater radius. This assessment was conducted using
a black light, serving as an indirect measure of pollen dispersal. We recorded the presence
or absence of dye on these neighboring flowers. This methodology variation was introduced
to explore whether the preference observed for green and greenish-yellow flowers in the

previous study (Ramadoss et al. 2023) remains when green dye is applied to yellow flowers.

4.4 RESULTS

To uncover biases attributed to dye color, we conducted a fluorescence dye assay
on 24 uniform-looking pink flowers of O. deltoides. Most of the neighboring flowers that
were probed did not have any dye on them (114/213 =54%). The dye counts (i.e flowers
with at least one grain of dye powder were counted as ”yes”) are as follows: Signal Green -
72; Horizon Blue - 9; Blaze Orange - 8; Aurora Pink - 5; Saturn Yellow - 4; Ultra Violet -
2. The observed pattern indicates a higher propensity for dispersion with the Signal Green
dye compared to other colors (Fig. 4.1).

To evaluate potential biases towards green dye color preference, we performed a
fluorescence dye assay using six different dyes, each corresponding to the six flower color
morphs in C. wolfii, where 24 flowers were marked with the dyes. A majority of the flowers
(103 out of 227, or 46%) showed no dye dispersion. Notably, the green dye (36 flowers)
and yellow dye (33 flowers) exhibited higher dispersion rates than other dyes. These dyes
were associated with yellow and yellowish-orange flowers, respectively. The remaining dye
counts are as follows: Aurora Pink - 17 flowers; Horizon Blue - 16 flowers; Blaze Orange -

13 flowers; and Ultra Violet - 9 flowers.
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Figure 4.1: Bar plot showing the counts of A) O. deltoides and B) C. wolfii flowers having
the dispersed dye. The x-axis labels indicate the dye colors.

4.5 DISCUSSION

Several studies have utilized various colored dyes to assess the impact of differ-
ent floral traits on pollinator visitation rates (Van Geert et al., 2010; Diniz et al. 2019).
But an intriguing gap remains: few have examined the direct effect of dye color itself on
pollinator visitation. Our current study takes the initial step toward addressing this gap
by investigating the dispersal patterns of various dye colors on uniform versus polymorphic
flowers.

The uniform flowers O. deltoides’s dye dispersal indicated that the majority of
flowers with dispersed dye had green dye (72%). This observed pattern suggests that dye
color may indeed influence pollinator visitation, with green dye being the most deposited
on different flowers. These findings align with previous research suggesting that some bees

have heightened sensitivity to green (Kevan et al. 1996; Acharya et al. 2022). Moreover
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the complementary color to pink is green. Therefore, we can hypothesize that the green
dye may stand out more against the pink background, making it appear more attractive to
pollinators.

The fluorescent dye assay conducted in Cylindropuntia demonstrated that the
majority (approximately 67%) of flowers with dye exhibited green or yellow dye powder,
indicating that yellow or yellowish-orange flowers received more frequent visits from polli-
nators compared to other colors. This finding was consistent with their direct observations
of pollinator visitation (Ramadoss et al., 2023). However we acknowledge that our data
does not quantify the degree of contrast between the dyes and petal colors. Therefore, as a
next step to confirm pollinator color preference towards green dye our future study would
test each of the color morphs with all (or the same subset) of dyes. This would control for
background matching (or contrast) relative to the dyes.

Most bees can perceive colors within the 300 to 600 nm visual spectrum (Menzel
et al. 1991). While specific information on the vision of many solitary bees like Diadasia
is still under study, Apis mellifera bees are known to have trichromatic color vision with
highly sensitive photoreceptors at 344 nm (ultraviolet), 436 nm (blue), and 544 nm (green)
(Kevan et al. 1996; Acharya et al. 2022). In both species - O. deltoides and C. wolfii,
there is a notable dispersal of green dye (which could be confounded by flower color).
Our hypothesis is that the frequent visitation by Apis mellifera bees to both plant species
might be contributing to the increased spread of the green dye. Moreover, the heightened
dispersal of yellow dye in C. wolfii may be influenced by native Diadasia bees (not observed

in O.deltoides), potentially contributing to the observed attraction bias (Ramadoss et al.,
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2023) This is because Diadasia-visited flowers were more frequently in the bee-green (human
yellow) color (Messinger, 2013). However, it is not yet clear whether Diadasia bees have
an innate preference for this color. This highlights the intricacy of ecological interactions
and emphasizes the importance of interpreting results cautiously within specific habitats.
Although we lack the spectral information for the dyes, it would be interesting to investigate
whether the spectrum falls within the sensitivity range of the bee’s vision and if they can
distinguish between the green and yellow dyes. If they are unable to distinguish between the
green and yellow dye colors, it might suggest that they are attracted by the yellow pollen
that is common in both the plant species and the dyes as pollen analogues could increase
the respective flowers’s attractivity. Another step for future research is to test whether the
degree of color difference between the flower color and the dye color affects visitation. This
would help determine how bees perceive the dyes relative to the flowers.

Similarly to dye color, the color of bee pan traps is also known to influence bee
attraction (Leong and Thorp, 1999). Leong and Thorp (1999) proposed that specialist bees,
such as Diadasia sp., are attracted to traps resembling the color of their host flowers. How-
ever, data from Wilson et al. (2008) refutes this hypothesis. Interestingly, they found that
two Diadasia species (Diadasia australis and D. diminuta) show a preference for fluorescent
blue pan traps. These bee species are specialists on Cactaceae (pink, yellow and orange
flowers) and Malvaceae (orange flowers) whose flowers are not blue. This is indicative of
the fact that in the absence of a preferred color, bees visit other colors.

Another pantrap study by Acharya et al. (2022) investigated how different light

wavelengths and reflectivity of vane traps affect bee capture rates. Vanes in various col-
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ors—dark blue, bright blue, dark yellow, bright yellow, purple, and red—were assessed for
their light reflectance properties and attractiveness to different species bees including Apis
mellifera. Similar to Wilson et al. (2008), the study found that bright blue vanes had the
highest light reflectance, while bright yellow traps had the second highest capture rates. The
authors suggest that reflectance intensity from different colored vanes in traps influences the
number of bees attracted to the trap (Vrdoljak et al. 2012; Acharya et al. 2022). Therefore,
it is possible that the green and yellow fluorescent dye powders have higher reflectance than
other colors, potentially attracting Apis mellifera and Diadasia bees.

Overall our findings suggest that the dye powders used as pollen analogs may
have an influence on bee attraction potentially introducing bias in pollinator studies. We
acknowledge that our methodology would be more convincing if we reversed the dye colors
on the flower colors by using descending wavelengths of dye on ascending wavelengths of
flower color and observed the same pattern. However, the dye remains in the field for several
months after application, and the flowers only bloom once a year. Consequently, while this
study cannot be immediately replicated, it can be repeated in future blooming seasons to
better supplement our data. While our data suggests that dye color influences pollinator
attraction, we acknowledge the possibility of other underlying flower characteristics (such as
scent or nectar production) that may have also influenced attraction, but our data cannot

elucidate it.
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4.6 CONCLUSION

The main outcome of our investigation highlights the potential influence of flu-
orescent dye color on pollinator attraction, potentially biasing pollination experiments.
Specifically, we observed that green dye is the most dispersed in systems visited by Apis
mellifera. However we acknowledge that our data does not quantify the degree of contrast
between the dyes and petal colors. Therefore, as a next step to confirm pollinator color
preference towards green dye our future study would test each of the color morphs with
all (or the same subset) of dyes. Given the growing imperative for food sustainability, the
utilization of green dye may potentially aid in attracting honeybees, which are crucial for
the pollination of food crops. We recommend that researchers using fluorescent dye powders
carefully examine the potential impact of dye color on pollinator behavior, especially when

employing multiple colored dyes in systems with polymorphic flowers.
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Chapter 5

Genetic Ramifications of Sexual

Separation

5.1 ABSTRACT

Dioecy, the separation of sexes, is found in 6% of flowering plants. One hypothesis
suggests that it is an evolutionary tactic to mitigate inbreeding risks. Another hypothesis
suggests that dioecy might be an evolutionary dead end due to only half of the population
(females) contributing to seed production and dispersal. Despite phylogenetic studies chal-
lenging the second hypothesis, the scarcity of population genetics studies restricts conclusive
testing. Only two such studies have compared genetic diversity among species with different

sexual systems, yielding conflicting results. Our first goal is to test the two evolutionary

The materials presented in Chapter 5 have been submitted to Molecular Ecology for review as ” Genetic
Diversity Patterns in Cacti: Assessing Inbreeding Avoidance and the Dead End Hypothesis”
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hypotheses in the genus Cylindropuntia (Cactaceae) using population genetics. This genus
encompasses native endemic species with diverse sexual systems, with the separation of
sexes observed solely in polyploid species. Notably, polyploid species with separate sexes
(C. wolfii and C. chuckwallensis) share similar ploidy, flower colors, geographic proximity
and narrow distribution raising speculation about their shared ancestry. To address this
gap, our second goal is to investigate the shared ancestry of the sexually separated species
C. wolfii and C. chuckwallensis by investigating their genetic structure. One of the species,
C. wolfii has been reported to struggle to sexually reproduce based on previous evidence
and so, our third objective is to investigate whether C. wolfii is dominated by clonal re-
production.We collected six species with different sexual systems and sequenced them for
SNPs (single nucleotide polymorphisms) which were used to estimate the genetic diversity
parameters and population structure. The clonality of C. wolfii was assessed using a com-
bination of field survey and genetic analysis. The comparisons of genetic diversity between
species with different sexual systems did not support the dead end hypothesis. The field
survey of C. wolfii revealed no seed recruitment but the genetic analysis on the current
adult plants showed low signs of clonality suggesting that this species has recently shifted
to clonal reproduction. Results showed that overall this genus had low genetic diversity and

high differentiation implying that it is vulnerable to environmental threats.

5.2 INTRODUCTION

The sexual systems found in angiosperms exhibit a wide range of diversity. Roughly

90% of flowering plants have a hermaphroditic system, containing both male and female
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reproductive structures within the same flower of an individual. Some plant species have
developed floral unisexuality through spatial separation of their flowers (Yampolsky and
Yampolsky, 1922; Renner, 2014). These plants may exhibit male and female reproductive
structures on different flowers of the same plant which is known as the monoecious sexual
system or, have male and female flowers on separate male and female plants respectively,
known as dioecious sexual system (Darwin, 1877; Barrett, 2002). While the evolution of
dioecy has been a source of fascination for plant biologists, it is infrequent, constituting
approximately 6% of the total species in flowering plants (Renner, 2014). Gynodioecy
sexual system has been suggested to be a pathway for shifting from hermaphroditism to
dioecy in angiosperms, thus gynodioecious populations are composed of female individuals
and hermaphroditic individuals (Darwin, 1877; Renner, 2014). Consequently, gynodioecy
is often viewed as a less stable sexual system, characterized by its potential for reversibility
(Charlesworth and Charlesworth, 1978; Spigler and Ashman, 2012).

Angiosperm species with individuals bearing hermaphroditic flowers typically ex-
hibit a mixed mating system, leading to seed production through both self-pollination and
cross-pollination. There are two hypotheses that explain the evolution to sexual sepa-
ration in dioecious systems. The first hypothesis is widely accepted and explains the
separation of sexes in gynodioecious and dioecious systems is believed to have evolved
as an adaptive strategy to minimize the risks associated with inbreeding and the subse-
quent detrimental effects of inbreeding depression (Charlesworth and Charlesworth, 1978;
Olito and Connallon, 2019). In gynodioecious systems, female individuals are obligatory

outcrossers, while hermaphrodites may have the capacity for self-pollination. These dis-
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tinctions result in the offspring of females having an enhanced seed quality and quantity
compared to that of hermaphrodites, as a result of greater degree of outcrossing (Darwin,
1877; Shykoff et al., 2003; Dufay and Billard, 2011). In gynodioecy, the presence of self-
compatible hermaphroditic individuals is associated with the high selfing rate which can
lead to inbreeding depression (Darwin, 1877; Lloyd, 1982; Charlesworth and Charlesworth,
1978; Maki, 1992). In contrast, dioecy achieves maximal outcrossing due to the ab-
sence of hermaphrodites in the population (Lloyd, 1982; Charlesworth and Charlesworth,
1978), thereby reducing the chances of inbreeding depression (Thomson and Barrett, 1990;
Charlesworth, 1999).

Alternatively, the ‘dead-end’ hypothesis as proposed by Heilbuth (2000) posits
that dioecious lineages exhibit reduced species diversity in contrast to their non-dioecious
counterparts, possibly due to elevated rates of extinction. Heilbuth et al. (2001) elucidated
this hypothesis by highlighting two evolutionary drawbacks associated with dioecy. First,
only half the population, i.e females, contribute to seed production and dispersal, causing
less dispersal (smaller geographic distributions) and more competition for local resources
(fewer individuals per species) compared to hermaphroditic species (Heilbuth et al., 2001).
Second, in dioecious species with biotic pollination, the competition among males within
the species drives them to develop traits that make them more appealing to pollinators
than the females. As a consequence, the population size fluctuates with pollinator density,
which in turn will affect the genetic diversity (Vamosi and Otto, 2002).

Renner (2014) challenges the dead-end hypothesis by proposing that 43% of dioe-

cious species within species-rich clades have not been included in the study by Heilbuth
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(2000). If the pollinator and seed-dispersal drawbacks of dioecy exist, they should result in
dioecious species having smaller effective population sizes (Ne) compared to nondioecious
species. Thus this hypothesis can be tested by using genetic diversity as a proxy to assess
the long-term Ne effects in both dioecious and nondioecious species (Muyle et al. 2018).
Muyle et al. (2018) tested the dead-end hypothesis by comparing the genetic diversity and
adaptive potential of dioecious Silene species to their close non-dioecious relatives and thus
evaluate whether dioecy increases the extinction rates of species. In contrast to what one
might expect based on the dead-end hypothesis, Muyle et al. (2018) discovered that both
dioecious and gynodioecious species exhibited higher genetic diversity when compared to
their nearby hermaphroditic counterparts. On the other hand, a similar study by Maki
(1992) in the Chionographis genus showed that gynodioecious species have lower genetic
diversity compared to their hermaphroditic close relatives. To the best of our knowledge,
these contrasting studies are the only two comparing the genetic diversity between species
with different sexual systems in the same genus. Hence, further investigations are necessary
to determine the validity of the hypotheses related to sexual separation.

In this chapter, we focus on the genus Cylindropuntia, which belongs to the Cac-
taceae family and Opuntioideae subfamily, because it has hermaphroditic, gynodioecious
and dioecious systems allowing us to evaluate both hypotheses of evolution to sexual sepa-
ration. The dioecious and gynodioecious species exhibit characteristics suggestive of evolu-
tionary handicaps, including reliance on insect pollination and the absence of fleshy fruits,
which enables testing of the dead-end hypothesis (Baker and Hughes, 2014; Muyle et al.,

2018).
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Although the Cylindropuntia genus has diverse sexual systems, the dioecy or gyn-
odioecy is only observed in polyploid species C. chuckwallensis, C. calmalliana, C. san-
felipensis, C. wolfii and C. molesta (Baker and Hughes, 2014; Ramadoss et al., 2022).
Moreover, the coincidence of separate sexes, hexaploidy, diversity with up to six different
colors, geographic proximity and narrow distributions among C. chuckwallensis, and C.
wolfii is remarkable (Baker and Hughes, 2014). Baker and Hughes (2014) hypothesize that
these two species may be of hybrid origin (allopolyploidy), and share ancestry but there is
no genetic data to support this, and provide clear species delimitation for both. In response
to the gap in knowledge regarding the shared ancestry of these two species, our study aimed
to investigate this by population structure analysis.

The family Cactaceae belongs to the taxonomic groups facing the highest threat
levels analyzed to date with about 31% of the species classified in danger of extinction
(Goettsch et al., 2015). The reported low seed set in C. wolfii even with manual pollination
(Ramadoss et al., 2022) has raised conservation concerns, prompting an understanding of
the population’s genetic variation. The low seed set is suggesting challenges in successful
sexual reproduction (Ramadoss et al., 2022) of C. wolfii. This emphasizes the importance of
investigating whether the C. wolfii population is predominantly reproducing through clonal
ways. There is a lack of studies on other species of Cylindropuntia to assess if the seed set
is similarly affected.

The sexual system of the subfamily Opuntioideae (which Cylindropuntia belongs
to) has been investigated at the ecological, morphological and cellular level (Ramadoss et al.,

2022; 2023; Flores-Renteria et al., 2013; Strittmatter et al., 2008), however, it stands out for
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their limited exploration in genetic studies at the population level, marking a notable paucity
in research (Nassar et al., 2002; Helsen et al., 2011; Guerrero et al., 2019). This genus
encompasses about 39 species occurring throughout the major deserts of North America
(Majure et al., 2019). Our study is the first to report genetic parameters for species of this
genus. By exploring the genetic makeup of these species, we not only gain insights about
sexual separation but also provide valuable data for conservation efforts. We included
six species from this genus, each characterized 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).

Our first goal was to test the two hypotheses related to sexual separation using
the species of Cylindropuntia. We expect that if the dead end hypothesis holds true, dioe-
cious species would exhibit lower genetic diversity compared to the hermaphrodites. We
expect that if the adaptive strategy hypothesis holds true, the sexually separated systems
(dioecious and gynodioecious) species would exhibit higher genetic diversity compared to
the hermaphrodites. Our second goal is to investigate whether there is shared ancestry
between the two species C. wolfii and C. chuckwallensis that share similar morphological
traits, including unisexual flowers, geographic proximity and narrow distribution using clus-
tering analysis. We expect that if the two species have shared ancestry they will cluster
closely or together. Our third objective is to investigate whether C. wolfii is dominated by
clonal reproduction. We hypothesize that C. wolfii is dominated by clonal groups as they

are known to have reduced seed production (Ramadoss et al. 2022). This study lays a
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foundation for future research on dioecy evolution and conservation approaches concerning

Cylindropuntia.

5.3 METHODS

5.3.1 Sampling

To validate the two sexual separation hypotheses in the genus Cylindropuntia, we
examined the variations in genetic diversity among three different sexual systems that are
hermaphroditism, gynodioecy, and dioecy within genus Cylindropuntia. For hermaphroditic
sexual systems we collected fragments of at least 15 individuals from 3 species - C. echinocarpa
(CE), C. ganderi (CG) and C. ramosissima (CR). For the dioecious sexual system we col-
lected 124 fragments of C. wolfii (CW) and for the gynodioecious system we collected 30
fragments of C. chuckwallensis (CC).(Table 5.1). All the hermaphroditic species we col-
lected except C. bigelovii (triploid) are diploid whereas the gynodioecious and dioecious are
hexaploid. There are no gynodioecious nor dioecious diploid species in this genus. To mit-
igate bias introduced by high ploidy levels within the system i.e., higher diversity observed
due to the hexaploid nature of the gynodioecious and dioecious species, we specifically col-
lected specimens of a triploid species with a hermaphroditic reproductive system, known
as Cylindropuntia bigelovii (CB). If the triploid species exhibits significantly higher genetic
diversity than the diploids, we can infer that the observed diversity in hexaploid species
may be influenced by ploidy level, thereby preventing direct comparisons. All the collected
fragments were potted in the greenhouse. We ensured to collect only diploid individuals

of C. ramosissima by sampling from Joshua Tree National Park, CA, USA as they are
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also found to have a tetraploid population in Arizona (Baker et al., 2009). We adopted a
population genomics strategy, leveraging DArt-seq technology, which has a complexity re-
duction step that effectively diploidizes polyploid data generating thousands of SNPs from
the same homeologs, useful for comparison (Sansaloni et al., 2020). The SNP fragments are
derived from a single homeolog by utilizing variations in sequence and methylation status
among the homeologs. After sequencing the restriction fragments, DArTseq clusters all
similar sequences and then parse these clusters into SNP loci using specialized bioinfor-
matic algorithms. During the parsing process, it efficiently removes paralogs from the data.
Subsequently, the obtained SNPs were subjected to analysis for the assessment of genetic

diversity and population structure in each species.

Table 5.1: Sampling locations with coordinates and number of individuals sampled per

population.
Species Lat Long Location Individuals

C wolfi 32.672 | -116.097 Mountain Springs, 124
Imperial county, CA

C ganderi 32.677 | -116.104 Mountain Springs, 15
Imperial county, CA

C chuckwallensis | 33.733 | -115.812 | Joshua Tree National Park, CA 28

C ramosissima | 33.733 | -115.812 | Joshua Tree National Park, CA 20

C' echinocarpa 33.792 | -115.792 | Joshua Tree National Park, CA 20

C bigelovii 33.925 | -115.928 | Joshua Tree National Park, CA 20

5.3.2 DNA Extraction and Sequencing

A small piece of tissue (about 100mg) from the cholla fragments was collected and
placed in silica beads for about 2 weeks. The tissue was carefully cut to remove just the
epidermis and collenchyma part to avoid excess moisture. The nuclear DNA was extracted

using DNAeasy Plant Mini kit by Qiagen. The DNA quality was assessed by running a 1%
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agarose gel electrophoresis. After confirming the presence of high molecular weight bands
from gel electrophoresis, the samples were shipped to DArT for sequencing following Buck
et al. (2020, 2023). This technology uses a fusion of complexity reduction techniques and
next-generation sequencing (NGS) platforms based on Illumina to genotype thousands of
SNPs, as outlined by Jaccoud et al. (2001). Genome reduction is achieved by employing
specific endonucleases that target regions of low-copy DNA (Wenzl et al., 2004). DArTseq
technique has been known to be effective in genetic diversity studies of polyploids as well as
non-model organisms (Wenzl et al., 2004; Sohail et al., 2015; Shams et al., 2019). Moreover,
this technology delivers the capacity to analyze and compare genetic measures across ploidy
levels as the SNPs are derived from just one homeolog based on Bioinformatic algorithms
that can filter them based on sequence similarity and methylation status that potentially
vary between homeologs (Sansaloni et al. 2020).

A total of 227 samples were sequenced and a high density assay provided 47,857
SNPs. We further filtered the data for loci having less than 100% reproducibility, call rates
of ranges 100% (no missing data), 90%, 80%, 70% and 60%, monomorphs, departures from
Hardy-Weinberg equilibrium, and loci that have more than one locus per sequence tag. The
filtered data underwent conversion into suitable file formats for subsequent genetic analyses

through the utilization of the R package called dartR (Gruber et al., 2018).

5.3.3 Genetic Diversity

Different measures of genetic diversity and inbreeding were calculated using Gen-
oDive (Meirmans and Van Tienderen, 2004). The total number of alleles (A), expected

heterozygosity (He), observed heterozygosity (Ho), and inbreeding (Fis) were obtained for
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all the 227 individuals from the six species - C. wolfii, C. chuckwallensis, C. echinocarpa,
C. ganderi, C. ramosissima and C. bigelovii. The confidence intervals for the statistics
were obtained by bootstrapping over loci (10,000 bootstraps). In our study, we con-
ducted a one-sample t-test to compare the estimates of gynodioecious species with those
of hermaphrodites, assuming that gynodioecious C. chuckwallensis represents the expected
mean. We performed a similar analysis to compare the estimates of dioecious C. wolfit with

those of hermaphrodites.

5.3.4 Genetic Differentiation and Population Structure Analysis

To analyze the shared ancestry of C. wolfit and C. chuckwallensis we estimated
genetic differentiation and population structure from 227 individuals from the six species -
C. bigelovii (CB), C. wolfii (CW), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi
(CG) and C. ramosissima (CR). The Fst was obtained using the stamppFst command in
R package adegenet using the Weir and Cockerham (1984) method . The 95% confidence
interval was obtained by 1000 bootstraps. We utilized the 10,000’s of SNP loci obtained
from different call rates in four distinct complementary genetic clustering methods: This
included non-model based approaches such as Principal Coordinates Analysis (PCoA) and
Discriminant Analysis of Principal Components (DAPC) and model based analyses like fast-
STRUCTURE, and Construct. Principal Coordinates Analysis (PCoA), conducted using
dartR (gl.pcoa.plot) (Gruber et al., 2019), used differences in allele frequencies to delineate
the populations. Genetically unique clusters were ascertained through Discriminant Anal-
ysis of Principal Components (DAPC) in R, employing the adegenet package (Jombart,

2008; Jombart et al., 2010). DAPC uses the Bayesian Information Criterion (BIC) for com-
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paring different cluster solutions. The selection of the optimal cluster solution was based
on the lowest BIC score. Cross-validation was performed using the xvalDapc command to
determine the appropriate number of retained principal components (Jombart and Collins,
2015).

A Bayesian analysis of population clustering was executed using the software fast-
STRUCTURE (Raj et al., 2014). Here we employed the logistic prior with five cross-
validations on the dataset comprising 10,839 loci without any missing data. Subsequently,
we raised the missing data threshold (call rates of 90%, 80%, 70%, and 60%) to incor-
porate additional SNPs, to observe if this inclusion provides a more detailed population
structure.The selection of model complexity (K) was facilitated by the chooseK command
in fastSTRUCTURE. Subsequently, the Q mean bar plots derived from the analysis were
visualized using Microsoft Excel. A subsequent sub-structuring analysis was conducted in
fastSTRUCTURE for population cluster resolution. This involved utilizing the simple prior
as we have well structured populations.

We also inferred the genetic structure patterns through an additional spatial anal-
ysis known as conStruct (Bradburd et al., 2018). In spatial conStruct analyses, geographic
data is utilized, and the assumption is that allele frequencies exhibit a positive covariance
linked to geographic locations due to isolation by distance (Bradburd et al., 2018). We
evaluated spatial models across K = 3 to K = 10. The assessment of model performance
involved a combination of cross-validation and layer contribution scores. The determination
of the optimal K value was therefore based on selecting the model that preserves discernible

layer contributions and highest predictive accuracy.
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5.3.5 Clonality Analysis

To test whether C. wolfii is dominated by clonal reproduction, we conducted clon-
ality analysis in our SNP dataset. When employing nuclear markers to delineate multilocus
genotypes, the potential for misallocation of individuals exists, attributed to scoring errors,
PCR artifacts, and somatic mutations (Meirmans and Van Tienderen, 2004). To mitigate
this bias, we utilized the GenoDive program (Meirmans and Van Tienderen, 2004), which
groups individuals above certain threshold genetic differences (calculated based on an infi-
nite allele model) into a clonal lineage. To establish a threshold for genetic differences among
pairs of individuals, while excluding scoring errors or differences arising from somatic mu-
tations, we adopted the approach outlined by Wetzstein (2022). Here, the clonal threshold
was determined by doubling the maximum observed error rate in the dataset—specifically,
doubling the maximum genetic distance between replicated samples from the same individ-
ual.

Complementary to the genomic analysis, we conducted a field survey to identify
sexual recruitment ie. seedling of C. wolfii. The study was conducted in Mountain Springs,
focusing on a prominent area of C. wolfii. Four quadrants with a size of 20 x 20 m were
selected. Manual scouting was done during daylight hours to thoroughly explore the desig-
nated area. We looked for juvenile plants that are not around an adult plant and that were
less than 10 cm tall to distinguish them from clonally propagated individuals. Observations
were recorded manually for each quadrant, noting its location within the quadrants and any
relevant characteristics. The number of observations were manually counted to determine

the prevalence of sexual reproduction in C. wolfii.
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5.4 RESULTS

5.4.1 Genetic Diversity Analyses

Following the implementation of the DArTseq method, a comprehensive set of
SNPs markers were identified. A 100% call rate yielded a total of 10,839 SNPs, followed by
23,563 SNPs for 90% call rate, 33,157 SNPs for 80% call rate, 39,190 SNPS for 70% call rate
and 44,589 SNPs for 60% call rate. To validate the two sexual separation hypotheses in the
genus Cylindropuntia, we compared the genetic diversity between the sexually separated
systems (gynodioecy, and dioecy) and the hermaphroditic systems. The genetic diversity
measures (Fig. 5.1; Table 5.2) for every sampled population/species were estimated to
be lower. The observed heterozygosity (Ho) estimates ranged from 0.032 - 0.14, with the
C. chuckwallensis having the highest. The expected heterozygosity (He) estimates ranged
from 0.034 - 0.093, with the C. chuckwallensis again having the highest. In most cases,
the observed heterozygotes were more than the expected value. For diversity in terms
of numbers of alleles, C. chuckwallensis has the highest followed by C. wolfii which are
both sexually separated species. According to the t-test results, it was found that C.
chuckwallensis exhibited significantly higher values (p < 0.05) than its hermaphroditic
counterparts across all genetic estimates except for inbreeding. Conversely, for C. wolfii,
the t-test indicated significantly higher values only in terms of the number of alleles (p
= 0.02) when compared to its hermaphroditic counterparts. The estimated inbreeding
coefficients for each population were low (Table 5.2; Fig. 5.2), indicating avoidance or low

levels of mating among closely related individuals in this genus.
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Table 5.2: Genetic diversity estimates for each species. The species abbreviations are as
follows : C. bigelovii (CB), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi (CG)
and C. ramosissima (CR), C. wolfii (CW). The asterisk in the gynodioecious and dioecious
species indicate the significantly different values from the hermaphroditic counterparts.

Species | No of | No of | Effective | Ho He | Inbreeding Sexual
samples | alleles No of coefficient system
alleles

CC 28 1.321% 1.159* 0.14* | 0.093* -0.497 Gynodioecious

CW 124 1.301* 1.06 0.053 | 0.036 -0.464 Dioecious

CG 15 1.152 1.061 0.054 | 0.037 -0.443 Hermaphroditic

CE 20 1.183 1.049 0.032 | 0.034 0.047 Hermaphroditic

CR 20 1.25 1.082 0.05 | 0.054 0.065 Hermaphroditic

CB 20 1.206 1.06 0.059 | 0.034 -0.709 Hermaphroditic
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Figure 5.1: Genetic diversity parameters for gynodioecious (purple), dioecious (green) and
hermaphroditic (blue) systems. The error bars represent confidence intervals from boot-
strapping over loci.
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Figure 5.2: Inbreeding coefficient for gynodioecious (purple), dioecious (green) and
hermaphroditic (blue) systems. The error bars represent confidence intervals from boot-
strapping over loci.

5.4.2 Genetic Differentiation and Clustering Analyses

To assess hybrid origins or shared ancestry between CC and CW, we performed
population differentiation and clustering analyses. Fst estimates have a value from 0 -
1 with lower numbers indicating lesser differentiation. Our results (Table 5.3) show high
genetic differentiation between all species, except CW and CG that are geographically closer.
Estimated values range from 0.005 (between CG and CW) to 0.9 (between CE and CB).
All the Fst values are significantly different from 0.

Principal Coordinate Analysis (PCoA) indicated that the first two axes accounted
for 68.2% of the variation, highlighting the separation of all 227 individuals into four distinct
populations (Fig. 5.3a). Notably, with the exception of individuals CG and CW, each group
formed its own cluster based on their species group.

Consistent with PCoA, Discriminant Analysis of Principal Components (DAPC)
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Table 5.3: Pairwise species F-st estimates between species. The species abbreviations are
as follows : C. bigelovii (CB), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi
(CG) and C. ramosissima (CR), C. wolfii (CW).

Species | CC | CW | CG | CE | CR | CB
CcC 0
CW 0.4 0
CG 0.295 | 0.006 0
CE 0.452 | 0.629 | 0.634 0
CR 0.433 | 0.683 | 0.641 | 0.735 0
CB 0.798 | 0.881 | 0.883 | 0.9 | 0873 | O

also showed the formation of five genetically distinct clusters corresponding to the species
(Fig. 5.3b). Intriguingly, individuals from CG and CW were observed to share the same
cluster. Then we further did hierarchical analysis of PCoA and DAPC including just CG,
CW, CC and CE and recovered 3 different groups that account for CG-CW cluster, CC
and CE respectively. Subsequent sub-DAPC and sub-PCoA analysis focusing just on CG
and CW, reaffirmed their joint clustering. In revised analyses of complete and sub groups,
where the call rates were adjusted to 90%, 80%, 70%, and 60%, resulting in an increased
number of SNPs, the genetic data did not show a clear separation between CG and CW.
FastStructure analysis showed that K=5 to be the optimal number of clusters.
Again, CW and CG formed one cluster and the rest of them formed their own cluster based
on the species they belong to. No signs of admixture were evident from the plot (Fig. 5.4).
Substructuring using just CW, CG, CC and CE with call rates ranging from 100%-60%
showed that K=3 is the optimal number of clusters. Here again CW-CG was one cluster
and the other two species formed their own cluster. Further substructuring with CW and
CG samples only and with 100%, 90%, 80%, 70% and 60% missing data showed that K=1

to be the optimal number of clusters.
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Figure 5.3: (a) Principal Coordinate Analysis (PCoA) of 227 samples using SNP markers.
The percentages of total variance explained by each coordinate are provided in parentheses.
(b) Discriminant Analysis of Principal Components (DAPC) for the same 227 samples. The
axes in this plot represent the first two linear discriminants (LD). Each square within the
plot corresponds to a distinct cluster, and the numerical labels denote the different groups
identified by DAPC.

Figure 5.4: fastSTRUCTURE plot showing five genetic clusters (K=5) colored by genetic
identity. Each line on the x-axis represents an individual and the proportion of ancestry
derived from a certain genetic cluster is represented by the y-axis.The species abbreviations
are as follows: C. bigelovii (CB), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi
(CG) and C. ramosissima (CR), C. wolfii (CW).
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The CONSTRUCT analysis, based on 0% missing data, indicated that K=4 is the
optimal number of clusters, as determined by layer contribution analysis and cross validation
analysis (Fig. 5.5). The four clusters were separated as follows: CE, CR, CB and CW-CG
and finally CC is observed to have shared ancestry from all the four clusters mentioned
earlier with genes derived almost equally from all four distinct clusters. However, in the
presence of 10% missing data and an increased number of SNPs, the analysis suggested that
K=5 is optimal based on layer contribution and cross validation analysis. Remarkably, this
outcome aligns closely with the results obtained from FastStructure analysis. Once again,
CW and CG clustered together, forming one distinct group, while the remaining entities
constituted a separate cluster based on their respective species. Notably in spatial analysis,
indications of admixture were present, particularly in CC, CR, CW, and CG. In CC, there

was discernible ancestry derived from CR, CE, CB and CW (Fig. 5.6).
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Figure 5.5: CONSTRUCT plot based on 0%missing data, showing four genetic clusters
(K=4) colored by genetic identity. The species abbreviations are as follows: C. bigelovii
(CB), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi (CG) and C. ramosissima
(CR), C. wolfii (CW).
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(CB), C. chuckwallensis (CC), C. echinocarpa (CE), C. ganderi (CG) and C. ramosissima
(CR), C. wolfii (CW).

5.4.3 Clonality Analysis and Field Survey

Our results showed partial evidence of clonal reproduction in C. wolfii. The max-
imum clonal distance (i.e., pairwise individual genetic distance) between the replicated
samples was computed to be 78. Doubling this value results in a threshold of 156, and this
was employed in the analysis to identify different genets. Out of the 124 individual C. wolfii
ramets subjected to genotyping, GenoDive identified a total of 112 distinct clonal lineages
plus six clonal groups with two ramets each.

In contrast, no new recruitment of C. wolfii seedlings was detected in the field as
evidence of sexual reproduction. Out of the four surveyed quadrants, one quadrant revealed
the presence of a juvenile cactus (32°40’27”N, 116°05°51.0”W) exhibiting characteristics

suggestive of seed germination. However, it is highly probable that this juvenile cactus
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belongs to the species Echinocereus engelmannii, as it is native to the area. Notably, we did
not encounter any seedlings of Cylindropuntia spp. during our investigation. Contrastingly,
an average of 39 fragments per quadrant was observed in proximity to adult plants within

the surveyed area.

5.5 DISCUSSION

The genetic diversity comparisons between species revealed that the gynodioecious
species CC exhibited significantly higher genetic diversity compared to all hermaphroditic
counterparts. Interestingly, dioecious species CW demonstrated comparable genetic diver-
sity to that of hermaphrodites. These findings provide partial support for the inbreeding
avoidance as a potential driving force behind sexual separation and do not support the dead
end hypothesis which suggests that dioecious species will have a lower genetic diversity than
that of hermaphrodites. Certainly, the higher number of alleles observed within the CC and
CW species compared to the remaining species suggests an advantage in terms of genetic
variation for sexually separated systems. However, when we compare the effective number
of alleles, CC had a higher value than the hermaphrodites and CW had a comparable value.
Thus, this observation of the high number of alleles in CW might be influenced by the larger
number of individuals compared to other species in our dataset.

The inbreeding coefficients reveal that both the gynodioecious and dioecious sys-
tems exhibit outbreeding while some hermaphroditic species (CE, CR) exhibit minor in-
breeding. These findings provide further support for inbreeding avoidance, suggesting that

sexual separation in Cylindropuntia species may indeed have evolved to avoid inbreeding.
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The outbreeding in CC and CW can be attributed to the inability of females in the gynodi-
oecious population and that of all individuals in dioecious populations to self-fertilize. CC is
morphologically classified as gynodioecious; however, experimental crosses or embryological
studies are needed to accurately determine the sexual system of this species (Ramadoss,
2022). Therefore, it is possible that it is functionally dioecious as CW. In such cases, CC
would rely entirely on outcrossing, explaining the observed high levels of outbreeding. Fur-
thermore, CC is also hypothesized to be of hybrid origin from C. acanthocarpa and C.
multigeniculata (Baker and Hughes, 2014) based on morphological similarities (tepal and
stigma color from C. acanthocarpa and stem number per trunk, habit from C. multigenic-
ulata) and could have led to high levels of heterozygosity. Although we did not include
the parental species hypothesized by Baker and Hughes (2014), our clustering analysis indi-
cates that CC likely originated from hybridization. Contrarily, the hermaphroditic species
CE and CR demonstrated low inbreeding, aligning with expectations given their bisexual
flowers. Interestingly, the hermaphroditic CG displayed outbreeding despite the presence
of bisexual flowers, suggesting the potential presence of self-incompatibility strategies. The
CB species is postulated to engage in clonal reproduction, a characteristic attributed to
its triploid nature (Fong et al., 2019). However, the elevated out breeding coefficient for
CB observed in our study suggests an alternative explanation. This phenomenon can be
explained by the Meselson effect, a mechanism known to sustain or potentially enhance het-
erozygosity over successive generations in asexual species through irreversible accumulation

of mutations in homologous chromosomes (Welch and Meselson, 2000).
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Overall the genetic diversity values of Cylindropuntia were extremely low and
comparatively similar to that of the critically imperiled Florida Tree cactus Pilosocereus
robinii measured from SNP markers, also reported to have lower genetic diversity (Fotinos,
2013). The inbreeding coefficient observed in Cylindropuntia is comparatively lower than
that reported for P. robinii , a species where inbreeding is known to impact genetic diversity
(Fotinos, 2013). Hence, this implies that factors besides inbreeding may be influencing the
reduced heterozygosity levels in Cylindropuntia. s. We can attribute it to genetic drift as
it tends to have a more pronounced effect in small populations (Nabutanyi and Wittmann,
2022). Additionally, in dioecious species with insect pollination, competition among males
could render them more appealing to pollinators than females, thereby causing the overall
population size to be contingent upon variations in pollinator density (Vamosi and Otto,
2002). Consequently, fluctuating population sizes will lead to low levels of genetic diversity
(Muyle et al., 2018). A previous study on C. wolfii demonstrated a pollinator preference
bias towards males over female flowers (Ramadoss et al., 2023), attributed to their larger
flower size and more vibrant colors. Thus, this phenomenon might elucidate the observed
low genetic diversity in C. wolfii in our current study.

Genetic differentiation and clustering analyses not only helps us understand the an-
cestry of species but also provides parameters for effective biodiversity conservation (Pearse
and Crandall, 2004; Ottewell et al., 2016; Buck et al., 2023). According to Nei’s (1986)
qualitative indices for Fst, the findings in Cylindropuntia species suggest high genetic dif-
ferentiation, with the exception of CG and CW, implying that five out of six are different

species. Based on morphological characteristics such as prominent spines on upper stems,
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hiding stems and tubercles (Chester, 2007), it can be discerned that CW is more closely
related to the CG clade than to the CE or CR clades (Majure et al., 2019). Additionally,
our genetic clustering analysis like PCoA, DAPC, ConStruct and FastSTRUCTURE also
supplement the data by suggesting that there are 5 genetically distinct clusters grouping
according to their species except for CW-CG cluster. The clustering of CW and CG could
be attributed to several plausible explanations. Firstly, it is possible that ongoing hybridiza-
tion events are occurring between CG and CW, as they coexist in sympatry. Furthermore
preliminary observations suggest that the CG species collected for the study have physical
characteristics indicative of hybrids originated from CG and CW. Secondly, considering CW
is hypothesized to have a hybrid origin, it is plausible to speculate that CG may serve as
one of its parent species. Additionally, given that Dartseq diploidizes the polyploid data,
it is conceivable that the captured SNPs may represent the haplotype of one parent, po-
tentially CG in this context. Alternatively, the genetic markers we sequenced may not
have completely sorted into distinct lineages as not enough time has passed (ILS - Incom-
plete Lineage Sorting). Additional data such as Whole Genome Sequencing or conducting
more advanced coalescent-based phylogenetic analyses, may help elucidate the underlying
processes contributing to the clustering of CW-CG.

Notably, the next pair with the least genetic differentiation, are the two hexaploids
CC and CW, which share similar flower color polymorphism, unisexual flowers, and a pre-
dicted shared common ancestor of C. acanthocarpa (Baker and Hughes, 2014). In the DAPC
and PCoA plots, CC clustered close to the CW and CG cluster suggesting it could be phy-

logenetically closely related to them. Although no shared ancestry between CC and CW
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was evident in the FastSTRUCTURE analysis, we observed admixture between CC and
CW individuals in the ConStruct analysis. Specifically, in both the K=4 model, CC cluster
consisted of equally shared ancestry with all the other four gene clusters, while the CW
individuals exhibited some admixture with the other four gene pools, implying the poten-
tial for an allopolyploid origin. In the K=5 model, CC exhibited its own gene pool with
admixture with all the other four gene clusters. This implies that the other species may
either be the parent or share genetic material with the parents of CC. In the phylogenetic
context, CB is recognized as the sister taxon to the remaining members of the Cylindrop-
untia genus included in the study by Majure et al. 2019, thereby accounting for its high
genetic differentiation from other species within the group.

The overall low genetic diversity raises significant conservation concerns for the
Cylindropuntia species (Fahrig, 2002; Reed and Frankham, 2003).The low genetic diversity
is directly related to a constrained evolutionary potential (Spielman et al., 2004). Conse-
quently, the six Cylindropuntia species in our study might encounter challenges in adapting
to forthcoming extreme climatic changes (Zscheischler et al. 2020). Some species have over-
come this low genetic diversity with the help of gene flow (Teukeng et. al 2022; Buck et al.,
2023). But our data does not show evidence for a lot of gene flow in these species except
for CC, potentially because of difference in ploidy or other kinds of barriers that could be
temporal, mechanical or behavioral.

The observed clonality from genetic markers does not account for the low genetic
diversity within the C. wolfii population. Excluding the known replicates, two clonal lin-

eages were identified, each comprising a pair of ramets from different individuals. In one
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lineage, the individuals were geographically proximate (50 ft), both being females. How-
ever, one had orange-red flowers, while the other exhibited a red flower morph. This shows
that even though they are from a single clonal group they can accumulate genetic varia-
tions that can influence a slight shift in their flower color morphs. The second clonal pair,
despite being 365 feet apart, consisted of both male individuals with green flower color
morphs.This suggests limited clonal recruitment in the adult population or current genera-
tion that exists in Mountain Springs. However, during our sampling process, we specifically
collected individuals that were at least 20 feet apart. Thus it is possible that our sampling
method may have led to an underestimation of clonality among the adult plants present in
Mountain Springs. The observations from the field survey however suggest a phenomenon
consistent with clonal propagation for the next generation, as the fragments we noted are
likely a result of asexual reproduction process associated with falling of fragments from
mature plants. Thus we can suggest that this species has shifted from sexual reproduction
to clonal reproduction and this shift could be influenced by climate change, decrease in
pollinators, negative mutation or a combination of all such factors (Barrett, 2009; Barrett,

2015; Hamann et al., 2021).

5.6 CONCLUSION

Based on the findings of our study, it is evident that the Cylindropuntia system
does not support the dead end hypothesis. The dioecious system displayed genetic di-
versity parameters that were comparable to those of hermaphrodites. Interestingly, the

gynodioecious species exhibited higher genetic diversity compared to the hermaphrodite
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species. However, it is crucial to acknowledge the ambiguity about the sexual system of C.
chuckwallensis, as it is only morphologically identified as gynodioecious. Nevertheless, it is
imperative to recognize the limitations of our study. The inclusion of only one dioecious
and one gynodioecious species restricts the generalizability of our conclusions, as observed
patterns may be influenced by factors beyond the sexual system itself. Furthermore, our
genetic structure analysis revealed intriguing clustering patterns with C. wolfii-C. ganderi
forming one cluster, suggesting potential hybridization or incomplete lineage sorting with
C. ganderi possibly serving as one of the parents of C. wolfii. Overall, our investigation
highlights the relatively low genetic diversity within the Cylindropuntia genus, with C. wolfii
exhibiting a notable shift towards clonal reproduction, as indicated by field surveys. These
findings underscore the urgent need for conservation efforts to protect these species and

their genetic diversity.
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Chapter 6

Conclusions

The genus Cylindropuntia is a useful model in the study of sexual separation and
its consequences. Based on histological and developmental crosses, we have identified the
sexual system of Cylindropuntia wolfii to be functionally dioecious which was previously
noted as gynodioecious. This highlights the necessity of accurately identifying the sex-
ual systems of other species within the genus that are also morphologically described as
gynodioecious. Our study is the first in the genus of Cylindropuntia to describe the de-
velopment of unisexual flowers. The male sterility pattern in this species was observed to
be similar to other Cactaceae species suggesting a common underlying mechanism in this
family. Furthermore, we also identified sexual dimorphism in floral traits of C. wolfii where
the male flowers are significantly bigger than female flowers. Additionally, we observed
sexual dichromatism, with males displaying brighter tepals and females exhibiting darker
ones. Moreover the females flowers have significantly higher fluorescence in their anthers

compared to the male counterparts. This phenomenon is called fluorescent dichromatism
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and it has only been reported in birds so far. Our study introduces, for the first time,
fluorescence sexual dichromatism in a plant species, highlighting significant implications
for future studies on the dioecious plant-pollinator interactions. The mechanism underly-
ing the autofluorescence of sterile anthers may be widespread among functionally dioecious
species, warranting further investigation. Our pollinator survey revealed that male flowers
attracted more potential pollinators than females, potentially linked to the observed sexual
dimorphism. This observation might explain the decreased seed production observed in the
C. wolfii species, as lower pollinator densities could result in fewer opportunities for female
ovules to be fertilized, leading to reduced fruit maturation. Additionally, we also found
that the pollinator attraction can also be influenced by the choice of fluorescent dye used
as pollen analogues in ecological surveys. Particularly the green dye introduces a potential
bias in bee pollination experiments by having a higher attraction rate. We suggest that
researchers utilizing fluorescent dye powders should investigate the potential impact of dye
color on pollinator behavior, particularly when utilizing multiple dye colors.

Our population genetic estimates revealed that the Cylindropuntia system deviates
from the dioecy dead end hypothesis. The dioecious species C. wolfii displayed genetic
diversity comparable to those of the hermaphrodites. Notably, the gynodioecious species C.
chuckwallensis exhibited higher genetic diversity than the hermaphrodites. However, it’s
essential to acknowledge the uncertainty regarding the sexual system of C. chuckwallensis, as
it is only morphologically identified as gynodioecious suggesting that it could be functionally
dioecious like C. wolfii. Nevertheless, it is imperative to recognize the limitations of our

study. The inclusion of only one dioecious and one gynodioecious species restricts the
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generalizability of our conclusions, as observed patterns may be influenced by factors beyond
the sexual system itself such as ploidy level, geographic location or population size. Overall,
our investigation highlights the relatively low genetic diversity within the Cylindropuntia
genus, with C. wolfii exhibiting a notable shift towards clonal reproduction, as indicated by
field surveys. These findings underscore the urgent need for conservation efforts to protect
these species and their diversity.

Finally, our genetic structure analysis revealed intriguing clustering patterns with
C. wolfit and C. ganderi forming one cluster, suggesting potential hybridization or incom-
plete lineage sorting with C. ganderi possibly serving as one of the parents of C. wolfii.
Future studies should prioritize accurate identification of the sexual system of C. chuckwal-
lensis through comprehensive histological analysis and leverage the power of Whole Genome
Sequencing (WGS) to uncover the elusive parental origins of allopolyploid species within
this genus. Additionally, employing coalescent-based approaches can illuminate the evolu-
tionary history behind the observed low genetic diversity across these species, paving the
way for a deeper understanding of their genetic dynamics. By advancing the knowledge on
sexual systems and its consequences, our study aims to aid in the conservation of cacti, the

fifth most threatened group on Earth.
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