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ABSTRACT

The overwhelming majority of flowering plants reproduce through the production of
hermaphroditic flowers. A small percentage of angiosperm species instead are dioecious,
producing either male or female flowers on individual plants. Dioecy can be mediated at the
molecular level by a sex chromosome that genetically differentiates males and females. Sex
chromosomes evolve from autosomes, and this conversion is hypothesized to involve muta-
tions in one or more linked genes that determine sex. Given the complexities of anther and
ovule development, the full suite of sex determination genes has not been described for any
dioecious plant. Here we explore the conversion from autosome to an XY sex chromosome
using garden asparagus (Asparagus officinalis), an ideal model system for studying the ear-
liest events in sex chromosome evolution given that it recently evolved a sex chromosome
pair. Focusing first on broad trends, genomic characterization of several hermaphroditic and
dioecious species across the Asparagus genus revealed an increase in retrotransposon con-
tent coincident with the evolution of dioecy. To identify putative sex determination genes
on this Y chromosome, we then explore the timing of male and female sterility events in
garden asparagus, hypothesizing that anther sterility in females likely occurs before pollen

microsporogenesis. Finally, we assemble and annotate a high quality reference genome for



garden asparagus, and perform a suite of mutant analyses to identify two genes in a non-

recombining region of the Y that are ultimately responsible for sex determination.
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Chapter 1

A century of sex determination in

plants

Harkess A, Leebens-Mack J. Submitted to Heredity. March 28, 2016.
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1.1 Abstract

Plants have evolved a diverse array of strategies for sexual reproduction, particularly through
modification of male and female gender functions. The immense variation in sexual systems
across the land plants provides a unique opportunity to study the genetic, epigenetic, phy-
logenetic, and ecological underpinnings of sex determination. Here we reflect on the last
century of research on plant sex determination including some of the earliest genetic and cy-
togenetic experiments focused on gender differences and recent genomic investigations. For
more than a century botanical researchers have leveraged the diversity of plant mating sys-
tems to advance understanding of gender determination and comparative genomic analyses
are now allowing us to address longstanding questions about the origin and early evolution

of sex chromosomes.

1.2 Observations drive hypotheses

Plants have evolved a remarkable array of mating systems, including self-compatibility in
hermaphrodites, obligate outcrossing in dioecious species, and myriad intermediate sexual
systems. The Mendelian basis of sex inheritance in dioecious plants has been long studied
but there have been exciting new breakthroughs in understanding the molecular basis for
gender determination in dioecious species (e.g. Akagi et al. 2014, Boualem et al. 2015). As
we work to place these recent findings into a coherent framework for understanding plant
sex chromosome evolution and implications for sex chromosome research more broadly, it is
an opportune time to consider the last century of research into gender differences and sex
chromosomes in plants. In doing so, we find the same ecological and genetic questions that
motivate our current research equally puzzled botanists more than a century ago: why do so
many sex forms exist across the plant phylogeny; why do some dioecious plant species exhibit

heteromorphic sex chromosomes while others have indistinguishable sex chromosomes; and



what are the sex-determining factors that differentiate males and females at the genic level?

Early observations of dioecious and subdioecious populations implicated separate factors
influencing whether plants exhibited male, female, or mixed gender function. Geoffrey Smith
(1904) was particularly influential in the earliest research of gender conversions, document-
ing how parasitic castration of male Inachus mauritanicus crabs led to the development of
hermaphroditic characteristics. Given that parasitized females never developed any obvious
male characteristics, Smith concluded that the male developmental pathway includes sup-
pression of female function through changes in metabolism. Whereas this work provided
insights into the nature of gender differences, the inheritance of these differences remained
obscure.

Correns (1907) used dioecious Bryonia dioica (Cucurbitaceae) to infer that distinct pollen
types produce male and females offspring in a Mendelian fashion. Correns surmised that
a sex-determining factor must be homozygous in one sex and heterozygous in the other.
This was a pivotal inference in the early development of sex determination research. Upon
discovering and selfing reversible hermaphroditic mutants of the typically dioecious Lychnis
dioica (now Silene dioica, a close relative of Silene latifolia), George Shull confirmed Cor-
rens Mendelian model of sex determination and inferred that mutant hermaphrodites were
derived from modification of male genotypes (Shull 1911). This finding closed the circle be-
tween Smith’s work on parasite-induced castration of Inachus with Correns’ work on gender
inheritance.

Even earlier, Wehrli (1892) elaborately described sexual transitions and phenomena in
more than 80 plant species ranging from yearly sex changes in nutmeg, male to hermaphrodite
flower conversions, and the formation of male flowers on female plants. Haring (1894) de-
scribed similar plasticity in willows (Saliz caprea and Salix cinerea). The plasticity of ob-
served sex forms, especially the intergradation between discrete male and female forms, was

the foundation for future curiosities about the cytogenetic differentiation of male and female



forms across the land plants.

1.3 The cytological foundation of sex differences

With a growing appreciation of the Mendelian nature of sex inheritance, the morphological
diversity of plant sex chromosomes quickly became obvious through cytogenetic analyses.
Following quickly on the heels of animal research (e.g. Morgan 1914), hetermorophic plant
sex chromosomes were first discovered in the liverworts by Charles Allen at the University
of Wisconsin, reporting a large chromosome only present in female Sphaerocarpus donnellii
(Allen, 1917). Blackburn (1923, 1924) and Winge (1923) soon afterwards independently
described Lychnis dioica as containing homomorphic XX chromosomes in females and het-
eromorphic XY sex chromosomes in males, with the Y being much larger than the X.
Botanists doing cytological research first hypothesized that the difference in chromatin
content between males and females with heteromorphic sex chromosomes was a key determi-
nant of sex. This hypothesis was soon discounted given the observation of indistinguishable
homomorphic chromosomes in males and females of many animal systems (Winge 1923, Jones
1933). Researchers returned their attention to the identification of sex determination genes
that may reside on either homomorphic or heteromorphic sex chromosomes in males and
females. Cytological investigation of hermaphrodite mutants was exceptionally important
in Silene latifolia. Westergaard (1940, 1946, 1958) identified hermaphrodite mutants with
Y chromosomes destroyed at the distal ends, suggesting that at least part of the Y chromo-
some encodes a region that dominantly suppresses female carpel development in males while
simultaneously promoting the proper development of anthers. But as Winge (1937) wrote,
The views as to where the genes are located and whether a single gene or several genes be
present in the respective [sex| chromosome suggest that the matter is more complicated than

was at first supposed.



1.4 Identifying sex determination genes before genomics

Understanding the developmental genetics of male and female function in hermaphroditic
species is critical for elucidation of sex determination in dioecious species. Given that we now
better understand the complexity of the anther and ovule development pathways (Chang et
al., 2011; Wilson et al., 2011), it is possible that mutations in myriad genes in those pathways
can lead to the same terminal phenotypes of male and female sterility. Consequently in
hermaphroditic or monoecious flowers, every necessary floral gene can be considered a sex
determination gene. Given the relative conservation of many aspects of both the male and
female floral development pathways across the angiosperms, our understanding of a sex
determination gene in one species can be informed through analysis of another tractable
system.

Maize, a monoecious species with separate male (tassels) and female (ears) flowers on the
same plant, played a critical role in the early understanding of the genes involved in male and
female function and development. In particular, the identification of various floral mutant
elucidated several floral development pathways and sex determination genes. Emerson (1920)
first described the seminal tassleseed-1 and tassleseed-2 mutants which, among disruptions
in branching of inflorescences, ears, and tassels, led to the near-complete feminization of
the male tassels. Phipps (1928) found a related mutant tassleseed-/ with a similar femi-
nization phenotype. Nearly a century later, it is now known that the tassleseed-4 mutation
disrupts the miR172 microRNA that normally targets APETALA2 (AP2) floral homeotic
transcription factors for proper function, whereas tassleseed-1 eliminates expression of a
plastid-encoded lipoxygenase that severely reduces jasmonic acid production (Chuck et al.,
2007; Acosta et al., 2009).

Through the discovery of mutants that modified male or female function, it was further

realized that sex differences could not be solely attributed to genes on a sex chromosome.



Strasburger (1900) described a fungal-induced sex change where Ustilago violaceae anther
smut fungus (now Microbotrytum violaceum) can infect Melandrium rubrum (now Silene
dioica previously known as Lychnis dioica, or red campion) females to produce rudimentary,
sterile anthers inside of which the fungus sporogenously propagates. A nearly identical pat-
tern of infection and sterile anther growth in females was seen in closely related Lynchis dioica
by Doncaster (1912). In both experiments, male flowers were phenotypically and functionally
unaffected by infection. Even X:Y chromosome dosage ratios were tested independently (and
by coincidence, concurrently) by Warmke and Blakeslee (1939) and Westergaard (1940) in
synthetic autotetraploid Melandrium dioicum and Melandrium album individuals, showing
elegantly that regardless of X chromosome number in XY, XXY, or XXXY genotypes, a sin-
gle copy of the Y was necessary for male determination. It became clear that Y chromosomes
must contain male-specific sequences or alleles that contribute to the active determination

of maleness, but the identification and characterization of these loci has continually proved

difficult.

1.5 The modern genomics era

With the emergence of genomic tools, there has been an expanding number of model plant
systems for investigating the evolution of sex chromosomes and sex determination genes.
Plants, and particularly flowering plants, are unique in the sense that they have repeatedly
transitioned between sexual systems across the phylogeny (Bachtrog et al., 2014). Roughly
5-10% of angiosperm species have been characterized as dioecious (Renner et al., 2012).
We now understand better that male and female floral organogenesis in plants is regulated
by an assortment of genes, transcription factors, small RNAs, hormones, environmental
factors, and epigenetic marks that interact for proper androecium and gynoecium develop-

ment (Chuck et al., 2007; Niculita-Hirzel et al., 2008; Martin et al., 2009; Nag and Jack,



2010; Hartwig et al., 2011; Adam et al., 2011; Song et al., 2013). Consequently, the par-
ticular male and female sterility mutations on a sex chromosome pair that initially drive
a hermaphroditic species to dioecy are likely different across all independently evolved sex
chromosomes (Ainsworth, 2000; Diggle et al., 2011). As a result, every novel sex chromosome
system poses unique challenges when identifying likely candidate sex determination genes.
While there is little reason to expect independently derived plant sex chromosomes to
harbor the same sex determination genes, there is reason to expect common evolutionary
themes in the evolution of sex chromosome structure (Ming et al., 2011; Charlesworth, 2015)
A hallmark of a typical plant nuclear sex chromosome is a non-recombining region flanked by
recombining pseudo-autosomal region(s) (PAR). The physical size of the non-recombining
region relative to the PAR is highly variable across sex chromosome systems. Hemizygous
sex chromosomes (Y or W) are hypothesized to grow as a consequence of irreversible trans-
poson, satellite repeat, and organellar DNA accumulation in the non-recombining region as
well as possible translocation of genes contributing to male or female fitness in the case of Y
and W chromosomes, respectively. Consequently, the size of the non-recombining region on
the Y/W is expected to expand over time relative to the size of homologous regions on X/Z
chromosomes (Ming et al., 2011). This prediction does not hold for some bird, snake, and
frog lineages though, which have maintained small non-recombining regions on homomorphic
sex chromosome pairs for long periods of time (Bergero and Charlesworth, 2009; Guerrero
et al., 2012; Bewick et al., 2013). As it currently stands, identifying global trends across
plant sex chromosomes is difficult given the small sample size of sequenced dioecious plant
genomes. Comparative analysis of independently derived sex chromosome systems is forth-
coming but sequence and assembly of repeat rich non-recombining sex determination regions
remains challenging. With technological advances including long-read sequencing and phys-
ical mapping approaches, comparative analyses across dioecious lineages can be utilized to

test whether parallels exist in sex chromsome evolution and structure across divergent taxa.



At the same time, comparative analyses within dioecious plant groups will allow researchers
to elucidate conditions under which the size non-recombining regions may be expected to
stable or dynamic.

Several plant systems have been particularly important to our understanding of the evo-
lution of sex chromosomes and sex determination genes, though. The power of plants for
studying the evolution of sex determination genes on sex chromosomes comes not from a sin-
gle system, but by holistically studying the repeated evolution and subsequent diversity of
sex chromosomes across the flowering plant phylogeny. While by no means an exhaustive or
all-inclusive list, the establishment of genomic research into asparagus, papaya, strawberry,
white campion, persimmon, Rumez, Populus, and Salix has driven significant discoveries
about the early and progressive evolution of sex chromosomes in angiosperms. Here we give
a concise overview of several recent advances in these systems, and in particular focus on

the diverse set of approaches used to identify putative sex determination candidates.

Garden asparagus (Asparagus officinalis)

Garden asparagus is an agriculturally valuable monocot species with a young, homomor-
phic XX /XY sex chromosome pair. Dioecy evolved from hermaphroditism once or potentially
twice roughly 2 million years ago in the genus Asparagus, concordant with a range shift from
South Africa to North Africa, Europe, and Asia (Kuhl et al., 2005; Kubota et al., 2012; Norup
et al., 2015). Developmentally, both males and females initiate hermaphroditic flowers, but
XX females lose their anthers sometime during tapetum development and pollen meiosis
while XY males never fully form a stylar tube (Caporali et al., 1994); this morphological
difference is also seen in gene expression data following the anther development pathway, as
XX females cease expression of anther-related genes sometime during tapetum development
and before pollen microsporogenesis (Harkess et al., 2015). Colchicine treatment of anthers

can produce viable YY doubled haploid genotypes, suggesting that little degeneration has



occurred on the Y (Ferrie and Caswell, 2010). The viability of the YY genotype allows for
the production of all-X'Y male F1 progeny, which typically have a higher yield and lifespan
relative to XX females (Falloon and Nikoloff, 1986).

The sex determination region has been genetically mapped to a single locus of the A.
officinalis Y chromosome (Telgmann-Rauber et al., 2007), and several sex-specific markers
and full bacterial artificial chromosomes (BACs) have been identified (Jamsari et al., 2004;
Gao et al., 2007). These genomic regions are largely dominated by recently transposed LTR
retroelements and are quite gene-poor, which hampers traditional genome walking (Vitte et
al., 2013). The ability to culture entirely homozygous XX and Y'Y individuals reduces the
complexity of de novo genome assembly. A de novo genome assembly, optical map, and ge-
netic map and annotation for a doubled haploid YY A. officinalis individual has identified a
nearly 1.8 Mb Y-specific region containing 14 genes (Harkess et al., in preparation). Several
independently-derived male-to-hermaphrodite mutants (including Co-60 gamma irradiation
and spontaneous mutants) identify a single uncharacterized gene containing a Domain of
Unknown Function 247 (DUF 247) in the 1.8Mb hemizygous non-recombining region. Also
inside this male-specific region is a single copy tapetum-related gene, TAPETUM DEVEL-
OPMENT AND FUNCTION 1, with an Arabidopsis knockout phenotype similar to anther
sterility that occurs in asparagus females. This study is the first genic evidence that supports
Deborah and Brian Charlesworths model for the origin of Y chromosomes involving linkage of

at least one female suppressor with at least one male promoting gene (Charlesworth, 1978).

Papaya (Carica papaya)

Papaya is a sub-dioecious plant with females (XX), males (XY), and hermaphrodites
(XYh) that is native to Costa Rica. The YY genotype is inviable which indicates that a
greater degree of Y chromosome degeneration has occurred compared to garden asparagus.

The Yh chromosome is an alternate form of the Y that specifies hermaphroditism, but the



Y and Yh chromosomes only differ by 1.32% at the DNA level (Yu et al., 2008). The
sex determination region in papaya, otherwise known as the Hermaphrodite/Male Specific
Region of the Y (HSY/MSY), is largely heterochromatic and spans greater than 10% ( 8Mb)
of the chromosome, including the centromere (Zhang et al., 2008). BAC-by-BAC assembly
and annotation of the HSY and the homologous X counterpart reveals more than 70 shared
genes which were used to identify two inversion events on the Y form the evolutionary strata
of suppressed recombination, the older of which is dated to around 7 million years ago (Wang
et al., 2012).

There is a wealth of genomic resources, genetic markers, expression data, and population-
level analyses for papaya (Ming et al., 2008; Zhang et al., 2008; Weingartner and Moore,
2012; Wai et al., 2012; Aryal et al., 2014). Owing to the complexity of floral development in
papaya, no genes have yet been directly implicated in sex determination in papaya, though

candidate genes have been proposed (Ueno et al., 2014).

White campion (Silene latifolia)

White campion (Silene latifolia), formerly known as Melandrium album, is a dioecious
species with a highly divergent X/Y sex chromosome pair. It is perhaps no surprise that
with such a rich ecological and genetic research history, Silene latifolia emerged as the
model plant sex chromosome system for early genetic research in the 1990s. Beginning
with PCR-based strategies such as random amplified polymorphic DNA (RAPD) (Mulcahy
et al., 1992; Zhang et al., 1998), amplified fragment length polymorphism (AFLP), and
sequence characterized amplified region (SCAR) markers paired with genomic and ¢cDNA
subtraction libraries (Straus and Ausbel, 1990; Donnison et al., 1996), Silene latifolia is
undoubtedly the most historically established system for the identification of sex-specific
and sex determination genes. The Y chromosome is cytologically distinct; it has expanded

to nearly 2.5 times the length of the X and is replete with satellite DNA (Kubat et al.,
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2008), nuclear-integrated organellar DNA (Kejnovsky et al., 2006), and active transposons
(Pritham et al., 2003).

The non-recombining region of the Y is large, and there is evidence that Y-specific de-
generation has occurred at the gene level (Guttman and Charlesworth, 1998; Filatov and
Charlesworth, 2002; Papadopulos et al., 2015). The identification of sex determination genes
in S. latifolia is particularly difficult given that the non-recombining region is so large, likely
comprising many more genes than in garden asparagus and papaya. A suite of genes have
been identified as Y-linked, such as APETALA3 (Cegan et al., 2010), SIY1 and SIY4 (Filatov
and Charlesworth, 2002), and more recently several thousand SNPs were identified through
transcriptome sequencing of controlled crosses (Muyle et al., 2012). There is also debate
over whether or not, and to what degree, sex chromosome dosage compensation is occurring
in S. latifolia, a phenomenon that previously excluded plant sex chromosomes (Muyle et al.,
2012; Papadopulos et al., 2015).

Strawberry (Fragaria sp.)

Fragaria virginia, the Virginian wild strawberry, is an octoploid sub-dioecious species
with female, male, and hermaphrodite sexes. A ZZ/ZW proto-sex chromosome controls
gender with at least two sex determining regions linked in partial recombination (Spigler et
al., 2008). The region that suppresses male development is dominant to the female fertility
region, meaning that females are the heterogametic (ZW) sex. Significant QTL for sexually
dimorphic traits such as variation in fruit set have been found on the proto-sex chromosome
(Spigler et al., 2011). Given that the sex loci are not perfectly linked and can recombine,
the strawberry proto-sex chromosome represents a critically important intermediate stage
between gynodioecy and full dioecy (Moore, 2009). An array of sequence data has been
generated for numerous diploid and octoploid gynodioecious Fragaria species and hybrids in
an effort to more finely map sterility loci. A genome assembly and annotation is available

for diploid Fragaria vesca ssp. vesca (Shulaev et al., 2011), in which male sterility in closely
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related Fragaria vesca ssp. bracteata maps to a 338kb region with 57 annotated genes.
None of the contained genes have known function in male sterility, which suggests that genes
have previously unknown function or alternative mechanisms may be responsible for sterility.
Interestingly, male sterility is not consistently mapped to the same syntenic block across all
gynodioecious Fragaria species, suggesting that male sterility has either been repeatedly
independently evolved, the same sterility locus been translocated to different regions across
species, or the same sterility phenotype is under the control of different genes (Govindarajulu
et al., 2013; Tennessen et al., 2013). The seemingly labile nature of sterility mutations in
Fragaria may be related to repeated polyploidization events in the genus, which have been
implicated in both the transition to dioecy as well as the reversion back to hermaphroditism
(Ashman et al., 2013; Njuguna et al., 2013).

Poplars, cottonwoods, aspens (Populus) and Willows (Saliz)

The dioecious Populus and Salix lineages diverged within the Salicaceae at least 45 mil-
lion years ago (Manchester et al., 2006), suggesting a relatively ancient origin of separate
genders within the family. Populus and Salix sex chromosomes are, however, homomorphic
with small non-recombining regions. Whereas perhaps most Populus species have an XY sex
determination system (Geraldes et al. 2015, Kersten et al., 2014) females are the hemizygous
sex (i.e. ZW system) in other Populus (Yin et al. 2008, Paolucci et al. 2010) and all char-
acterized Saliz species (Hou et al. 2015, Pucholt et al. 2015). Further, within Populus, the
position of the sex determination region has been reported as mapping toward the telomere
in some species (e.g. Geraldes et al. 2015) and pericentromeric in others (Pakull et al., 2009,
Paolucci et al. 2010). The small size of the non-recombining regions and variation in the
hemizygous gender, together with synteny analyses have led some to hypothesize multiple
independent origins for sex chromosomes within Saliz and Populus (Hou et al. 2015, Pu-
cholt et al. 2015). However, as acknowledged by the authors of these studies, translocation

of currently unknown sex determination genes could result in the formation and perhaps
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turnover of neo-sex chromosomes (e.g. Stck et al. 2011, Mank and Avis 2009, Bachtrog et
al. 2008) and explain the observed variation. Genomic rearrangements and the origin of neo-
sex chromosomes has also been hypothesized within Silene (Howell et al. 2009, Weingartner
and Delph 2014).

Persimmon (Diospyros lotus)

Caucasian persimmon is the first XY sex chromosome system to have a well-characterized
sex determination gene identified in a non-recombining region of the Y chromosome (Akagi
et al., 2014), representing a hallmark in the advancement of sex chromosome functional ge-
nomics. In particular, this study shows the unique power of whole genome sequencing paired
with novel comparisons of male and female kmer distributions to identify and assemble male-
specific sequences in the absence of a fully sequenced and assembled genome. Through the
male-specific kmer-based assembly of a pseudo-reference non-recombining region and gene
annotation, with additional evidence from male and female RNA-seq differential expression,
the OGI and MeGI class I homeodomain transcription factors were identified as a putative
sex determinant; these genes are hypothesized to act together as OGI mRNA encodes a
predicted hairpin structure that may be cleaved into small RNAs to suppress expression of
MeGI in males. Heterologous transformations of MeGI overexpression constructs into Ara-
bidopsis showed stunted and male-sterile phenotypes resulting from MeGI-driven suppression
of anther development, elegantly displaying the power of comparative functional genomics
in more tractable systems and the relative conservation of the anther development pathway
across phylogenetically divergent angiosperms.

Rumex (Rumex hastatulus)

Rumez is a particularly interesting genus given that two monophyletic lineages have
evolved separate sex determination configurations, a more ancient XX/XY chromosome
pair and a neo-sex chromosome XX/XY1Y2 derived from an X:autosome fusion (Smith,

1964; Grabowska-Joachimiak et al., 2014). Just as in persimmon, the absence of an as-
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sembled genome does not necessarily inhibit the identification of putative sex determination
genes. By leveraging transcriptome sequencing and SNP calling in a diverse panel of related
males and females, Hough et al. (2014) identified a set of sex-linked transcript assemblies
that showed variable expression and synonymous site substitution rates between X and Y-
linked copies and between the hermaphroditic outgroup Rumex bucephalophorus, indicating
a rapid degeneration of Y-linked genes. This novel combination of cross-species comparisons,
transcriptome-based SNP segregation analysis, expression analysis, and molecular evolution-
ary comparisons showcases the utility of transcriptome sequencing and assembly paired with
thoughtful experimental designs to extract large volumes of sex-linked data from single ex-

periments.

1.6 From informatics to functional genomics

A major impediment to the identification of sex determination genes is the ability to accu-
rately assembly the full genomic sequence of a sex chromosome pair. Young, highly homo-
morphic sex chromosomes are typically not divergent enough to separately assemble using
shotgun genomic reads, while older sex chromosomes often suffer from the increased accumu-
lation of transposable elements which cannot currently be assembled without high coverage
and longer read data. Flow sorting and laser microdissection have been used to specifically
isolate heteromorphic sex chromosomes (Veuskens et al., 1995; Matsunaga et al., 1999),
but is still not feasible in separating homomorphic sex chromosome pairs without the as-
sistance of X and Y-specific fluorescent markers. Given these considerations, the previous
gold standard of plant sex chromosome sequencing was the tedious BAC-by-BAC process,
typified by the tiled BAC assembly of the papaya X and Yh chromosomes (Wang et al.,
2012; Gschwend et al., 2012). This trend has rapidly evolved, though; with more modern de

novo long read sequencing and assembly strategies (eg. Pacific Biosystems, [llumina TruSeq
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Synthetic Long-Read) paired with optical mapping (eg. BioNano Genomics) and ultra long-
range mate pair libraries (eg. Hi-C, Dovetail Genomics), genome assemblies that span entire
non-recombining regions are more feasible and affordable than ever. Despite considerable
advances in genome sequencing and assembly methods, the assembly of sex chromosomes will
continue to be difficult. A consequence of suppressed or non-recombination in sex chromo-
somes is that repetitive DNA can rapidly proliferate. The proliferation of repetitive DNA can
interfere with gene function, ultimately leading to the degeneration of a sex chromosome,
and also makes them intractable regions for full-length genome assembly and annotation
due to the high degree of similar or near-identical repetitive DNA. RNA-Seq can instead
be utilized as a powerful and cost-effective approach to identifying sex-specific transcripts.
Reconstructing a floral transcriptome de novo is much less demanding than assembling a
complex plant genome, which are often rife with the remnants of polyploidization events
and repetitive element proliferations (Kejnovsky et al., 2009). After isolating biologically
replicated RNA from floral tissues during the arrest of male and female development, short
read sequencing (eg., on the Illumina platform) can quickly generate hundreds of millions
of mRNA-derived sequence reads with extremely low error rates. When performing crosses
and sequencing parents and offspring, the RNA-Seq alignments can be mined for sex-specific
SNPs. For example, RNA-Seq of small cross populations has been used to identify more
than 7,000 sex-linked SNPs in the Silene latifolia transcriptome (Bergero and Charlesworth,
2011; Muyle et al., 2012) and to identify a set of sex-linked transcripts in Rumez (Hough et
al., 2014). In addition to SNP marker development, transcript expression levels can be quan-
tified and differentially expressed transcripts between sexes can be identified (e.g., Harkess
et al., 2015). Transcripts that are both sex-linked and differentially expressed between sexes
are likely promising candidate sex determination loci. Other high-throughput methods for
sex-linked marker identification include Genotype-by-Sequence (GBS) (eg., Peterson et al.

2012), which can be used to rapidly genotype mapping populations or bulked segregants for
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gender.

Once sex-linked genes have been identified, a large challenge remains in characterizing
their functions and putative roles in floral development, with the ultimate goal of identifying
the master regulator(s) of sterility. Fortunately, many floral gene regulatory networks appear
to be conserved in androecium and gynoecium development across the angiosperms (Whip-
ple et al., 2004; Davila-Velderrain et al., 2013), placing Arabidopsis thaliana as an invaluable
study system for heterologous investigation of candidate sex determination genes as typified
by the persimmon sex determination story. Loss-of-function mutations (eg., T-DNA inser-
tions) in numerous A. thaliana genes can lead to the arrest of anther and ovule development
at a variety of stages, reiterating the genetic complexity of proper floral organ development
(Ma and Sundaresan, 2010; Ge et al., 2010; Chang et al., 2011). If orthologs of candidate
genes can be identified in A. thaliana, T-DNA mutants can be crossed to homozygosity and
phenotyped for the hypothesized sterility event. A major caveat to heterologous analyses is
that while even distant orthologs are proposed to retain function (Nehrt et al., 2011; Chen
and Zhang, 2012), the possibility of novel function in distant orthologs cannot be ignored.

A more direct approach to functional characterization of sex-determining gene candidates
is through gene expression analyses in the species of interest. Functional analysis involving
gene expression knockdowns of candidate sex determination genes is feasible in systems
without transformation protocols. Virus-Induced Gene Silencing (VIGS) is one powerful
option, where a target gene is expressed inside a viral vector that is known to infect the
host plant. Upon successful infection, the host plants endogenous RNA-Induced Silencing
Complex (RISC) produces small RNAs that target both the virus and target gene, degrading
RNAs emanating from both and ultimately resulting in the transcriptional knockdown of
a candidate gene (eg., Renner et al. 2009). Other options include forward screens such
as chemically mutagenizing large seed populations with Ethyl methanesulfonate (EMS) to

induce point mutations, or using gamma radiation to induce large chromosomal deletions
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and specifically look for mutations in candidate sex determination genes. The concept of a
model system is rapidly changing, though, and CRISPR-Cas9 gene editing and knockdown
strategies are readily available for plant systems which are able to be transformed.
Ultimately, the identification of sex determination genes is difficult in every sex chro-
mosome system because of the unifying theme that flowers are structurally heterogenous,
transcriptionally active and developmentally complex organs. Due to the independent, re-
peated evolution of sex chromosomes across the land plants, the floral genes involved in sex
determination are likely not the same across distant dioecious species. As the cost of sequenc-
ing continues to decrease while the quality and length of reads increases, we should expect
to see more full-length plant sex chromosome assemblies. These full-length sex chromosome
assemblies can be placed in a comparative genomics framework to assess changes relative
to an autosomal ancestor, but should also be useful to compare the structures of divergent
plant sex chromosomes for a high-level view of how sex chromosomes age. Genome assembly
is just a first step, though, and sex chromosome biologists need to embrace a suite of bioin-
formatic, functional, phylogenetic, and developmental approaches to identify the causal sex

chromosome sterility mutations.
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2.1 Abstract

Current phylogenetic sampling reveals that dioecy and an XY sex chromosome pair evolved
once or possibly twice in the genus Asparagus. Although there appear to be some lineage-
specific polyploidization events, the base chromosome number of 2n=2x=20 is relatively
conserved across the Asparagus genus. Regardless, dioecious species tend to have larger
genomes than hermaphroditic species. Here we test whether this genome size expansion
in dioecious species is related to a polyploidization and subsequent chromosome fusion or
retrotransposon proliferation in dioecious species. We first estimate genome sizes or use
published values for four hermaphrodites and four dioecious species distributed across the
phylogeny and show that dioecious species typically have larger genomes than hermaphroditic
species. Utilizing a phylogenomic approach we find no evidence for ancient polyploidization
contributing to increased genome sizes of sampled dioecious species. We do find support for
an ancient whole genome duplication event predating the diversification of the Asparagus
genus. Repetitive DNA content of the four hermaphroditic and four dioecious species was
characterized based on randomly sampled whole genome shotgun sequencing and common
elements were annotated. Across our broad phylogenetic sampling, Ty-1 Copia retroelements
in particular have undergone a marked proliferation in dioecious species. In the absence of a
detectable whole genome duplication event, retrotransposon proliferation is the most likely

explanation for the precipitous increase in genome size in dioecious Asparagus species.

2.2 Introduction

Fewer than 10% of flowering plant species are dioecious, the condition where individual
plants are distinctly male or female (Ainsworth 2000). Gender in some dioecious plants
can be governed by a sex chromosome pair, such as in papaya (Carica papaya), white cam-

pion (Silene latifolia), persimmon, Rumez, and garden asparagus (Asparagus officinalis)
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(Telgmann-Rauber et al. 2007; Ming et al. 2011; Akagi et al. 2014; Hough et al. 2014).
The evolution of a distinct sex chromosome pair is hypothesized to necessitate the forma-
tion of a non-recombining region between the X and Y (or Z and W) where tightly linked
sex determination genes reside (Charlesworth and Charlesworth 1978). Given the repeated
and independent evolution of dioecy across the angiosperm phylogeny, the transition from
autosome to sex chromosome is undoubtedly governed by different sex determination genes
and evolutionary processes and consequently must be viewed in a species-specific context.
Despite this diversity in sex chromosome evolution across the angiosperms, two particularly
interesting associations can be seen in some dioecious systems coincident with variation in
sexual system: the proliferation of repetitive elements and the occurrence of one or multiple
whole genome duplication (polyploidy) events.

As a consequence of restricted recombination between regions of sex chromosomes, repet-
itive elements tend to persist and replicate in an unbalanced way, preferentially accumulating
on hemizygous regions of Y and W chromosomes. Transposable elements can be broadly
classified primarily by their means of transposition (Wicker et al. 2007); class I retrotrans-
posons move by a copy and paste mechanism and replicate through an mRNA intermediate
which ultimately results in a net increase of the elements copy number, whereas class II
transposable elements move through a DNA intermediate in a cut and paste fashion. Since
Class I retrotransposons can range in length from 5 to 20 kilobases or longer, their uncon-
trolled proliferation can lead to drastic and rapid changes in genome size. This accumulation,
especially of active retroelements, can be clearly seen when comparing the relatively young
papaya X and hermaphrodite-specific region of the Y (HSY) (VanBuren and Ming 2013).
Unbalanced accumulation of transposons and other repetitive elements, paired with the in-
ability for recombination to remove them along with other deleterious mutations, is likely a
major factor that leads to the initial physical expansion and genic degeneration of a young,

partially non-recombining Y or W chromosome. Transposons have also been directly im-
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plicated in the evolution of sex determination genes through disruption of gene expression.
In melon (Cucumis melo), a class I hAT DNA transposon insertion is responsible for pro-
moter hypermethylation and transcriptional repression of the zinc-finger transcription factor
CMWIP1, heritably inducing the transition from monoecy to gynodioecy (Boualem et al.
2008).

Equally puzzling is the association between polyploidy and variation in sexual system.
In the Fragaria genus, at least four independent whole genome duplication events have
occurred across all major clades, leading to an abundance of polyploid dioecious species
phylogenetically placed as sister to dioecious hermaphrodites (Rousseau-Gueutin et al. 2009;
Ashman et al. 2013). Losses of dioecy have also been associated with an increase in ploidy,
such as in one clade of Mercurialis (Krhenbhl et al. 2002). The mechanisms that potentially
relate whole genome duplication events to the evolution of sexually dimorphic populations
are variable and poorly understood, though, again owing to the extreme complexity and
species-specific nature of sex chromosome and dioecy.

Garden asparagus (Asparagus officinalis 1.) is a particularly useful dioecious plant for
studying sex chromosome evolution given that it has cytologically homomorphic X and Y
sex chromosomes, suggesting that the transition from hermaphroditism to dioecy was recent
(Telgmann-Rauber et al. 2007; Kubota et al. 2012). Coincident with the evolution of
dioecy was a range shift from South Africa into North Africa, Europe, and Asia (Stajner
et al. 2002; Kubota et al. 2012; Norup et al. 2015). It was previously reported that
dioecious Asparagus species tend to have larger genomes than hermaphrodites, but there was
no evidence supporting a whole genome duplication event that separates the dioecious species
from the hermaphrodites (Kuhl et al. 2005). The base chromosome number of 2n=2x=20
is generally consistent across the genus except for instances of very recent polyploidization
in some species (Kanno and Yokoyama 2011), which suggests two major hypotheses that

could lead to an increase in genome size: one possibility is that a whole genome duplication
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occurred in the last common ancestor of all dioecious species, followed by a chromosome
fusion or reduction, and another possibility is that repetitive DNA has proliferated to drive
the increase in the genome sizes of dioecious species. Here, we test both hypotheses by first
leveraging transcriptome assemblies for one hermaphroditic and one dioecious species to
identify the relative timing of whole genome duplication events in the genus Asparagus. We
then use shallow Roche 454 whole genome shotgun sequencing from four hermaphrodites and
four dioecious species that are sampled from the phylogeny to assess the repetitive element

content of each species in relation to its genome size.

2.3 Results and Discussion

Genome size increase in dioecious Asparagus

Genome sizes and ploidy are highly variable across the order Asparagales, with 1C values
ranging from 0.3-88.2 pg (Leitch et al. 2010). Diploid dioecious Asparagus species have been
reported as having genome sizes nearly double the size of diploid hermaphroditic congeners
(Stajner et al. 2002, Fukuda et al. 2005, Kubota et al., 2012). We first confirmed this by
generating or supplementing published genome size estimations for eight Asparagus species,
four hermaphrodites and four dioecious species, sampled across all major clades of the As-
paragus phylogeny (Kubota et al. 2012) (Table 1). All individuals have been documented as
diploids (2n=2x=20) except for A. maritimus, a hexaploid (Stajner et al. 2002; Kanno and
Yokoyama 2011). Flow cytometry-derived genome sizes (pg/1C) for hermaphrodites range
from 0.72 to 1.06, while dioecious species range from 1.09 to 1.37. Dioecious species tend
to have larger genome sizes than hermaphroditic species (Unpaired t test, p = 0.0173). An
outlier is the hermaphrodite Asparagus asparagoides with a relatively large genome size (1C

= 2.40; Dixons Q test, p = 0.074).
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Table 2.1: Genome sizes, 454 pyrosequencing and repetitive element clustering

Species Sexual pg/nucleus 1C Raw Filtered Clustered
System (mean SD)  value Reads Reads  Reads (%)

A. officinalis Dioecious 2.74 +£0.044 1.37 29,677 26,525  54.40

A. maritimus Dioecious 7.87 +£0.204a 1.31 49,616 45,036  53.70

A. aphyllus Dioecious 249 £ 0.007  1.25 47,322 42808  58.90

A. stipularis Dioecious 2.17 £ 0.006 1.09 30,405 27911 56.40

A. falcatus Hermaphrodite 2.11 £+ 0.007 1.06 26,836 24,304  60.40

A. virgatus Hermaphrodite 1.66 £ 0.055 0.83 45,043 41,053  45.00

A. pyrimidalis ~ Hermaphrodite 1.44 + 0.037a 0.72 56,197 51,293  53.80

A. asparagoides Hermaphrodite 4.80 + 0.062 240 41,952 37,435  59.20

Sum 247,755 224,804

Average 41,293 37,467

No evidence for a dioecy-specific polyploidy event

We employed a phylogenomics approach to test whether a whole genome duplication event
separates the dioecious and hermaphroditic species in Asparagus. Transcriptome assem-
blies were generated for two species sampled broadly across the phylogeny: a basal diploid
hermaphrodite (A. asparagoides; 2n=2x=20) and diploid dioecious garden asparagus (A.
officinalis; 2n=2x=20). Intraspecific paralog pairs and interspecific orthologous gene pairs
were inferred to generate Ks (synonymous substitution rate) distributions and assess the
relative timing of whole genome duplication event relative to speciation events (Blanc and
Wolfe 2004, Cui et al. 2006, McKain et al. 2012, Doyle and Egan 2010). Despite being an
outlier in terms of genome size, A. asparagoides was utilized for the comparison given that it
is a basal member of the genus, shares the same diploid chromosome count as A. officinalis,
and that transcriptome-based Ks analyses are independent of genome size.

Transcriptome assembly and translation results for the two species are presented in Sup-

plementary Table 1. One distinct, shared polyploidization event (Ks = 0.5) was inferred
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from the Ks frequency distribution of paralogous pairs in both Asparagus species (Figure
1; Supplementary Table 2). Additionally, orthologous pairs exhibit a Ks peak close to 0,
representing low divergence and suggestive of recent diversification of species and/or similar
mutation rates. Comparison of orthologs and paralogs demonstrates that at least one de-
tectable genome duplication event occurred before the diversification of the Asparagus genus

(Figure 2.1).
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Figure 2.1: Transcriptome-based Ks frequency distributions for A) paralogous and B) or-
thologous pairs of dioecious A. officinalis and hermaphroditic A. asparagoides. Paralogous
and orthologous Ks distributions suggest a shared whole genome duplication event at Ks
0.5 that occurred before the diversification of the Asparagus genus.

A major limitation with Ks analyses is that more recent duplication events are difficult
to detect (Blanc and Wolfe 2004; Cui et al. 2006). This issue is exacerbated when using de
novo transcriptome assemblies, where recently duplicated paralogs can be computationally

mistaken as alleles and incorrectly collapsed into a single transcript sequence during the

assembly process. Given that there are no current age estimates for the divergence of the
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Asparagus lineage, we cannot exclude the possibility that a more recent duplication event,
such as one that may have co-occurred with the evolution of dioecy, could be undetectable
by transcriptome data. However, such a whole genome duplication event would need to be a
followed by multiple chromosome fusion or loss events to reduce the chromosome number back
to 2n=2x=20 found in most karyotyped dioecious Asparagus species (Kanno and Yokoyama
2011). Taken together, the overlapping paralogous and orthologous Ks distributions do not
support the hypothesis that a whole genome duplication event occurred coincident with the

evolution of dioecy.

Lineage-specific expansion of transposable elements

Given the lack of evidence that ancient polyploidy was responsible for the larger genome sizes
of dioecious Asparagus species relative to hermaphroditic species, we assessed the alternative
hypothesis that the genome size increase in dioecious species was due to transposon ampli-
fication. We utilized whole genome shotgun sequence reads to assess the repetitive content
of hermaphrodite and dioecious Asparagus species using the RepeatExplorer Galaxy server
(http://www.repeatexplorer.org). Briefly, this method utilizes all-by-all read comparisons
followed by Louvain clustering (Blondel et al. 2008) to place reads into unbiased clusters
of putative high copy elements, followed by a RepeatMasker annotation and cap3 assembly
(Huang and Madan 1999).

A total of 327,048 raw reads were sequenced for the eight genomes using Roche 454 FLX
chemistry, with genome coverages ranging from 0.0051X to 0.0234X (Supplementary Table
3). After removing duplicate reads that were likely clonal, 321,865 total reads remained
for analysis. To improve clustering, we then removed reads less than 100nt long, yielding a
filtered set of 296,365 reads (mean = 37,047 reads per species) with a mean length of 321nt.
The filtered set of reads was concatenated and clustered using the RepeatExplorer pipeline,

placing 162,435 reads into 29,643 repetitive element clusters (Table 1). Repetitive element
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clusters were filtered by read count, requiring at least 0.01% of the total filtered reads (30
reads), amounting to 336 clusters for downstream analysis. These clusters were annotated
against a custom RepeatMasker database generated with additional data for dioecious A.
officinalis. For a given cluster of repetitive elements, the repetitive fraction of each species
genome was calculated as the number of a given species reads in a cluster divided by the
total number of reads sequenced for that species, represented as a percentage.
Multidimensional Scaling (MDS) analysis of the genomic proportions for all clusters shows
that dioecious and hermaphroditic species form two distinct clusters (Figure 2). In general,
Gypsy and Copia retrotransposons dominate the genomic landscape for all sampled Aspara-
gus species (Figure 3). In all four dioecious species, Gypsy retrotransposons occupy a larger
percentage of each genome than in the hermaphrodites, although Copia elements have dis-
tinctly expanded in the dioecious species (Figure 2). This suggests that both Gypsy and
Copia elements increased in copy number in the dioecious species, and the proliferation of

Copia elements was a more substantial contributor to the expansion of dioecious genome
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Figure 2.2: Multidimensional scaling (MDS) and relationship of genome size to Gypsy and
Copia retroelement content for both dioecious and hermaphroditic genomes. Blue dots
represent hermaphroditic species while red dots represent dioecious species

We identified 46 repetitive element clusters that were private to the dioecious species
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Figure 2.3: Cladogram of Asparagus species relationships with high copy repetitive elements.
High copy elements refer to clusters with greater than 0.01% of the total read count in the
multispecies analysis, able to be most confidently annotated against the custom A. officinalis
repetitive element database. DNA transposons from several families were collapsed into a
single annotation class.



and 37 clusters that were private to all hermaphroditic species. In the dioecious species, 26
clusters were Gypsy and 7 clusters were Copia, whereas in the hermaphroditic species, 12
clusters were Gypsy and 11 clusters were Copia. This suggests that there is active turnover
of transposable elements in the Asparagus genus, perhaps coincident with the evolution of
dioecy and a sex chromosome. Additionally, it is possible that a small number of Copia
elements may be largely responsible for the genome size expansion in dioecious species, but
this would require whole genome assemblies and annotations as RepeatExplorer is limited
in ability to finely delimit elements.

One caveat for performing a single repeat clustering analysis including all species (as
opposed to individually analyzing each species) is that low frequency or moderately diverged
sequences from phylogenetically distant species may not cluster. Additionally, there could be
less power for detecting species-specific transposon family proliferations. Consequently, these
estimates of repetitive element content are certainly underestimates of the total proportion
of repetitive element content in each species genome. To understand the level of difference
in these two analysis types, we generated 893,623 additional 454 shotgun reads (mean length
526nt) for a mature double haploid YY A. officinalis individual and ran the RepeatExplorer
pipeline with this single species. The repeat content was estimated at 71.1%, much greater
than the 54.4% that was estimated by concatenating eight species in a single analysis. This
result suggests that the genomic proportions of transposons estimated through multispecies
read clustering in this study should be interpreted as being underestimates, biased towards
high copy elements with lower divergence between species, and used mostly for comparisons
of high copy element percentages between species. The advantage of this analysis is that
direct comparisons for a given transposon cluster can be assessed across all species.

The method of repeat quantification and sequence read type also largely affects the es-
timated proportion of repetitive elements. Repetitive element content has previously been

estimated for A. officinalis in at least three separate studies. Vitte et al. (2013) directly an-
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notated garden asparagus Bacterial Artificial Chromosome (BAC) assemblies for transposon
content. By comparing the sequence alignment identity of intact LTRs from retroelements
and applying a clock estimation from rice retroelement divergence (Ma and Bennetzen 2004),
Vitte et al. estimated that the majority of the asparagus genome is comprised of young,
recently inserted (<6 million years ago) and nested retroelements. Li et al. (2014) took a
high-throughput sequencing approach and inferred that the garden asparagus genome is 53%
repetitive by de novo assembling genomic paired end 100nt Illumina reads into a 400Mbp
assembly with a scaffold N50 of 1504nt. Hertweck (2013) took a similar approach with 80
bp Illumina read data and independently estimated 47% of the garden asparagus genome as
comprising repetitive elements. We hypothesize that our much higher estimation of 71.1%
repetitive content is largely due to the increased detection power coming with longer 454
reads relative to 80-100 bp Illumina reads and our use of RepeatExplorers unique assembly-

free, graph-based clustering and annotation of individual long reads.

Transposon clustering yields phylogenetic signal

Clustering of the genomic proportions for the 100 largest Gypsy and Copia retrotransposon
clusters also reveals phylogenetic signal in the data (Figure 4). The deepest branch divides
the hermaphroditic and dioecious species from each other, and all species are paired with
their closest phylogenetic neighbor given the current phylogeny and sampling from Kubota
et al. (2012), with exception of A. asparagoides. The genomic proportions of repetitive
elements have been used to identify phylogenetic signal in several plant species with species
relationships that have been difficult to resolve with traditional low copy gene sequencing
(Dodsworth et al. 2014). While our clustering approach is much less statistically robust
compared to Dodsworth et al. (2014), here we show a complementary analysis that yields
similar results using high copy transposon clusters.

Recently, Norup et al. (2015) proposed two origins of dioecy within Asparagus, an al-
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ternative to the previously hypothesized single origin (Kubota et al. 2012). Our sampling
includes species derived from both of the hypothesized origins of dioecy from Norup et al.
(2015), which indicates that dioecy evolved in one clade that includes A. officinalis and A.
maritimus, as well as another clade that includes A. stipularis and A. aphyllus. In the case
of multiple origins of dioecy, without hermaphroditic outgroup species for each origin, our
limited sampling does not allow us to describe the potentially different repetitive element
radiations.

Several mechanisms exist to remove repetitive element DNA from obese, transposon-
dense genomes. One mechanism is the formation of small chromosomal deletions by illegiti-
mate recombination, which usually occurs by slip-strand mispairing or non-homologous end
joining (NHEJ) (Hawkins et al. 2009). Another mechanism is unequal intra-strand homol-
ogous recombination between the directly repeated LTRs of retrotransposons, resulting in a
solo LTR remaining (Devos et al. 2002). The half-life for retrotransposon occupancy seems
to be relatively short in several plant species (Ma et al. 2004; Wang and Liu 2008; Charles
et al. 2008), suggesting that these removal mechanisms are actively purging transposons.
In most angiosperm genomes, Gypsy and Copia-type retrolements typically dominate the
repetitive landscape. Extreme cases of transposon purging and genome compression are ev-
idenced by the Utricularia gibba genome, comprising only about 3% transposable elements
(Ibarra-Laclette et al. 2013). Compared to Asparagus, similar cases of lineage-specific trans-
poson expansion have been found in the Asteraceae, where a small number of Gypsy families
have been expanding since the branch leading to the Asteraceae (Staton and Burke 2015).
We hypothesize that the proliferation of both Gypsy and Copia retroelements in dioecious
lineages may be explained by two coincident events in Asparagus evolution: range expansion
and the origin of dioecy. As others have documented, range expansion out of South Africa is
associated with a transition of ancestrally hermaphroditic Asparagus species to dioecy within

a clade distributed across Europe and Asia. (Stajner et al. 2002; Kuhl et al. 2005; Kanno
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and Yokoyama 2011; Kubota et al. 2012; Norup et al. 2015). Founder populations formed
during this range expansion with small effective population sizes may have been especially
susceptible to weakly deleterious transposon proliferation due to the reduced strength of
purifying selection relative to populations with large effective sizes (Lynch et al. 2011). The
origin of sex chromosomes alone may have promoted proliferation of retrotransposons. Sup-
pressed recombination within the region of the sex chromosomes where gender determination
genes reside in the first dioecious Asparagus species may have harbored active retrotrans-
posons. Young and old plant Y chromosomes in Silene and papaya can be replete with
or entirely missing tandem arrays and LTR retroelements that distinguish them from both
the X and other autosomes (Pritham et al. 2003; Filatov et al. 2009; VanBuren and Ming
2013). Recombination is selected against in these regions of a sex chromosome given that
recombination could break apart genes influencing male and female function, leading to the
formation of neuters. This selection on young sex chromosomes may drive the maintenance

and proliferation of LTR retrotransposons.

2.4 Methods

Flow cytometry genome size estimation

The genome sizes of A. officinalis, A. virgatus and A. asparagoides were estimated by flow
cytometry at the Benaroya Research Institute at Virginia Mason in Seattle, Washington.
Nuclei isolations from a single mature leaf were analyzed in three technical replicates for
each species. The genome sizes of A. aphyllus, A. stipularis, and A. falcatus were estimated
by flow cytometry using the known genome size of A. officinalis (1C-value = 1.37 pg) as
a reference standard. Ten plants for each species, grown in greenhouse, were sampled and
three randomly selected plants were analysed. The analysis was carried out with the Partec

PAS flow cytometer (Partec, http://www.partec.de/), equipped with a mercury lamp. Fully
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expanded leaves (0.1 g) were chopped in 300 1 nuclei extraction buffer (CyStain ultraviolet
Precise P Nuclei Extraction Buffer; Partec, Mnster, Germany) for 30-40 s. The solution was
filtered through a 30 mm Cell-Trics disposable filter (Partec), and 1.2 ml of staining solution
containing 4,6-diamidino-2- phenylindole was added. The relative fluorescence intensity of
stained nuclei was measured on a linear scale and 4,000-5,000 nuclei for each sample were
analysed (Galbraith et al., 1998). DNA content histograms were generated using the Partec
software package (FloMax). Given that the X and Y chromosomes in garden asparagus
(Asparagus officinalis) are cytologically homomorphic (Deng et al. 2012) representing a lack
of degeneration and the relatively young age of the Y, we did not discern between potential

sex differences in the dioecious species.

Transcriptome-based Ks analysis

Transcriptomes from dioecious A. officinalis and hermaphroditic A. asparagoides were used
to infer a putative whole genome duplication event in the genus Asparagus. The tran-
scriptome assembly and translation for A. officinalis was taken from Harkess et al. (2015)
(http://datadryad.org/resource/doi:10.5061/dryad.92¢60). We generated leaf RNA-Seq for
A. asparagoides by first isolating total RNA from mature leaf tissue using a Qiagen RNeasy
Plant Mini kit. Total RNA quantity and quality was assessed using an RNA Nano chip on the
Bioanalyzer 2100. A sequencing library was generated using the TruSeq RNA Library Prep
Kit v2 (Illumina) according to manufacturers instructions using lug of total RNA input.
The library was sequenced with paired end 100nt reads on an Illumina HiSeq2000, generat-
ing 55,686,513 read pairs (nearly 11 gigabases of data). Reads were quality trimmed using
Trimmomatic (v0.32), removing sequencing adapters and clipping 3 and 5 read ends with a
quality score lower than Phred 5. Cleaned reads were assembled using Trinity (r20140717)
with default parameters. We filtered transcript isoforms with low support by removing iso-

forms with less than 0.01% of the Trinity gene subcomponent read support. Coding sequence
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and peptide translations were inferred using TransDecoder (r20140704) with default settings.
Raw sequence reads for A. asparagoides has been deposited under BioProject (ID here after
acceptance).

Using a pipeline from McKain et al. (https://github.com/mrmckain/FASTKS), we first
identified putative paralogs in each filtered transcriptome assembly using all vs. all blastn
(1e-40 cutoff). Peptide sequences for hit pairs longer than 100 amino acids were aligned using
MUSCLE (v3.8.31), then codon alignments were inferred using PAL2NAL (v13) (Suyama
et al. 2006). For each paralog pair, Ks was calculated using CodeML in PAML (Yang 2007)
(v4.8).

454 pyrosequencing and transposon quantification

Whole genomic DNA was extracted from four hermaphroditic and four dioecious species us-
ing a CTAB method (Doyle and Doyle 1987). Sequencing libraries were prepared using the
Roche 454 GS FLX Titanium library preparation kit according to manufacturer instructions.
Raw reads were first de-duplicated to remove probable emulsion PCR sequencing artifacts,
then filtered to remove reads less than 100nt long. Read names from all species were first
prepended with a unique species identifier and concatenated. The RepeatExplorer (v0.9.7.4)
pipeline (http://www.repeatexplorer.org) was then used to cluster, assemble, and annotate
all filtered shotgun reads against a custom garden asparagus RepeatMasker database (see be-
low) using otherwise default settings. Clustering and heatmap production of the 100 largest
transposon clusters was performed using heatmap.2 in the gplot package in R (v3.2.1) using
default settings; a distance matrix was generated using Euclidean distances, and hierarchical
clustering was performed using complete clustering.

To improve the annotations of repetitive element clusters generated through the Repea-
tExplorer pipeline, we generated a much higher coverage of 454 reads for A. officinalis to

build a comprehensive database of annotated exemplar repeats for the genus. The custom
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garden asparagus RepeatMasker database was generated using similar methodology. A total
of 893,623 454 FLX Titanium reads were generated from leaf tissue of a doubled haploid
(YY) garden asparagus individual. Reads were more stringently filtered to a 150nt minimum
length. The same version of RepeatExplorer was then run, and the resulting cap3 consensus
assemblies for each cluster were annotated using RepeatClassifier, part of the RepeatModeler
(v1.0.8) suite, with default settings. A total of 22,361 sequences greater than 150nt in length
and with annotations were retained and are available at (Dryad link here after acceptance).

Raw 454 shotgun sequence data for all individuals have also been deposited in Dryad.
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3.1

Summary

Sex chromosomes have evolved independently in phylogenetically diverse flowering
plant lineages. The genes governing sex determination in dioecious species remain
unknown, but theory predicts that the linkage of genes influencing male and female
function will spur the origin and early evolution of sex chromosomes. For example,
in an XY system, the origin of an active Y may be spurred by the linkage of female

suppressing and male promoting genes.

Garden asparagus (Asparagus officinalis) serves as a model for plant sex chromosome
evolution, given that it has recently evolved an XX /XY sex chromosome system. In
order to elucidate the molecular basis of gender differences and sex determination, we
used RNA- sequencing (RNA-Seq) to identify differentially expressed genes between
female (XX), male (XY) and supermale (YY) individuals.

We identified 570 differentially expressed genes, and showed that significantly more
genes exhibited male-biased than female-biased expression in garden asparagus. In the
context of anther development, we identified genes involved in pollen microspore and

tapetum develop- ment that were specifically expressed in males and supermales.

Comparative analysis of genes in the Arabidopsis thaliana, Zea mays and Oryza sativa
anther development pathways shows that anther sterility in females probably occurs

through interruption of tapetum development before microspore meiosis.

3.2 Introduction

In contrast to vertebrates, species with separate sexes are relatively rare in flowering plants.

Nearly 90% of angiosperms are hermaphroditic, with bisexual flowers that harbor both male
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(staminate) and female (pistillate) organs (Ainsworth, 2000). At the same time, a diverse
set of alternative mating strategies have evolved across the angiosperms, including the tem-
poral separation of male and female organ function in a bisexual flower (dichogamy), the
separation of unisexual male and female flowers on a single plant (monoecy), the production
of both hermaphrodite and male flowers on the same plant (andromonoecy), and entirely
distinct male and female plants (dioecy). Dioecy is a rare yet phylogenetically widespread
phenomenon in the flowering plants; it has been described in less than 6% of angiosperm
species and in nearly half (43%) of all angiosperm families, but it has evolved at least 100
independent times (Charlesworth, 2002).

From a developmental standpoint, the differentiation of males and females in dioecious
systems is highly variable across flowering plant species with many species forming both
stamen and pistil primordia that are selectively aborted before maturity; pistil development
is arrested in male flowers, and stamens abort in female flowers. Given the repeated evolution
of dioecy and the genetic complexities of androecium and gynoecium development, the timing
and genetic mechanisms governing the cessation of sex organ development in ancestrally
bisexual flowers may well be lineage-specific with alterations in the function of different
genes spurring the transition from hermaphroditism to dioecy (Diggle et al., 2011). A closer
genetic dissection of the male and female gametophyte development pathway in various model
systems reveals a complex assortment of genes (Ma et al., 2008; Ma & Sundaresan, 2010;
Chang et al., 2011; Zhang & Yang, 2014; Chettoor et al., 2014), hormonal controls (Wilson et
al., 2011; Orozco-Arroyo et al., 2012), small RNAs (Guo et al., 2009), and epigenetic marks
(Song et al., 2012) that interact to contribute to proper flower development, ultimately
complicating the identification of the mutations responsible for the evolutionary transition
from hermaphroditism to dioecy. Recently, a small RNA producing gene has been identified
as a sex-linked candidate for regulation of anther development in dioecious persimmon species

(Diospyros sp.; Akagi et al. 2014) but this gene has not been implicated as influencing female
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function.

In dioecious plant and animal systems, a sex chromosome pair can genetically control
the differentiation of male and female sexes. While the genetic basis of this mechanism
has not yet been fully elucidated for any dioecious plant species, theory predicts that at
least two dominant genes, one suppressing female organogenesis (ie., pistil development)
and one promoting male organogenesis (ie., anther and pollen production), must be tightly
linked in a non-recombining region on the Y/W chromosome (Charlesworth & Charlesworth,
1979). The identification of these sex-linked gender determination genes is difficult given the
complexity of floral development paired with the highly repetitive, transposon-rich nature
of non-recombining sex determination regions. As a consequence, even in dioecious species
with sequenced genomes including poplar (Populus trichocarpa; Tuskan et al., 2006), papaya
(Carica papaya; Ming et al., 2008), cannabis (Cannabis sativa; van Bakel et al., 2011) and
date palm (Phoeniz dactylifera; Al-Dous et al., 2011; Al-Mssallem et al., 2013), the causal
sex determination genes remain elusive. The recent identification of a putative regulator of
anther development in persimmon (Akagi et al. 2014) is consistent with the two gene model
of chromosome Charlesworth & Charlesworth (1978) in that there is no evidence for the gene
having any influence on female function. However, the existence and identity of a female
suppressor has yet to be identified in any dioecious plant species.

Garden asparagus (Asparagus officinalis, 2n=2x=20) is a particularly useful system for
investigating the early stages of sex chromosome evolution. It is a dioecious species with
an XX/XY sex determination system, where the presence of a Y chromosome in males
dominantly suppresses female organogenesis and promotes complete development of fertile
anthers. The X and Y are cytologically homomorphic (Deng et al., 2012), suggesting that the
conversion of an autosome pair to a sex chromosome is a recent event. Co-dominant markers
verify a non-recombining, male-specific region on the Y chromosome that distinguishes males

from females (Jamsari et al., 2004; Nakayama et al., 2006; Kanno et al., 2014). Moreover,
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the viability of the YY supermale genotypes derived through anther culture or selfing of
andromonoecious plants (Franken, 1970; Peng & Wolyn, 1999; Falavigna & Casali, 2002)
suggests an early stage of sex chromosome evolution in Asparagus.

Developmentally, the temporal separation of male and female organ abortion in A. of-
ficinalis suggests that at least two genes are involved in sex determination. Early in floral
development, female (XX), male (XY) and supermale (YY) genotypes have indistinguish-
able hermaphroditic floral meristems. The first observable gender difference occurs early in
XY male and YY supermale development, when the tricarpellate gynoecium fails to fully
elongate and fuse to form a mature stylar tube (Caporali et al., 1994). Later in XX female
development, anther degeneration occurs when the tapetum breaks down before microsporo-
genesis completes, ultimately leading to anther sterility (Caporali et al., 1994).

The genes responsible for observed differences in male and female asparagus flower de-
velopment remain unknown. One approach to identifying them is to sequence and assemble
whole genome shotgun data, identifying gender-specific non-recombining and hemizygous
regions, annotating genes in these regions and experimentally testing the functions of these
genes. This work is underway for garden asparagus, but the transposon-rich complexity
of the A. officinalis genome, particularly in the non-recombining sex-determination region
poses challenges (Telgmann-Rauber et al., 2007). An alternative approach is to use RNA-
Seq to identify gender-specific SNPs with coding regions and genes exhibiting gender-biased
expression (Muyle et al., 2012) that are known to play some role in the anther and ovule de-
velopmental pathways. Here we investigate these pathways through comprehensive RNA-Seq
expression profiling of developing female, male, and supermale floral and vegetative tissues
in order to identify genes with shared male and female expression in addition to male and
female-specific expression. The results of our analyses effectively narrow the developmental
stages during which sex determination genes may alter flower development. We assembled

a comprehensive transcriptome for garden asparagus including transcripts from supermales,
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males and females and used it to identify expression differences among these three gender
types. Genes exhibiting gender-biased expression were compared to known anther and ovule
development genes in order to narrow the window during which sex-linked gender determi-
nation genes may be acting to promote anther development and gynoecium suppression in
males or regulate suppression of anther development and promotion of gynoecium maturation

in females.

3.3 Methods

Spear tip RNA isolation and sequencing

Recently emerged (>6 inch spears) Asparagus officinalis spear tips were harvested from
male, female and supermale plants of four distinct breeding lines. Total RNA was isolated
from the spear tips using a Qiagen RNeasy Plant Mini Kit and treated with Qiagen RNase-
free DNase. RNA quality (RIN >8.0) was assessed using an Agilent Bioanalyzer RNA
nano chip (Agilent, Wilmington, DE). Sequencing libraries were prepared using the Illumina
TruSeq RNA Sample Preparation Kit v2 according to manufacturers specifications, and
quality and insert size distribution were assessed using an Agilent Bioanalyzer DNA 1000
chip. Sequencing libraries were qPCR quantified, pooled in equimolar concentration, and

analyzed on an Illumina HiSeq 2000 producing 2x100nt paired-end reads.

De novo transcriptome assembly and annotation

Raw reads were adapter clipped and assessed using FASTQC (http://www.bioinformatics.babraham.ac.uk/
to identify adapter contamination. We trimmed the 3 ends of reads with <20 Phred scores
using FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/), requiring that the result-

ing read be greater than 40nt long. Following end trimming, reads were filtered by ap-
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plying a threshold of Phred score ;20 over at least 80% of the read length. To reduce
memory and runtime, redundant paired reads were normalized to 30x coverage with normal-
ize_by_kmer_coverage.pl, Trinitys in silico read normalization script (Grabherr et al., 2011).
This reduced the dataset to nearly 40 million normalized, paired reads. Unpaired reads
were added to the normalized paired reads and the entire set was assembled in Trinity (ver-
sion 12012-10-05) with default parameters. Functional annotation of transcript assemblies
was done using the included Trinotate pipeline (http://trinotate.sourceforge.net/) to iden-
tify open reading frames and assign best hits to UniprotKB (1e-03), PFAM-A (1e-03), Gene
Ontology (GO) and eggNOG categories. Gene Ontology (GO) over-representation analysis
was performed using the DAVID web server, utilizing a custom background gene set derived

from the non-redundant A. officinalis whole transcriptome UniprotKB annotations.

Transcript abundance estimation and differential expression

Cleaned reads from each library were aligned to the assembly using Bowtie (v0.12.8) wrapped
by Trinitys alignReads.pl script, and transcript abundance was estimated in the RSEM
program v1.2.0 (Li & Dewey, 2011). Gene-level abundance estimations from RSEM were
rounded up to the nearest integer and used as input for differential expression analysis in
edgeR (Robinson et al., 2010). Initial filtering required transcripts to be represented in at
least 3 libraries, each with greater than 1 read count per million mapped reads (CPM).
Given the nested experimental design, an additive model (line + sex genotype) was fit in
edgeR to remove the underlying differences between lines and to identify the genes that
consistently display differential expression in multiple lines for a given pairwise sex com-
parison. Generalized Linear Model (GLM) common dispersions, trended dispersions, and
tagwise dispersions were estimated before a GLM model was fit. In order to simplify and
visualize multidimensional patterns in our expression data, Multidimensional Scaling (MDS)

analysis was performed using the edgeR function plotMDS() with pair-wise log fold-changes
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estimated on read counts (normalized to library size) for the 250 most heterogeneously ex-
pressed genes. Differentially expressed genes with a False Discovery Rate (FDR) j 0.05 are

reported in Supplemental Table 1.

Isolation and RN A-Seq of developmentally staged flower buds

Asparagus officinalis flower buds were harvested from female (XX) and double haploid an-
drogenetic supermale (YY) clones. The flower buds were sampled on several plants of each
clone at three approximate development stages: a) pre-meiotic, b) microspore and c¢) pollen.
Total RNA was isolated from flower buds using a NucleoSpin RNA Plant (Macherey-Nagel
GmbH & Co. KG, 52355 Dren, Germany) and treated with RNase-free DNase. RNA quan-
tity and purity were assessed using a Nanodrop 1000 spectrophotometer (Thermo Scientific,
Waltham, MA); the RNA integrity (;8.0) was determined using a Bioanalyzer 2100 (Agi-
lent, Wilmington, DE) with an RNA 6000 Nano chip (Agilent, Wilmington, DE). Synthesis
of cDNA and library preparation were carried out starting with 2.5 g of total RNA using
the TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego, CA) according to manufacturer
instructions. Size selection of cDNA libraries was performed by excising and eluting 350 to
550nt fragments using a MinElute Gel Extraction kit (Qiagen, Hilden, Germany). Following
size selection, the cDNA was quantified using qPCR with KAPA Library Quantification kit
(KAPA Biosystems, Woburn, MA) and RNA-Seq libraries were pooled and sequenced on an

[lumina HiSeq 2000 generating 100nt paired-end sequences.
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3.4 Results and Discussion

Transcriptome sequencing and assembly

We generated RNA-Seq to assemble transcripts and quantify spear tip gene expression pat-
terns in all females, males, and supermales. Whole transcriptome Illumina shotgun sequenc-
ing of each gender type in four inbred lines yielded nearly 648 million paired-end reads.
These data were combined with two existing Y'Y supermale spear tip libraries for a total of
nearly 763 million paired-end reads (Table 1). Given the large number of sequenced reads,
we used Trinity to digitally normalize and de novo assemble the reads into 276,556 tran-
scripts representing 120,061 subcomponents (referred to here as genes or loci) with an N50
of 2,386nt (Supplemental Figure 1).

To better assess the number of full-length transcripts assembled, we compared the tran-
scripts to 768,340 peptide annotations from 22 sequenced and annotated plant genomes
(Amborella Genome Project, 2013) using blastx (1e-10, best hit only) and found that 13,336
unique peptides aligned over at least 80% of their length to an A. officinalis transcript
(Supplemental Figure 2). Additionally, we performed a gene family analysis to determine
the diversity of sampled transcripts. Using OrthoMCL-derived estimated gene families from
these 22 genomes, we translated and sorted 121,704 Asparagus transcripts into 13,498 dis-
tinct gene families using a pipeline described in McKain et al. (2012).

We annotated transcripts through comparisons with the Swiss UniprotKB complete pro-
teome databases and other databases using the Trinotate pipeline (see methods for details).
Nearly 49% of the assembled transcripts had a blastx (e-value 1le-03) hit against the Unipro-
tKB database. Similarly, 51% of the transcripts had open reading frames greater than 100
amino acids long. We extracted 7,774 non-redundant Gene Ontology (GO) terms from 41%
of the transcripts and summarized them into 103 GOslim plant categories using CateGOrizer

(Hu et al., 2008) (Supplemental Table 2). The complete list of transcript annotations is pre-

o6



Table 3.1: Sequencing read counts and alignment statistics for
all sequenced garden asparagus individuals. Mapped read per-
centages only include those reads with concordant, paired align-

ments.

Line Sex Tissue Type  Clean pairs % Mapped
8A  Female Spear tip 11,506,758  88.72
8A  Male Spear tip 33,433,776 87.53
8A  Supermale Spear tip 37,066,238  88.37
8B Female Spear tip 33,711,613 87.84
8B Male Spear tip 6,677,641 87.43
8B  Supermale Spear tip 24,710,491  87.81
10 Female Spear tip 40,348,458  87.50
10 Male Spear tip 63,871,037  88.39
10 Supermale Spear tip 1,463,330 87.18
9 Female Spear tip 36,909,297  87.41
9 Male Spear tip 28,551,664  86.68
1 Supermale Pre-meiotic* 25,929,261  82.44
1 Supermale Meiotic* 21,421,286  80.36
1 Supermale Post-meiotic* 28,222,100 79.84
2 Female Pre-meiotic* 28,077,734  82.50
2 Female Meiotic* 27,316,690  82.59
2 Female Post-meiotic* 18,451,370 81.34

* signifies tissue derived from flower bud isolations
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sented in Supplemental Table 3. Taken together, these analyses suggest that we sequenced
and accurately assembled a diverse set of transcripts expressed in A. officinalis spear tips

which include developing vegetative and reproductive organs.

Diverse lines reveal male-biased gene expression

Following transcript annotation, transcript abundances for every library were calculated
using RSEM. We filtered the transcriptome assembly by requiring that each tested gene
be expressed at greater than 1 CPM in at least three libraries, which reduced the number
of tested genes to 19,986. The first two dimensions of the MDS analysis on the 250 most
heterogeneously expressed genes revealed clustering of individuals by breeding line rather
than gender (Figure 1). At the same time, there is substantial among-gender transcriptional
variation within lines (coefficient of variation = 0.33). After accounting for the underlying
differences between lines (see methods), tests for differential gene expression in pairwise
Male:Female, Supermale:Female, and Supermale:Male comparisons identified a total of 570
differentially expressed genes (DEGs) (Figure 2). Almost 91% of DEGs are upregulated
in males and supermales compared to females, indicating that gene expression is generally
male-biased in spear tip tissue. Additionally, nearly 34% of DEGs were found in both
male and supermale transcript pools (Figure 3). All differentially expressed genes and their
annotations are presented in Supplemental Table 1.

Sex-biased gene expression is a common phenomenon in both dioecious plant and an-
imal species, as documented in humans (Dimas & Nica, 2012), Drosophila (Zhang et al.,
2007), emus (Vicoso et al., 2013), and Silene latifolia (Zemp et al., 2014) among others.
Genes that exhibit sex-biased expression might be under unique evolutionary constraints,
evolving more rapidly both in terms of sequence and expression (Meiklejohn et al., 2003).
The developmental stage in which sex-biased genes are expressed may also impact their

rate of evolution given that they often have reproductively and developmentally specialized
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Figure 3.1: Multidimensional scaling (MDS) plot showing the distance between samples as
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expressed genes in independent, unsupervised pairwise comparisons between samples.
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Figure 3.2: Pairwise comparisons of gene expression (average log fold change vs. average
log of counts per million mapped reads) among female, male and supermale genes across
line replicates. Red and blue dots indicate genes exhibiting significantly biased expression
levels at a False Discovery Rate (FDR)  0.05. Colored dots spread horizontally at the y-axis
upper limit represent genes not expressed in one comparison, and are plotted at the minimum
CPM across all samples. Grey dots represent genes that are not significantly differentially
expressed.
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Figure 3.3: Venn diagram showing the overlap of differentially expressed genes between the
three pairwise comparisons.
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expression domains (Perry et al., 2014).

Sex-biased gene expression in dioecious species is strongly influenced by the develop-
mental stage at which gynecium develop is arrested in male flowers and male function is
interrupted in anthers of female flowers. In garden asparagus anthers are initiated in fe-
male flowers and develop to a stage just prior to microspore meiosis (Caporali et al., 1994).
Therefore, pollen development genes functioning downstream of Y-linked sex-determination
genes are expected to be expressed in males but not female flowers. Males form a tricarpel-
late gynoecium with development of the stylar tube typically arrested before the stigma
forms. Ovule development and abortion in males is not well characterized but variation in
male style lengths (Galli et al., 1993) and the occurrence of andromonecy in some genotypes
(Sneep, 1953) suggests a continuum of points over which female development is interrupted
in male flowers. The expression profiles of many genes vary over the course of development
of both male and female flowers, underscoring the need for developmentally staged sampling

of transcripts.

Heterogenous gene expression among lines for each gender

As indicated in the MSD plot of the 570 most differentially expressed genes (Figure 1), there
is significant among-line gene expression variation for each gender. This is especially true
for males and supermales. Whereas both axes of the MDS plot exhibit variation among
males and supermales, all females for all four lines have similar values on the first axis of
the MDS plot. Heterogeneous gene expression among males and supermales is also evident
in a heatmap (Figure 4). Strikingly, the line 8A male supermale expression profiles clusters
with the four female individuals (Figure 4). We hypothesized that the observed male and
supermale expression heterogeneity is likely related to developmental differences between
the lines and the sexes; despite all spear tips being collected at the same vegetative height

( 6 inches above ground), males and supermales will usually flower earlier than females
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(Kahara et al., 1940; Caporali et al., 1994). To better understand this heterogeneity, we
sectioned and imaged spear tips from female, male, and supermale spears of the same spear
heights. Unfortunately, we were not able to section the lines included in the gene expression
study (they are no longer available), but our observations matched those of previous studies
(Kahara et al., 1940; Caporali et al., 1994). All gender types exhibited a developmental
gradient along the length of the spear tip, with young floral buds at the top and more
mature buds towards the bottom. Moreover, supermale spear tips at each height have the
most developmentally advanced flower buds, female flower buds are least developmentally
advanced at each height and males are intermediate (Supplemental Figure 3). We surmise
that similar developmental variation exists among lines and flower bud development is slow
in line 8A relative to the other lines.

In order to better resolve whether the heterogeneous expression patterns among males and
supermales might be due to differences in flower bud development, we generated additional
targeted RNA-Seq derived from flower buds at three developmental stages (pre-meiotic,
meiotic, and post-meiotic) in one XX female and one YY supermale line (Table 1). Among-
sample correlations in the 570 most differentially expressed genes identified in the spear tip
gene expression profiles suggest that the among-line variation for each gender may indeed be
due variation in the frequency of flower buds at each stage (Figure 5; Supplemental Figure
4). The female pre-meiotic and meiotic flower bud expression profiles are similar to the line
8A supermale spear tips, whereas the female spear tips transcript profiles are more correlated
with the line 8A male spear tip profile. Interestingly, the supermale pre-meiotic flower bud
expression profile is quite distinct from the other flower bud profiles and most similar to lines

10 and 8B male profiles (Figure 5).
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Figure 3.4: Heatmap clustering of the 570 differentially expressed genes in all spear tip
tissues. TMM-normalized FPKM values were log transformed before ward clustering, cutting
the tree into k=4 clusters.
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Figure 3.5: Spearman correlation matrix of the 570 differentially expressed genes in all com-
parisons for spear tip tissues and the developmentally staged flower buds. TMM-normalized
FPKM values were used to generate a spearman correlation matrix, and individuals were
ordered according to a complete clustering dendrogram using that matrix
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Differential expression in the anther development pathway

Gene expression patterns in all samples were compared to expression profiles for known
Arabidopsis, Zea and Oryza anther development genes (Ma et al., 2008; Ma & Sundaresan,
2010; Wilson et al., 2011; Zhang & Yang, 2014). Previous developmental studies in garden
asparagus revealed that anther development in female anthers arrests after initiation of
tapetum development but before formation of tetrads in microspore meiosis (Caporali et al.,
1994). By placing the differences between male and female gene expression within the context
of known anther development pathway (Figure 6), we aimed to distinguish differentially

expressed sex-determination genes from downstream male function genes.
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Figure 3.6: A sampling of genes involved in the A. thaliana anther development pathway and
their expression patterns in female and male/supermale A. officinalis. Using 0.1 FPKM as a
cutoff for identifying a gene as expressed, we identified genes that showed no gender-biased
expression between female, male, and supermale sexes (orange blocks). Genes involved in
stamen initiation, archesporial initiation, and tapetal cell fate specification show expression
in all genders. Later in tapetal development and microspore maturation, some genes such as
AMS show male-biased expression (red blocks without hatching), while others such as MS2,
LAP3 and LAP5 show male-specific expression (red blocks with hatching). Genes that were
unable to be confidently annotated in our transcriptome assembly are represented by grey

blocks.

A total of 516 genes were identified as exhibiting male-biased (XY and YY) expression
relative to females. Of these, 46 displayed no expression in any XX female spear (Supple-
mental Table 1). Genes with male-specific expression in A. officinalis included homologs

of Quartetl (QRT1), Polygalacturonase (PG), and other pollen related genes. QRT1 is
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a pectinesterase expressed in A. thaliana anthers shortly after microspore meiosis is com-
pleted. QRT1 is required for proper microspore separation (Francis et al., 2006). The qrtl
mutant will properly deposit and degrade callose on the secondary pollen mother cell (PMC)
wall, but the primary PMC is left mostly intact (Preuss et al., 1994; Rhee & Somerville,
1998). Polygalacturonase (PG), a member of a family of cell wall loosening enzymes that are
specifically involved in the degradation of pectin and cell walls, is involved in pollen exine
development. Several PG homologs in Brassica napus, Zea maize, and Lillium longiflorium
are specifically expressed in late-stage pollen development (Niogret et al., 1991; Robert et
al., 1993; Chiang et al., 2006). Several other pollen cell wall-related genes are significantly
more abundant in males and supermales relative to females, including genes encoding Lac-
case 7, pollen-specific leucine-rich repeat extension-like protein 1, oligopeptide transporter
5 (OPT5), and glucan endo-1,3-beta-glucosidase, respectively. This transcriptional pattern
suggests that genes required for proper pollen wall exine formation are expressed weakly in
female anthers relative to males, which agrees with previous microscopic analysis of anther
degeneration in XX female plants (Caporali et al., 1994; Mariziani et al., 1999). While each
of these genes could be considered promoters of male function, their reduced transcription
in female flowers does not necessarily imply that they are ultimately responsible for gender
determination.

Since the expression data suggested that the gene(s) ultimately responsible for female
anther sterility occurs upstream of pollen exine formation, we next identified genes that
tend to show high expression in A. thaliana tapetal tissues. Male Sterility 2 (MS2) exhibits
male-specific expression in A. officinalis, encoding a fatty acid reductase that is primarily
expressed in the A. thaliana tapetum during pollen tetrad release (Aarts et al., 1997). An-
other tapetum-specific gene is Aborted Microspores (AMS), a gene that encodes a MYC
class basic helix-loop-helix (bHLH) transcription factor that is expressed specifically in the

tapetum of A. thaliana anthers. Tapetal tissue in ams mutants degenerate prematurely (Xu
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et al., 2010), similar to developmental defects found in A. officinalis females (Caporali et
al., 1994). AMS can also modulate the expression of a suite of anther development genes,
binding to promoter regions in vivo (Xu et al., 2010). Although exhibiting significantly
higher expression in males, we do find female expression for AMS. Similar patterns of male
and supermale-biased expression emerge for other tapetum-related transcription factors like
bHLH89, which has been shown to interact with AMS during anther development (Ma et
al., 2012).

Finally, we identified genes expressed further upstream of tapetum and pollen devel-
opment, with the expectation that they would be expressed in both males and females.
Indeed, we find very similar female, male and supermale expression levels for genes involved
in development at multiple stages far upstream of microsporogenesis (stamen initiation, arch-
esporial initiation, tapetal cell fate specification, and tapetal development; Figure 6). Given
the developmental patterns described by Caporali et al. (1994) and above, genes involved in
initiation and early development of male and female organs were expected to show similar
expression patterns. For example, in agreement with earlier work (Park et al., 2003) no dif-
ference was observed between male and female flower buds in expression of homeotic MADS

box genes.

Differential expression in the phenylpropanoid biosynthesis path-
way

We also found numerous genes in the phenylpropanoid biosynthesis pathway that were
differentially expressed between sexes. The general phenylpropanoid and flavonoid path-
way is well described, and has been shown to affect pollen development and male steril-
ity (van der Meer et al., 1992). Significant male or supermale-biased expression occurs in

genes encoding Cinnamic 4-hydroxylase acid (C4H), Chalcone Synthase (CHS), Flavanone-3-
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hydroxylase (F3H), Stilbene Synthase 2 (STS2), Stilbene Synthase 4 (STS4), and Shikimate
O-hydroxycinnamoyltransferase (HCT'). Several genes in the phenylpropanoid pathway ex-
hibit significantly higher transcript abundance in females, too, including Cinnamoyl-CoA
reductase 1 and 2 (CCR1/CCR2) and Leucoanthocyanidin deoxygenase (LDOX).

We identified two differentially expressed genes annotated as Chalcone Synthase. One of
these transcript assemblies (comp32958_c0) was annotated based on a match to a Malus x
domestica gene model in UniprotKB, and showed even closer similarity to the A. thaliana
LESS ADHESIVE POLLEN 5 (LAP5) gene, a chalcone and stilbene synthase family mem-
ber. LAP5 is essential for proper pollen exine development and shows co-expression with
other asparagus male anther-specific genes like Male Sterility 2 (MS2), providing additional
transcriptional evidence for the lack of proper pollen development in female asparagus plants
(Dobritsa et al., 2010). Further, the differential expression of numerous phenylpropanoid
genes in dioecious asparagus is intriguing given that disruptions in the phenylpropanoid and
downstream anthocyanin pathways have classically been implicated in nuclear and cytoplas-
mic male sterility (CMS) phenotypes (van der Meer et al., 1992; Matsuda et al., 1996).

Overall, the observed patterns of gender biases in gene expression leads us to hypoth-
esize that a Y-linked male promoting gene, perhaps complementing a deficiency on the
non-recombining portion of the X chromosome, plays some role in late development of the
tapetum, in early microsporocyte development, likely before or during pollen wall exine for-
mation and pollen tetrads disassociate. This inference is consistent with the developmental
investigations of Caporali et al. (1994) and the model of sex chromosome evolution proposed

by Charlesworth and Charlesworth (1978).

Differential expression in ovule development genes

Gynoecium and female gametophyte development pathways have been investigated through

analysis of homeotic mutants (e.g. see Ferrandiz et al., 1999; Alvarez & Smyth, 1999). A
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small number of asparagus transcripts with Arabidopsis homologs influencing ovule devel-
opment exhibited female-biased expression relative to males or supermales. In total, just
51 genes exhibited significantly higher transcript abundance in females relative to males or
supermales. The smaller number of transcripts exhibiting female-biased expression relative
to those exhibiting male-biased expression is not surprising given the massive diversity genes
expressed during anther and pollen (the male gametophyte) development (e.g. Ma et al.,
2008). GO term enrichment for transcripts with female-biased expression included phenyl-
propanoid biosynthesis and cellular amino acid derivative processes (Supplemental Table 4).
Among these differentially expressed genes, we found AINTEGUMENTA (ANT) homolog
transcripts as significantly more abundant in females than males or supermales. ANT is an
APETALA2 (AP2)-domain containing ethylene-responsive transcription factor that regu-
lates many aspects of female growth, including ovule and gynoecium development, inner and
outer integument development, and petal epidermal cell identity (Elliott et al., 1996; Klucher
et al., 1996; Mizukami & Fischer, 2000). Previous studies in Arabidopsis have shown that
ant mutants are female-sterile, with undeveloped or malformed integuments and a failure for
megasporogenesis to proceed past the tetrad stage (Elliott et al., 1996).

Several other genes with female-biased expression and homologs involved in female ga-
metophyte development and flowering time were also identified including PIN2 and FD. The
PIN gene family is intriguing given its involvement in auxin transport, and some members
show expression early in ovule development in A. thaliana (Fraga et al., 2002; Ceccato et
al., 2013). FD is another interesting gene involved in the transition from vegetative to floral
development, encoding for a bZIP transcription factor that directly regulates FLOWERING
LOCUS T (FT), the floragen gene which promotes the transition to flowering at the shoot
apex (Abe et al.; 2005).
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3.5 Conclusions

De novo RNA-Seq transcriptome assembly and expression analysis can inform investigation
of gender determination in dioecious species, but whereas many genes may exhibit sex-based
expression few are expected to regulate gender determination. Most genes exhibiting male
are female biased expression function after gender has been specified in the developing flower
bud. Here we place genes exhibiting gender-biased expression within anther and carpel de-
velopmental pathways in order to identify the earliest points in these pathways that are
influenced by Y-linked Asparagus gender determination genes. As expected, we observed
male-specific expression for many known pollen development genes, but similar expression
levels in male and female spear tips for organ specifying genes and several tapetum develop-
ment genes, corroborating previous findings (Caporali et al. 1994) in suggesting that female
asparagus anthers initiate the abortion process during tapetum and young microspore devel-
opment. The differentially expressed genes placed within the anther and gynecium develop-
mental pathways will guide ongoing work to identify Y-linked genes ultimately responsible
for sex determination in dioecious Asparagus species.

Unsurprisingly, Asparagus homologs of the HD-Zip genes hypothesized to regulate gender
differences in anther development in dioecious persimmon species (Akagi et al., 2014), were
not implicated as possible gender determination genes. Class-I HD-Zip transcripts were
observed in the transcript assembly, but none exhibited sex-biased expression. Given that
dioecy has evolved independently in many flowering plant lineages (Charlesworth, 2002;
Renner 2014) and suppression or loss of function mutations of many genes in the anther
development pathway would convert hermaphroditic flowers to female, we expect that the

identity of sex determination genes will vary among unrelated dioecious species.
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4.1 Abstract

The majority of flowering plant species are classically described as being perfect, reproduc-
ing with flowers that harbor both male and female organs. In contrast, relatively few plant
species are dioecious, where individual plants will produce exclusively either male or female
flowers. In some cases dioecy can be controlled by a sex chromosome, as is the case for
plants such as strawberry (ZW), asparagus (XY), papaya (XY), and white campion (XY),
but the full suite of genes underlying gender determination on any plant sex chromosome
have largely remained unknown. Here we present a genome assembly and annotation for
garden asparagus (Asparagus officinalis), a plant with a young homomorphic XX/XY sex
chromosome pair, and identify a 1.8Mb hemizygous, Y-linked region by comparing sibling
doubled haploid YY and XX individuals. Through physical mapping, expression analy-
sis, and mutant resequencing, we present strong evidence that sex determination in garden

asparagus is mediated by two genes in a hemizygous, non-recombining region on the Y.

4.2 Introduction

On the shores of Naples in 1904, Geoffrey Smith discovered that while male and female In-
achus mauritanicus crabs were parasitized at the same frequency, males that were castrated
by a parasite developed secondary female characteristics and became hermaphroditic. In
conjunction with early cytological evidence of sex differences (Morgan, 1914; Allen, 1917),
this result framed the hypothesis that sex inheritance was a Mendelian trait inherited as
homozygous in one sex and heterozygous in the other. Over the next hundred years of
research, cytological and genetic evidence implicated the zygotic configuration of a sex chro-
mosome pair as the dominant control for gender determination in many dioecious species
across plants, animals, and fungi (Morgan, 1914, 1926).

Despite nearly a century of research in the genetic and ecological causes and consequences
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of sex chromosome evolution across plants, several fundamental questions about their ori-
gins still remain unresolved. In particular, how are regions of non-recombination between
X/Y (or Z/W) established from an ancestral autosome pair, how does that region change
over time, and do we find parallels across divergent plant taxa with sex chromosomes? Sex
chromosomes have evolved from autosomes hundreds of independent times across the flow-
ering plant phylogeny (Ming et al., 2011), and researchers have developed several modern
model systems to test the evolution of sex chromosomes and sex determining genes. Despite
this diversity in model systems across plants, the exact suite of genes involved in gender
determination remains unknown in any angiosperm.

A hypothesis formalized by Deborah and Brian Charlesworth (1978) suggests that the
conversion from an autosome pair to a sex chromosome pair requires at least two genes
linked perfectly in a non-recombining region; one gene must suppress female organogenesis,
and another must promote the formation of anthers. Under this hypothesis, gynodioecy, or
the co-occurrence of female and hermaphrodite forms, likely serves as an intermediate form
between hermaphroditism and dioecy. Here we directly test this hypothesis about the origin
of sex determination genes on a young sex chromosome using garden asparagus (Asparagus
officinalis L.) as a model system, which is ideal as a sex chromosome pair appears to have
evolved only once or potentially twice in the Asparagus genus (Kubota et al., 2012; Norup
et al., 2015). The X and Y chromosomes are cytologically homomorphic (Deng et al., 2012),
suggesting that this conversion occurred recently. Further, in garden asparagus, anther and
pistil sterility events occur in two temporally separate events, suggesting the possibility of a

two gene sex determination system.
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Table 4.1: Initial garden asparagus SOAPdenovo2 assembly statistics
Statistic ~ Scaffold length (nt) Contig length (nt)

N90 73,440 6,762

N8O 128,075 9,634

N70 178,416 13,335

N60 235,886 17,100

N50 301,040 21,179
Longest 1,874,998 176,610
Total Size 1,162,656,628 1,109,535,501

4.3 Methods

Genome sequencing, assembly, and genetic mapping

To assemble the 1.3Gb garden asparagus genome into pseudomolecules, we utilized a com-
bination of physical mapping, genetic mapping, and optical mapping (Figure 4.1). A YY
doubled haploid A. officinalis individual (DH00/086) was sequenced to nearly 123X cover-
age using a diversity of short insert size and large mate pair Illumina libraries (Table 4.1).
Reads were assembled using SOAPdenovo2 to produce a draft initial assembly.

To improve the initial assembly, roughly 20X of PacBio longread coverage and 1X of
Roche 454 coverage was generated for gap-filling and scaffolding. High molecular weight
DNA isolated from the reference DH00/086 individual was used as input for PacBio library
preparation. The prepared library was size selected for >20kb fragments using the BluePip-
pin (Sage Science, Beverly, MA) and sequenced on a PacBio RS IT at the University of Florida
Interdisciplinary Center for Biotechnology Research (ICBR). The assembly was subsequently
improved utilizing PBJelly2.

To further improve the contiguity of the assembly, a 79X coverage BioNano Genomics
optical map (using enzyme BspQI) was generated for the same YY reference individual.

Molecules were assembled in IrysView and anchored onto the sequence scaffolds using the
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Compare tool in IrysView.

To place sequence contigs into genetic bins on pseudomolecules representing each of the 10
haploid A. officinalis chromosomes, we generated a SNP-based genetic map by resequencing
a population of 71 doubled haploid XX or YY individuals derived from performing colchicine
anther culture on a single XY individual (K323). Each of the 71 individuals were resequenced
to roughly 3X coverage using standard [llumina library protocols. The XY parent of the pop-
ulation was resequenced to 20X coverage, and the two doubled haploid parents of that XY in-
dividual (that is, the grandparents of the mapping population) were also resequenced to 10X
coverage. This sampling strategy ensured that SNP validation in the mapping population can
be verified through both the parent and one of the grandparents, which should significantly
reduce the false positive SNP detection rate. Illumina paired-end 150nt reads from the map-
ping population individuals were quality assessed and adapter trimmed using batch scripts
archived at https://github.com/alexharkess/bread_and_butter/tree/master/readCleaning and
aligned to the reference pseudomolecules using bwa v0.7.5a. SNPs were called using samtools
v1.2 mpileup and bcftools v1.2, filtering for homozygous SNPs with at least a read coverage
of 2. Genetic map construction utilizing spreadsheet software (Microsoft Excel 2010) was

performed following Bowers et al. (2010).

Gene and repetitive element annotation

To annotate the assembled pseudomolecules for gene content, we utilized a combined ap-
proach of RNA-seq based, ab initio, and ortholog-based gene identification. Illumina-based
RNAseq reads from Harkess et al. (2015), which includes vegetative spear tips and floral bud
isolations, were aligned to the unmasked reference pseudomolecules using TopHat2 (v2.0.14)
with default parameters. Gene models were assembled with Cufflinks (v2.2.1) with default
parameters. We used these gene models to develop a 5,000 gene training set for ab initio gene

prediction with SNAP (v2010-07-28), PASA (r20130907), and AUGUSTUS (v2.5.5). We also
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leveraged orthologous protein models from Vitis vinifera, Arabidopsis thaliana, Phaealenop-
sis, Oryza sativa, and Musa acuminata using exonerate (https://github.com/nathanweeks/exonerate)
with the prot2genome alignment model to generate additional evidence for gene models. Ev-
idence from the RNA-Seq, ab initio, and orthologous gene model annotations was combined
using EvidenceModeler (r2012-06-25) to produce a unified set of gene model annotations.
To annotate the pseudomolecules for repetitive DNA content, we first utilized a cus-
tom RepeatMasker database generated by Harkess et al. (in review). We ran RepeatMasker
v4.0.5 with parameters ”-e wublast -pa 32 -lib Asparagus.repeatexplorer.annotatedRepeats.fa
-no_is -nolow -html -gff”. To annotate intact LTR retroelements, we used LTRharvest from
GenomeTools v1.5.1 with default parameters except for ”-similar 55 -maxdistltr 40000” to
identify older LTR insertions as large as 40kb. The genome pseudomolecules were masked

prior to generating the final gene set with EvidenceModeler.

Mutant generation and analysis of sex determination genes

We utilized a reverse genetic approach to generate male-to-hermaphrodite and male-to-female
mutants in garden asparagus to identify the sex determination genes on the Y. To identify
a gene that putatively suppresses femaleness on the Y, we first focused on the identification
of a mutant that switched from an XY male to producing hermaphroditic flowers, indicat-
ing that a putative female suppression gene had been knocked out. In collaboration with
Limgroup (Horst, Netherlands), a population of 40,000 XY male individuals from the K323
genotype were treated with low levels of Cobalt-60 gamma irradiation. All 40,000 individ-
uals were planted and phenotyped for the presence of hermaphroditic flowers at Limgroup
facilities. Additional populations of >5,000 seeds were also treated with Co-60 gamma ir-
radiation, leading to the generation of five additional mutants (Lim mutl - Lim_mut5) that
include both male-to-hermaphrodite mutants and male-to-female mutants. All individuals

were resequenced utilizing standard Illumina library preparation protocols with the KAPA
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DNA Library kit and sequenced on an Illumina NextSeq at the Georgia Genomics Facility
to generate paired-end or single-end 150nt reads. Short reads were quality assessed, adapter
trimmed, and quality trimmed utilizing batch FASTQC and Trimmomatic scripts avail-
able at https://github.com/alexharkess/bread_and_butter/tree/master/readCleaning. All

cleaned Illumina reads were aligned with bwa v0.7.10 with default parameters.

4.4 Results and Discussion

Genome assembly and annotation

The genome of a doubled haploid YY asparagus individual (DH00/086) was sequenced and
de novo assembled using 120X coverage Illumina reads, 20X coverage Pacific Biosciences
(PacBio) reads, and a 66X BioNano Genomics optical map to yield an initial assembly.
Contigs comprising nearly 94% of the estimated genome size were anchored and oriented onto
10 pseudomolecules (and an additional unordered bin) using a nearly 3.2 million SNP genetic
map derived from a 72 individual doubled haploid XX and YY mapping population. Contigs
within pseudomolecules were ordered and oriented utilizing combined evidence from the
physical map scaffolds, the optical map scaffolds, and the genetic map bins. The combination
of the optical and physical map identified nearly 3,200 misjoins in the assembly that were
manually broken. 93.8% of the genome assembly contigs were placed into pseudomolecule
bins, 29.3% of the contigs were able to be properly ordered and oriented on the optical and
genetic maps, and 40.4% of the contigs were able to be ordered but not oriented on the map.
To compare X and Y chromosomes, a sibling doubled haploid XX female (DH00/94) was
resequenced to nearly 40X Illumina coverage and an additional >70X BioNano optical map
was generated.

Utilizing a combination of expression-based, ab initio, and orthology-based annotations

we predicted 27,656 genes in the A. officinalis genome. To judge the quality and com-
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Table 4.2: Filtered Illumina Read Statistics for DH00/086 Reference
Insert size (bp) Read Length (bp) Total Data (Gb) Depth (X coverage)

170 100 13.9 10.51
200 100 10.88 8.23
500 100 26.16 19.77
800 100 25.5 19.27
2,000 90/49 37.73 28.52
5,000 90 12.96 9.8
10,000 90 9.72 7.34
20,000 90/49 21.13 15.97
40,000 90 5.18 3.91
Total: 163.15 123.32

pleteness of the gene models, we compared the annotations to the 458 Arabidopsis thaliana
genes in the Core Eukaryotic Gene Model Annotation (CEGMA) database and recovered
hits for 95% the CEGMA genes, 66% of which were 100% full-length hits. Flow cytometry
estimation of the genome size is approximately 1,330 megabases (Mb), nearly 72% of which
is estimated by clustering random shotgun reads to be repetitive and largely dominated
by a recent proliferation of Ty3-Gypsy and Tyl-Copia Long Terminal Repeat (LTR) retro-
transposons coincident with the evolution of dioecy in the genus (Harkess et al., in review
(Kuhl et al., 2005)). Pairwise nucleotide similarity comparisons of annotated LTR repeat
ends also suggests that repeats have recently proliferated in the genus (Figure 4.2). Overall,
utilizing a custom A. officinalis repetitive element database (from Harkess et al. in review),
72.38% of the genome pseudomolecule bases were masked using RepeatMasker, indepen-
dently confirming the shotgun read approach to characterizing repetitive element content in

the genome.
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Figure 4.2: Distribution of percent identities from pairwise long terminal repeat (LTR)
alignments across all annotated, full-length LTR retrotransposons

Identifying two sex determination genes on the Y

Several markers have previously been closely linked to the non-recombining, sex determina-
tion region in A. officinalis, but the exact delimitation and structure of the non-recombining
region on the Y remained unclear (Jamsari et al., 2004; Telgmann-Rauber et al., 2007). We
used a combination of SNP-based genetic mapping, physical mapping, optical mapping, and
XX and YY accession resequencing to identify the exact boundaries of a nearly 1.8Mb hem-
izygous region of the Y chromosome that is largely missing from the X chromosome based
on resequencing. A total of 14 genes were predicted in this region of the Y, 10 of which have
annotations against Swiss-Prot (blastx, 1e-03 cutoff) Table 4.3.

Based on the model developed by Deborah and Brian Charlesworth (1978), we hypothe-
sized that sex determination in garden asparagus may be mediated by two linked genes on
the Y; one gene must suppress female organogenesis and another gene must promote the

formation of anthers. These genes must also be missing or other non-functional or pseu-
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Table 4.3: UniprotKB annotations for hemizygous, Y-linked genes

Gene model Evalue % ID  Annotation

01.231 9.00E-28  25.52 UPF0481 protein At3g47200

01.233 2.00E-04  33.33 Probable transcription-associated protein 1 tral
01.235 6.00E-33  61.86 Ethylene-responsive transcription factor ERF086
01.236 1.00E-13  41.38 Nudix hydrolase 22, chloroplastic

01.240 6.00E-69  77.27 Transcription factor MYB35

01.241 4.00E-87  54.92 Jasmonic acid-amido synthetase JAR1

01.243 1.00E-38  34.11 Probable WRKY transcription factor 41

01.244 3.00E-124 34.34 Pentatricopeptide repeat-containing protein At2g13600
01.245 6.00E-45  41.23 Chitinase domain-containing protein 1

01.246 8.00E-92  75.57 Abscisic acid receptor PYL9

dogenized on the X chromosome. We identified several independent lines of evidence that
implicate a single gene on the Y as being responsible for the suppression of female organo-
genesis. Three independently derived XY male plants that converted to hermaphroditism
were used to deletion map several loss-of-function mutations that mutually include a single
Y-linked gene; two mutants were derived from Co-60 gamma irradiation (Figure 3A, 3B), and
a third was a spontaneous mutant identified by collaborators Agostino Falavigna, Francesco
Mercati, and Francesco Sunseri. Due to the high concentration of repetitive elements in the
non-recombining region of the Y, identifying the exact boundaries of the gamma radiation-
induced deletions is informatically challenging with larger deletions. Regardless, the two
gamma irradiation deletion mutants clearly implicate a single gene as being responsible for
the gender conversion through blind analysis of read counts across all gene models. We first
took a sequence coverage-based approach to identifying deletions in the mutants relative to
the wild types. In the G033 mutant in which this gene was initially discovered, we screened
all gene annotations containing 0 read counts in the mutant, and ;5 read counts in the wild
type male; this threshold was initially based on our expectation of this gene being in a repet-

itive region, coupled with the rather low sequencing depth of 8X coverage. A single gene
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model across the entire sex-linked annotation had a 0 read count in its 2nd exon and ;8 read
counts in the wild type K323 individual. In a second, independent hermaphrodite mutant
(Lim_mut2 ), the irradiation-induced deletion is also mapped to a roughly 300nt region in
exon 2 of this same single gene. In the spontaneous mutant, there is a single nucleotide
polymorphism in exon 2 that leads to a premature stop codon in the transcript. This is
the only annotated gene in the region with clear deletions or premature stop codons across
all hermaphrodite mutants relative to their wild type progenitors. The gene does not have
a functionally annotated ortholog but contains a DUF247 domain (Domain of Unknown
Function 247, PF03140), a domain that has been implicated as the male component to the
self-incompatibility S-locus in perennial ryegrass. These hermaphroditic individuals display
properly formed pistils, and are able to self-pollinate and produce viable berries, strongly
suggesting that at least one more linked gene is likely required for male sterility in females.

To identify a gene on the Y that promotes anther development, we screened all 14 gene
annotations in the hemizygous region for anther-related genes and identified a homolog of
the Arabidopsis TAPETAL DEVELOPMENT AND FUNCTION 1 (TDF1, MYB35) gene.
TDF1 is a Myb-class transcription factor that is required for early tapetum and pollen
microspore development in Arabidopsis (Zhu et al., 2011; Gu et al., 2014). Anther sterility
in asparagus XX females has previously been shown to occur sometime before or during
pollen meiosis, and is marked by a clear destruction of the tapetal layer and the failure for
pollen microsporogenesis to fully initiate (Caporali et al., 1994). Using RNA-seq expression
analysis of the anther development pathway in XX female asparagus plants, we similarly
hypothesized that TDF1 or a developmentally related gene is likely an upstream regulator
of sex determination in A. officinalis (Harkess et al., 2015). Further, TDF1 is the only
gene model in this region with an Arabidopsis T-DNA knockout that yields a male sterile

phenotype or has previously been implicated in anther development.
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Structure and evolution of the Y chromosome

With a genome assembled into pseudomolecules, and the identification of two sex deter-
mination genes on the Y, the Asparagus genus now offers a unique system to study the
conversion of an autosome into a sex chromosome. Specifically, by what mechanism does
non-recombination between X and Y occur? By anchoring sequence scaffolds onto the YY
optical map, we have identified a nearly 1.8Mb region that delimits the boundaries of the
non-recombining, hemizygous region of the Y where the two sex determination genes reside.
This region is flanked by recombining, pseudoautosomal region sequence (PAR) (Figure 4).

To understand the origin of the Y chromosome, we performed syntenic block analysis to
identify remnants of whole genome duplications. Within-asparagus syntenic block analysis
shows that a large portion of the Y chromosome is syntenic with chromosome 5, and this
syntenic region spans the non-recombining sex determination region (Figure 5). Through
Ks analysis, this syntenic block is largely derived from one of the two detectable whole
genome duplication events in asparagus, which transcriptome-based analysis clearly indicates
occurred before the evolution of dioecy and a sex chromosome in the genus (Harkess et al.,
in review).

Given that the TDF1 gene is single copy in the garden asparagus genome, only present on
the hemizygous region of the Y, this leads to two possible hypotheses about the evolution of
the male sterility component of the Y: either the TDF1 homolog was present on chromosome 5
before the whole genome duplication event, and has since been deleted on chromosome 5 and
retained on the Y, or that the TDF'1 gene has been recruited to the non-recombining region
of the Y. Clarifying this hypothesis requires an assembly and annotation of a hermaphroditic

ancestor, though.
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4.5 Conclusions

The flower is a unifying reproductive structure across the angiosperms. Despite this general
conservation, angiosperms have evolved myriad ways to alter the flower to yield massive
variation in morphology, sexual systems, and mating systems. In particular, the conversion
from hermaphroditic flowers to unisexual ones has repeatedly occurred across the angiosperm
phylogeny. This conversion is often accompanied by the evolution of a sex chromosome that
actively determines gender, allowing for the characterization of sex chromosomes across
several different systems and time scales. This comes in great contrast to the mammalian
Y, which shares a single origin nearly 180 million years ago, and is evident by its highly
degenerate form relative to the X chromosome. All evidence of the earliest events in the
evolution of the mammalian Y have been lost due to this degeneration.

Our high quality garden asparagus reference genome serves as an ideal non-grass monocot
genome for studying both monocot evolution and the evolution of young sex chromosomes.
In particular, the identification of two sex determination genes in a relatively small, 1.8Mb
non-recombining region of the Y chromosome is the first genic confirmation of a nearly 40
year old hypothesis regarding the conversion of autosome to sex chromosomes (Charlesworth
and Charlesworth, 1978). Given the homomorphism of the X and Y, this conversion from
autosome to sex chromosome likely occurred recently; regardless, the initial degeneration of
the Y chromosome is already evident by the expansion of young retrotransposons in this
sex determination region. While the TDF1 gene has been functionally characterized as a
tapetum-specific gene through mutant analysis in orthologous species, the DUF247 domain-

containing gene remains functionally mysterious.
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Chapter 5

Conclusions and Discussion

5.1 Dioecy across the Asparagus genus

Our understanding of the evolution of dioecy and sex chromosomes is fragmented across sev-
eral key model systems, such as asparagus, papaya, strawberry, persimmon, Rumex, Populus,
Saliz, and white campion. Each of these systems provides a unique opportunity to under-
stand the conversion from autosome to sex chromosome as it accompanies the conversion
from hermaphroditic flowers to dioecious, androdioecious, or gynodioecious flowers. Here we
place the conversion from hermaphrodite to dioecious flowers in Asparagus within several
contexts: the evolution of genomic content across the entire genus, the specific expression
differences in male and female flower development in garden asparagus, and the identification
of master sex determination genes on that Y chromosome.

Each of the chapters in this dissertation present different ways to view dioecy, all of which
are critical to a more holistic understanding of the causes and consequences of the evolution
of a sex chromosome. In addition, each chapter undoubtedly raises more questions than
it answers. In chapter II, we observe that genome sizes in dioecious species precipitously

increase in concert with an increase in repetitive elements, but we can only speculate as to
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the role of sex chromosome evolution in that repetitive element proliferation. In Chapter III,
we identify differential expression between male and female flowers, but can only hypothesize
where in the anther development pathway might sterility occur in XX females. Our genome
assembly and annotation in Chapter IV serves to synthesize these major questions in garden
asparagus, though, as we reconstruct the Y chromosome and identify the genes involved in

sex determination.

5.2 A two locus model comes to light

Nearly 40 years ago, Deborah and Brian Charlesworth hypothesized the necessity of mu-
tations in two genes involved in the conversion from autosome to sex chromosome. As
shown in Chapter I, this hypothesis had ecological and genetic roots stretching back more
than 50 years earlier, based on the cytological, genetic, and morphological observations from
botanists. Though this model is elegantly simple, it has long been under scrutiny given
that the genes underlying these putative loci remained unknown in any dioecious species.
Although we have long known that two "loci” control sex determination in Silene latifolia,
which in many ways validates the Charlesworths’ model, the genes underlying these loci have
remained entirely mysterious. Our identification of two sex determination genes, TDF1 and
a DUF247 domain-containing gene, is the first genic confirmation of the Charlesworth’s 1978
model.

It is important to note that given the complexities of floral development, this model is
certainly not the only way for dioecious species to evolve from a hermaphroditic ancestor.
As we learn more about how gender is controlled in species such as cucurbits (Boulaem et
al. 2008) and persimmon (Akagi et al. 2014), for example, we find that the genetic controls
of dioecy can certainly be more complicated than a simple two gene model. To reiterate a

point made in Chapter I by Winge (1937), The views as to where the genes are located and
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whether a single gene or several genes be present in the respective [sex| chromosome suggest

that the matter is more complicated than was at first supposed.

5.3 Remaining questions

This dissertation has largely answered a long-term question in the evolution of sex chromo-
somes, but this finding must be placed in an appropriate context. While we have identified
the master sex determination genes in a single species, this must include the caveat that
we have observed a single data point across the thousands of dioecious plants in the an-
giosperms. Consequently our results describe the evolution of a sex chromosome and sex
determination genes only in Asparagus, which certainly differs from the evolution of other
diverse sex chromosomes in both plants and animals. These findings will continue to grow in
their importance as we place them in a comparative context with other dioecious systems.
In particular, as we learn more about sex determination in dioecious genomes, do we find
parallels between phylogenetically distant systems? While the sex determining genes are
likely different across plants, are certain parts of the anther and ovule development path-
ways more prone to sterility mutations? We might speculate that traditionally single copy
genes in this pathway may be especially subject to mutations, and these are hypotheses we
can soon begin to test given the increase in available expression data for dioecious species.
Several burgeoning questions are perhaps obvious next steps in this research: what is
the structure of the ancestral autosome, and the X chromosome? We are currently de novo
assembling a sibling XX doubled haploid genome to identify the corresponding X region to the
hemizygous region of the Y, identifying both evolutionary strata and the potential presence
of X-specific genes. Simultaneously, we are assembling an additional dioecious genome for
both an XY male and XX female Asparagus cochinchensis individual to test whether there

has been expansion and/or contraction of the borders of the X chromosome relative to the Y.
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These genomes are only useful in the context of phylogeny, though, and we are utilizing high-
throughput gene capture approaches to build more complete coalescent-based phylogenies
across the entire genus.

The Asparagus genus, and in particular garden asparagus, is poised to become a model
system sex chromosome evolution. Future work must include forward functional genetics,
such as the transformation of a CRISPR-Cas9 locus, for targeted genome editing and the
functional verification of these sex determination genes. The future for garden asparagus is
bright, though, especially as we uncover the genomic and ecological causes and consequences

for the evolution of sex chromosomes in other species.
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Chapter 6

Appendices

6.1 Chapter II supplemental figures and tables

Table 6.1: Transcriptome assembly and annotation

Species Sexual System  Number of Translated Translated cDNA
transcripts  transcripts  N50 (nt)

A. asparagoidies Hermaphrodite 118,517 40,928 1,431

A. officinalis Dioecious 276,556 158,386 1,482
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Table 6.2: Number of paralogous and orthologous transcript pairs analyzed

Comparison Pairs analyzed
A. officinalis x A. officinalis 225,035

A. asparagoidies x A. asparagoidies 11,818

A. officinalis x A. asparagoidies 326,687

Table 6.3: Estimated shotgun sequencing genome coverage

Species Sequence data (nt) Genome size (nt) Estimated coverage
A. officinalis 7,955,329 1,370,000,000 0.0058
A. maritimus 14,586,484 1,310,000,000 0.0111
A. aphyllus 13,805,190 1,250,000,000 0.0110
A. stipularis 9,569,792 1,090,000,000 0.0089
A. falcatus 8,238,184 1,060,000,000 0.0078
A. virgatus 13,374,059 830,000,000 0.0161
A. pyrimidalis 16,872,384 720,000,000 0.0234
A. asparagoides 12,304,847 2,400,000,000 0.0051
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