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Abstract

Plant sexual reproduction commences with the interaction of the mature stigma
(the receptive portion of the female reproductive organ) and the mature pollen (the male
gametophyte). Proteins present at their mature developmental stages are therefore likely
to reflect their upcoming reproductive roles. In this study, gel-free shotgun proteomics
was used to investigate the proteomes of the mature stigma and pollen grain in two
species that are highly related to Canada’s most important crops. We identified 7703 and
5608 Brassica carinata stigma and pollen proteins, and 11533 and 2977 triticale stigma
and pollen proteins, respectively. These represent the largest Brassicaceae and Triticeae
pollen and stigma proteome datasets to date. In addition, this is the first comparative
analysis of developing stigmas, and it was performed using isobaric tag for relative and
absolute quantification (iTRAQ). There were 251 B. carinata proteins found to be
differentially abundant during stigma maturation with 154 proteins that had increased
abundance, while 97 decreased in abundance. For triticale, 647 differentially abundant
stigma proteins were identified with 305 and 342 proteins increasing and decreasing in
abundance respectively.
A comparison of the B. carinata and triticale stigma or pollen proteomes
suggested considerable functional conservation between the two species despite their
very different morphology. Although the proteomes exhibited similar functional
enrichment trends, both species displayed significant differences between their pollen and
stigma proteomes, which reflected their functional specialization. Altogether, the results
of this study represent an invaluable resource for the further study of pollen and stigma
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development and interactions, and will potentially facilitate our understanding of plant
reproduction in other members of the Brassicaceae (e.g. B. napus, B. oleracea, B. rapa)
and Triticeae (wheat, barley, rye).
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Preface
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be submitted for publication in a peer-reviewed journal.
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Chapter 1
General Introduction
Flowering plants, formally classified as Magnoliophyta, but informally known as
angiosperms, are the largest division within the plant kingdom. Angiosperms are divided
into two main classifications; Monocots and Dicots. One of the main differences
between the two is their floral structure. Flowers are important for sexual reproduction as
they contain the reproductive organs of the plant (Mauseth, 1998). Many monocots and
dicots are monoclinous, containing both the female (pistil) and male (stamen)
reproductive organs in the same flower (Vines, 1894). Reproduction begins when pollen,
released from the stamen, interacts with the stigma of the pistil, and therefore, uncovering
molecular factors involved in pollen-stigma interactions is paramount to the
understanding of plant reproduction. Since proteins are the mediators of physiological
function within an organism, uncovering the proteome (the entire protein complement of
a cell, tissue or organism) of the mature stigma and mature pollen grain, as well as the
proteins that change in abundance as the stigma matures, should contribute to unraveling
the molecular processes involved in pollen-stigma interactions.
In this study, gel-free proteomics was used in order to elucidate key proteins
underlying molecular mechanisms regulating pollen and stigma interactions in the
monocot triticale and dicot Brassica carinata. As representatives of Canada’s most
cultivated crops, acquiring a greater understanding of the molecular processes involved in
their reproduction will aid in the development of innovative approaches to managing crop
reproduction.
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1.1 Brassica carinata
Brassica carinata (2n= 4x= 34; BBCC), otherwise known as Ethiopian mustard,
belongs to the Brassiceae tribe, which is a part of the Brassicaceae (Cruciferae) family. It
is a product of a natural hybridization between B. nigra (2n= 2x= 16; BB) and B.
oleracea (2n= 2x= 18; CC) (Alemayehu and Becker, 2002; Kristal and Lampe, 2002;
Lysak et. al., 2005; Rakow, 2004). B. carinata is a robust plant having a high tolerance
to biotic and abiotic stress. It also has a large seed size and high seed yield, along with
high protein and oil content. Because of its high erucic acid and glucosinolate content, B.
carinata is undesirable for human consumption. However, its agronomical qualities
make it suitable for industrial use. For example, due to its high oil content, there is a
viable market for the production of B. carinata biofuel (Alexander et. al., 2008; Getinet
et. al., 1994; Johnson, 2013).
The floral structure of B. carinata is similar to that of other members of its genus.
It has four sepals and four petals, and it is monoclinous having its male reproductive parts
(four long stamens and two shorter stamens, each consisting of an anther and a filament)
and female reproductive part (pistil consisting of the papillate stigma, the style and the
ovary) within the same flower. The ovary is bicarpelar having parietal placentation and
is separated by a false septum. The flower also contains 4 nectaries in total; two
lateral/inner nectaries (between the ovary and the short stamens) and two median/outer
nectaries (between the long stamens and the petals) (Figure 1.1) (Mussury and Fernandes,
2000; Kudo, 2003; Davis et. al., 1996). It is believed that the short stamens function to
assist in cross-pollination as they act as a barrier against easy access to the nectary for
nectar feeders resulting in a longer stay for pollinators (Kudo, 2003). B. carinata is
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Figure 1.1. Schematic diagram of the B. carinata flower (Reneé Robinson, 2015).
Diagram was drawn using an image by Ken Bateman
(http://www.fastplants.jp/pdf/activities/flowering_pollination.pdf) as a guide.
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generally a self-pollinating crop, however, it can show an average outcrossing rate of
30% (Vollmann and Rajca, 2009).
A common technique used to improve the agronomical qualities of members of
the Brassica genus is the creation of doubled haploid (DH) lines through in vitro
microspore culture. The principle of androgenesis via microspore culture is to arrest the
development of the pollen grains and force them to produce haploid embryos. The in
vitro haploid production permits the accelerated development of homozygous lines
(following chromosome doubling), allowing for the selection and evaluation of desirable
genotypes (Barro et. al., 2001; Datta, 2005).

1.2 Triticale
Triticale is a man-made cereal crop resulting from the intergeneric cross between
wheat (Triticum ssp.) as the female parent, and rye (Secale ssp.) as the male parent. The
early wheat-rye hybrids were characterized by reproductive disorders such as reduced
fertility and shriveled kernels. In addition, interspecific F1 hybrids were self-sterile.
However, breeding programs were introduced to improve agronomical traits, and the
discovery of the in vitro culture technique to rescue the aborting embryo followed by
colchicine treatment (a chromosome number doubling agent) enabled the production of
fertile hybrids. The first commercial triticale cultivars were made available in the late
1960’s (Oettler, 2005; Hills et. al., 2007).
There are three types of triticale based on their ploidy level, namely the tetraploid,
hexaploid and octoploid varieties. However, the hexaploid hybrids (2n= 6x= 42;
AABBRR) are the most commercially successful. Hexaploid triticale, otherwise known
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by its scientific name x Triticosecale Wittmack ssp. is developed by crossing durum
wheat (Triticum turgidum ssp. durum; 2n= 4x =28; AABB) and rye (Secale cereale; 2n=
2x= 14; RR). Tetraploid triticale (2n= 4x= 28; AARR, BBRR, DDRR, mixed genome
(AB)(AB)RR) can be obtained by crossing hexaploid triticale with rye followed by
selfing, whereas octaploid triticale (2n = 8x= 56; AABBRRDD) is produced by crossing
hexaploid T. aestivum (2n= 6x =42; AABBDD) and rye. Since tetraploid triticale has
never reached significance for commercial production and octoploid triticales revert to
the hexaploid level, they are not normally commercially used (Oettler, 2005; Hills et. al.,
2007; Lelly, 1995).
Triticale has superior agronomical qualities that arise from the cross-breeding of
its parents. It has the vigor of rye, as it is more productive than other cereals under abiotic
stress conditions, less susceptible to most diseases and is competitive with other cereals
in terms of grain yield, and it also has many of the nutritional qualities of wheat (i.e. high
starch, lipid, fiber, protein, vitamin and minerals content, low anti-nutritional content)
(Hills et. al., 2007; Chapman et. al., 2005). Triticale is primarily used for animal feed,
but small amounts enter the human food chain through the intentional or unintentional
mixing with other grains. Since triticale is not generally used in products designed for
human consumption and is competitive with other cereals with respect to grain yields,
starch content and price, it can be genetically modified to produce various biopolymers,
adhesives, industrial enzymes, and high strength fibers. Additionally, it is a viable
platform for bioethanol production (Hills et. al., 2007; Chapman et. al., 2005).
Triticale is a cereal crop that belongs to the Triticeae tribe that is a part of the
family of grasses (Poaceae) (Carvalho et. al., 2005; Grass Phylogeny Working Group,
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2001). It has a distichous spike with spikelets (containing the florets) arranged vertically
on opposite sides of a central rachis. The spikelet consists of 3-5 fertile florets (with
some sterile ones at the tip) enclosed by a glume. Each floret consists of a palea and a
lemma with a hair like protrusion called an awn, both of which enclose and protect the
reproductive parts of the flower. The flower is monoclinous, having both female (pistil
consisting of the bifurcated plumose stigma, the style and the ovary) and male (3
stamens, each consisting of an anther and a filament) parts within the same flower
(Figure 1.2) (Baum and Gupta, 1990). Triticale is cleistogamous and therefore
predominantly a self-pollinating species, however 5% outcrossing has been reported in
more advanced varieties of triticale (Yeung and Larter, 1972).

1.3 Plant Reproductive Systems
Plant reproduction is the process by which plants propagate. There are two types
of reproduction; (1) asexual, using vegetative parts of the plants, and (2) sexual
reproduction, in which two gametes (haploid cells produced by the female and male
reproductive organs during meiosis) fuse to produce a diploid zygote (new offspring).
When angiosperms sexually reproduce, a seed is formed from the fusion of the male and
female gamete (Mauseth, 1998).

1.4 Sexual Plant Reproduction
1.4.1 Female Reproductive Organs
The female reproductive organ is called a pistil. It can consist of one carpel or a
fusion of carpels (multicarpellar) collectively known as the gynoecium, and is made up of
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Figure 1.2. Schematic diagram of the triticale flower (Reneé Robinson, 2015). Diagram
was drawn using an image found in The Encyclopedia of Grasses for Livable Landscapes
(Darke, 2007) as a guide.
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3 parts; a stigma, a style, and an ovary (Mauseth, 1998). The stigma is the receptive
portion of the pistil that captures the pollen grains. It can be classified into two main
groups: stigmas that secrete a fluid (exudate) consisting of proteins, lipids and
carbohydrates are called wet stigmas, whereas stigmas without the exudate are called dry
stigmas. Dry stigmas are further divided into (1) plumose stigmas (characteristic of the
grasses) that are covered by a discontinuous cuticle with receptive cells dispersed on
multiseriate branches and are adapted to collect wind-dispersed pollen, and (2) papillate
stigmas (characteristic of the Brassicacea), that consist of a dome of epidermal papillae
covered by a continuous cuticle possessing a few patches of waxes, and are usually
pollinated by pollinators. A membrane-like layer of protein called the pellicle sits on the
cuticle of dry stigmas and acts as the first site of molecular contact between the stigma
and pollen grains (Cresti and Tiezzi, 2011; Hiscock and Allen, 2008; Gaude and Dumas,
1986; Heslop- Harrison and Shivanna, 1977).
The style connects the stigma to the ovary and includes the transmitting tract in
which the pollen tube grows to get to the ovary. The ovary contains the ovules. Ovules
have a short stalk called a funiculus that attaches the ovule to the ovary wall. The ovules
have a central mass of parenchyma called a nucellus that surrounds the embryo sac. Two
thin sheets of cells called integuments surround almost the entire surface of the nucellus
leaving a small opening (micropyle) that gives the sperm cells access to the embryo sac
and the egg cell within (Hiscock and Allen, 2008; Mauseth, 1998).
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1.4.2 Male Reproductive Organs
The male reproductive organ of the flower is frequently referred to as the stamen.
The stamens, collectively known as the androecium, contain two parts; the anther (where
the pollen is produced) and the filament (the stalk supporting the anther). Within the
anther, microsporocytes enlarge and prepare for meiosis. Two rounds of meiosis (I and
II) occur to produce a haploid cell with four nuclei that become microspores within a
tetrad enclosed in callose. The four microspores continue to expand and are released
from the tetrad. Subsequently, the microspore nucleus undergoes mitosis I to produce
bicellular pollen having a vegetative cell and a generative cell. The generative cell then
undergoes a second round of mitosis (mitosis II) to produce two sperm cells. At this
stage, the pollen grain contains three cells and is thus called tricellular pollen. In 70% of
angiosperms, bicellular pollen is released from the anthers and the second round of
mitosis occurs within the pollen tube. However, mitosis II occurs pre-pollen release in
the remaining 30%, including triticale and B. carinata (Mauseth, 1998; Lora et. al., 2009,
Edlund et. al., 2004).

1.4.3 Pollen Dissemination
In angiosperms, mature pollen grains shed during anthesis can be disseminated
via wind, as observed in the Poaceae, or through pollinators (insects, birds and
mammals), as observed in the Brassicaceae (Kudo, 2003; Friedman and Barrett, 2009).
Over the past 120 million years, flowers have adapted to facilitate their respective
pollination mechanisms (Mauseth, 1998). In plants that utilize pollinators to facilitate
pollen dissemination like in the Brassicaceae, the flowers contain brightly colored petals,
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are scented and produce nectar. The pollen grains are usually large and sticky, and do not
become airborne readily. In wind-pollinated species like the Poaceae, the flower is often
tiny, lacks petals, fragrances, and nectar. These flowers produce a large number of pollen
grains (that are light, dry and easily airborne) in order to increase the chances of a
compatible pollen grain landing on a compatible stigma. Large feathery stigmas are
adaptive features to increase the stigmatic surface area for pollen capture (Mauseth, 1998;
Treu and Emberlin, 2000).
Pollination is also aided by the growth pattern of the plant population as wind
pollinated species normally grow as dense populations in rangelands or forests, and
species that are widely scattered, rely on pollinators (Mauseth, 1998).

1.4.4 Pollen–Stigma Interactions
The pollen is released from the anthers in a partially dessicated state. Once the
pollen grain lands on the stigma, it adheres to the stigma and pollen recognition occurs.
If the interaction is compatible, water flows from the stigma to the pollen grain
rehydrating the metabolically inactive pollen grain. The pollen grain germinates on the
surface of the stigma and a pollen tube emerges out of the pollen grain. The pollen tube
carrying the two sperm cells grows through the stigma cell wall, down the style and to the
ovules contained within the ovary. The pollen tube penetrates the micropyle of the ovule
and ruptures to release the two sperm cells into the embryo sac. One sperm cell fertilizes
the egg, forming the diploid zygote, whereas the other sperm cell fertilizes the two polar
nuclei to form the endosperm, which provide nutrients for the growing embryo (Mauseth,
1998; Lord and Russell, 2002; Boavida et. al., 2005). Pollen-stigma interactions can
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therefore be divided into five stages: (1) pollen capture and adhesion, (2) pollen
recognition, (3) pollen hydration, (4) pollen germination, and (5) pollen tube growth. In
dry stigmas, pollen capture and adhesion, recognition and hydration are highly regulated
processes (Dresselhaus and Franklin-Tong, 2013). Despite their importance, knowledge
of the detailed molecular mechanisms involved in these stages remains very limited.
Angiosperms can either display self-compatibility (SC), promoting inbreeding, or
self-incompatibility (SI), promoting outcrossing and genetic diversity (Lord and Russell,
2002; Boavida et. al., 2005), and species can range from being fully to only partially selfincompatible (Willson, 1982). There are two types of SI systems: (1) sporophytic selfincompatibility (SSI) as observed in the Brassicaceae and (2) gametophytic selfincompatibility (GSI) as observed in the Poaceae (Lord and Russell, 2002; Baumann et.
al., 2000). SC systems are not well characterized, however in the Brassicaceae the SI
system has been extensively studied (Dixit and Nasrallah, 2001). Brassicaceae SSI
involves the small pollen coat protein S-locus cysteine rich/S-locus protein 11
(SCR/SP11) and its receptor, the stigma-localized S Locus Receptor Kinase (SRK).
These proteins are encoded by two tightly linked and co-evolving polymorphic alleles of
a single S-locus, called S haplotypes. The SCR/SP11 ligand interacts with the stigmatic
membrane localized SRK of the same S haplotype, activating it, leading to a signaling
cascade that results in the rejection of self-pollen on the stigmatic surface (Chapman and
Goring, 2010). Within the Brassica ssp., the intracellular signaling cascade includes a
plasma membrane localized protein kinase called the M Locus Protein Kinase (MLPK)
that is phosphorylated by SRK. It is proposed that MLPK and SRK function in a
complex to activate the downstream signaling protein Arm-Repeat Containing-1 (ARC1)
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E3 ubiquitin ligase that targets substrates for ubiquitination. Targets of ARC1 include
key players of the basal compatibility pathway, namely the EXO70A1 (required for
membrane vesicular docking) and glyoxalase 1 (GLO1) (detoxifies methylglyoxal in the
stigmatic cytoplasm). The ubiquitinated proteins are then sent to the 26S proteasome for
degradation (Doucet et. al., 2016).
In the Poaceae, GSI is a multi-locus system that is controlled gametophytically by
the polymorphic S and Z loci. A pollen grain is incompatible when the S and Z alleles of
the pollen match that of the recipient pistil (Klaas et. al., 2011). Not much is known
about the identity of the gene products, however it has recently been concluded that a
DUF247 protein acts as the pollen component of the S locus on linkage group (LG) 1 in
perennial ryegrass. Another DUF247 gene found in perennial ryegrass and a neighboring
Ubiquitin-Specific Protease (USP) gene found in both perennial ryegrass and rye, located
on LG2, were implicated as male and female components of the Z locus. Additionally,
unlinked self-fertility loci have been identified to be located in LGs 3 and 6 (rye), and 5
(rye and perennial ryegrass) (Thorogood et. al., 2017; Shinozuka et. al., 2010; Baumann
et. al., 2000).

1.5 Proteomics
Proteins are the cellular building blocks that directly assert the potential function
of genes. Proteomics is the study of the proteome, which is defined as the entire protein
complement of cells, tissues or organisms (Yates et. al., 2009). The proteome however,
is affected by numerous events such as RNA processing, RNA stability control, protein
translation, protein modifications and protein degradation (Soltis et. al., 2016).
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Polyploidy may also affect proteomes. Whole genome duplication events may produce
copies of genes where both are retained, one is retained and the other lost or silenced, or
where one copy is retained while the other diverges and takes on a new function.
Furthermore, new patterns of gene expression coupled with alternative splicing may
provide transcripts that could give rise to novel proteins. Within a polyploid genome,
duplicate loci may undergo any combination of the aforementioned events resulting in a
mosaic of possible outcomes that may consequently affect the proteome (Soltis et. al.,
2016). Studies further elucidating the consequences of polyploidy on the proteome
however, remain in their infancy.
Proteomics can encompass many applications including but not limited to protein
identification, modification, quantification and localization (Yates et. al., 2009).
Proteomic studies can be used to elucidate differences in protein abundance as well as
global and organellar proteomic elucidation (Abdallah et. al., 2012).
There are numerous approaches to proteomics and they can be classified as gelbased or gel-free, as well as label-based or label-free, the latter two being used for
quantitative proteomics (Abdallah et. al., 2012; Zhang et. al., 2013). All of these
approaches will be discussed below.

1.5.1 Gel-based Proteomics
Gel-based proteomics has been the main approach used in plant proteomics and
there are 4 main techniques; namely one-dimensional gel polyacrylamide gel
electrophoresis (1D-PAGE), two-dimensional gel polyacrylamide gel electrophoresis
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(2D-PAGE), two-dimensional difference gel electrophoresis (2D-DIGE), and Blue
Native-PAGE (BN-PAGE) (Abdallah et. al., 2012).
One-dimensional PAGE relies on the separation of proteins based on their
molecular weight (MW). It allows for fast determination of protein purity and is used for
many applications including the comparison of the protein composition in different
samples, analysis of the number and size of polypeptide subunits, immunoblotting, and as
a second dimension in 2D-PAGE (Abdallah et. al., 2012). Despite its advantages, 1DPAGE does not efficiently separate different proteins of the same MW (Magdeldin et. al.,
2014). Therefore another technique, 2D-PAGE, with improved resolving power that
allows proteins to undergo orthogonal separation was introduced. In 2D-PAGE, proteins
first undergo isoelectric focusing (IEF) based on their net charge at different pHs,
followed by a second dimension separation based on MW. There are however numerous
caveats to this approach including poor representation of low abundance proteins and
high acidic/basic proteins. Furthermore, there may be co-migration of multiple proteins
in a single spot and low gel-to-gel reproducibility, rendering comparative quantification
difficult. With respect to gel-based quantitative proteomics, an improvement upon the
standard 2D-PAGE was introduced. This new technique called 2D-DIGE allows samples
to be compared to be run together on the same gel. This circumvents the protein ratio
errors due to low gel-to-gel reproducibility and it relies on pre-electrophoretic labeling of
samples with CyDyes (Abdallah et. al., 2012).
Blue Native-PAGE is a technique that is used to give insight into the
stoichiometry of protein complexes. It involves a two-dimensional separation where
protein complexes are separated under native conditions in the first dimension followed
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by separation of individual proteins within the complexes in the second dimension under
denaturing conditions. BN-PAGE however is not efficient in separating small protein
complexes due to the small separation distance in the first dimension. Furthermore,
distinct complexes of similar molecular masses often co-migrate resulting in constitutive
proteins appearing to be present in the same complex (Abdallah et. al., 2012).
Gel-based proteomics therefore suffers from some caveats; namely
reproducibility, issues with protein co-migration and limitations on the ability to study
certain classes of proteins. Consequently, alternative approaches such as gel-free
proteomics were introduced.

1.5.2 Gel-free Proteomics
In gel-free proteomics, complex protein mixtures are analyzed without the use of
a polyacrylamide gel. When protein characterization is based on the analysis of peptides
released from proteins through proteolysis, it is called “bottom-up” proteomics, and when
this analysis is performed on a mixture of proteins, it is called shotgun proteomics (Zhang
et. al., 2013). In shotgun proteomics, complex peptide fractions can be resolved using
multiple fractionation strategies, many of which are gel-free. Off-gel electrophoresis
(OGE) is one of these fractionation strategies. OGE involves a liquid-phase peptide IEF
where the separation is performed in a two-phase system with an upper liquid phase
divided into 12 or 24 compartments, and a lower phase IPG strip. The sample is loaded
into the wells and a voltage gradient is applied. Peptides migrate through the IPG strip
until they reach their pI within a given compartment. Separated peptides can then be
easily recovered in solution for further analysis (Abdallah et. al., 2012).
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All the other gel-free fractionation techniques are variations of high performance
liquid chromatography (HPLC) and include ion-exchange chromatography (IEC), size
exclusion chromatography (SEC), normal phase liquid chromatography (NP-HPLC),
hydrophilic interaction liquid chromatography (HILIC), hydrophobic interaction
chromatography (HIC), and reverse phase liquid chromatography (RP-HPLC) (Abdallah
et. al., 2012; Aguilar, 2004; Buszewski and Noga, 2012). HPLC consists of two phases;
a stationary phase and a mobile liquid phase. The liquid phase containing the peptides is
passed over the immobilized phase and the peptides are separated based on their
differential absorption of each solute according to their respective affinity for the
immobilized stationary phase (Aguilar, 2004). In IEC, peptides are separated according
to their electric charge. There are two types: cation-exchange chromatography (CX) and
anion-exchange chromatography (AX). In CX, negative functional groups on the
stationary phase attract positively charged peptides at an acidic pH. In AX, positive
functional groups on the stationary phase attract negatively charged peptides at a basic
pH. Strong cation/anion exchange (SCX/SAX) encompasses a strong exchanger group
that can be ionized over a broad pH range. Peptides are separated based on their charge
by either varying the salt concentration of the mobile phase or they are separated based
on their pI by applying a pH gradient (Abdallah et. al., 2012).
In SEC, peptides are separated based on differences in their molecular size. The
stationary phase contains gel media that consists of spherical porous particles of a certain
pore size. Small molecules diffuse freely into the pores resulting in slowed movement
through the column and are therefore eluted last. Conversely, larger molecules cannot
enter the pores and move more quickly through the column resulting in their earlier
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elution. SEC however does not have as good a resolving power as some of the other
fractionation techniques and is therefore not the preferred method for peptide separation
(Aguilar, 2004).
NP-HPLC and HILIC are very similar in the sense that they both use a polar
stationary phase in combination with an apolar mobile phase for peptide separation in
order of increasing polarity (Aguilar, 2004). The main difference is that HILIC uses a
mobile phase similar to that of RP-HPLC (albeit reverse polarity) and it therefore allows
for the analysis of charged substances. In NP-HPLC, only organic substances are used as
the mobile phase and charged substances are not easily separated (Buszewski and Noga,
2012).
In HIC, analytes can bind to a weakly hydrophobic stationary phase at high salt
concentrations and decreasing the salt gradient in the mobile phase allows for their
elution based on increased hydrophobicity (Aguilar, 2004). RP-HPLC is similar in
concept to HIC in that it separates peptides based on hydrophobicity. This technique
consists of a hydrophobic stationary phase (sorbent) and a mobile aqueous phase where
the peptides are eluted by the addition of organic solvent to the mobile phase and are
therefore eluted in order of increasing molecular hydrophobicity (Aguilar, 2004). RPHPLC is the most widespread HPLC method applied in proteomics due to the fact that it
has excellent efficiency and resolving power along with reasonable elution times, and a
volatile mobile phase that is compatible with the mass spectrometer. It also eliminates
the need for an extra desalting step pre-mass spectrometry (MS) that may lead to sample
loss (Abdallah et. al., 2012; Aguilar, 2004).
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There is currently no single method that can provide complete qualitative and
quantitative information of all the proteins in a complex mixture. Multidimensional
fractionation that separates peptides according to various orthogonal physiochemical
properties however, can provide deep exploration of complex proteomes and low
abundance proteins, and lead to much less complex fractions therefore increasing
proteome coverage (Abdallah et. al., 2012). 2D-HPLC has often been performed using
IEC coupled to RP (IEC/RP) chromatography, or size exclusion chromatography coupled
to RP (SEC/RP), and many offline modes of these approaches are applied where the
fractions are collected after elution in the first dimension and then subjected to a second
dimension. Online approaches hasten the fractionation steps and allow for less sample
loss due to the direct coupling of the two dimensions in one column. In multidimensional
protein identification technology (MudPIT), the SCX and RP stationary phase are packed
together in the same microcapillary column (Abdallah et. al., 2012).

1.5.3 Quantitative Proteomics: Label-based vs. Label-free
The quantification of changes in protein abundance between samples of different
states or stages is a key goal in proteomics (Resing and Ahn, 2005). Quantitative
proteomics allows for the relative comparison of the abundance of proteins within two or
more samples and can be approached via label-based or label-free methods. Label-free
methods, for example spectral counting and measuring spectral peak intensities, involve
performing multiple experiments in parallel. In spectral counting protein abundance is
calculated by comparing the number of MS/MS spectra for the peptides matching the
same protein between each sample. With respect to spectral peak intensities, protein
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abundance is calculated by comparing the relative abundance peaks within each peptide
spectrum match (PSM) belonging to a specific protein between samples (Abdallah et. al.,
2012). Label-free methods are cost effective, reproducible and less prone to side
reactions related to the labeling process, however, they are more susceptible to errors due
to parallel sample processing and can consequently suffer from increased analytical
variability (Abdallah et. al., 2012). Conversely, label-based approaches can allow for the
comparison of two or more samples within the same experiment. These approaches are
based on the fact that both labeled and unlabeled peptides exhibit the same
chromatographic and ionization properties but can be distinguished from each other by a
mass-shift signature (brought on by the label). There are two main types: metabolic
labeling and chemical labeling (Abdallah et. al., 2012).
In metabolic labeling, (for example stable isotopic labeling with amino acids in
cell culture i.e. SILAC) the label is introduced to the whole organism through the growth
medium consequently resulting in proteins that are labeled at the time of their synthesis.
Conversely in chemical labeling, proteins or peptides are labeled with a chemical reaction
(Abdallah et. al., 2012). An example of a widely used chemical labeling proteomic
technique is isobaric Tag for Relative and Absolute Quantification (iTRAQ) which
enables researchers to compare four to eight samples in a single experiment (Yates et. al.,
2009). In iTRAQ, chemical labeling is implemented after proteolytic digest and the
samples are combined before chromatography and mass spectrometry (MS). The iTRAQ
label consists of a reporter group, a mass balance group, and a peptide reactive group.
The peptide reactive group labels the peptide N-termini and the ε-amino groups of lysine
side chains. The mass balance group allows all the tags in the experiment to be of the
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same mass so that differently iTRAQ-labelled peptides can appear as a single unresolved
precursor at the same m/z in the MS spectrum. Quantification occurs in the MS product
ion scans after peptide fragmentation where the iTRAQ labels fragment to produce
reporter ions at a low m/z range in a silent region of the spectrum. The reporter ion
intensities are then measured and compared for relative quantification of the peptide in
each sample (Abdallah et. al., 2012).

1.5.4 Tandem Mass Spectrometry
After the peptides are fractionated using liquid chromatography, they are
separated by their mass to charge (m/z) ratios using mass spectrometry (MS). MS
performed in tandem is called tandem mass spectrometry or MS/MS (Kapp and Schutz,
2007). During the first MS, soft-ionization techniques such as electrospray or matrixassisted laser desorption/ionization (MALDI) are used to generate peptide ions without
fragmenting the peptides (Jorrin-Novo et. al., 2014). This approach enables intact
peptides to be analyzed, as the peptide masses obtained following proteolytic digestion
with a specific enzyme enables identification of the proteins within that sample via a
database search (Kapp and Schutz, 2007). MS/MS goes a step further by elucidating
structural information of the ionized peptides and consequently allowing researchers to
determine the amino acid sequence of the peptide. Intact peptides are accelerated into a
collision chamber where they undergo multiple collisions with an inert gas producing
fragmentation at the amide bonds. This process called Collision Induced Dissociation
(CID) provides spectra characteristic of the peptide’s primary structure. Peptide
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identification algorithms are then subsequently used to interpret the MS/MS data (Kapp
and Schutz, 2007).

1.5.5 Orbitrap FusionTM TribridTM Mass Spectrometer
Peptide ions are analyzed using a mass spectrometer otherwise known as a mass
analyzer. In the past, single mass analyzers suffered from limited throughput and
dynamic range, and therefore lacked the sensitivity to analyze a majority of the
observable species within a complex biological sample. Furthermore, they required large
amount of starting material, extensive fractionation and lengthy analysis time (Senko et.
al., 2013). Dual mass analyzers offered some improvements, but were still limited with
respect to MS/MS acquisition rates and therefore still provided limited peptide
identification and proteome coverage (Senko et. al., 2013). The invention of a novel
tribrid mass analyzer called the Orbitrap FusionTM TribridTM aimed to improve upon
some of the limitations of previous mass analyzers. The Orbitrap FusionTM TribridTM is a
combination of 3 mass analyzers; namely, the quadrupole, linear ion trap (LT), and the
Orbitrap mass analyzers, and therefore combines the technologies of all three. Ions that
are selected in the quadrupole mass filter can either undergo high resolution analysis in
the Orbitrap analyzer or high sensitivity analysis in the LT (Senko et. al., 2013). Its Tconfiguration reduces the distance between the ion source and each mass analyzer,
minimizing ion losses. Furthermore, the acquisition rate is improved by precursor ion
selection in the quadrupole mass filter as they transit the analyzer, and therefore
circumvents lengthy waveform based isolation susceptible to space charge effects, that
would otherwise occur in the LT. Selection in the quadrupole mass filter therefore
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improves the tribrids’ ability to analyze low abundance species (Senko et. al., 2013).
Another way in which the acquisition rate is improved in the tribrid is through the
simultaneous execution of ion processing steps from separate spectra where ions can be
detected for MS/MS “1” at the same time they are being fragmented for MS/MS “2”
(Senko et. al., 2013). These technological improvements have allowed for better
proteome characterization than the existing technologies and require only a fraction of the
starting material, less extensive fractionation, and less analysis time (Senko et. al., 2013).

1.5.6 Bioinformatics
Peptide identification can be challenging and it requires the use of effective,
efficient, and accurate computational methods that can identify peptides and assign amino
acid sequence from product ion scans that may not be straightforward (McHugh and
Arthur, 2008; Kapp and Schutz, 2007). These algorithms can be classified into three
categories: (1) de novo peptide sequencing, (2) peptide sequence-tags (PSTs), and (3) uninterpreted database searching (Kapp and Schutz, 2007). De novo sequencing requires a
uniform ladder of sequence ions that allows the peptide sequence to be read directly from
the spectrum, however it requires a high-quality spectrum with very little background
noise. The PST approach also requires a high-quality spectrum or at least a ladder of
sequence ions that allows three or more residues (a tag) with corresponding flanking N
and C-terminal masses to be read directly from the spectrum. The generated PST is then
used to search the peptide database for candidate peptides (Kapp and Schutz, 2007; Liu
et. al., 2006). Un-interpreted database searching matches un-interpreted MS/MS spectra
to theoretical MS/MS spectra of peptides derived from calculated expected mass values

23
from the gas fragmentation of the peptide (chosen based on the precursor m/z and charge
state) resulting from in silico proteolysis of proteins in a sequence database. A score or
probability is then assigned to each peptide to determine the best peptide spectrum match.
Proteins are then identified based on the strength of the peptide evidence (Kapp and
Schutz, 2007). Un-interpreted database searching is the most commonly used method as
it does not require high quality spectrum for identification purposes.

1.6 Previous Studies of the Stigma and Pollen Proteomes
Proteins are mediators of physiological function and therefore uncovering the
proteome of a tissue is paramount to fully elucidating the cellular molecular processes
within that tissue (Baggerman et. al., 2005; Yates et. al., 2009). Despite their
importance, the stigma and pollen proteomes of the Poaceae and the Brassicaceae have
not been extensively studied. With respect to the stigma, Samuel et. al. (2011) used 2DDIGE-MS to identify 19 proteins that decreased in abundance in B. napus stigmas
following self-incompatible pollination. Major categories included response to stimulus,
response to stress, aerobic and cellular respiration, glycolysis, and the tricarboxylic acid
cycle. Using 2D-PAGE HPLC-MS, Sang et. al. (2012) identified 67 maize stigma
specific/preferential proteins. Some of the most abundant categories included defense
and stress response, carbohydrate and energy metabolism, protein metabolism and
folding, cell wall remodeling and metabolism, signal transduction, and photosynthesis.
The only global stigma proteome analyses known to date were performed by Nazemof et.
al. (2014; 2016) who identified 2184 and 2700 triticale and B. napus proteins
respectively, using 1D- PAGE HPLC-MS/MS, 2D-PAGE HPLC-MS/MS, and OGE
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HPLC-MS/MS. Some of the most abundant categories belonged to metabolic process,
protein metabolic process, transport, translation, and response to stress.
There have been more proteomic studies of the pollen than the stigma, many of
which were differential analyses comparing mature and germinating pollen. For
example, Dai et. al. (2007) identified 186 Oryza sativa differentially abundant proteins
using 2D-PAGE MS and MS/MS. Some of the most prominent categories for the
proteins with increased abundance included carbohydrate and energy metabolism, wall
remodeling and metabolism, and protein metabolism, whereas the most prominent
categories for the proteins with decreased abundance included wall remodeling and
metabolism, and carbohydrate and energy metabolism. Using 2D-PAGE MS, Zhu et. al.
(2011) identified 26 differentially abundant pollen proteins in maize. Proteins that
increased in abundance had a functional skew towards tube wall modification, actin
cytoskeleton organization, energy metabolism, signaling, protein folding and degradation,
while proteins with decreased abundance included defense-related proteins, pollen
allergens and some metabolic enzymes. Sheoran et. al. (2009) used 2D-DIGE MS/MS to
identify 130 B. napus differentially abundant pollen proteins. Proteins that increased in
abundance in germinating pollen were primarily involved in carbohydrate metabolism,
protein metabolism and cell wall remodeling, while proteins involved in ion transport
decreased in abundance. Lastly, Zou et. al. (2009) identified 189 A. thaliana proteins
differentially abundant between mature and germinating pollen using 2D-PAGE MS/MS
and their results suggested a role for energy metabolism, stress response and cell wall
modification in pollen tube growth.
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Regarding global pollen proteome studies, Dai et. al. (2006) identified 322 O.
sativa proteins using 1D-PAGE HPLC-MS/MS, 2D-PAGE MS, and 2D-PAGE MS/MS.
Proteins identified had roles in signal transduction, wall remodeling and metabolism,
protein synthesis, assembly and degradation, and carbohydrate and energy metabolism.
Zaidi et. al. (2012) identified 22 triticale proteins released upon hydration using 1DPAGE HPLC-MS and 2D-PAGE HPLC-MS. The proteins identified belonged to a
number of protein families and included expansin B proteins, group 2-5, 7 and 11 pollen
allergens, polygalacturonases, glucanases, actin depolymerizing factors, profilins,
cyclophilins, glutathione peroxidases, and glutaredoxins. Holmes-Davis et. al. (2005)
used 2D-PAGE MS/MS, and Sheoran et. al. (2006) and Noir et. al. (2005) both used 2DPAGE MS and 2D-PAGE HPLC-MS/MS, to identify 135, 110, and 121 pollen proteins,
respectively, in A. thaliana. The proteins identified in the Holmes-Davis et. al. (2005)
study had a functional skew towards metabolism, energy generation and cell structure.
The Noir et. al. (2005) study also identified proteins involved in metabolism and cell wall
structure, but also identified cytoskeleton related proteins, and proteins involved in
protein processing. In addition to the aforementioned categories, Sheoran et. al. (2006)
also identified proteins involved in defense, calcium binding, and signaling. Only two
gel-free proteomic global analyses have been performed to date. Grobei et. al. (2009)
identified 3500 mature pollen proteins in A. thaliana. Proteins involved in metabolism,
energy, protein fate, protein synthesis, cellular transport, and development were overrepresented, while cell cycle, DNA processing, transcription were among the categories
that were under-represented. Finally, Chao et. al. (2016) identified 6750 proteins and
2257 phosphoproteins in maize mature pollen. Most of the proteins identified were
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involved in response to stress, carbohydrate metabolic process, cellular amino acid
metabolic process, and cellular protein modification process.
In summary, most of the proteomics studies of the mature stigma and mature
pollen grain to date within the Poaceae and Brassicaceae have been gel-based and
focused on differential abundance in comparison to germinating pollen. All the studies
only focused on either the pollen or the stigma, and most of these studies had limited
proteome coverage. In order to obtain a more detailed and complete picture of the
molecular factors involved in pollen-pistil interactions, gel-free studies that include and
compare the proteomes of both the stigma and pollen would be valuable.

1.7 Hypothesis
In this study, gel-free shotgun proteomic methods were used in order to identify
proteins within the pollen and stigma of triticale and B. carinata. iTRAQ was also used
quantify and compare proteins from mature stigmas to that of an earlier developmental
stage. We hypothesize that the mature pollen and stigma will be enriched in proteins that
are important for their upcoming interactions. Furthermore, as the stigma matures, we
predict that proteins immediately involved in pollen-pistil interactions are more likely to
increase in abundance. We also expect to observe proteomic differences between B.
carinata and triticale stigma or pollen proteomes given their morphological differences
resulting from their distinct evolutionary adaptations.
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Chapter 2
The Brassica Mature Stigma and Pollen Proteomes: Preparing
to Meet
2.1 Introduction
In angiosperms, sexual reproduction requires pollination to bring together the
pollen grain and the stigma (the receptive portion of the pistil). In species containing dry
stigmas (lacking the viscous surface secretion of wet stigmas), such as in the
Brassicaceae, the interactions between the pollen and stigma are highly regulated.
Briefly, the pollen adheres to the stigma and pollen recognition occurs. If the pollen is
accepted, water subsequently flows from the stigma to the partially dessicated pollen
grain thus hydrating it. The pollen grain then germinates and the pollen tube that
emerges penetrates the stigmatic papillar cell wall. Each phase of this process requires
intricate communication at the molecular level between the pollen and stigma.
Subsequently, the pollen tube grows down the style to the ovary, where it enters the ovule
and embryo sac to deliver two sperm cells for double fertilization (Lord and Russell,
2002).
Brassica carinata, more commonly known as Ethiopian mustard, is the result of a
natural hybridization between Brassica nigra and Brassica oleracea. It is a member of
the Brassiceae tribe belonging to the Brassicaceae family (Alemayehu and Becker, 2002;
Kristal and Lampe, 2002; Rakow, 2004). B. carinata generally has elevated erucic acid
and glucosinolate levels, and is therefore undesirable for human consumption. It has a
high tolerance to diseases and abiotic stresses, a large seed size and high seed yield, as
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well as high protein and oil content. The high oil content of its seed and the potential
uses of the remaining meal following oil extraction make it an attractive crop for biofuel
production (Johnson, 2013; Getinet et. al., 1994; Alexander et. al., 2008).
Proteins are the mediators of physiological function in the cell (Yates et. al.,
2009) and it is reasonable to assume that both the mature pollen and stigma will contain
proteins required for their eventual meeting. Accordingly, uncovering all the proteins
that are present in the mature pollen and stigma (the stage at which they interact) is
crucial for understanding the molecular mechanisms required for their interactions. This
is especially important given the fact that transcriptomic data can be a poor indicator of
the proteome (Nazemof et. al. 2014).
Despite their critical importance to reproduction, the pollen and stigma proteomes
of the Brassicaceae have not been investigated extensively and only a handful of the
proteins identified have been functionally characterized within the pollen and stigma.
Furthermore, the majority of proteomic studies have relied upon gel-based approaches.
With regard to the stigma, two-dimensional difference gel electrophoresis (2D-DIGE)
was used to identify 19 proteins that decreased in abundance in Brassica stigmas
following self-incompatible pollination (Samuel et. al. 2011). The only global proteomic
analysis to date used different gel-based approaches to identify 2700 B. napus mature
stigma proteins (Nazemof et. al. 2016). The Brassicaceae pollen proteome has received
more attention. Gel-based proteomics served to discover 130 B. napus (Sheoran et. al.
2009) and 189 Arabidopsis thaliana (Zou et. al. 2009) proteins that were differentially
abundant between mature and germinating pollen. Three independent gel-based global
proteomics studies in Arabidopsis further identified 135 (Holmes-Davis et. al. 2005), 121
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(Noir et. al. 2005), and 110 (Sheoran et. al. 2006) mature pollen proteins. In contrast,
gel-free proteomic analyses of the mature pollen grain in Arabidopsis have identified
3500 proteins (Grobei et. al., 2009).
This study makes the largest contribution to date towards the elucidation of the
complete Brassicaceae mature pollen and stigma proteomes. Gel-free shotgun
proteomics of the self-compatible species B. carinata mature pollen and stigma revealed
7703 and 5608 proteins, respectively. In addition, an iTRAQ analysis of the developing
stigma revealed 251 proteins whose abundance changed as the stigma matured.
Combined, these resources can guide further research pertaining to the development of
these vital cells, as well as to the different stages of pollen-stigma interactions.

2.2 Materials and Methods
2.2.1 Plant Material
Three biological replicates of the doubled haploid B. carinata line DH080798
EM-219 (Dr. Falk, Agriculture and AgriFood Canada, Saskatoon, SK, Canada) were
grown in cabinets under a 16 hour (h) day and 8 h night cycle, and held at a constant
humidity and temperature of 70% and 22°C, respectively. Plants were watered twice
daily and fertilized bi-weekly with 20-20-20 (NPK).

2.2.2 Tissue Collection and Microscopy
Brassica anthers and bud sizes were measured in order to identify the lengths
corresponding to the bicellular pollen (BCP) and tricellular pollen (TCP) developmental
stages. In order to identify these stages, developing anthers were harvested and fixed in
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3:1 70% ethanol/acetic acid for at least 30 min, washed in 70% ethanol for 5 min and
Milli-Q water for another 5 min, and stained with 4',6-diamidino-2-phenylindole (DAPI)
to a final concentration of 4 µg ml-1. The pollen nuclei were then visualized using a Zeiss
Axioplan 2 fluorescence microscope (Carl Zeiss Microscopy, Jena, Germany) and
images were taken with a Zeiss AxioCam digital camera (Carl Zeiss Microimaging,
Jena, Germany), and the Axiovision software (Carl Zeiss Microimaging).
Stigmas at the BCP and TCP developmental stages were visualized by light
microscopy. Stigma tissues and mature pollen grain were also visualized using scanning
electron microscopy (SEM). Light microscopy was performed using a Zeiss Discovery
V12 light microscope (Carl Zeiss Microscopy), whereas SEM was carried out with a
Quanta 600 ESEM scanning electron microscope (Thermo Fisher Scientific, San Jose,
CA, USA) under environmental conditions, using a low vacuum mode and a gaseous
analytical detector.
Mature pollen grains (Figure 2.1a) were harvested from dehiscing anthers using
vacuum suction as described (Johnson-Brousseau and McCormick, 2004). Stigmas
corresponding to the BCP stage (Figure 2.1b) were harvested from floral buds between 56 mm in length containing green anthers between 2.9-3.1 mm long, whereas stigmas
corresponding to the TCP stage (Figure 2.1b) (at this stage stigmas are receptive to pollen
and were considered mature) were harvested from slightly opened flower buds longer
than 6 mm and containing yellow anthers. Harvested tissues were individually inspected
under a Leica Zoom 2000 dissecting microscope (Leica Microsystems, Wetzlar,
Germany) for the presence of contaminating tissue before being flash frozen in liquid
nitrogen and stored at -80 ºC.
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Figure 2.1. Microscopy of B. carinata mature pollen and stigma at the bicellular pollen
(BCP) and tricellular pollen (TCP) stages of development. (a) Scanning electron
micrographs of mature pollen. (b) Top row: 4',6-diamidino-2-phenylindole (DAPI)stained pollen. Middle row: Light micrographs of the upper portion of the pistil crowned
by the stigma. St, Stigma; Sty, Style. Bottom row: Scanning electron micrographs of
stigma papillae. Light and scanning electron microscopy photos were taken by Elizabeth
Routly. Scale bars: (a) from left to right = 20 μm, 50 μm; (b) top row = 20 μm, middle
row = 250 μm, bottom row from left to right = 50 μm, 100 μm.
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2.2.3 Trichloroacetic Acid (TCA) Direct Protein Precipitation
Frozen plant material (approximately 20 and 40 mg of early and mature stigma
tissues respectively, and 30 mg of pollen) were ground and suspended in 0.25 ml acid
denaturing solution (10% trichloroacetic acid (TCA) in acetone pre-chilled at -20ºC,
0.05% dithiothreitol (DTT) added just before use). Proteins were then precipitated by
incubation overnight at -20ºC. The precipitate was then centrifuged at 4ºC for 45 min at
21,100 x g, the supernatant discarded, and the pellet washed in 200 µl rinsing buffer
(acetone pre-chilled at -20ºC, 0.05% DTT added just before use) and incubated at -20ºC
for 30 min. The mixture was centrifuged at 4ºC for 20 min at 21,100 x g, the supernatant
discarded and the pellet washed two more times in rinsing buffer before drying on ice and
storage at -80 ̊C for later use. Total protein concentrations were determined with the BioRad Bradford protein assay kit (Bio-Rad, Mississauga, ON, Canada) according to the
manufacturer’s instructions.

2.2.4 iTRAQ Analysis
iTRAQ analysis was performed on proteins extracted from B. carinata stigmas at
the BCP (early) and TCP (late) stages (Figure S1). Proteins (200 µg) from each stage
within each of three biological replicates (A, B and C) were aliquoted, split into two
equal technical replicates of 100 µg, air-dried using the GeneVac EZ-2 solvent
evaporator (SP Scientific, Warminster, PA, USA) and sent to the Plate-forme
protéomique, Centre Génomique de Québec (http://proteomique.crchul.ulaval.ca/en/) for
protein digestion, iTRAQ labeling, and high performance liquid chromatography
(HPLC)-tandem mass spectrometry (MS)/MS as follows.
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Protein pellets were resuspended in a solution of 4.5 M urea and 1% sodium
deoxycholate. Equal amounts of protein, 20 µg for each replicate, were used for iTRAQ
labeling. Proteins were first reduced with 7.5 mM DTT for 30 min at 37°C and then
alkylated with 14.3 mM iodoacetamide (IAA) for 20 min at room temperature (RT). The
urea concentration was diluted to 2 M with water and samples were digested with trypsin
(Sequence Grade Modified, Promega Corporation, Madison, WI, USA) using a 1:30 ratio
overnight at 37°C. After digestion, peptides were acidified to precipitate deoxycholate
and then purified with a C18 Empore filter (Sigma-Aldrich Canada Co., Oakville, ON,
Canada) and lyophilized. Dried peptides were dissolved in 30 µl 0.5 M
triethylammonium bicarbonate (TEAB) and labeled with iTRAQ label reagent (Applied
Biosystems, Foster City, CA, USA). Four-plex labeling (Figure S2) was performed for 2
h at RT in the dark. Labeled peptides were combined in one tube and cleaned using HLB
cartridges (Waters Corporation, Milford, MA, USA) and dried with a SpeedVac (Thermo
Fisher Scientific, San Jose, CA, USA).
iTRAQ samples were fractionated (24 fractions) by high pH (pH10) reversedphase (RP) HPLC using the Agilent Technologies Inc. 1200 HPLC system (Agilent
Technologies Inc., Santa Clara, CA, USA). The samples were loaded in 10 mM
ammonium bicarbonate buffer (pH10) at 25 μl/min on a Zorbax Extend C18 microbore
RR column (Agilent Technologies Inc.) and eluted with a gradient of 5-35% of B (A:
Water, 10 mM ammonium bicarbonate, B: 90% Acetonitrile, 10 mM ammonium
bicarbonate) for 60 min, and then 35-70% of B in 24 min. The fractions were pooled as
described in Yang et. al. (2012). Fractions were then dried with the SpeedVac and
resuspended in 0.1% formic acid for analysis by MS. For each experiment, 750 ng of
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peptide samples were injected and separated by online RP nanoscale capillary LC
(nanoLC) and analyzed by electrospray ionization (ESI) MS/MS. The experiments were
performed with a Dionex UltiMate 3000 nanoRSLC chromatography system (Thermo
Fisher Scientific/Dionex Softron GmbH, Germering, Germany) connected to an Orbitrap
FusionTM TribridTM mass spectrometer (Thermo Fisher Scientific) equipped with a
nanoelectrospray ion source. Peptides were trapped at 20 μl/min in loading solvent (2%
acetonitrile, 0.05% trifluoroacetic acid (TFA)) on a 5 mm x 300 μm C18 pepmap
cartridge pre-column (Thermo Fisher Scientific/Dionex Softron GmbH) for 5 min. The
pre-column was then switched online with a self-made 50 cm x 75 µm internal diameter
separation column packed with ReproSil-Pur C18-AQ 3-μm resin (Dr. Maisch, HPLC
GmbH, Ammerbuch-Entringen, Germany) and the peptides were eluted with a linear
gradient from 5-40% solvent B (A: 0.1% formic acid, B: 80% acetonitrile, 0.1% formic
acid) for 90 min at 300 nL/min. Mass spectra were acquired using the data-dependent
acquisition mode using Thermo XCalibur software version 3.0.63. Full scan mass
spectra (350 to 1800 m/z) were acquired in the Orbitrap using an automatic gain control
(AGC) target of 4 x 105, a maximum injection time of 50 ms and a resolution of 120000.
Internal calibration using lock mass on the m/z 445.12003 siloxane ion was used. Each
MS scan was followed by acquisition of fragmentation MS/MS spectra of the most
intense ions for a total cycle time of 3 s (top speed mode). The selected ions were
isolated using the quadrupole analyzer in a window of 1.6 m/z and fragmented by Higher
energy Collision-induced Dissociation (HCD) with 45% of collision energy. The
resulting fragments were detected by the Orbitrap at resolution 60000 with an AGC target
of 1 x 105 and a maximum injection time of 120 ms. Dynamic exclusion of previously
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fragmented peptides was set for a period of 20 s and a tolerance of 10 ppm. MS/MS peak
lists (MGF files) were generated using Proteome Discoverer version 1.4.0.288 (Thermo
Fisher Scientific). MGF samples were analyzed using Mascot version 2.5.2 (Matrix
Science, London, UK) to search the TAX_Brassiceae_981017 database
(https://www.uniprot.org/uniprot/?query=brassiceae&sort=score) assuming trypsin
digestion with two missed cleavages being allowed, a fragment ion mass tolerance of
0.025 Da, and a parent ion tolerance of 10.0 PPM. Carbamidomethylation of cysteine
was specified as a fixed modification. Deamidation of asparagine and glutamine,
oxidation of methionine and iTRAQ 4-plex of lysine, tyrosine and the N-terminus were
specified as variable modifications.
Scaffold version 4.7.5 (Proteome Software Inc., Portland, OR, USA) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0% probability by the Scaffold
Local FDR algorithm. Protein identifications were accepted if they could be established
at greater than 95.0% probability and contained at least 2 exclusive peptides. Protein
probabilities were assigned by the protein prophet algorithm (Nesvizhskii et. al., 2003).
Proteins that contained similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing
significant peptide evidence were grouped into clusters.
Scaffold Q+ version 4.7.5 (Proteome Software Inc.) was used to quantitate
iTRAQ protein identifications. Only proteins identified (at the thresholds described
above) across all replicates were used for quantification. Normalization was performed
iteratively (across samples and spectra) on intensities, as described in Oberg et. al., 2008.
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Medians were used for averaging. Spectra data were log-transformed, pruned of those
matched to multiple proteins and those missing a reference value, and weighted by an
adaptive intensity weighting algorithm. Statistically significant differentially abundant
proteins were determined by applying the Mann-Whitney test with unadjusted
significance level p < 0.05 corrected by Benjamini-Hochberg to p < 0.03491. Proteins
showing a > 1.5 fold difference in abundance were considered differentially abundant.

2.2.5 Global Mass Spectrometry Analysis
Global analyses were performed on proteins extracted from mature B. carinata
stigmas and pollen grain (Figure S3). Approximately 1 mg of the mature stigma and
pollen proteins were each resuspended in 6 M urea, 50 mM Tris (pH 8) to a final
concentration of 6 µg ml-1. The samples were agitated at RT at 650 RPM for 1 h and
then placed on a rotor for 5 h for further agitation. The proteins were then reduced by the
addition of DTT to a final concentration of 10 mM and then agitated at 56 oC at 650 RPM
for 45 min. Alkylation of the proteins was performed by the addition of 0.4 M IAA
solution in 50 mM ammonium bicarbonate to a final concentration of 14 mM. The
samples were then agitated on a rotator for 30 min at RT in the dark. Trypsin was added
to the samples and the proteins digested according to manufacturer’s instructions
(Promega Corporation) with agitation at 750 RPM at 37oC overnight. The tryptic digests
were adjusted to pH 10 with ammonium formate and 1 ml for each sample was injected
individually and separated offline into 60 fractions via high pH (pH 10) RP-HPLC using
a C18 Hypersil gold column (Thermo Fisher Scientific). The experiments were
performed with the ÄKTA purifier (Amersham Biosciences, Little Chalfont, UK) and the
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peptides were eluted with a linear gradient from 4-40% solvent B (A: water, 20 mM
ammonium formate pH 10; B: acetonitrile (ACN), 20 mM ammonium formate pH 10), at
a flow rate of 1 ml/min. The fractions were then concatenated into 20 fractions by
combining fractions 14, 34, 54, 74; 15, 35, 55... and the pooled samples were then airdried in a GeneVac EZ-2 solvent evaporator (SP Scientific) and sent to the Plate-forme
protéomique, Centre Génomique de Québec (http://proteomique.crchul.ulaval.ca/en/) for
inline low pH RP-HPLC MS/MS. Peptide samples (1 µg) were injected and separated by
online RP nanoLC and analyzed by ESI MS/MS as described above with the exception
that the peptides were eluted in 35 min and the linear ion trap was used to detect the
peptide fragments after HCD. The fragments were detected in a rapid scan rate with an
AGC target of 1 x 104 and a maximum injection time of 50 ms.
A second global MS analysis was performed on mature stigma proteins. Aliquots
(10 µg) from each of the 6 mature B. carinata stigma protein samples not used for the
iTRAQ analysis, that had already been sent to the Plate-forme protéomique, Centre
Génomique de Québec (http://proteomique.crchul.ulaval.ca/en/), were washed 3 times
with 50 mM ammonium bicarbonate buffer using an Amicon 3 kDa column. After
elution, the samples were vacuum-dried and kept at -20°C until trypsin digestion.
Proteins were solubilized in 25 µl 50 mM ammonium bicarbonate, 1% sodium
deoxycholate and heated at 95°C for 5 min. Two micrograms of each sample was
reduced with DTT (0.2 mM) at 37°C for 30 min and alkylated with IAA (0.9 mM) at
37°C for 20 min. Finally, trypsin (1µg) was added and the samples were incubated
overnight at 37°C. The trypsin reaction was stopped by acidification with a solution of
3% acetonitrile, 1% TFA, and 0.5% acetic acid. The peptide samples were combined,

38
purified on a stage tip (C18) and vacuum-dried before MS injection. Peptides were
resuspended into 0.1% formic acid for analysis by MS. Peptide samples (1 µg) were
injected and separated by online RP nanoLC and analyzed by electrospray mass
spectrometry (ESI MS/MS) as mentioned above with the exception that the peptides were
eluted in 270 min and the linear ion trap was used to detect the peptide fragments after
HCD. The fragments were detected in a rapid scan rate with an AGC target of 1 x 104
and a maximum injection time of 50 ms.
All MS/MS peak lists (MGF files) were generated as above and all global
experiments were analyzed using Mascot version 2.5.1 and X! Tandem (The GPM,
https://thegpm.org; version CYCLONE (2010.12.01.1)). Mascot and X! Tandem were
used to search the TAX_Brassiceae_981017 database and the TAX_Viridiplantae_33090
database (https://www.uniprot.org/uniprot/?query=viridiplantae&sort=score) assuming
trypsin digestion with two missed cleavages being allowed. They were searched with a
fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm.
Carbamidomethylation of cysteine was specified as a fixed modification. Oxidation of
methionine, deamidation of asparagine and glutamine, dehydration of the N-terminusglutamic acid to pyro-glutamate of the N-terminus, and ammonia-loss of the N-terminusglutamine to pyro-glutamate of the N terminus were specified as variable modifications.
Scaffold version 4.7.5 (Proteome Software Inc.) was used to validate MS/MS based
peptide and protein identifications as described above. Proteins with a single peptide
match were validated as previously described (Nazemof et. al. 2014).
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2.2.6 General Data Analysis
Proteins identified from the various searches were combined as follows. The
proteins identified from searches using the Brassiceae database were combined to nonBrassiceae proteins identified exclusively from searches using the Viridiplantae database.
For the stigma, proteins identified in at least one sample from the iTRAQ analysis were
also combined with proteins identified from the global Brassiceae and Viridiplantae
searches provided that their matching Arabidopsis orthologs were absent from the list of
Arabidopsis orthologs of proteins from the initial Brassiceae and Viridiplantae searches.
Proteins were annotated based on the gene ontology (GO) classification system
(www.geneontology.org) using the annotation software Blast2Go version 4.1.9
(www.blast2go.com, BioBam, Valencia, Spain). BlastP was performed against the NCBI
non-redundant protein sequence (nr) database using the top 20 hits at an expectation
value (E) threshold of < 1 x 10-25. The annotation step was configured with an
annotation cutoff of 55 and GO weight of 5. Annotations were also retrieved from
domain/motif information in a sequence-wise manner using the Blast2Go InterProScan
and merged with existing annotations. Finally, annotations were augmented using the
Blast2Go Annex program. The annotations were categorized based on their Biological
Processes. Proteins with no significant matches and proteins matching known proteins or
domains but without an associated Biological Process were grouped together under the
category “Unclassified and Unknown”. To identify the Arabidopsis thaliana orthologs, a
BLAST was performed with the protein sequences against The Arabidopsis Information
Resource (TAIR) protein database using the top hit at an E-threshold of < 1 x 10-5 and
annotated manually. For enrichment analyses, Fisher’s exact term enrichment analysis
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was performed on Arabidopsis orthologs at an E-threshold of < 1 x 10-25 using the
AmiGo2 online tool (http://amigo.geneontology.org/amigo) with the background set as
the PANTHER Biological Process GO annotated Arabidopsis thaliana proteome which
contained 27060 proteins (Mi et. al., 2017). The p-values were adjusted for multiple tests
with the Benjamini-Hochberg procedure, and only terms with an adjusted p-value of
<0.05 were considered to be statistically enriched or under-represented.

2.2.7 String Network Analysis
Protein-protein interaction network building was performed with Arabidopsis
orthologs using the online tool STRING version 10.5 (https://string-db.org, Szklarczyk et.
al., 2017). Evidence for protein-protein interaction was taken from known experimental
interactions, co-expression analysis, and known pathways of the input proteins or their
orthologs in other species.

2.3 Results and Discussion
2.3.1 Functional Classification of B. carinata Mature Pollen and Stigma Proteins
In a compatible reaction, a vast number of proteins are enlisted in the processes of
pollen adhesion, recognition, hydration, germination and tube growth, with many of the
pollen and stigma proteins working towards the same objectives. Accordingly, in
addition to housekeeping proteins, the mature pollen and stigma proteomes would be
expected to include proteins having distinctive, as well as shared functions. In total, 7703
and 5608 proteins were identified from the analysis of the B. carinata mature stigma and
pollen proteomes, respectively, and to our knowledge these represent the most
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comprehensive Brassicaceae stigma and pollen proteomic datasets to date (Table S2.1).
To investigate these proteomes, proteins were first annotated based on gene ontology
(GO) and allocated to 14 broad biological process categories. The proteins identified in
the mature stigma (Table S2.2) and pollen (Table S2.3) displayed similar overall global
functional distribution patterns with most proteins falling into 6 categories: Carbohydrate
Metabolic Process, Metabolic Process, Protein Metabolic Process, Regulation of Cellular
Process, Response to Stress, and Transport (Figure 2.2). This protein distribution trend
amongst the 14 broad categories was comparable to that obtained for the B. napus mature
stigma proteome (Nazemof et. al., 2016), even though approximately 3 times as many
stigma proteins were identified in this report. The similarities between these different
datasets may reflect to some extent a dominating effect of their common proteins such as
housekeeping proteins.
The protein datasets were then analyzed to uncover the biological processes that
were enriched or under-represented in the stigma or pollen with respect to the entire
plant. The stigma proteome had 22 main categories that contained enriched subcategories, with Development and Growth, Gene Expression, Nucleobase-containing
Compound Metabolism, Protein Metabolism, Response to Stimulus, RNA Metabolism
and Transport being prevalent, whereas Transcription was under-represented (Figure 2.3).
The pollen proteome had 17 main categories that contained enriched sub-categories, with
Development and Growth, Nucleobase-containing Compound Metabolism, and Transport
predominating, while Defense Response and Transcription were under-represented
(Figure 2.3). The proteins and GO sub-categories corresponding to each category are
shown in Table S2.4 (stigma) and Table S2.5 (pollen). Generally, the enriched and
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Figure 2.2. Comparison of the functional distribution of the B. carinata mature stigma
and pollen proteomes.
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Figure 2.3. Comparison of the number of enriched and under-represented functional subcategories of the B. carinata mature stigma and pollen proteomes.
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under-represented categories observed for the B. carinata pollen proteome were in good
agreement with those of a previous analysis of the Arabidopsis pollen proteome, where
Metabolism, Energy, Protein Fate, Protein Synthesis, Cellular Transport and
Development were over-represented, while categories like Cell Cycle, DNA Processing
and Transcription were under-represented (Grobei et. al., 2009).
The stigma proteome had noticeably more enriched sub-categories than the pollen
in Cell Division, Chromosome Organization, Development and Growth, Gene
Expression, Photosynthetic Process, Protein Metabolism, Response to Stimulus,
Ribonucleoprotein Complex Biogenesis and Organization, and RNA Metabolism (Figure
2.3). Conversely, the pollen proteome had clearly more enriched sub-categories in Lipid
Metabolism, Nucleobase-containing Compound Metabolism, and Transport (Figure 2.3).
It is evident that significant differences exist between the pollen and stigma proteomes,
especially when looking at the number of sub-categories unique to each dataset (Figure
2.4) and some of the main categories will be discussed below.
Although the Development and Growth category contained many enriched subcategories in both the stigma and the pollen proteome datasets in comparison to the entire
plant (Figure 2.3 and 2.4), the unique stigma-enriched sub-categories included Root
Development, Phyllome Development, Post-embryonic Development and Plant
Epidermal Cell Differentiation (Table S2.4), whereas the unique pollen-enriched subcategories included Pollen Development, Pollen Tube Development, and Cell Tip Growth
(Table S2.5). Some of the shared sub-categories within the pollen and stigma proteomes
pertained to Cell Development, Cell growth, Cell Morphogenesis, Developmental
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Figure 2.4. Comparison of the number of unique enriched and under-represented
functional sub-categories of the B. carinata mature stigma and pollen proteomes.
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Process Involved in Reproduction and Embryo Development. More than 90% of the
stigma and pollen proteins within the Development and Growth category (Tables S2.4
and S2.5) were also found in other categories indicating that most of the Development
and Growth proteins are part of multiple biological processes and could have multiple
roles.
RNA metabolism and Gene Expression contained numerous sub-categories that
were enriched in both the stigma and the pollen grain in comparison to the rest of the
plant (Figure 2.3). However, when compared to the pollen, the stigma displayed more
unique enriched sub-categories involved in Gene Expression, Ribonucleoprotein
Complex Biogenesis and Organization, and RNA metabolism (Figure 2.4). Unlike the
pollen grain, the stigma is still metabolically active at maturity and accordingly 187
proteins in these sub-categories were involved in RNA Processing (e.g. pre-mRNA
splicing factors, exosome complex components), Ribonucleoprotein Complex Assembly,
as well as in Chromatin Remodeling, DNA Methylation, and Histone Modification
(Table S2.4). With regard to the pollen grain, the enriched sub-categories included posttranscriptional processes like mRNA Catabolic Process and Post-Transcriptional
Regulation of Gene Expression (Table S2.5). Similar results were reported with
Arabidopsis where RNA synthesis was found to be under-represented, although there was
a significant over-representation of post-transcriptional processes, in the mature pollen
grain indicating that the processing and translation of stored transcripts is one of the first
events triggered at germination and during initial pollen tube growth (Grobei et. al.,
2009).
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While the Brassicaceae pollen grain is essentially inert and covered by a thick
protective cell wall, the stigma, as the receptive portion of the pistil, needs to be
responsive to the pollen grain as well as the invading pollen tube, which essentially
creates a wound and likely increases susceptibility to pathogens. Accordingly, although
Response to Stimulus contained enriched sub-categories in both the pollen and stigma
proteomes (Figure 2.3), the stigma contained the highest number of unique enriched subcategories, and 6 of them were related to defense- and stress-related processes (Figure
2.4, Table S2.4). The stigma also had approximately 2X more proteins involved in the
response to light (e.g. COP9 signalosome subunits and photosystem II proteins). The
majority of the pollen-enriched sub-categories in Response to Stimulus pertained to
responses to abiotic stimuli presumably in preparation for the possible exposure to abiotic
stresses after release from the anthers (Table S2.5).
The Transport category contained numerous enriched sub-categories in both the
stigma and the pollen grain in comparison to the rest of the plant (Figure 2.3). As
discussed below, this is expected since stigma vesicular trafficking is needed to carry
water for pollen hydration, as well as nutrients, enzymes and other materials to the pollen
contact sites in order to facilitate pollen germination and tube growth. In the stigma, it
therefore plays more of a facilitating role. Conversely, in the pollen, the purpose of
vesicular trafficking is to drive rapid pollen tube tip growth at the apex (Goring et. al.,
2017; Cheung and Wu, 2008).
Lipid metabolism contained enriched sub-categories in both the stigma and the
pollen grain proteomes in comparison to the rest of the plant (Figure 2.3), however, the
stigma contained substantially more proteins with a potential role in cuticle development
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including 3-ketoacyl-CoA synthases such as KCS4, KCS13 and KCS19 (Hegebarth and
Jetter, 2017), cytochrome P450s like CYP86A2 (Molina et. al., 2008; Xiao et. al., 2004),
CYP86A4 (Li-Beisson et. al., 2009), as well as CYP86A8 (Schnurr et. al., 2004),
ECERIFERUM (CER) proteins such as CER10 (Zheng et. al., 2005), CER2 (Haslam et.
al., 2012) and CER4 (Rowland et. al., 2006) to name just a few (Tables S2.4 and S2.5).
Nucleobase-containing Compound Metabolism possessed the highest number of
enriched sub-categories in both pollen and stigma (Figure 2.3). Nucleobase-containing
compounds are a part of a variety of processes necessary for pollen tube growth including
the production of nucleotide sugars that are the building blocks for cell wall
polysaccharides, ion homeostasis via cyclic nucleotide-gated ion channels, ATP
generation for energy, as well as the generation of GDP/GTP-containing molecules for
signaling and cytoskeleton dynamics (Zrenner et. al., 2006; Song et. al., 2009; Yue et.
al., 2014; Cheung and Wu, 2008). The pollen exhibited twice as much uniquely enriched
Nucleobase-containing Compound Metabolism sub-categories than the stigma (Figure
2.4). Most of the unique sub-categories in the pollen pertained to processes involved in
pyrimidine-containing compound metabolism, especially the biosynthesis of uridine
monophosphate (UMP), a precursor for uridine diphosphate (UDP) and UDP-sugar used
in the synthesis of cell wall polysaccharides required for cell wall remodeling and
biosynthesis during pollen tube growth (Zrenner et. al., 2006).
Many of the proteins found within the categories described above will be
discussed below in the context of pollen and stigma function and interactions.
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2.3.2 Differential Protein Abundance during B. carinata Stigma Maturation
The maturing stigma could be expected to accumulate proteins that will be
required in the ensuing interaction with the pollen grain, and maybe also to reduce the
abundance of proteins that were specifically involved in processes relating to its
maturation. iTRAQ analysis was performed to identify differentially abundant proteins
(DAPs) during B. carinata stigma maturation and out of the 3170 proteins identified, 251
were considered to be differentially abundant. There were 154 proteins that increased in
abundance (Table S2.6), while 97 proteins decreased in abundance (Table S2.7).
Preliminary analysis of differentially expressed B. carinata transcripts obtained from the
same stigma developmental stages revealed that 73% of the proteins that increased in
abundance (matching the corresponding transcript at an e-value of 0.0) were found in the
group of up-regulated transcripts, while 60% of the proteins that decreased in abundance,
were found in the down-regulated transcripts group. Conversely, only 2.5% of the
proteins that increased in abundance, and 1.5% of the proteins that decreased in
abundance, were found in the down-regulated and up-regulated transcripts, respectively.
These numbers substantiate somewhat the iTRAQ results despite the fact that there is not
always good agreement between mRNA and protein levels.
The DAPs were classified into the broad GO categories described above (Figure
2.5). As the stigma matures, most categories display more proteins that increase in
abundance than decrease in abundance, with the most highly abundant categories being
Carbohydrate Metabolic Process, Cell Wall Organization or Biogenesis, Defense, Lipid
Metabolic Process, Metabolic Process, Protein Metabolic Process, Regulation of Cellular
Process, Response to Stress, Signaling, and Transport. In comparison, more proteins had
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Figure 2.5. Percentage of proteins that increased and decreased in abundance during B.
carinata stigma maturation.
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decreased protein levels in the categories Cytoskeleton and Regulation of Transcription.
Many of the proteins present within these categories are described below and represent
good candidates (especially proteins with increased abundance) for further study of the
pollen-stigma interactions.

2.3.3 Pollen-Pistil Interactions
It is beyond the scope of this chapter to provide a detailed discussion of all the
various types of proteins identified within the B. carinata mature pollen and stigma
proteomes (Tables S2.1-S2.7). Since the proteins identified in this study correspond to
the proteins present when the mature pollen and stigma meet, focus will be placed on the
roles of some of these proteins in the context of the different phases of pollen-stigma
interactions. Although advantage will be taken of the information pertaining to the
orthologous Arabidopsis thaliana proteins shown to function in these processes, it will
nonetheless become evident that many of the proteins identified in this study still have no
known role in the pollen and stigma.

2.3.3.1 Pollen Adhesion
The stigma is the first tissue of the gynoecium to come into contact with the
pollen. Binding of the pollen to the stigma shows specificity since interfamilial pollen
grains adhere poorly to stigmas (Lord, 2002; Edlund et. al., 2004). In Arabidopsis, the
strength at which the pollen adheres to the stigma increases as time progresses. Adhesion
does not rely on the pollen coat as evidenced by the ECERIFERUM (CER) mutant cer62, lacking a pollen coat, being still able to adhere to the stigmatic surface. In addition,
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the initial adhesive step may also not be based on protein-protein interactions and most
likely depends on biophysical interactions between the stigma surface and the pollen
exine (Hiscock and Allen, 2008; Edlund et. al., 2004). The pollen exine is therefore
important for proper pollen-stigma adhesion and defects in pollen exine formation have
led to sterility (Chapman and Goring, 2010). Even though the mature pollen grain
possesses a fully formed exine, at least 20 diverse proteins involved in exine formation
were identified within the pollen proteome (Table S2.1) and in most cases it remains
unclear whether these serve additional roles upon reaching the stigma. Some of these
proteins included Brassica orthologs of Arabidopsis apyrase 7 (APY7), the apy7 mutant
pollen showed an abnormal exine reticulate pattern and the Atapy6Atapy7 double
knockout had severe defects in pollen exine patterning and a deformed pollen shape
resulting in reduced male fertility (Yang et. al., 2013); callose synthase 5 (CALS5) which
is the main enzyme for callose layer biosynthesis surrounding tetrads, and in a cals5
mutant, the thickness of the callose wall was greatly reduced and led to aberrant exine
patterns (Dong et. al., 2005; Yang et. al., 2013); a membrane-associated protein called
DEFECTIVE IN EXINE FORMATION 1 (DEX1) with dex1 mutants having delayed
and significantly reduced primexine deposition leading to the random deposition of
sporopollenin on the plasma membrane (Paxson-Sowders et. al. 2001); the NO
PRIMEXINE AND PLASMA MEMBRANE UNDULATION (NPU) protein whose
mutation caused a defect in callose synthesis leading to the complete absence of
primexine deposition and plasma membrane undulation and affected sporopollenin
deposition resulting in male sterility (Chang et. al., 2012); and cysteine protease 51
(CP51) whose reduced expression by RNA interference (RNAi) led to aborted
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microspores and a male sterile phenotype due a defective pollen exine (Yang et. al.,
2014).
The second stage in adhesion involves protein-protein interactions between the
pollen grain and the stigma. Mobilization of the pollen coat forming a “foot” of contact
between the pollen grain and the papillar cell (Figure S4) enhances pollen-stigma
adhesion by allowing proteins within the pollen coat and on the surface of the stigma to
come into contact (Rejón et. al., 2016; Edlund et. al., 2004). In B. rapa, the stigmaspecific secreted glycoprotein S-locus-related1 (SLR1) was shown to bind with high
affinity to the class A pollen coat proteins SLR1-BP1 and 2, while the pollen coat peptide
pollen coat protein A1 (PCP-A1) was found to bind to the stigma wall-anchored S-locus
glycoprotein (SLG) protein in B. oleracea. Both these interactions are postulated to
strengthen pollen-stigma adhesion (Rejón et. al., 2016). SLR1-BP and PCP-A1 were
identified in the B. carinata pollen proteome (Table S2.1), while SLR1 and SLG proteins
were identified in the stigma (Table S2.1) and shown to increase in abundance as the
stigma matured (Table S2.6) as shown previously (Hackett et. al., 1996; Robert et. al.,
1994).
Lastly, B. carinata proteins representing all 8 subunits of the exocyst complex
were identified in the stigma proteome (Table S2.1). These subunits act as a tether to
dock vesicles for fusion to the plasma membrane during regulated or polar secretion
(Doucet et. al., 2016). Down-regulation of each member in the Arabidopsis stigma using
RNA-silencing led to a reduction in pollen adherence to the stigma (Safavian et. al.,
2015). It is possible that the exocyst complex may be involved in the transport of
vesicles carrying proteins that facilitate pollen adhesion to the stigmatic surface.
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2.3.3.2 Pollen Recognition
The formation of the “foot” (Figure S4) not only contributes to adhesion, but also
brings together stigmatic and pollen coat proteins involved in pollen recognition
(Chapman and Goring, 2010). Pollen pre-fertilization barriers control whether or not a
particular pollen landing on the stigma will successfully lead to fertilization (Kitashiba
and Nasrallah, 2014). Within the Brassicaceae, S-haplotype-specific binding of the small
pollen coat protein S-locus cysteine rich/S-locus protein 11 (SCR/SP11) to the stigma
localized S Receptor Kinase (SRK) triggers a self-incompatibility (SI) response that
blocks hydration and germination, leading to the rejection of self-pollen on the surface of
the stigma (Rejón et. al., 2016). SP11/SCR was identified in the pollen proteome (Table
S2.1), while numerous orthologs to SRK were detected in the stigma (Table S2.1). Since
B. carinata exhibits self-compatibility, it is possible that some of the proteins involved in
the SI response are not functional since deletion or inactivation of one or both of these
genes is believed to underlie the evolutionary switch from an outbreeding to an
inbreeding mating system within the Brassicaceae (Kitashiba and Nasrallah, 2014;
Nasrallah, 2002).
In addition to the SRK orthologs identified in the stigma proteome, three Sdomain receptor-like kinases (RLKs) were also found in the stigma proteome (Table
S2.1), and one S-domain RLK ortholog was identified in the pollen proteome (Table
S2.1). Also, four proteins related to the Papaver rhoeas S1 self-incompatibility protein
were identified in the pollen proteome (Table S2.1). SI is also controlled by a single
multi-allelic S-locus in P. rhoeas, and homologues of the S1 self-incompatibility protein
were also identified in the self-compatible Arabidopsis spp. (Ride et. al., 1999). The
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precise role of these different proteins within self-compatible species has not yet been
elucidated, however it is also possible that some of these proteins could have a role in
defense.

2.3.3.3 Pollen Hydration
After compatible pollen recognition, the stigmatic papilla initiates cellular
responses in order to facilitate the rehydration of the partially desiccated pollen grain.
One of the earliest of these responses is vesicular trafficking. In Arabidopsis, the papillar
cell wall was observed to expand at the zone of pollen adhesion 10 minutes postpollination (Kandasamy et. al., 1994). In B. napus, multi-vesicular bodies were observed
to fuse to the papilla plasma membrane towards the pollen contact site releasing
extracellular vesicles into the cell wall, whereas in Arabidopsis secretory vesicle-like
structures fused to the papilla plasma membrane 10 minutes post-pollination (Doucet et.
al., 2016). These vesicles/multi-vesicular bodies were postulated to be carrying cargo
needed to facilitate water transfer, as well as cargo needed for papillar cell wall
expansion, pollen tube penetration and pollen tube growth (Safavian et. al., 2015; Goring
et. al., 2017). As previously mentioned, we identified all 8 members of the exocyst
complex implicated in membrane trafficking and polar secretion within the stigmatic
papillae of Arabidopsis in response to compatible pollination. Knockdown/knockout of
the expression of all 8 subunits resulted in a reduction in pollen adhesion, hydration,
germination, penetration, pollen tube growth, seed set and overall fertility in Arabidopsis
(Safavian et. al., 2015). Additionally, 12 EXO70 orthologs were identified in the B.
carinata stigma proteome (Table S2.1), including EXO70H7 which increased in
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abundance as the stigma matured (Table S2.6). EXO70 genes are expressed in
exocytosis active cells and cell type- and/or cargo-specific exocytotic activities are
postulated to be regulated by different EXO70 isoforms (Li. et. al., 2010). With the
exception of EXO70A1 (Samuel et. al., 2009), functions of the other EXO70 proteins
found within the stigmatic papillae proteome have not yet been elucidated.
Proteins involved in water homeostasis are also important for pollen hydration.
The papillar cells of the mature stigma are turgid in order to hydrate pollen and the
stigma contains water underneath the waxy cuticle (Rehman and Yun, 2006; Hiscock and
Allen, 2008; Gao et. al., 2016). Ions like potassium (K+) and chloride (Cl-) are
responsible for maintaining the cell’s turgidity. For example, in leaves, the movement of
water into, and therefore the swelling of guard cells, which like the stigmatic papillae are
epidermal cells, is governed by K+ ions and anions like Cl- (Rehman and Yun, 2006,
Jossier et. al., 2010). Several orthologs of K+ channels, transporters and antiporters were
identified within the stigma proteome (Table S2.1), one of which, the potassium channel
beta subunit KAB1, increased in abundance as the stigma matured (Table S2.6). The
syntaxin of plants homolog, SYP121, shown to facilitate K+ uptake by K+ channel
trafficking and recycling to the plasma membranes in leaves during stomatal re-opening
(Eisenach et. al., 2012) was also detected. In addition, 6 stigma chloride channel
orthologs were identified such as CLCc shown to regulate stomatal opening by regulating
chloride ion homeostasis (Jossier et. al., 2010), and 4 mechanosensitive ion channels
including the mechanosensitive channel of small conductance-like 7 (MSL7) that
increased in abundance in the mature stigma (Table S2.6). Mechanosensitive ion
channels regulate osmotic forces by conducting ions and other osmolytes in response to
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increased membrane tension (Hamilton and Haswell, 2017). It is possible that the
swelling of the cell membrane and increased membrane tension in the turgid stigma
papillae causes the mechanosensitive ion channels to open, releasing ions and other small
osmolytes thus causing the water potential inside the cell to increase. This would in turn
cause water to exit the stigmatic papillae, possibly through aquaporins, which are
membrane proteins that regulate the flow of water across cellular membranes (Soto et.
al., 2008). Several B. carinata aquaporins were identified (Table S2.1) with two plasma
membrane intrinsic proteins PIP2F and PIP2B increasing in abundance during stigma
maturation (Table S2.6).
The pollen grain, in turn, needs to take up the water provided by the papilla.
Three aquaporins were identified in the pollen proteome (Table S2.1), as well as SYP61
known to coordinate the trafficking of the plasma membrane aquaporin PIP2;7 (Hachez
et. al., 2014). Pollen hydration is known to be facilitated by the lipid-rich pollen coat and
it has been postulated that its constituent tapetum-derived oleosins and extracellular
lipases (EXLs) act synergistically to modify lipid composition at the pollen-stigma
surface to facilitate hydration (Rejón et. al., 2016). Orthologs of two tapetal oleosins,
EXL4, and EXL6 were part of the pollen proteome (Table S2.1).
Desiccated pollen cell membranes are rigid and less able to accommodate hypoosmotic swelling. The rehydration process can therefore damage cell membranes and
compromise pollen viability. As a result, hydration needs to be properly regulated. Ion
channels are therefore important to maintaining plasma membrane integrity during pollen
hydration by regulating turgor pressure. Ion channels are also a necessity during pollen
germination and tube growth to ensure that the tube is turgid enough to break through the
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pollen cell wall, but also to ensure that the pollen tube does not rupture prematurely
(Hamilton and Haswell, 2017; Li et. al., 2017). Seventy-seven orthologs of ion channels
were identified within the pollen proteome (Table S2.1) including two shaker pollen
inward K+ channel (SPIK) important to pollen hydration (Li et. al., 2017), two MSL7
homologs, one piezo-type mechanosensitive ion channel, chloride channels CLCc and
CLCf, as well as 8 cation/proton exchanger (CHX) postulated to allow osmotic
adjustments and K+ homeostasis during pollen rehydration and germination (Sze et. al.,
2004).

2.3.3.4 Pollen Germination
For the purposes of this discussion, germination is considered to encompass the
events involved in breaching the pollen cell wall. After hydration, the pollen grain
establishes an internal polarity relative to external signals in order for the tube to breach
the pollen cell wall from a single point and then grow to reach the stigmatic surface
(Edlund et. al., 2004). The pecto-cellulosic intine wall layer of the pollen grain contains
two distinct layers; the exintine and the endintine. The endintine is the precursor for the
pollen tube wall while the exintine harbors channels containing enzymes (Blackmore and
Knox, 1990). In the Brassicaceae, the pollen tube needs to dissolve the exintine layer
before emerging through either the aperture or the interaperture exine wall (Edlund et. al.,
2004). Eighty-three enzymes involved in cell wall degradation were identified within the
pollen proteome, some of which may facilitate degradation of the exintine layer of the
pollen grain (Table S2.1). Several of these proteins may also help to digest the cell wall
of the stigma and transmitting tract to facilitate pollen tube penetration (see below).
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Additionally, a UDP-glycosyltransferase family protein called “bursting pollen” (BUP)
involved in the correct orientation of the germination plaque (deposition of callose near
the pollen wall at the site of contact with the stigma) and the pollen tube tip
(Hoedemaekers et. al., 2015) was present within the pollen proteome.
It has been postulated that the source of water during hydration may provide
directional cues that establish polarity (Edlund et. al., 2004), but it is quite possible that
calcium signaling from the stigma to the pollen grain also plays a role. Calcium influx at
the pollen tube membrane tip from external sources contributes towards pollen tube
guidance, and a cytosolic increase in calcium within the apical region of A. thaliana
stigmatic papillae was observed immediately prior to pollen germination (Steinhorst and
Kudla, 2013; Chapman and Goring, 2010; Cheung and Wu, 2008). Fifteen B. carinata
calcium (Ca2+) transporters were identified within the stigma proteome (Table S2.1) and
one, the cyclic nucleotide-gated ion channel 1 (CNGC1), was found to increase in
abundance in the mature stigma (Table S2.6). Similarly, the pollen proteome possessed
21 Ca2+ transporters (Table S2.1) including the plasma membrane localized autoinhibited
Ca2+ ATPase 9 (ACA9) whose mutant was found to result in partial male sterility (Schiøtt
et. al., 2004).
Reactive oxygen species (ROS) have been identified as important signaling
molecules in pollen germination and pollen tube growth. In addition, respiratory burst
oxidase homologues (RBOHs) activated via Ca2+, lead to hydrogen peroxide (H2O2)mediated activation of Ca2+ channels increasing the cytosolic Ca2+ levels (Steinhorst and
Kudla, 2013). ROS was required for pollen germination in lily (Smirnova et. al., 2009),
kiwifruit (Speranza et. al., 2012), tobacco, and olive (Potocký et. al., 2012), and locally

60
restricted ROS production at a pollen grain aperture was required for outgrowth at that
particular aperture. ROS has also been implicated in pollen exine breach in a two-step
process where a swollen intine (due to turgor pressure from hydration) pushes against an
exine weakened by redox reactions present at the pollen-stigma interface, resulting in
exine rupture at the site of pollen tube emergence (Edlund et. al., 2017). Eighty-four
proteins involved in ROS metabolism were identified in the stigma and pollen proteomes
(Table S2.1). For example, within the pollen proteome, B. carinata orthologs of 2
Arabidopsis RBOH’s, 16 peroxidases, 2 catalases, and 6 superoxide dismutases were
identified, whereas the stigma proteome contained orthologs to a RBOH, 2 catalases, 18
peroxidases, and 8 superoxide dismutases (Table S2.1). One superoxide dismutase
(SODB) and a glutathione peroxidase (GPX7) were found to increase in abundance as the
stigma matured (Table S2.6). Interestingly, orthologs of peroxidase (PRX42) and a
superoxide dismutase (SODCP) had decreased protein levels in the mature stigma (Table
S2.7). Protein isoforms with increased abundance are most likely responsible for the
initial stages of pollination and could be investigated for their role in pollen germination,
whereas isoforms with a decreased abundance could possibly have been involved in
earlier stigma developmental processes.

2.3.3.5 Pollen Tube Growth
Once the pollen tube has successfully emerged from the grain, it grows through
the foot to penetrate the stigmatic pellicle and waxy cuticle. Initial invasion of the pollen
tube through the stigma requires enzymatic modification of these layers. The
proteinaceous pellicle of dry stigmas was proven to contain enzymes that are postulated
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to be involved in pollen tube breach and removal of the pellicle prevents compatible
pollen tubes from entering the stigma (Chapman and Goring 2010; Heslop-Harrison and
Heslop-Harrison, 1975; Hiscock et. al., 2002). The B. carinata stigma contained 176
proteases (Table S2.1), 7 of which increased in abundance as the stigma matured (Table
S2.6) and could potentially represent candidates for the unknown proteases that facilitate
pollen tube invasion of the stigma. Numerous proteases were also identified within the
mature pollen proteome (Table S2.1).
The mature stigma also contained 18 esterases (Table S2.1) and the three enzymes
that increased in abundance late in development (Table S2.6) might be accumulating in
preparation for pollen tube penetration of the cuticle. Esterases known as cutinases are
important for breaking down the stigma cuticle as treatment of the stigmas with serine
esterase inhibitors blocked pollen tube penetration (Edlund et. al., 2004). However, no
cutinases were identified within the mature B. carinata mature stigma or pollen
proteomes. A GDSL lipase primarily expressed in the pollen that fits the description of a
plant cutinase has been identified in A. thaliana (Takahashi et. al., 2010) and several
GDSL lipases were identified within the proteomes of both the mature stigma and pollen
(Table S2.1) and some could potentially serve the role of a cutinase.
Within the Brassica ssp., the pollen tube then grows between the inner and outer
layers of the papillar cell wall before reaching the base of the stigma and entering the
style transmitting tract. Invasion through these layers requires various cell wall
modifying enzymes involved in the degradation and remodeling of pectin, cellulose and
hemicellulose (Chapman and Goring 2010). Numerous enzymes involved in cell wall
degradation and modification were identified within the stigma proteome (Table S2.1),
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17 of which had elevated protein levels in the mature stigma and include an endo-1,3(4)β-D-glucanase-like protein, a β-D-xylosidase, a β-galactosidase, pectate lyases,
polygalacturonases, a β-glucosidase, a xyloglucan endotransglucosylase/hydrolase, pectin
acetylesterases, and several pectin methylesterases (PMEs) (Table S2.6). In addition, 9
expansins, known to be involved in cell wall loosening and expansion (Mollet et. al.,
2013), were detected within the stigma proteome with two that increased in abundance as
the stigma matured (Tables S2.1 and S2.6), while four were found in the pollen proteome
(Table S2.1). Furthermore, several extensins, thought to be involved in cell wall
extension (Lora et. al., 2016), were identified within both the mature pollen and stigma
proteomes (Table S2.1).
Initial pollen tube growth is autotrophic and uses stored nutrients within the
pollen grain. However, subsequent growth is heterotrophic and requires assistance from
pistil tissues (Yue et. al., 2014). A massive deposition and remodeling of cell wall
polysaccharides is required to promote fast pollen tube elongation and proteins involved
in the biosynthesis of cell wall polysaccharides are involved in this process (Mollet et.
al., 2013). As mentioned earlier, Nucleobase-containing Compound Metabolism
contained the most number of enriched sub-categories in both the pollen and stigma
proteomes, and 156 proteins involved in the synthesis and metabolism of UDP-sugars,
precursors for the synthesis of cell wall polysaccharides, were identified. In addition, 107
proteins contributing to cell wall biogenesis including enzymes involved in cellulose,
pectin, and hemicellulose biosynthesis were found in both the mature stigma and pollen
(Table S2.1).
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Pollen tube walls contain two layers at the shank of the pollen tube; an
outer/primary wall that is mainly consisted of pectin, cellulose and hemicellulose, and an
inner/secondary wall consisting of cellulose and callose (Hoedemaekers et. al., 2015; Li
et. al., 2012). Pollen tubes grow exclusively at the tips and the wall at the tip consists of
a single layer of mostly pectin. The pectin synthesized within the Golgi apparatus is
methyl-esterified and transported via vesicular trafficking to the tip. As the tip extends,
the pectin is de-esterified by the action of PME and ends up in the more distal region of
the outer wall where the exposed pectin carboxyl groups cross-link to Ca2+ which causes
rigidification of the cell wall (Bosch and Hepler, 2005; Mollet et. al., 2013).
VANGUARD1 (VGD1) whose ortholog is found in the B. carinata pollen is an example
of such a PME whose mutation retards pollen tube growth (Jiang et. al., 2005). Twenty
eight B. carinata orthologs of Arabidopsis PMEs were identified within the pollen
proteome (Table S2.1). Similarly, 101 other pollen proteins shown to be involved in
pectin biosynthesis and metabolism were identified, along with 51 proteins involved in
cellulose and hemicellulose synthesis and metabolism (Table S2.1).
During pollen tube growth, callose is deposited at periodic intervals behind the
growing tip to form plugs that maintain a region of concentrated cytoplasm containing
organelles, the vegetative nucleus, and the two sperm cells in the apical expanding
region, while simultaneously separating the viable from degenerating region of the tube
(Mollet et. al., 2013). Thirteen callose synthases, as well as 11 beta-glucanases and 46
beta-glucosidases were also identified within both the mature stigma and pollen (Table
S2.1) proteomes with some increasing in abundance as the stigma matured (Table S2.6).
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Pollen tubes grow at their tips through a polarized growth process and a tipfocused Ca2+ gradient is required for pollen germination and tube growth (Cheung and
Wu, 2008; Steinhorst and Kudla, 2013). Calcium is involved in a variety of processes
required for germination and tube growth including cell wall rigidity at the distal regions
of pollen tube via cross linking with de-esterified pectin, cytoskeleton organization via
the regulation of actin-binding proteins (ABPs), and vesicular trafficking (Cheung and
Wu, 2008; Bosch and Hepler, 2005). Calcium can also trigger enhanced ROS production
by RBOHs via calcium-dependent protein kinases like CPK26 (Gilroy et. al., 2014)
whose ortholog was identified within the pollen proteome (Table S2.1). CPKs function
in multiple signal transduction pathways downstream of cytosolic Ca2+ elevation and the
CPK orthologs identified within the pollen proteome may control a variety of cellular
processes ranging from the regulation of ion channels to hormone signaling. A total of 9
pollen B. carinata CPKs were identified, in fact, nearly 150 PKs were identified in the
pollen proteome (Table S2.1) and although many have known roles in pollen
development and pollen tube growth whose description is beyond the scope of this
discussion, most still have undefined roles in that context.
In addition to a tip focused Ca2+ gradient, an acidic tip and an alkaline subapical
cytoplasm are essential for growth polarity by regulating ABPs (Cheung and Wu, 2008).
Hydrogen distribution is maintained by an H+ influx at the apex through low affinity nonselective cationic channels and an efflux along the subapical membrane through localized
H+-ATPases that are excluded from the tip (Boavida et. al., 2005; Song et.al., 2009).
Several proton transporters were identified within the mature pollen (Table S2.1) and
hydrogen transport was an enriched sub-category within the mature pollen proteome
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(Table S2.5). The 8 CHXs mentioned earlier and the 14 P-type, autoinhibited H+-ATPase
(AHA) proton pumps, 26 vacuolar H+-ATPase (VHA) subunits, and 6 V-type
pyrophosphate-energized membrane protein pumps (VHPs) could contribute to H+ influx
at the pollen tube apex and/or to subapical H+ efflux.
Phosphoinositides (PIs) represent another important class of signaling molecules
during pollen germination and tube growth. PIs regulate cytoskeletal dynamics by
regulating ABPs, ion channel activity and vesicular trafficking, and therefore impact the
delivery of cell wall material and modifying enzymes to the growing polar tip (Cheung
and Wu, 2008; Steinhorst and Kudla, 2013). Phospholipase D (PLD) hydrolyzes
phosphatidylcholine to produce phosphatidic acid (PA). Capping proteins (CPs) that bind
and modulate actin polymerization are inhibited by PA and phosphatidylinositol 4,5biphosphate (PIP2) (Cheung and Wu, 2008; Jimenez-Lopez et. al., 2014). Three CPs and
8 PLDs were identified within the B. carinata pollen proteome (Table S2.1).
Phospholipase C (PLC) hydrolyzes PIP2 to inositol 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG). PIP2 regulates actin depolymerization factors (ADFs) which bind
to actin filaments stimulating their depolymerization, IP3 may induce Ca2+ increase, and
DAG may serve as a precursor for PA (Cheung and Wu, 2008; Steinhorst and Kudla,
2013). Four Arabidopsis PLCs and four PLC-like proteins were identified within the
pollen proteome. In addition, three pollen ADFs were found (Table S2.1).
Well-regulated phosphatidylinositol-4-phosphate, PIP2, and phosphatidylinositol
3,5-biphosphate (PtdIns (3,5)P2) pools are necessary for polarized secretion in plants.
Phosphoinositide (PI) phosphatases and kinases contribute to the regulation of these PI
pools (Chapman and Goring, 2011; Serrazina et. al., 2014). B. carinata orthologs of 8
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Arabidopsis PI phosphatases and 8 PI kinases were identified within the pollen proteome
(Table S2.1). Mutations in these enzymes can affect PI pools and may lead to pollen
lethality, for example, the double mutant of the orthologous 1-phosphatidylinositol-3phosphate 5-kinase proteins FORMS APLOID AND BINUCLEATE CELLS
(fab)1afab1b exhibited pollen lethality as a consequence of a failure in vacuole
rearrangement (Serrazina et. al., 2014).
Rac/Rop GTPases regulate multiple linear as well as intersecting signaling
pathways. They control the phosphorylation and therefore inhibition of ADF and can
increase intracellular Ca2+ in the apex via interaction with ROP-interactive CRIB motifcontaining protein 3 (RIC3) (Cheung and Wu, 2008). Pollen RIC3 as well as 6 pollen
Rac/Rop GTPases were identified (Table S2.1). Eight regulators of Rac/Rop GTPases
were also identified within the pollen proteome including two orthologs of RHO GTPaseactivating protein ROP ENHANCER 1 (REN1) which restricts active ROP1 to the pollen
apical cap (Hwang et. al., 2008), four ROP guanine nucleotide exchange factors
(ROPGEFs) which activate Rac/Rop GTPases, and a RHO GDP-dissociation inhibitor 1
(RHOGDI1) which inactivates Rac/Rop GTPases (Cheung and Wu, 2008) (Table S2.1).
Cytoskeleton Organization was also among the enriched sub-categories in the B.
carinata pollen (Table S2.5). In the pollen tube, the role of actin filaments is related to
the transport of organelles and vesicles, and ABPs and ABP-related proteins regulate this
process by controlling actin polymerization/depolymerization (Cai et. al., 2015;
Steinhorst and Kudla, 2013). Multiple pollen-expressed ABPs and ABP-related proteins
were identified within the pollen proteome, along with several actins, myosins, profilins
and villins that have been demonstrated to play roles in pollen tube growth (Table S2.1).
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The growing tip of the pollen tube requires vesicle-mediated transport, which is
essential for the deposition of cell membrane and wall materials, as well as proteins
involved in cell wall modification at a restricted tip area of the plasma membrane (Tan et.
al., 2016; Mollet et. al., 2013). The tip region consists of a clear zone composed of
numerous Golgi-derived vesicles that migrate toward the apex in the cell cortex and
accumulate at the apex forming an inverted cone-shaped area where they fuse with the
plasma membrane to sustain pollen tube growth (Mollet et. al., 2013). Accordingly,
Transport was one of the categories with the most number of enriched sub-categories in
the pollen proteome (Figure 2.3) with 45 out of the 53 transport sub-categories being
involved in vesicular trafficking and/or localization (Table S2.5). Some of these enriched
processes, namely Vesicle-Mediated Transport, Golgi Vesicle Transport, Vesicle Fusion,
Membrane Fusion, Exocytosis, Retrograde Transport, and some of their constituent
proteins will be discussed in greater detail below. Due to the extensiveness of the pollen
transport category, the discussion will focus primarily on examples of orthologs of
known Arabidopsis players involved in vesicular transport.
For example, RAB GTPases regulate vesicle budding and targeting specificity,
and mediate vesicle fusion, and are therefore important for vesicular trafficking during
pollen germination and tube growth. Thirty one B. carinata RAB GTPases were
identified in the pollen proteome with many having a demonstrated role in pollen tube
growth such as RABA4D (Szumlanski and Nielsen, 2009), as well as RABD2B and
RABD2C (Peng et. al., 2011), and nearly 50% are shared with the stigma (Table S2.1).
RAB GTPases are inactivated by RAB guanine nucleotide dissociation inhibitors
(RABGDIs) and RAB GTPase-activating proteins (RABGAPs) (Cheung and Wu, 2008).
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Orthologs of three Arabidopsis RABGDI and 7 RABGAPs were identified in the pollen
proteome (Table S2.1).
A GTP-binding protein called ADP-ribosylation factor (ARF) is involved in
vesicle coating and vesicular budding. ARF is activated by ADP-ribosylation factor
guanine-nucleotide exchange factor (ARFGEF) and can be inhibited by ADP-ribosylation
factor GTPase-activating protein (ARFGAP) (Min et. al., 2013; East and Kahn, 2011).
Within the pollen proteome, orthologs of 3 Arabidopsis ARFs, 12 ARFGEFs, and 19
ARFGAPs were identified and many still do not have well defined roles in the pollen. In
addition, multiple pollen SEC proteins, which are members of the exocyst complex
involved in protein transport, were identified (Table S2.1) with many, such as SEC3,
SEC5, SEC6, SEC8, or SEC15A, playing a role in pollen germination and tube growth
(Cole et. al., 2005; Hála et. al., 2008).
SNARE proteins play a role in controlling membrane fusion (Sansebastiano et.
al., 2014). For example, syntaxin of plants 124 (SYP124) was shown to be concentrated
in the apical and subapical regions of the elongating pollen tube and is postulated to form
SNARE complexes with vesicle-associated membrane protein 725 (VAMP725) and
VAMP726 during pollen tube tip growth (Silva et. al., 2010; Ichikawa et. al., 2015; Slane
et. al., 2017). Multiple B. carinata orthologs of Arabidopsis SYP, SNARE and VAMP
proteins were identified in the pollen proteome (Table S2.1).
The massive amount of exocytosis occurring at the pollen tube tip is believed to
exceed the requirements for maintaining tube growth rates. Therefore, endocytosis and
vesicular recycling via retrograde transport is critical for polarized pollen tube growth.
Orthologs of the conserved oligomeric Golgi complex subunits 3 and 8 (COG3 and
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COG8) essential for pollen tube growth (Tan et. al. 2016) were detected within the pollen
proteome and are components of a COG complex that is postulated to be involved in the
tethering of retrograde intra Golgi vesicles. The formation of transport vesicles from the
donor organelle is accomplished by snipping the neck of the invaginated membrane. This
is accomplished by dynamin-related proteins (Fujimoto and Tsutsumi, 2014) and 9
dynamin-like proteins likely involved in endocytosis were identified including DRP2A
and DRP2B (Table S2.1). Secretory carrier membrane proteins (SCAMPs) are type IV
membrane proteins that are localized to the plasma membrane and early endosome or
trans-Golgi network in the plant endocytic pathway. Vacuolar sorting receptors (VSRs)
are type I integral membrane proteins that mediate biosynthetic protein traffic in the
secretory pathway to the vacuole (Wang et. al., 2010). Three B. carinata pollen
SCAMPs and one VSR were identified (Table S2.1). Additionally, 43 vacuolar protein
sorting-associated proteins (VPSs) were found including orthologs of Arabidopsis VPS
16 (Hicks et. al., 2004), VPS 41 (Hao et. al., 2016), VPS 52A (Lobstein et. al., 2004),
and VPS 53 (Wang et. al., 2008) (Table S2.1), which are implicated in the endocytic
pathway and have demonstrated roles in pollen tube growth. Very little is known about
the potential role of the other identified VPSs in this process.
Many of the proteins discussed above are pollen proteins with a demonstrated role
in pollen tube growth, but in many cases many of the same or related proteins are found
in the stigma. However, information is scarce regarding the role of these stigma proteins
in pollen tube growth and more research is required.
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2.3.3.6 Pollen Tube Guidance
Growth of the pollen grain through the pistil also requires cell-cell adhesion
(Mollet et. al., 2013). Many proteins including several transmembrane 9 and Ofucosyltransferase proteins postulated to be involved in cell adhesion (Benghezal et. al.,
2003; Verger et. al., 2016), as well as orthologs of GPI-anchored adhesion-like proteins
shown to be involved in cell-cell adhesion in yeast (Dranginis et. al., 2007) were
identified within the mature stigma and/or pollen proteomes (Tables S2.1). Proteins
involved in adhesion are proposed to also be involved in pollen tube guidance. Lily
pollen tubes were shown to adhere to the inner surface of the transmitting tract in vivo
and grow using an adhesion-mediated pollen tube guidance mechanism (Dresselhaus et.
al., 2013). Arabinogalactan proteins are believed to be candidate molecules for pollenpistil adhesion and were also shown to both stimulate pollen tube growth in vitro and act
as a chemo-attractant (Rejón et. al., 2016; Dresselhaus et. al., 2013). Lipid transfer
proteins (LTPs) shown to interact with pectins play an important role in the formation of
an adhesive matrix needed for pollen tube guidance (Dresselhaus et. al., 2013; Mollet et.
al., 2013). The arabinogalactan proteins and lipid transfer proteins identified within the
mature stigma and pollen proteomes could be contenders for such roles (Tables S2.1).
Chemo-attractant gradients in the pistil are important to pollen tube guidance.
Gamma-amino butyric acid (GABA) present as a gradient starting from the stigma and
increasing in concentration towards the ovule may serve to guide the pollen tube in the
pistil. The A. thaliana pollen-pistil 2 (pop2) mutant lacking a functional GABA
transaminase in both the pollen and pistil displayed abnormal pollen tube guidance
(Wilhelmi and Preuss 1996). Two GABA transaminase orthologs were identified in the
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mature stigma proteome, whereas one was identified within the pollen proteome (Table
S2.1). An ortholog of a plantacyanin protein that forms a similar concentration gradient
along the pistil (Dong et. al., 2005) was also identified in the mature stigma proteome
(Table S2.1).

2.4 Conclusion
Although the emphasis in this study was placed on pollen-stigma interactions, the
comprehensive mature pollen and stigma proteomes obtained not only provide an
improved inventory of proteins expressed in these cells, many for the first time, but also
point to protein candidates that might deserve further investigation. This is particularly
true of the stigma for which little information is available. For example, this analysis
identified 3X as many proteins as the previous Brassica stigma proteome analysis
(Nazemof et. al., 2016) and yet revealed more than 12X and 5X as many stigma
transcription factors (TFs) and protein kinases (PKs) respectively; possibly due to the fact
that TFs and PKs are generally low in abundance and are therefore more likely to be
missed by a gel-based proteomics approach that relies on protein to be abundant enough
to be detected on a gel (Wissing et. al., 2007; Grobei et. al., 2009). Of the 182 TFs
identified (Table S2.1), only a few have been previously implicated in gynoecium and/or
stigma development including members of the B3 domain TFs such as the auxin response
factor 6 (ARF6) and ARF8 (Wu et. al., 2006), and NGATHA1 (NGA1), NGA2 and
NGA3 (Alvarez et. al., 2009; Trigueros et. al., 2009; Martinez-Fernandez et. al., 2014),
and the basic helix-loop-helix (bHLH) TFs such as HALF FILLED (HAF), HECATE
(HEC) and SPATULA (SPT) (Crawford and Yanofsky, 2011; Moubayidin and
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Østergaard, 2014). Similarly, 231 PKs were identified (Table S2.1) and very few have
been shown to be involved in gynoecium and/or stigma development such as the cyclindependent kinases CDKC2 (Cui et. al., 2007) and CDKE1 (Wang and Chen, 2004), as
well as the SNF1-related kinase SNRK1.1 (Tsai and Gazzarrini, 2012). Numerous
proteins identified in the mature stigma were reported to play roles in epidermal cell
development (including root hairs, trichomes, and stomata) which is in line with the fact
that stigma papillar cells are also epidermal cells (Lolle and Pruitt, 1999). For example,
several of the stigma PKs have been shown to be involved in epidermal cell development
including calcium-dependent CPK3 (Wu et. al., 2013), CDKA1 (Borowska-Wykręt et.
al., 2013), as well as the transmembrane kinases TMK1 to TMK4 (Xu et. al., 2014) to
name but a few, and could be good candidates for the study of their involvement in
stigma development. Lastly, this analysis confirmed the presence within the stigma of
over 81 proteins involved in photomorphogenesis, circadian rhythm, and flowering for
example, and it would be interesting to understand the role of these processes in the
stigma. Likewise, 183 PKs and TFs were identified in the mature pollen grain and while
some had known roles, 34 still remain to be investigated.
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Chapter 3
The Analysis of the Triticale (x Triticosecale Wittmack)
Mature Stigma and Pollen Proteomes
3.1 Introduction
Triticale (x Triticosecale Wittmack ssp.) is a man-made cereal crop belonging to
the Triticeae tribe and the Poaceae family (grass family) (Golovnina et. al., 2007;
Szewińska et. al., 2012). Triticale was generated from the interspecific hybridization of
durum wheat (Triticum turgidum ssp. durum) as the female parent, and rye (Secale
cereale) as the male parent, and exhibits superior agronomical characteristics. It has
many of the nutritional qualities of wheat while also having the vigor of rye (i.e. more
productive under abiotic stress conditions and less susceptible to diseases than wheat).
Primarily, triticale is used for animal feed, but small amounts enter the human food chain
(Hills et. al., 2007; Chapman et. al., 2005). Due to the fact that triticale is not generally
used in products designed for human consumption and is competitive with other cereals
with respect to grain yields, starch content, and price, it could be genetically modified to
produce various biopolymers, adhesives, industrial enzymes, and high strength fibers. It
has also become a viable platform for bioethanol production (Hills et. al., 2007; Chapman
et. al., 2005).
In angiosperms, pollen that is wind-dispersed, as observed in the Poaceae
(Friedman and Barrett, 2009), or disseminated via pollinators, as in the Brassicaceae
(Kudo, 2003), lands on and adheres to the female stigma. After adhesion and
recognition, water flows from the stigma to the partially desiccated pollen grain which
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becomes metabolically active. The pollen then germinates on the surface of the stigma
and a pollen tube emerges. The tube then breaches the stigmatic cuticle, invades the
intercellular space, and grows in the transmitting tract of the style until it reaches the
ovary where it enters the ovule and embryo sac delivering the two sperm cells for double
fertilization (Mauseth, 1998; Lord and Russell, 2002). Therefore, in these plants,
reproduction is initiated when two cells, the pollen vegetative cell and the stigma papillar
cell are brought together from different parts of the plant. When they meet, these cells
are both at a late stage of maturation and would be expected to have garnered the
necessary protein complement required for their impending interaction. Uncovering the
triticale proteins present at this mature stage is thus paramount to investigate the
molecular mechanisms underlying the pollen-stigma interaction and will further our
understanding in other crop members of the Triticeae such as wheat, barley and rye.
Despite the importance of the pollen and stigma to reproduction, their proteomes
have not been extensively investigated in the Poaceae and even less so in the Triticeae.
In particular, there have been very few studies of the stigma. To our knowledge, the only
studies to date are the gel-based proteomics analyses performed by Sang et. al. (2012)
that identified 67 maize stigma-specific/preferential proteins and by Nazemof et. al.
(2014) that identified 2184 triticale proteins. With respect to the pollen, Dai et. al. (2007)
and Zhu et. al. (2011) used gel-based approaches to study differentially abundant proteins
between mature and germinating pollen, and identified 186 rice and 26 maize proteins,
respectively. A global proteome analysis also identified 322 rice pollen proteins using
gel-based approaches (Dai et. al. 2006). The only gel-free proteomics analysis of mature
pollen performed in the Poaceae was with maize and identified 6750 proteins (Chao et.
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al., 2016). To our knowledge, gel-free proteomic approaches have not yet been applied
to the characterization of Triticeae mature stigma and pollen proteomes.
In this study, gel-free shotgun proteomics was used to identify 11533 and 2977
triticale mature stigma and pollen proteins, respectively. Furthermore, a differential
proteomic analysis of the developing stigma revealed 647 proteins whose abundance
differed as the stigma matures in preparation for pollination. This study therefore
substantially expands the coverage of the global proteomes of both stigma and pollen
within the Triticeae.

3.2 Materials and Methods
3.2.1 Plant Material
Three biological replicates of the hexaploid triticale (x Triticosecale Wittmack)
spring cultivar AC Alta were grown in cabinets under constant humidity of 70%, 16 hour
(h) day and an 8 h night period, at temperatures of 20°C (day) and 18°C (night). The
plants were watered twice daily and fertilized biweekly with 20-20-20 (NPK).

3.2.2 Tissue Collection and Microscopy
Triticale stigmas and anthers were measured in order to identify the lengths
corresponding to the bicellular pollen (BCP) and tricellular pollen (TCP) developmental
stages. To identify these stages, developing anthers were harvested and fixed in 3:1 70%
ethanol/acetic acid for at least 30 min, washed in 70% ethanol for 5 min and Milli-Q
water for another 5 min, and stained with 4',6-diamidino-2-phenylindole (DAPI) to a
final concentration of 4 µg ml-1. The pollen nuclei (Figure 3.1b) were then visualized
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Figure 3.1. Microscopy of mature triticale pollen and stigma at the bicellular pollen
(BCP) and tricellular pollen (TCP) stages of development. (a) Scanning electron
micrographs of mature pollen. (b) Top row: 4',6-diamidino-2-phenylindole (DAPI)stained pollen. Middle row: Light micrographs of the developing of the pistil tissues. St,
Stigma; Ov, Ovary. Bottom row: Scanning electron micrographs of stigma papillae. Light
micrographs were taken by Frances Tran, and scanning electron micrographs were taken
by Elizabeth Routly. Scale bars: (a) 25 μm; (b) top row = 20 μm, middle row from left to
right = 0.8 mm, 1 mm; bottom row = 100 μm.
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using a Zeiss axioplan 2 fluorescence microscope (Carl Zeiss Microscopy, Jena,
Germany) and images were taken with a Zeiss AxioCam digital camera (Carl Zeiss
Microimaging, Jena, Germany), and the Axiovision software (Carl Zeiss
Microimaging). Pollen at the BCP stage (Figure 3.1b) was found in florets with green
anthers between 4.9-5.5 mm, whereas pollen at the TCP stage (Figure 3.1b) occurred in
yellow anthers longer than 5.5 mm.
In this study, the stigma refers to both the stigma and the style due to these
structures being merged in triticale. Stigmas at both developmental stages were
visualized using a Zeiss Discovery V12 light microscope (Carl Zeiss Microscopy).
Stigma tissues and mature pollen grain were also visualized using a Quanta 600 ESEM
scanning electron microscope (Thermo Fisher Scientific, San Jose, CA, USA) under
environmental conditions, using a low vacuum mode and a gaseous analytical detector
(GAD). Stigmas corresponding to the BCP stage were harvested from tillers that
contained newly emerging spikes, but with the peduncle still contained within the leaf
sheath. At the BCP stage, stigmas measured between 2.8 mm and 3.4 mm (Figure 3.1b)
and were defined as “early”. Bifurcated stigma tissues (longer than 3.4 mm)
corresponding to the TCP stage were defined as “late” (Figure 3.1b). Mature stigmas and
pollen grains were harvested from florets that contained yellow dehiscing anthers (longer
than 5.5 mm). Harvested tissues were individually inspected under a Leica Zoom 2000
dissecting microscope (Leica Microsystems, Wetzlar, Germany) for the presence of
contaminating tissue before being flash frozen in liquid nitrogen and stored at -80ºC.
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3.2.3 Trichloroacetic Acid (TCA) Direct Protein Precipitation
Frozen plant material (approximately 25 and 150 mg of early and late stigma
tissues respectively, and 50 mg of pollen) were ground and suspended in 0.25-1 ml acid
denaturing solution (10% trichloroacetic acid (TCA) in acetone pre-chilled at -20ºC,
0.05% dithiothreitol (DTT) added just before use). Proteins were then precipitated by
incubation overnight at -20ºC. The precipitate was centrifuged at 4ºC for 45 min at
21,100 x g, the supernatant discarded and the pellet washed in 200 µl rinsing buffer
(acetone pre-chilled at -20ºC, 0.05% DTT added just before use) and incubated at -20ºC
for 30 min. The mixture was centrifuged at 4ºC for 20 min at 21,100 x g, the supernatant
discarded and the pellet washed two more times in rinsing buffer before drying on ice and
storage at -80ºC for later use. Total protein concentrations were determined with the BioRad Bradford protein assay kit (Bio-Rad, Mississauga, ON, Canada) according to the
manufacturer’s instructions.

3.2.4 iTRAQ Analysis
iTRAQ analysis was performed on proteins extracted from triticale stigmas at the
BCP (early) and TCP (late) stages (Figure S1). Proteins (200 µg) from each stage within
each of three biological replicates (A, B and C) were aliquoted, split into two equal
technical replicates of 100 µg, air-dried using the GeneVac EZ-2 solvent evaporator (SP
Scientific, Warminster, PA, USA) and sent to the Plate-forme protéomique, Centre
Génomique de Québec (http://proteomique.crchul.ulaval.ca/en/) for protein digestion,
iTRAQ labeling, and high performance liquid chromatography (HPLC)-tandem mass
spectrometry (MS)/MS as follows.
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Protein pellets were resuspended in a solution of 4.5 M urea and 1% sodium
deoxycholate. Equal amounts of protein, 20 µg for each replicate, were used for iTRAQ
labeling. Proteins were first reduced with 7.5 mM DTT for 30 min at 37°C and then
alkylated with 14.3 mM iodoacetamide (IAA) for 20 min at room temperature (RT). The
urea concentration was diluted to 2 M with water and samples were digested with trypsin
(Sequence Grade Modified, Promega Corporation, Madison, WI, USA) using a 1:30 ratio
overnight at 37°C. After digestion, peptides were acidified to precipitate deoxycholate
and then purified with a C18 Empore filter (Sigma-Aldrich Canada Co., Oakville, ON,
CA) and lyophilized. Dried peptides were dissolved in 30 µl 0.5 M triethylammonium
bicarbonate (TEAB) and labeled with iTRAQ label reagent (Applied Biosystems, Foster
City, CA, USA). Four-plex labeling (Figure S2) was performed for 2 h at RT in the dark.
Labeled peptides were combined in one tube and cleaned using HLB cartridges (Waters
Corporation, Milford, MA, USA) and dried with a SpeedVac (Thermo Fisher Scientific,
San Jose, CA, USA).
iTRAQ samples were fractionated (24 fractions) using high pH (pH10) reversedphase (RP) HPLC using the Agilent Technologies Inc. 1200 HPLC system (Agilent
Technologies Inc., Santa Clara, CA, USA). The samples were loaded in 10 mM
ammonium bicarbonate buffer (pH10) at 25 μl/min on a Zorbax Extend C18 microbore
RR column (Agilent Technologies Inc.) and eluted with a gradient of 5-35% of B (A:
Water, 10 mM ammonium bicarbonate, B: 90% Acetonitrile, 10 mM ammonium
bicarbonate) for 60 min, and then 35-70% of B in 24 min. The fractions were pooled as
described in Yang et. al. (2012). Fractions were then dried with the SpeedVac and
resuspended in 0.1% formic acid for analysis by MS. For each experiment, 750 ng of
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peptide samples were injected and separated by online RP nanoscale capillary LC
(nanoLC) and analyzed by electrospray ionization (ESI) MS/MS. The experiments were
performed with a Dionex UltiMate 3000 nanoRSLC chromatography system (Thermo
Fisher Scientific/Dionex Softron GmbH, Germering, Germany) connected to an Orbitrap
FusionTM TribridTM mass spectrometer (Thermo Fisher Scientific) equipped with a
nanoelectrospray ion source. Peptides were trapped at 20 μl/min in loading solvent (2%
acetonitrile, 0.05% trifluoroacetic acid (TFA)) on a 5 mm x 300 μm C18 pepmap
cartridge pre-column (Thermo Fisher Scientific/Dionex Softron GmbH) for 5 min. The
pre-column was then switched online with a self-made 50 cm x 75 µm internal diameter
separation column packed with ReproSil-Pur C18-AQ 3-μm resin (Dr. Maisch, HPLC
GmbH, Ammerbuch-Entringen, Germany) and the peptides were eluted with a linear
gradient from 5-40% solvent B (A: 0.1% formic acid, B: 80% acetonitrile, 0.1% formic
acid) for 90 min at 300 nL/min. Mass spectra were acquired using the data-dependent
acquisition mode using Thermo XCalibur software version 3.0.63. Full scan mass
spectra (350 to 1800m/z) were acquired in the Orbitrap using an automatic gain control
(AGC) target of 4 x 105, a maximum injection time of 50 ms and a resolution of 120000.
Internal calibration using lock mass on the m/z 445.12003 siloxane ion was used. Each
MS scan was followed by acquisition of fragmentation MS/MS spectra of the most
intense ions for a total cycle time of 3 s (top speed mode). The selected ions were
isolated using the quadrupole analyzer in a window of 1.6 m/z and fragmented by Higher
energy Collision-induced Dissociation (HCD) with 45% of collision energy. The
resulting fragments were detected by the Orbitrap at resolution 60000 with an AGC target
of 1 x 105 and a maximum injection time of 120 ms. Dynamic exclusion of previously
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fragmented peptides was set for a period of 20 s and a tolerance of 10 ppm. MS/MS peak
lists (MGF files) were generated using Proteome Discoverer version 1.4.0.288 (Thermo
Fisher Scientific). MGF samples were analyzed using Mascot version 2.5.2 (Matrix
Science, London, UK) to search the TAX_Triticeae_147389 database
(https://www.uniprot.org/uniprot/?query=triticeae&sort=score) assuming trypsin
digestion with two missed cleavages being allowed, a fragment ion mass tolerance of 25
PPM, and a parent ion tolerance of 10.0 PPM. Carbamidomethylation of cysteine was
specified as a fixed modification. Deamidation of asparagine and glutamine, oxidation of
methionine and iTRAQ 4-plex of lysine, tyrosine and the N-terminus were specified as
variable modifications.
Scaffold version 4.7.5 (Proteome Software Inc., Portland, OR, USA) was used to
validate MS/MS based peptide and protein identifications. Peptide identifications were
accepted if they could be established at greater than 95.0% probability by the Scaffold
Local FDR algorithm. Protein identifications were accepted if they could be established
at greater than 95.0% probability and contained at least 2 exclusive peptides. Protein
probabilities were assigned by the protein prophet algorithm (Nesvizhskii et. al., 2003).
Proteins that contained similar peptides and could not be differentiated based on MS/MS
analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing
significant peptide evidence were grouped into clusters.
Scaffold Q+ version 4.7.5 (Proteome Software Inc.) was used to quantitate
iTRAQ protein identifications. Only proteins identified (at the thresholds described
above) across all replicates were used for quantification. Normalization was performed
iteratively (across samples and spectra) on intensities, as described in Oberg et. al., 2008.
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Medians were used for averaging. Spectra data were log-transformed, pruned of those
matched to multiple proteins and those missing a reference value, and weighted by an
adaptive intensity weighting algorithm. Statistically significant differentially abundant
proteins were determined by applying the Mann-Whitney test with unadjusted
significance level p < 0.05 corrected by Benjamini-Hochberg to p < 0.02988. Proteins
showing a > 1.5 fold difference in abundance were considered to be differentially
abundant.

3.2.5 Global Mass Spectrometry Analysis
Global analyses were performed on proteins extracted from mature triticale
stigmas and pollen grain (Figure S3). Approximately 1 mg of triticale mature stigma and
pollen proteins were each resuspended in 6 M urea, 50 mM Tris (pH 8) to a final
concentration of 6 µg ml-1. The samples were then agitated at RT at 650 RPM for 1 h
and then placed on a rotor for 5 h for further agitation. The proteins were then reduced
by the addition of DTT to a final concentration of 10 mM and then agitated at 56 oC at
650 RPM for 45 min. Alkylation of the proteins was performed by the addition of 0.4 M
IAA solution in 50 mM ammonium bicarbonate to a final concentration of 14 mM. The
samples were then agitated on a rotator for 30 min at RT in the dark. Trypsin was added
to the samples and the proteins digested according to manufacturer’s instructions
(Promega Corporation) with agitation at 750 RPM at 37oC overnight. The tryptic digests
were adjusted to pH 10 with ammonium formate and 1 ml for each sample was
individually injected and separated offline into 60 fractions via high pH (pH 10) RPHPLC using a C18 Hypersil gold column (Thermo Fisher Scientific). The experiments
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were performed with the ÄKTA purifier (Amersham Biosciences, Little Chalfont, UK)
and the peptides were eluted with a linear gradient from 4-40% solvent B (A: water, 20
mM ammonium formate pH 10; B: acetonitrile (ACN), 20 mM ammonium formate pH
10), at a flow rate of 1 ml/min. The fractions were then concatenated into 20 fractions by
combining fractions 14, 34, 54, 74; 15, 35, 55... and the pooled samples were then airdried in a GeneVac EZ-2 solvent evaporator (SP Scientific) and sent to the Plate-forme
protéomique, Centre Génomique de Québec (http://proteomique.crchul.ulaval.ca/en/) for
inline low pH RP-HPLC MS/MS. Peptide samples (1 µg) were injected and separated by
online RP nanoLC and analyzed by ESI MS/MS as described above with the exception
that the peptides were eluted in 35 min and the linear ion trap was used to detect the
peptide fragments after HCD. The fragments were detected in a rapid scan rate with an
AGC target of 1 x 104 and a maximum injection time of 50 ms.
A second global MS analysis was performed on mature stigma proteins. Aliquots
(10 µg) from each of the 6 mature stigma protein samples not used in the iTRAQ
analysis, that had already been sent to the Plate-forme protéomique, Centre Génomique
de Québec (http://proteomique.crchul.ulaval.ca/en/), were washed 3 times with 50 mM
ammonium bicarbonate buffer using an Amicon 3 kDa column. After elution, the
samples were vacuum-dried and kept at -20°C until trypsin digestion. Proteins were
solubilized in 25 µl 50 mM ammonium bicarbonate, 1% sodium deoxycholate and heated
at 95°C for 5 min. Two micrograms of each sample was reduced with DTT (0.2 mM) at
37°C for 30 min and alkylated with IAA (0.9 mM) at 37°C for 20 min. Finally, trypsin
(1µg) was added and the samples were incubated overnight at 37°C. The trypsin reaction
was stopped by acidification with a solution of 3% acetonitrile, 1% TFA, and 0.5% acetic
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acid. The peptide samples were combined, purified on a stage tip (C18) and vacuumdried before MS injection. Peptides were resuspended into 0.1% formic acid for analysis
by MS. Peptide samples (1 µg) were injected and separated by online RP nanoLC and
analyzed by electrospray mass spectrometry (ESI MS/MS) as mentioned above with the
exception that the peptides were eluted in 270 min and the linear ion trap was used to
detect the peptide fragments after HCD. The fragments were detected in a rapid scan rate
with an AGC target of 1 x 104 and a maximum injection time of 50 ms.
All MS/MS peak lists (MGF files) were generated as above and all global
experiments were analyzed using Mascot version 2.5.1 and X! Tandem (The GPM,
https://thegpm.org; version CYCLONE (2010.12.01.1)). Mascot and X! Tandem were
used to search the TAX_Triticeae_147389 database and the TAX_Viridiplantae_33090
database (https://www.uniprot.org/uniprot/?query=viridiplantae&sort=score) assuming
trypsin digestion with two missed cleavages being allowed. They were searched with a
fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm.
Carbamidomethylation of cysteine was specified as a fixed modification. Oxidation of
methionine, deamidation of asparagine and glutamine, dehydration of the N-terminusglutamic acid to pyro-glutamate of the N-terminus, and ammonia-loss of the N-terminusglutamine to pyro-glutamate of the N terminus were specified as variable modifications.
Scaffold version 4.7.5 (Proteome Software Inc.) was used to validate MS/MS based
peptide and protein identifications as described above. Proteins with a single peptide
match were validated as previously described (Nazemof et. al. 2014).
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3.2.6 General Data Analysis
Proteins identified from the various searches were combined as follows. The
proteins identified from searches using the Triticeae database were combined to nonTriticeae proteins identified exclusively from searches using the Viridiplantae database.
For the stigma, proteins identified in at least one sample from the iTRAQ analysis were
also combined with proteins identified from the global Triticeae and Viridiplantae
searches provided that their matching Brachypodium orthologs were absent from the list
of Brachypodium orthologs of proteins from the initial Triticeae and Viridiplantae
searches.
Proteins were annotated based on the gene ontology (GO) classification system
(www.geneontology.org) using the annotation software Blast2Go version 4.1.9
(www.blast2go.com, BioBam, Valencia, Spain). BlastP was performed against the NCBI
non-redundant protein sequence (nr) database using the top 20 hits at an expectation
value (E) threshold of < 1 x 10-25. The annotation step was configured with an
annotation cutoff of 55 and GO weight of 5. Annotations were also retrieved from
domain/ motif information in a sequence-wise manner using the Blast2Go InterPro scan
and merged with existing annotations. Finally, annotations were augmented using the
Blast2Go Annex program. The annotations were categorized based on their biological
processes. Proteins with no significant matches and proteins matching known proteins or
domains but without an associated biological process were grouped together under the
category “Unclassified and Unknown”. A BLAST was performed with the protein
sequences against The Arabidopsis Information Resource (TAIR) protein database using
the top hit at an E-threshold of < 1 x 10-5 and annotated manually. Fisher’s exact term
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enrichment analysis was performed on Arabidopsis orthologs at an E-threshold of < 1 x
10-25 using the AmiGo2 online tool (http://amigo.geneontology.org/amigo) with the
background set as the PANTHER Biological Process GO annotated Arabidopsis thaliana
proteome (Mi et. al., 2017). The p-values were adjusted for multiple tests with the
Benjamini-Hochberg procedure and only terms with an adjusted p-value of < 0.05 were
considered to be statistically enriched or under-represented.

3.3 Results and Discussion
Pollen tube growth in the pistil is initially autotrophic and therefore uses stored
nutrients in the pollen grain. However, growth of the pollen tube through the pistil
subsequently becomes heterotrophic and depends upon the stigma and style providing
nutrients, materials, and energy-rich metabolites to the growing pollen tube for sustained
growth and guidance through the pistil to the ovary (McInnis et. al., 2006; Yue et. al.,
2014). An in depth examination and comparison of the proteomes of the mature stigma
and pollen grain will therefore provide insights into both the shared and distinct proteins
that are required for their upcoming interaction.

3.3.1 Functional Classification of Triticale Mature Stigma and Pollen Proteins
This study identified a total of 11533 and 2977 triticale stigma and pollen
proteins, respectively. To our knowledge, this represents the largest Triticeae stigma and
pollen proteomic datasets to date. Proteins were annotated using the gene ontology (GO)
classification system and placed into 14 broad Biological Processes categories (Figure
3.2). Proteins identified within the mature stigma and pollen displayed a similar
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Figure 3.2. Comparison of the functional distribution of the triticale mature stigma and
pollen proteomes.
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distribution trend across all 14 categories and most of the proteins fell within 6 categories
namely, Carbohydrate Metabolic Process, Metabolic Process, Protein Metabolic Process,
Regulation of Cellular Process, Response to Stress, and Transport. This similarity
between the pollen and stigma proteomes may reflect a predominance of proteins
involved in shared fundamental processes or in some cases in common objectives such as
supporting pollen tube growth. There was however a noticeably higher proportion of
pollen proteins in the Carbohydrate Metabolic Process and Transport categories, whereas
a higher proportion of stigma proteins was found in the categories Metabolic Process,
Regulation of Cellular Process, and Regulation of Transcription (Figure 3.2). The global
stigma protein distribution pattern was similar to that obtained in a previous proteomic
study of the triticale stigma (Nazemof et. al., 2014) even though about 5X as many
proteins were identified in this study. However, nearly 20X as many protein kinases
(PKs) and transcription factors (TFs) were identified within this investigation (Table
S3.1).
The triticale pollen and stigma proteome datasets were then analyzed to uncover
the Biological Processes that were enriched or under-represented with respect to the
entire plant. The resulting total number of statistically enriched and under-represented
sub-categories in pollen and stigma were somewhat similar, with 720 for the stigma and
648 for pollen. There were 25 major Biological Processes that contained enriched subcategories in the stigma proteome and 23 in the pollen proteome, with the most number
of enriched sub-categories for the stigma being within Development, Gene Expression,
Nucleobase-containing Compound Metabolism, Protein Metabolism, Response to
Stimulus, RNA Metabolism, and Transport, whereas the most number of enriched pollen
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sub-categories were in Development, Nucleobase-containing Compound Metabolism,
Protein Metabolism, Response to Stimulus, and Transport (Figure 3.3). This data can
also be displayed showing the number of unique enriched Biological Processes subcategories highlighting the many differences found in the pollen and stigma proteomes
(Figure 3.4). For example, the stigma had noticeably more enriched unique subcategories within Cell Cycle, Chromosome Organization, Defense Response,
Development, Gene Expression, Nucleobase-containing Compound Metabolism, Protein
Metabolism, Response to Stimulus, and RNA Metabolism, whereas the pollen contained
more enriched unique sub-categories within Carbohydrate Metabolism, Cytoskeleton
Organization and Transport (Figure 3.4). A description of all the main categories, their
enriched sub-categories and constituent proteins is beyond the scope of this chapter; the
discussion will therefore focus mostly on the more prevalent categories.

3.3.1.1 Cell Cycle
The Cell Cycle category was enriched in both the stigma and the pollen
proteomes, with the former showing more enriched sub-categories and having a
significantly higher (6X) proportion of proteins (Figure 3.3, Tables S3.4 and S3.5). One
hundred and twenty-five of the stigma Cell Cycle proteins were involved in cell division
and included 26 proteins involved in sister chromatid segregation (Table S3.4). Some
triticale protein kinases (PKs) in this category have orthologs in Arabidopsis that have
been demonstrated to also have a role in cell elongation and patterning such as cyclindependent kinase (CDK) F;1 (Takatsuka et. al., 2009), MAP3Kε1 (Chaiwongsar et. al.,
2012), and ERECTA (Cai et. al., 2017). Seventy-eight other proteins of the Cell Cycle
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Figure 3.3. Comparison of the number of enriched functional sub-categories of the
triticale mature stigma and pollen proteomes.
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Figure 3.4. Comparison of the number of unique enriched functional sub-categories of
the triticale mature stigma and pollen proteomes.
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category also displayed roles in cell elongation with some like dynamin-related protein
(DRP) 1A having been shown to be important during stigmatic papillae expansion (Kang
et. al., 2003; Konopka and Bednarek, 2008). This enrichment in proteins involved in cell
division and elongation may enable the plumose stigma to produce papillate structures
right up to maturity (Figure 3.1b).
As mentioned above, the pollen proteome contained fewer proteins involved in
the Cell Cycle process. In triticale, the mature pollen grain is tricellular and therefore no
further cell division should occur (Grobei et. al., 2009). In addition, pollen tube growth
requires polarized tip growth of the vegetative cell that is strictly dependent on polar
exocytosis, and does not require cell division for elongation (Qin and Yang, 2011).
Accordingly, 9 of the pollen proteins in the Cell Cycle category also have roles in cell
elongation such as STOMATAL CYTOKINESIS DEFECTIVE (SCD) 1 required for cell
cytokinesis in addition to polarized cell expansion (Falbel et. al., 2003) and whose mutant
is infertile (Paez Valencia et. al., 2016), the translationally controlled tumor protein
(TCTP) 1 involved in cell expansion during pollen tube and root hair growth (Berkowitz
et. al., 2008), and 2-dehydro-3-deoxyphosphooctonate aldolase 1 (KDSA1) that plays a
role in pollen tube elongation via its role in the biosynthesis of 2-keto-3-deoxy-D-mannooctulosonic acid Kdo which is a component of the pectic polysaccharide
rhamnogalacturonan II (Delmas et. al., 2008) (Table S3.5).

3.3.1.2 Chromosome Organization
Unlike the pollen grain, the stigma is still metabolically active and is presumably
undergoing processes involved in the cell cycle and the regulation of transcription
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(described below). These processes require the reorganization of the chromosome
(Nagano et. al., 2017; Meyer et. al., 2018). Accordingly, Chromosome Organization and
its sub-categories were only enriched in the stigma (Figure 3.4) with 36 proteins involved
in chromatin remodeling and 74 proteins involved in histone modification (Table S3.4).
Some of these proteins have orthologs in Arabidopsis shown to have an impact on stigma
development including chromatin remodeling (CHR) 6/PICKLE (PKL)/GYMNOS
(GYM) (Eshed et. al., 1999), chromatin remodeling complex subunit R (CHR)
3/SPLAYED (SYD) (Wagner and Meyerowitz, 2002), the leucine-rich repeat (LRR)containing protein TONSOKU (TSK)/BRUSHY (BRU) 1/MGOUN (MGO) 3
(Guyomarc’h et. al., 2006), and like heterochromatin protein (LHP) 1-interacting factor
(LIF) 2 (Latrasse et. al., 2011).

3.3.1.3 Development
The Development category contained many enriched sub-categories in both the
stigma and pollen proteomes (Figure 3.3), however, significant differences in the
uniquely enriched sub-categories were observed (Figure 3.4) and these reflect their
specialization. With respect to the stigma, 21 out of 28 unique sub-categories were
related to epidermal cell development, post-embryonic plant organ development and
flower development, while for the pollen, 9 out of the 13 unique sub-categories pertained
to root hair and pollen tube development (Table S3.4 and S3.5).
The developmental differences between the stigma and pollen are further
exemplified by the transcription factors (TFs) and protein kinases (PKs) that were
identified in their respective proteomes. TFs can play an important role in the regulation
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of genes that modulate cell differentiation, as well as tissue and organ development
(Gonzalez, 2016). Additionally, plant growth involves a plethora of processes and the
activity of many of the proteins involved is controlled by phosphorylation performed by
PKs (Laurie and Halford, 2001). Therefore, for brevity, the discussion of the pollen and
stigma Development category will focus primarily on examples of relevant TFs and PKs,
although many other proteins involved in their development can be found in Tables S3.4
and S3.5.
There were 12X more TFs identified within the Development category in the
stigma than in the pollen (Table S3.4 and S3.5). The B3 domain TFs made up the largest
group of TFs identified in the stigma and included several orthologs to members of the
Arabidopsis family of Auxin Response Factors (ARFs) (Table S3.4). Auxin is a plant
hormone that plays a critical role in most major growth responses throughout
development such as organogenesis, tissue differentiation, root initiation, and tropism, to
name a few, and is involved in cellular processes like extension, division and
differentiation (Li et. al., 2016). Auxin regulates distinct developmental processes
through ARFs which control the expression of target auxin response genes (Li et. al.,
2016). Some examples include ARF2 which is important to male and female
gametophyte development in Arabidopsis (Liu et. al., 2018). It was also shown to act
maternally to control seed growth by restricting cell proliferation (Schruff et. al., 2006)
and arf2 mutants have defects in apical hook formation in etiolated seedlings and have
increased seed size (Guilfoyle and Hagen, 2007). Three orthologs to ARF6 were also
identified and share redundant functions with ARF2 in cell division within the developing
embryo (Rademacher et. al., 2011). ARF6 is also involved in hypocotyl elongation and
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the TF complex containing ARF6 can integrate multiple signaling pathways involving
other hormones such as gibberellic acid, brassinosteroids and abiotic response signaling
cascades, to regulate hypocotyl elongation developmentally or in response to the
environment (Chandler, 2016). Two ARF8 orthologs were also identified, and the
Arabidopsis arf6arf8 double mutant was female sterile and its stigmatic papillae did not
elongate (Wu et. al., 2006). ARF8 is also involved in hypocotyl growth in response to
light and interacts with BIGPETAL (also identified) to synergistically repress cell
division and cell expansion in early and late stages, respectively, of petal development
(Varaud et. al., 2011). ARF8 restricts premature ovary growth before fertilization (Goetz
et. al., 2006) and along with ARF2 it acts as linkers between the ethylene and auxin
signaling pathways (Wu et. al., 2006). Lastly, ARF8 also plays a role in pollen tube
guidance towards the ovules (Kay et. al., 2013). Other members of the B3 domain TFs
identified included orthologs of NGATHA (NGA) 1 and 2 TFs which have redundant
roles in style and stigma development (Alvarez et. al., 2009).
Several members of the homeobox TF family were also identified in the stigma
proteome (Table S3.4). The homeobox has a characteristic DNA-binding homeodomain
(HD) and is involved in processes like cell communication and differentiation (Gonzalez,
2016). In line with the fact that stigma papillae are epidermal cells (Lolle and Pruitt,
1999), several of the homeobox TFs identified have Arabidopsis orthologs shown to have
strong expression in the epidermis such as HOMEODOMAIN GLABROUS (HDG) 1,
HDG5 and HDG11 (Nakamura et. al., 2006). Along with the orthologs to
PROTODERMAL FACTOR (PDF) 2 that are required for epidermal cell differentiation
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and whose mutant has a wooly trichome phenotype (Abe et. al., 2003; Yang et. al.,
2011), these factors have combined roles in flower development (Kamata et. al., 2013).
The next largest group of TFs identified in the stigma (Table S3.4) was the
MADS-box gene family known to be involved in floral development (Saedler et. al.,
2001). Orthologs to the Arabidopsis homoeotic TFs such as AGAMOUS (AG),
APETALA (AP) 1, AP3, SEPALLATA (SEP) 2 SEP3, as well as PISTILLATA (PI)
were all identified in the stigma and are thus likely to play a role in its development. For
example, SEP2 and SEP3 are required to determine the identity of petals, stamens and
carpels, and have been implicated in Arabidopsis stigma development (Pelaz et. al., 2000;
Favaro et. al., 2003). Many other types of TFs identified in the stigma can be found in
Table S3.4 including some shown to play a role in stigma development such as LEUNIG
(LUG) (Chen et. al., 2000), CRABS CLAW (CRC) (Alvarez et. al., 1999) and SEUSS
(SEU) (Franks et. al., 2002). It is important to note that many of these proteins
mentioned above (as well as many other developmental regulators identified) have never
been shown to be present in the Triticeae stigma previously.
Only 3 TFs were identified in the Development category in the pollen (Table
S3.5); the Arabidopsis ortholog to the TOPLESS-RELATED (TPR) 1/MODIFIER OF
SNC1 (MOS) 10 that is involved in embryo patterning and auxin signaling (Zhu et. al.,
2010), as well as the GATA TFs GATA24/zinc-finger protein expressed in inflorescence
meristem (ZIM)-like (ZML) 1 involved in photoprotection (Shaikhali et. al., 2012) and
GATA3 of unknown function.
Unlike the TFs, the proportion of PKs within the Development category was
similar between the stigma and pollen (Table S3.4 and S3.5). Consistent with the
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enrichment of the Cell Cycle category described above for the stigma, several PKs that
control the successive phases of the cell cycle were identified in the stigma. These
kinases typically consist of a catalytic cyclin-dependent kinase subunit and an activating
cyclin subunit, and are called cyclin-dependent kinases (CDKs) (Mironov, 1999) (Table
S3.4). Examples of Arabidopsis orthologs identified in the stigma proteome include
CDKA;1 which is linked to proliferation competence and functions in controlling Sphase entry and mitosis (Nowack et. al., 2012; Hemerly et. al., 1993). It is also important
for phosphatidylcholine biosynthesis and couples the rate of phospholipid biosynthesis
and endomembrane biogenesis to cell cycle progression (Craddock et. al., 2017).
Importantly, dominant-negative CDKA;1 expression results in defects in epidermis
continuity i.e. a loss of individual cells and occurrence of gaps between anticlinal walls of
neighboring pavement cells (Borowska-Wykręt et. al., 2013). Orthologs to CDKC;1
involved in leaf growth and trichome development (Cui et. al., 2007) and CDKD1;1
important to female gametogenesis (Takatsuka et. al., 2015) were also identified.
Several MAP kinases were also part of the stigma proteome (Table S3.4) and
included orthologs of Arabidopsis MPK6 important to pollen tube guidance (Guan et. al.,
2014) and ovule development (Wang et. al., 2008), MKK4 and MKK5 involved in
stomatal development (Wengier et. al., 2018), as well as RAF-like (RAF) 28 involved in
the relay of positional information for cellular patterning in the root epidermis (Liu et. al.,
2013). Other members of these PK families as well as other PK families involved in
development can be found in Table S3.4. However, it is also worth mentioning the
presence of orthologs of the Arabidopsis SHAGGY-related protein kinases implicated in
brassinosteroid signaling such as ASK7/BRASSINOSTEROID-INSENSITIVE (BIN)
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2/ULTRACURVATA (UCU) 1 involved in cell expansion along the proximodistal axis
(Perez-Perez et. al., 2002) and ASK1/AtSK11 important to style and stigma epidermal
cell fate (Dornelas et. al., 2000).
With respect to the pollen, several members of the Catharanthus roseus RLK1like kinase (CrRLK1L) subfamily were identified within the Development category
(Table S3.5). CrRLK1Ls play a central role in regulating fertilization as well as cell
expansion mechanisms such as cell elongation and tip growth (Galindo-Trigo et. al.,
2016). An example would be ANXUR (ANX) 1 that plays a role in controlling cell wall
integrity during pollen tube growth (Boisson-Dernier et. al., 2011). Orthologs were also
found to other PKs involved in pollen tube growth including the calcium-dependent PKs
CPK17 and CPK34 that transduce Ca2+ signals to increase the rate of pollen tube tip
growth, in addition to facilitating the response to tropism cues (Myers et. al., 2009)
(Table S3.5). Root hair growth is similar to that of the pollen tube as it occurs via the
polar elongation of a single cell at the tip (Schoenaers et. al., 2017). Accordingly,
examples of PKs playing a role in root hair and pollen tube growth included the orthologs
to the Arabidopsis receptor-like PKs MARIS (MRI) (Liao et. al., 2016) and MALE
DISCOVERER (MDIS) 2 that interacts with voltage-gated potassium channel AKT2
affecting pollen tube guidance and root hair development (Sklodowski et. al., 2017;
Wang et. al., 2016), among others (Table S3.5).
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3.3.1.4 Nucleobase-containing Compound Metabolism, Gene Expression, RNA
Metabolism, and Transcription
There were many processes involved in Nucleobase-containing Compound
Metabolism that were enriched within both the stigma and the pollen proteomes, although
the stigma had more uniquely enriched sub-categories (Figure 3.3 and 3.4). Nucleobasecontaining compounds are involved in a large number of biological processes required for
reproduction including the production of pyrimidine nucleotides which are involved in
the synthesis and degradation of sucrose (for energy) as well as UDP-glucose which is
the precursor for many cell wall polysaccharides needed for cell wall biosynthesis and
modification during pollen tube invasion of the pistil (Zrenner et. al., 2006), Ca2+ and H+
fluxes during pollen tube growth through the use of cyclic nucleotide-gated ion channels
(Song et. al., 2009), ATP synthesis for the energy required for pollen tube growth, as well
as NADPH synthesis as a co-factor for many biological processes, and GDP/GTPcontaining molecules for signaling and cytoskeleton dynamics required for vesicular
trafficking during pollen tube growth (Yue et. al., 2014; Cheung and Wu, 2008).
Nucleobase-containing Compound Metabolism also involves RNA Metabolism and
Transcription, and many proteins within the Nucleobase-containing Compound
Metabolism category also overlap with processes like gene silencing (Table S3.4 and
S3.5). It is therefore unsurprising that Nucleobase-containing Compound Metabolism
was the category containing the most enriched sub-categories for the stigma and among
the largest categories for pollen (Figure 3.3). The stigma contained more unique subcategories involved in pyrimidine-containing compound metabolism and DNA
metabolism, while the pollen contained more unique sub-categories involved electron
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transport and in purine-containing compound metabolism like ATP and GMP synthesis.
It is expected that the pollen grain would not contain many proteins involved in DNA
metabolism as it is metabolically quiescent at this stage (Grobei, et. al., 2009). The
stigma, however, is still metabolically active and 207 proteins involved in DNA
metabolism were identified (Table S3.4). Given that the stigma contained more subcategories involved in the metabolism of pyrimidine-containing compounds, it’s possible
that it prioritizes the synthesis of these compounds and maybe the synthesis of materials
used for cell wall polysaccharide production. On the other hand, given that pollen tube
growth is a highly energetic process (Selinski and Scheibe, 2014), the pollen may
prioritize ATP synthesis for energy.
Gene Expression and RNA Metabolism contained enriched sub-categories in the
pollen, however a greater number of enriched sub-categories were present in the stigma,
and both categories overlapped considerably (Figure 3.3, Tables S3.4 and S3.5). The
majority of these processes pertained to post-transcriptional processes like mRNA
processing and protein synthesis. For the pollen, this is consistent with the fact that rapid
translation of stored transcripts is a prioritized event during germination and the initial
stages of pollen tube formation (Grobei et. al., 2009).
The stigma contained a few enriched processes involved in transcription initiation
however most of the enriched Transcription sub-categories were regulatory. In fact most
of the stigma proteins identified within the Transcription category had roles in negative
regulation of transcription possibly suggesting that general transcription is slowing in the
maturing stigma (Table S3.4). In both the pollen and stigma, Transcription did not
contain many enriched sub-categories and displayed more under-represented sub-
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categories (Table S3.4 and S3.5). The under-represented sub-categories for both the
pollen and stigma contained proteins that mostly had roles in RNA biosynthesis.
Surprisingly, processes like Positive Regulation of Transcription Initiation from RNA
Polymerase II was enriched in the pollen (Table S3.5) and since the mature pollen grain
already contains pre-synthesized mRNAs required for the initial stages of reproduction
(Obermeyer et. al., 2013), it could be expected that these processes would be underrepresented. Upon closer inspection of the corresponding pollen proteins (Table S3.5),
all of them were 26S protease regulatory subunits that have been shown to have a dual
role in protein catabolism and transcription activation in yeast and humans (Ferdous et.
al., 2002). It is possible that these 26S subunits are involved in pollen protein
metabolism and not directly in transcription. Generally, many of the proteins identified
in this study can have multiple roles in various biological processes and as a result are
often assigned to multiple gene ontology categories.

3.3.1.5 Protein Metabolism
Protein Metabolism and many of its sub-categories were enriched in both the
stigma and pollen proteomes in comparison to the rest of the plant (Figure 3.3). Thirty
sub-categories involved in protein synthesis were shared among both the pollen and
stigma. The stigma however contained more uniquely enriched sub-categories involved
in protein modification (Table S3.4), including proteins involved in Chromosome
Organization discussed above. Examples of stigma proteins involved in protein
modification included orthologs to the Arabidopsis hydroxyproline Ogalactosyltransferase (GALT) 5 important for pollen tube growth because it glycosylates
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the cell wall structural arabinogalactan proteins that are candidate proteins for pollenpistil adhesion and known to act as a chemo-attractant during pollen tube growth (Rejón
et. al., 2016; Dresselhaus and Franklin-Tong, 2013; Showalter and Basu, 2016), prolyl 4hydroxylase (P4H) 4 and P4H1 important to root hair tip growth as they hydroxylate
prolines in the cell wall hydroxyproline-rich glycoproteins (HRGPs) required for cell
wall strengthening (Velasquez et. al., 2011, 2015; Deepak et. al., 2010) and Ofucosyltransferase (OFT) 1 involved in pollen tube penetration at the stigma-style
interface (Smith et. al., 2018). Many more such proteins can be found in Table S3.4.
The pollen had more sub-categories involved in protein catabolism (Table S3.5).
This is consistent with the fact that protein degradation is required for the turnover of
short-lived regulatory proteins essential for cytoskeleton organization and of enzymes
associated with cell wall organization during pollen tube growth (Sheng et. al., 2006).
Furthermore, the ER secretory pathway that is essential for pollen tube growth possesses
a quality control mechanism called ERAD (ER-associated degradation) that ensures that
only correctly folded, processed and completely assembled proteins can exit and be
transported through to the trans Golgi network. Disruption of this degradative
mechanism has been shown to decrease pollen tube growth and morphology (Sheng et.
al., 2006).

3.3.1.6 Response to Stimulus and Defense Response
Response to Stimulus and many of its sub-categories were enriched in both the
stigma and pollen proteomes (Figure 3.3). In fact, approximately 30% of their proteins
were allocated to this category (Table S3.4 and S3.5) and therefore a complete discussion
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of the constituent proteins becomes beyond the scope of this chapter. Nonetheless, the
stigma contained more uniquely enriched sub-categories than the pollen (Figure 3.4),
with 25 involved in a plethora of responses to different stimuli and stresses which is in
line with the fact that as the receptive part of the pistil it needs to be responsive to
external stimuli, and is also likely less hermetic than the mature pollen grain. More than
170 TFs were identified in the stigma Response to Stimulus category (Table 3.4). For
example, the stigma contained 20 orthologs to TFs from the FAR-RED IMPAIRED
RESPONSE (FAR) 1 family (Table S3.4). FAR1 and FAR1-related sequence (FRS)
proteins participate in light regulation of development and could also be involved in
signal transduction processes of other biotic or abiotic stresses (Lin and Wang, 2004). In
Arabidopsis, FAR1 acts downstream of phytochrome A (phyA) to regulate far-red light
photomorphogenic development and coordinates the activation of circadian clock
evening components. It also has a role in regulating plant immunity by modulating
chlorophyll biosynthesis (Wang et. al., 2016). FRS6, for example, acts as a positive
regulator in the phyB red and white light signaling pathway controlling flowering time
(Lin and Wang, 2004). In fact, there were several TFs involved in light signaling,
photomorphogenesis, and circadian rhythm expressed in the stigma including
cryptochrome (CRY) 2-interacting BHLH (CIB) 2 (Liu et. al., 2013), LONG
HYPOCOTYL (HY) 5 (Nawkar et. al., 2017), B-box domain protein (BBX) 22
(Gangappa and Botto 2014), homeobox-leucine zipper protein (HB) 16 (Wang et. al.,
2003), and TEOSINTE BRANCHED 1, CYCLOIDEA and PROLIFERATING CELL
FACTOR (TCP) 2 (He et. al., 2016), to name but a few. It will be interesting to further
investigate the importance of light to the development of the fully enclosed triticale
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plumose stigma. The pollen exhibited few TFs in the Response to Stimulus category.
However, the two largest groups of proteins (after the PKs) were GTPases and proteases
(Table S3.5). Both the pollen and the stigma contained many proteins involved in stress
responses (Table S3.4 and S3.5).
As in pollen, PKs made up the largest group of proteins within the stigma
Response to Stimulus category with 230 proteins (Table S3.4). More than one third of
the PKs were receptor-like protein kinases and although some have no known function,
several were orthologs to Arabidopsis proteins involved in pathogen response, while
others were involved in various signaling processes such as the response of the cysteinerich receptor-like kinase (CRK) 6 to ROS (Idanheimo et. al., 2014), in pollen tube
guidance like AT1G06840 (Chen et. al., 2014) and in pollen tube reception such as
FERONIA (FER) (Chapman and Goring, 2010). A number of the stigma receptor-like
PKs have also been shown to function in hormonal signaling pathways such as the
transmembrane kinase (TMK) 1 which is part of an auxin perception complex (Chen and
Yang 2014) and is important to pavement cell development (Xu et. al., 2014), although
most were involved in brassinosteroid signaling such as HERCULES (HERK) 1 involved
in cell expansion (Nissen et. al., 2016) or BRASSINOSTEROID INSENSITIVE (BIN)
1/BRI1 involved in pollen tube growth (Ye et. al., 2010). In Arabidopsis,
brassinosteroids promote pollen germination and tube growth (Vogler et. al., 2014) and
this may also account for the presence of multiple orthologs to brassinosteroid-signaling
kinase (BSK) 1, BSK2, BSK3 in the stigma (Table S3.4).

The next two largest classes

of PKs within the stigma Response to Stimulus category were MAP PKs discussed above
and calcium-dependent PKs (Table S3.4). Calcium-dependent PKs perceive intracellular
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changes in Ca2+ concentration and translate them into specific phosphorylation events to
initiate further downstream signaling processes like environmental biotic and abiotic
stress, and immune response signaling (Schulz et. al., 2013). Examples include orthologs
to the Arabidopsis CDPK6 that is responsive to abiotic and biotic stress, and is involved
in stomatal closing (Qin et. al., 2016), CDPK7 that was shown to negatively control the
cellular abundance of aquaporin PIP1and other membrane transporters (Li et. al., 2015)
and is involved in stomatal movement (Hubbard et. al., 2015), as well as CDPK2 which
mediates the Ca2+-dependent inhibition of K+ channels and participates in the regulation
of pollen tube growth (Zhao et. al., 2013). CDPK2 can also promote ethylene
biosynthesis (Luo et. al., 2014), regulate abscisic acid signaling (Zhu et. al., 2007), and
positively regulate the PAMP (pathogen-associated molecular pattern)-induced ROS
burst (Boudsocq et. al., 2010).
With respect to the pollen, most of the uniquely enriched Response to Stimulus
sub-categories pertained to responses to sugar/carbohydrate and to ROS (Table S3.5).
Given the high energetic requirements for pollen tube growth, it is expected that there
would be response proteins involved in sugar metabolism and transport such as orthologs
to the Arabidopsis hexokinase (HXK) 1 and sugar transport protein (STP) 1, as well as
malectin domain-containing receptor-like kinases like ANXUR (Boisson-Dernier et. al.,
2013) and RLK5 (Ruprecht et. al., 2016). The fact that the pollen Response to Stimulus
category contains more uniquely enriched sub-categories involved in responses to ROS is
in keeping with the fact that ROS play important roles in signaling (Steinhorst and Kudla,
2013), as well as assisting in pollen tube breach during germination by guiding apertural
tube outgrowth (Potocký et. al., 2012). Examples of PKs involved in ROS signaling
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include orthologs to the MAP kinase (MPK) 1 that is activated by ROS like H2O2
(Colcombet et. al., 2016) and MPK8 which helps to maintain ROS homeostasis
(Takahashi et. al., 2011) (Table S3.5). Other examples of PKs important to pollen tube
growth include AGC kinase (AGC) 1.5 and 1.7 (Zhang et. al., 2009), and CBLinteracting protein kinase (CIPK) 12 (Steinhorst et. al., 2015) (Table S3.5).
The stigma contained a higher proportion of defense response proteins than the
pollen (Table S3.4 and S3.5) and one of the uniquely enriched sub-categories was
Defense Response to Virus. Since the pollen grain exine wall consists of the highly
resistant biopolymer sporopollenin, which can withstand degradation by microbes and
insects (Edlund, et. al., 2017), this may explain why proteins involved in the defense
response are not as prevalent within the pollen grain as in the stigma. Nonetheless, more
than 259 proteins involved in defense including PKs and TFs were identified in both the
stigma and pollen proteomes (Table S3.4 and S3.5).

3.3.1.7 Transport
Transport was enriched in both the stigma and the pollen, and included numerous
enriched sub-categories involved in nuclear transport, mitochondrial transport, vesicular
transport, water transport (for the stigma), protein transport, and hydrogen transport
(Table S3.4 and S3.5). The pollen had a higher number of transport sub-categories than
the stigma (Figure 3.3). With respect to the stigma, transport plays a facilitating role in
pollen hydration, germination and pollen tube growth by delivering water, nutrients,
enzymes, cell wall polysaccharide constituents and other materials to the pollen contact
site. However, Vesicular transport categories like Golgi Vesicle Transport, Endocytosis
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and Exocytosis are required by the pollen to drive rapid pollen tube tip growth (Goring et.
al., 2017; Cheung and Wu, 2008). An H+ influx at the tip and efflux along the subapical
region maintains pollen tube apex acidity (Boavida et. al., 2005). Accordingly, the pollen
showed 12 X more enriched sub-categories related to ion and proton transport, and
approximately 3X more channels involved in the transmembrane movement of protons
such as autoinhibited H(+) ATPases and vacuolar H(+) ATPases (Table S3.5).

3.3.2 Differential Protein Abundance during Triticale Stigma Maturation
An iTRAQ analysis was performed on triticale stigmas in order to ascertain which
proteins had changes in abundance as it matured and prepared to receive the pollen. Out
of 3278 proteins identified, 647 were differentially abundant proteins (DAPs), with 305
proteins increasing in abundance (Table S3.6), while 342 proteins decreased in
abundance (Table S3.7). The proteins were categorized into the 14 broad Biological
Processes categories described above, with the processes that had significantly more
higher abundance proteins than lower abundance proteins being Carbohydrate Metabolic
Process, Cell Wall Organization or Biogenesis, Defense, Response to Stress, Signaling,
and Transport. The categories that contained significantly more lower than higher
abundance proteins were Cytoskeleton, Metabolic Process, Protein Metabolic Process,
Protein Phosphorylation, and Regulation of Transcription (Figure 3.5). Although many
of the proteins that differ in abundance as the stigma matures have roles consistent with
stigma function and development, there are numerous examples with no known roles in
the stigma (or elsewhere in the plant) whose differential abundance in the stigma may
warrant further investigation.
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Figure 3.5. Percentage of proteins that increased and decreased in abundance during
triticale stigma maturation.
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3.3.2.1 Carbohydrate Metabolic Process
Carbohydrates are the main source of energy during plant reproduction, serve as
signaling molecules in pollen germination and tube guidance, and are integral
components of plant cell walls (Hirsche et. al., 2017; Mollet et. al., 2013). Twenty-seven
percent of the proteins that increased in abundance within Carbohydrate Metabolism
overlapped with proteins belonging to Cell Wall organization or Biogenesis, while the
rest were primarily involved in defense, and glycolysis (Table S3.6). Energy is required
for pollen tube growth (Samuel et. al., 2011) and this likely explains why enzymes
involved in glycolysis increased in abundance as the stigma matured (Table S3.6).

3.3.2.2 Cell Wall Organization or Biogenesis
After successful hydration and germination, the pollen tube penetrates the
stigmatic cuticle, invades the intercellular space, and grows within the stigma
(Dresselhaus et. al., 2011). These are steps that require enzymatic modification of these
stigmatic layers. Almost half of the proteins within the Cell Wall Organization or
Biogenesis category also fell under the Carbohydrate Metabolism category (Table S3.6).
For example, some of the shared enzymes have orthologs in Arabidopsis demonstrated to
play a role in cell wall modification such as cellulase (CEL) 3 (Da Costa et. al., 2013),
CEL1 (Shani et. al., 2006), UDP-glycosyltransferase (UGT) 72B1 (Lin et. al., 2016), as
well as xylanase (XYN) 1 shown to facilitate pollen germination (Suen and Huang 2007).
The remaining proteins consisted mostly of peroxidases and some expansins (Table
S3.6).
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3.3.2.3 Response to Stress
Forty-seven stress response-related proteins increased in abundance as the stigma
matured and 21 were involved in response to oxidative stress (Table S3.6). The stigma,
as the receptive part of the pistil needs to be responsive to external stimuli. However, the
stigmatic surface of the pistil is only receptive to the pollen for a limited period of time
and high levels of peroxidase activity mark the stigma’s readiness for pollination
(McInnis et. al., 2006). Furthermore, the stigmas of Senecio squalidus were shown to
generate significant amounts of ROS and hydrogen peroxide (H2O2) within their papillae
(McInnis et. al., 2006). ROS are postulated to be involved in loosening the stigma cell
wall to allow penetration and growth of pollen tubes. They could possibly be also
involved in defense against pathogen attack (McInnis et. al., 2006). In addition, small
increases in temperature were observed when stigmas from Arabidopsis were dusted with
pollen, which is consistent with catalase’s exothermic decomposition of H2O2 (Edlund et.
al., 2017). Accordingly, 9 peroxidases, 3 thioredoxins, 2 catalases, and a superoxide
dismutase had elevated protein levels in the mature stigma (Table S3.6).

3.3.2.4 Defense
Invasion of the stigma by the pollen tube creates a wound and likely renders the
stigma more susceptible to pathogens. Some defense-related proteins increased in
abundance in the mature stigma including orthologs to the Arabidopsis hevein-like
preproprotein (HEL), non-specific lipid-transfer protein (LTP) 3, cystatin (CYS) 5, and a
glucan endo-1,3-beta-glucosidase (Table S3.6).
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3.3.2.5 Signaling
Nearly half of the proteins that had elevated protein levels within the Signaling
category were orthologs of Arabidopsis Rab GTPases and ADP-ribosylation factors with
some known to be involved in vesicular trafficking such as RABD2A (Heard et. al.,
2015) or seed storage protein accumulation such as RABG3A and RABG3D (Ebine et.
al., 2014), but with no demonstrated role in the stigma (Table S3.6). Interestingly, the
TF auxin response factor (ARF) 6 involved in stigmatic papillae elongation (Wu et.
al.,2006) and the protein kinase somatic embryogenesis receptor kinase (SERK) 1
involved in multiple processes including epidermal cell patterning (Meng et. al., 2015)
both had decreased abundance in the mature stigma (Table 3.7).

3.3.2.6 Transport
In the Transport category, four times as many proteins were increased than
decreased in abundance (Figure 3.5) and the largest group of proteins consisted of lipid
transfer proteins with no known role in the stigma, although they may possibly be
involved in cuticle formation. Some of the proteins that had elevated levels were
involved in vesicular transport such as the Arabidopsis orthologs to ECHIDNA (ECH)
and alpha-soluble NSF attachment protein (ASNAP), known to be important to pollen
germination and tube growth (Fan et. al., 2014; Xu et. al., 2013). As mentioned
previously, transport within the pistil fulfills the requirements associated with pollen
hydration, germination and sustained tube growth and guidance (McInnis et. al., 2006).
For example, the protein level of four aquaporins, likely required for water transport
during pollen hydration, increased as the stigma matured (Table S3.6). Additionally,
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numerous proteins involved in calcium (Ca2+) ion and proton transport increased in
abundance. Following pollination, three cytosolic Ca2+ level increases (following pollen
hydration, prior to pollen germination and during pollen tube penetration) in the apical
region of Arabidopsis papillae have been observed (Chapman and Goring, 2010). The
Ca2+ transporters that had elevated protein levels in the triticale stigma could perhaps
facilitate this process. Most of the proteins involved in proton transport that increased in
abundance, were coupled to ATP synthesis (Table S3.6) which is needed to provide
energy rich metabolites to drive pollen tube growth (Yue et. al., 2014). Orthologs to two
V-type proton ATPase subunits involved in the maintenance of cytosolic pH homeostasis
also increased in abundance. Cytosolic pH can regulate actin cytoskeletal dynamics,
which is important for vesicular transport (Cheung and Wu, 2008).

3.3.2.7 Cytoskeleton
There were more stigma proteins involved in cytoskeletal dynamics that
decreased than increased in abundance (Figure 3.5). Some of these proteins were
involved in microtubule-based processes and included orthologs to microtubuleassociated protein (MAP) 65-1 and MAP 70-2 proteins (Table S3.7). This is consistent
with previous observations indicating that microtubule depolymerization in the stigmatic
papilla is necessary for compatible pollen acceptance (Samuel et. al., 2011).

3.3.2.8 Metabolic Process
There were more proteins that decreased than increased in abundance within the
Metabolic Process category (Figure 3.5). Approximately 50% of these proteins were

113
involved in nucleic acid metabolism such as DNA metabolic processes like DNA
synthesis, replication and DNA repair (Table S3.7). Proteins involved in posttranscriptional processes like RNA processing and gene silencing also had lower levels of
abundance in the mature stigma (Table S3.7). Given that these processes were part of
enriched categories in the stigma (see above), this likely indicates that selected proteins
within these processes decrease in abundance as the stigma matures.

3.3.2.9 Protein Metabolic Process and Protein Phosphorylation
More proteins involved in Protein Metabolic Processes were lower in abundance
than higher, in the mature stigma (Figure 3.5) and the largest group of proteins that
decreased in abundance consisted of ribosomal proteins. This may signify a reduction of
translation as the stigma matures although very few other proteins involved in translation
had decreased levels. Some of the other proteins had roles in development such as three
orthologs to the Arabidopsis ubiquitin-like-specific protease (ULP) 2B that plays a role in
megagametogenesis (Liu et. al., 2017), and ARGONAUTE (AGO) 1 which is involved in
carpel development (Reyes-Olalde et. al., 2013) (Table S3.7).
There were more proteins involved in Protein Phosphorylation that decreased than
increased in abundance as the stigma matured (Figure 3.5). The majority of the proteins
were PKs and included SERK1 mentioned above, as well as inflorescence meristem
receptor-like kinase (IMK) 2 also involved in epidermal cell patterning (Barre, 2016)
(Table S3.7). The roles of the other PKs in the stigma or the reasons they had decreased
abundance remain to be investigated.
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3.3.2.10 Regulation of Transcription
Several TFs decreased in protein levels including the orthologs to the Arabidopsis
NGA2 and SEP3 important to stigma development, and HDG11 involved in epidermal
cell and pollen development (Khosla et. al., 2014), discussed above, as well as
corepressors TOPLESS (TPL) and TPL-related (TPR) 2 which have multiple roles in
development (Espinosa-Ruiz et. al., 2017) (Table S3.7). Other TFs such as WHIRLY
(WHY) 2, alfin-like (AL) 6, bZIP18, bZIP39 and transcription repressor La protein (LA)
1, all of which have no known function in the stigma, decreased in protein abundance
(Table S3.7). Conversely, KNOTTED-like from Arabidopsis thaliana (KNAT) 3
increased in abundance as the stigma matured (Table S3.6). The knat3knat4knat5 triple
mutants are female sterile (Furumizu et. al., 2015).

3.3.3 Brassica vs. Triticale Comparison
The Brassiceae and Triticeae stigmas and pollen grains display very evident
morphological differences (Figure 2.1 and 3.1) and it may be anticipated that distinctions
would occur in the molecular processes underlying their development. Nevertheless, in
both cases dry stigmas covered in unicellular papillae are called upon to support
pollination by tricellular pollen grains and thus might also be expected to share many
functional requirements in their interactions. In order to gain some insight in both these
shared and distinct processes, the B. carinata and triticale stigma and pollen proteomes
were compared.
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3.3.3.1 The Global Proteome
As mentioned previously, 7703 and 5608 B. carinata stigma and pollen proteins
(Chapter 2), as well as 11533 and 2977 triticale stigma and pollen proteins were
identified, respectively. The proportions of proteins identified that fell within the 14
broad functional categories were similar between the B. carinata and triticale stigma
proteomes (Figure 3.6). However, there was a noticeably higher proportion of B.
carinata stigma proteins belonging to the Defense, Regulation of Cellular Process,
Response to Stress, and Signaling categories than in triticale. The reasons for some of
these differences are unknown. However, given that the triticale flower is enclosed
within the glumes and its stigma is further protected by the palea and lemma, which
constitute physical barriers to biotic and abiotic elements, the stigma may not need as
many proteins having roles in Defense and Response to Stress as the stigma of B.
carinata which is exposed once the flower opens.
Like the stigma, the proportions of proteins identified within the 14 broad
functional categories were also similar between the B. carinata and triticale pollen
proteomes (Figure 3.7). However, the B. carinata pollen had a noticeably higher
proportion of proteins within the categories Regulation of Cellular Process and Response
to Stress, while the triticale pollen proteome had a noticeably higher proportion of
proteins within the Carbohydrate Metabolic Process and Protein Metabolic Process
categories. The reasons for these differences are unknown.
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Figure 3.6. Comparison of the functional distribution of B. carinata and triticale mature
stigma proteomes.
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Figure 3.7. Comparison of the functional distribution of B. carinata and triticale mature
pollen proteomes.
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3.3.3.2 Functional Enrichment
The proportion of proteins belonging to enriched and under-represented
Biological Processes from the triticale stigma and pollen were compared to that of B.
carinata (Figure 3.8 and 3.9). There was very little variation in the proportion of proteins
observed in the different categories between the species and it is likely that this overall
similarity in protein enrichment is due to a convergence in basic as well as specialized
functions in the pollen and stigma. However, upon closer examination of the proteins
identified within each category, some differences in the types of proteins carrying out
these similar functions could be observed and a few examples will be provided to
illustrate this point. For example, the triticale stigma contained 6 orthologs to TCP TFs
(Table S3.1) while no TCPs were identified in the B. carinata stigma (Table S2.1). As
mentioned above, TCPs regulate a wide variety of plant developmental processes and
defense responses via the stimulation of the biosynthetic pathways of hormones such as
brassinosteroid and jasmonic acid, and can integrate internal developmental cues with
external environmental stimuli for the orchestration of plant development (Li, 2015). For
instance, TCP2 regulates the expression of NGA mentioned above (Ballester et. al.,
2015). Similarly, several orthologs to FAR1-related TFs were identified in the triticale
stigma (Table S3.1), whereas no FAR1 or FRS orthologs were detected in the B. carinata
stigma (Table S2.1). As mentioned above, these TFs are postulated to have roles in
regulating flowering time and the circadian rhythm in response to light stimuli (Lin and
Wang, 2004; Siddiqui et. al., 2016). On the other hand, several orthologs to Arabidopsis
LTPs were identified in both the triticale and B. carinata stigma. However, while the
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Figure 3.8. Comparison of the enriched and under-represented functional categories of B.
carinata and triticale mature stigma proteomes.
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Figure 3.9. Comparison of the enriched and under-represented functional categories of B.
carinata and triticale mature pollen proteomes.
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majority of the B. carinata LTP orthologs had roles in wax or cuticle development, most
of the triticale LTP orthologs had no known function (Table S2.1 and S3.1).
Some other differences within the proteomes of the stigmas of B. carinata and
triticale were observed. For example, similar to a previous study done on B. napus and
triticale (Nazemof et. al., 2016) B. carinata was found to contain a higher proportion of
proteins involved in glucosinolate metabolism and photosynthesis than triticale (Table
S2.1 and S3.1). This is expected since glucosinolates are metabolites characteristic of the
Brassicaceae (Alexander et. al., 2008) and the B. carinata stigma is green (Figure 2.1b)
unlike the colorless triticale stigma (Figure 3.1b).
For the pollen, most of the differences between the species represented proteins
found mostly within B. carinata and although some of these differences may be due to
about twice as many Brassica proteins being identified, the examples provided below all
exceed this ratio. For example, several orthologs of DEAH-box and DExH-box RNA
helicases involved in RNA metabolism were identified within B. carinata, while none
were identified in triticale (Table S2.1 and S3.1). Similarly, 15 orthologs of the
Arabidopsis galacturonosyltransferase (GAUT) which has a role in pectin biosynthesis
(Atmodjo et. al., 2011) and can influence pollen tube growth (Wang et. al., 2013) were
identified in B. carinata, whereas only one was identified in triticale (Table S2.1 and
S3.1). Lastly, several tapetal oleosins involved in pollen hydration (Rejón et. al., 2016)
were observed in Brassica but absent from triticale (Table S2.1 and S3.1), which is
expected as tapetal oleosins are limited to the Brassicaceae family (Rejón et. al., 2016).
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3.3.3.3 Differential Protein Abundance in the Maturing Stigma
The DAPs identified during triticale stigma maturation in this study were
compared to those obtained for B. carinata (Chapter 2) and since these results were
presented previously, this discussion will focus mainly on the differences between the
two species. The DAPs were placed within the 14 broad functional categories mentioned
above. In general, B. carinata had a higher proportion of proteins that increased in
abundance in most categories, with the exception of the Transport category (Figure 3.10).
A noticeable difference in the proportion of proteins attributed to the categories was
observed between the species in Defense, Lipid Metabolic Process, Metabolic Process,
Protein Metabolic Process, Protein Phosphorylation, Regulation of Cellular Process, and
Response to Stress. Across all the aforementioned categories, there seemed to be a bias
towards proteins involved in response to stimuli as might be expected of mature stigma
cells standing in readiness (Table S2.6 and S3.6).
With respect to proteins that decreased in abundance, B. carinata had a higher
proportion of these proteins in most categories with the exception of Metabolic Process,
Protein Metabolic Process, Protein Phosphorylation, and Regulation of Transcription
(Figure 3.11). There also seemed to be a difference in protein proportion between the
species within Defense, Lipid Metabolic Process, Protein Metabolic Process, and
Response to Stress. Unlike the stigma proteins discussed above that had elevated levels,
many of the proteins having a lower abundance in these categories showed functional
differences between the two species (Table S2.7 and Table S3.7). Metabolic Process,
which contained proteins primarily involved in the metabolism of nucleic acids, and
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Figure 3.10. Comparison of the number of proteins that increased in abundance during
stigma maturation for B. carinata and triticale.
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Figure 3.11. Comparison of the number of proteins that decreased in abundance during
stigma maturation for B. carinata and triticale.
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Lipid Metabolic Process where mostly proteins involved in wax biosynthesis and cuticle
development decreased in abundance, were the exception.
Within the Response to Stress category, approximately 50% of the proteins that
decreased in abundance in B. carinata had responsive roles to abiotic stimuli, while in
triticale there was a 50% skew towards proteins involved in DNA repair (Table S2.7 and
Table S3.7). Within Regulation of Transcription, the triticale proteins that had lower
protein levels had a stronger functional bias towards developmental proteins (Table S2.7
and Table S3.7). The most significant difference was observed in Protein Metabolic
Process where triticale had a 5-fold higher proportion of proteins with a decrease in
abundance than B. carinata (Figure 3.11). Upon further examination, almost half of
these triticale proteins were involved in gene expression and a large proportion were
ribosomal proteins as mentioned above. Very few proteins with roles in protein
metabolism decreased in abundance in B. carinata and the ones that had lower protein
amounts were involved in transcription, hormone signaling and the proteolysis of
propeptides from storage proteins (Table S2.7 and Table S3.7). Although the reasons
behind some of these differences are not evident, these disparities between the two
species may point to interesting avenues of future research.

3.4 Conclusion
Within this study, an extensive proteomics reference data set identifying 11533
and 2977 mature triticale stigma and pollen proteins respectively, was reported, and
included novel proteins with no known roles in the stigma, pollen, or elsewhere in the
entire plant. Additionally, 647 proteins were found to change in abundance as the stigma
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reached maturation. Detailed analysis of the enriched and under-represented biological
processes revealed significant differences between the pollen and the stigma that reflect
their specialization. Conversely, a proteomic comparison of the triticale and B. carinata
stigmas or pollen showed little functional variation despite their morphological
differences, suggesting a conservation of biological processes across taxa, as well as the
possibility that the morphological differences result from subtle differences in the
regulation of their development. Altogether, the Triticeae global proteomes reported in
this study, along with the first ever proteomic characterization of stigma development,
constitute an invaluable resource to accelerate further studies of pollen and stigma
development and interactions, a somewhat neglected area of research given their
importance to plant and crop reproduction.
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Chapter 4
General Discussion
Plant sexual reproduction involves complex molecular interactions between the
pistil and the pollen in order to facilitate the transport of the sperm cells to the ovary for
fertilization. It commences when the mature stigma and pollen grain meet (Lord and
Russell, 2002) and it might be expected that the protein complement of the mature stigma
and pollen will reflect their readiness for their upcoming interactions. We therefore
hypothesized that proteins immediately involved in pollen-pistil interactions are more
likely to increase in abundance as the stigma reaches maturity and that the mature stigma
and pollen grain would be enriched in proteins important for their impending encounter.
We tested this hypothesis using a gel-free shotgun proteomic approach in two
species that not only can serve as representatives of important crops, but that also possess
morphologically very different mature pollen and stigma, namely, B. carinata and
triticale. To study differential abundance during stigma maturation, iTRAQ analysis was
performed on both B. carinata and triticale stigma proteins extracted at developmental
stages corresponding to their respective pollen BCP (early) and TCP (late) stages. A
global proteomic analysis was also performed on the mature stigma and pollen grain from
B. carinata and triticale using 2D HPLC-MS/MS.
In total, 7703 and 5608 B. carinata stigma and pollen proteins were identified
respectively, and 251 B. carinata stigma proteins were considered to be differentially
abundant as the stigma matured, including 154 proteins that increased in abundance, and
97 proteins that decreased in abundance. For triticale, a total of 11533 and 2977 stigma
and pollen proteins were identified respectively, while 647 stigma proteins were found to
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be differentially abundant, with 305 proteins having increased abundance, and 342
having decreased abundance. This study generated the largest pollen and stigma
proteomic datasets within the Brassicaceae and the Triticeae to date, and represents the
first developmental proteomic analysis of the stigma within the Brassicaceae and the
Poaceae. The total number stigma proteins identified from each analyses and the total
number of spectra, peptides, unique peptides and proteins obtained in this study overall,
can be found in Tables S4.1 and S4.2 respectively.
The functional distribution of the B. carinata and triticale pollen or stigma
proteins was compared and for the most part, their general biological processes were
found to be quite similar (Figure 3.6-3.11). This may indicate that despite the
morphological differences between the two species, there is still considerable functional
convergence resulting from the fact that the stigmas of both species are dry, contain
unicellular papillae, and their pollen is released at the tricellular stage (Heslop- Harrison
and Shivanna, 1977). Nonetheless, in spite of their overall functional similarities,
noticeable differences were observed. For example, the B. carinata stigma had a higher
proportion of proteins in the Response to Stress and Defense categories than the triticale
stigma (Figure 3.6). Furthermore, more proteins had increased abundance in these
categories in the maturing B. carinata stigma than in triticale (Figure 3.10). This may
reflect the fact that triticale is cleistogamous with the stigma being fully enclosed within
the flower throughout its development. The triticale stigma would therefore not be as
exposed as the exerted mature stigma of the chasmogamous B. carinata flower.
Consequently, the B. carinata mature stigma could be anticipated to possess more
proteins having roles in Response to Stress and Defense given that, unlike triticale, it
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would not have the floral protective physical barriers to biotic and abiotic stresses.
Another observable difference found between the stigmas of the two species was the fact
that a significantly larger proportion of proteins involved in Protein Metabolic Process
decreased in abundance in the maturing triticale stigma than in B. carinata (Figure 3.11).
Although the reason for this difference is unclear, at least 40% of these proteins in
triticale were involved in gene expression, while the few B. carinata stigma proteins with
decreased protein levels were involved in a number of processes ranging from the
proteolysis of propeptides of storage proteins, to transcription and hormone signaling to
name a few (Table S2.7 and S3.7). Other differences existed between the types of
proteins identified in the different proteomes. For example, the B. carinata stigma had a
higher proportion of proteins involved in glucosinolate metabolism and a somewhat
higher proportion of proteins involved in photosynthesis (Table S2.1 and S3.1). This was
similar to a previous comparative study performed on B. napus and triticale stigmas
(Nazemof et. al., 2016). The higher abundance of proteins involved in photosynthesis is
reflected in the difference in pigmentation between the Brassica and triticale stigmas, and
the higher proportion of glucosinolates is expected as these secondary plant metabolites
are characteristic of the Brassicaceae (Alexander et. al., 2008). Conversely, the triticale
stigma proteome contained several orthologs to FAR1 and FAR1 related TFs (Table
S3.1), while the B. carinata stigma proteome contained none (Table S2.1). As mentioned
above, these proteins regulate developmental processes in response to red and far-red
light (Siddiqui et. al., 2016). Far-red radiation regulates phytochrome-mediated
morphological and developmental plant responses to promote radiation capture and
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survival under shade (Park and Runkle, 2017), which may explain their presence in the
stigma of the cleistogamous triticale flower.
Like the stigma proteins, despite their similarity in overall functional distribution,
there were a few differences between the kinds of proteins identified in the B. carinata
and triticale pollen proteomes and the reasons for many of these differences are unknown.
However, several members of the oleosin family, including the tapetal oleosins, were
identified in B. carinata pollen whereas none were identified in triticale (Table S2.1 and
S3.1). Tapetal oleosins are distinct to the Brassicaceae family (Rejón et. al., 2016).
The mature pollen or stigma proteomes of B. carinata and triticale evidently share
considerable functional features. Likewise, when comparing the pollen proteomes to that
of the stigmas within the two species, similarities were also observed and this is in line
with the fact that common processes like pollen germination and tube growth need to be
supported by both the pollen and stigma. In light of this, the functional differences
between their respective mature stigma and pollen proteomes will be discussed in
general.
When the pollen grain is released from the anthers, it is released in a partially
desiccated dormant state (Grobei, et. al., 2009). The stigma however, remains
metabolically active as it approaches maturity. This is reflected in the types of biological
processes that were enriched and under-represented in the pollen and stigma. For
example, there were more unique biological processes that pertained to the Cell Cycle,
Chromosome Organization, Gene Expression, Photosynthesis, Protein Metabolism,
Ribonucleoprotein Complex Biogenesis and Organization, and RNA Metabolism that
were enriched in the stigma than the pollen (Figure 2.4 and 3.4). Furthermore, the stigma
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also contained significantly more uniquely enriched processes involved in Response to
Stimulus and Defense Response than the pollen, and in fact, all the processes involved in
the Defense Response were under-represented in the B. carinata pollen (Figure 2.4 and
3.4). This is in agreement with the fact that the receptive stigma needs to be responsive
to many different external stimuli in addition to producing many proteins involved in
defense for protection against invasive microorganisms that could take advantage of the
wound caused by the invading pollen tube. On the other hand, the pollen’s highly
resistant exine wall acts as a physical and chemical barrier to microbial and insect
degradation (Edlund, et. al., 2017) and therefore might not need to have as many proteins
readily available for defense or responses to stimuli.
One of the main categories for both the B. carinata and triticale pollen that
contained a large number of enriched processes was Transport (Figure 2.3 and 3.3) with
the pollen containing a significantly larger amount of uniquely enriched processes than
the stigma (Figure 2.4 and 3.4). This is in line with transport roles during pollen tube
growth. Vesicular Transport was particularly enriched in the pollen and is required for
the transport of cell wall modifying enzymes and polysaccharides to the growing tube
apex, while exocytosis at the tip and endocytosis at the subapical region is crucial for
driving rapid polarized tip growth at the apex (Cheung and Wu, 2008). Conversely,
transport within the stigma mostly facilitates pollen hydration, germination and tube
growth by the provision of water, nutrients, enzymes and cell wall materials to the pollen
contact site (Goring et. al., 2017).
Development was another category in which the differences between the stigma
and the pollen were highlighted. In both species, the stigma expressed proteins involved
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in epidermal cell growth and development (Table S2.4 and S3.4) compatible with the fact
that the stigma papillae are epidermal cells (Lolle and Pruitt, 1999). For the pollen, many
of the proteins involved in development had roles in pollen and pollen tube development,
cell tip growth and root hair growth (Table S2.5 and S3.5). These functional differences
highlight the specialization of these cells.
The iTRAQ analysis of the developing B. carinata and triticale stigmas revealed
numerous proteins that differed in abundance as the stigma matured. Preliminary
analysis of the RNA-Sequencing data obtained from the equivalent B. carinata stigma
stages validated the iTRAQ data and showed that the majority of proteins with elevated
and decreased levels had matching up and down-regulated transcripts. In both species,
many stigma proteins presumed to play a role in pollen-stigma interactions, increased in
protein abundance. Some of the relevant findings are summarized below.
More stigma proteins involved in Defense and Response to Stress had elevated
protein levels in accordance with the exposure and responsiveness of the stigma. In
addition, in both species, many more proteins involved in Carbohydrate Metabolism and
Cell Wall Organization and Biogenesis increased in protein abundance, and there was a
significant overlap between the proteins identified in both these processes. This is likely
due to the fact that enzymatic modification of the stigmatic layers is required for pollen
tube penetration and growth through the stigma (Chapman and Goring 2010).
Furthermore, carbohydrate metabolism is the main source of energy for pollen tube
growth (Hirsche et. al., 2017).
Additionally, many more proteins involved in transport had increased than
decreased abundance in the stigmas of both species. Examination of the corresponding
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proteins revealed many proteins involved in water transport, ion transport, and proton
transport (Table S2.6 and S3.6). During hydration, water flows from the stigma to the
pollen (Lord and Russell, 2002) and proteins involved in water transport would have
increased abundance to facilitate this process. Furthermore, ion transport is important for
pollen hydration because it maintains the turgidity of cells (Rehman and Yun, 2006) and
hydrogen ion transport protein levels would be expected to be elevated as the stigma
matures since cytosolic pH regulates actin cytoskeleton dynamics important for vesicular
transport (Cheung and Wu, 2008).
In summary, the functional similarities observed between the mature stigma or
pollen proteomes of B. carinata and triticale was reflective of their shared reproductive
roles. However, an in depth comparison between the proteomes of their respective
mature stigmas and pollen grains revealed significant differences that are likely
attributable to their specialization and showed that their proteomes were enriched in
proteins required for their upcoming interactions. Furthermore, the differential analyses
revealed an increased abundance of proteins likely to be immediately required for pollenstigma interactions.

4.1 Future Directions
The results obtained in this study could serve as the basis for future research in a
number of different directions. For example, the MS/MS peak lists were searched against
the Viridiplantae, Brassiceae and Triticeae databases, and therefore many of the proteins
identified were not B. carinata or triticale proteins but orthologs from other species
within those databases. The MS/MS peak lists obtained from this study could be
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searched against an in silico translated proteome from the newly acquired B. carinata and
triticale stigma and pollen transcriptomes in order to identify the corresponding proteins
within those species. This would improve the accuracy of further analyses and
experiments in these species.
A large number of the proteins identified in this study were assigned important
roles in pollen and stigma interactions or development using the experimental evidence
available from Arabidopsis orthologs. In addition, many proteins identified, such as
protein kinases and transcription factors, had no known roles in these cells. Confirmation
of the roles of these proteins in B. carinata or triticale reproduction could be achieved
using genetic knock out experiments like T-DNA insertion lines or the CRISPR/cas9
system, for example.
The information obtained from this research can be used as a resource and allow
for the discovery of potential protein functional interactions and/or protein clusters. For
example, illustrative protein-protein interaction networks were predicted using some of
the proteins identified within the B. carinata stigma and pollen proteomes (Figure 4.14.3). Such networks can illustrate the complexity of biological processes such as pollen
tube growth, while also allowing the visualization of putative protein-protein interactions
in a subset of proteins (Figure 4.1). They can also permit the visualization of putative
protein-protein interactions in the stigma (Figure 4.2) or the pollen (Figure 4.3) in less
complex processes like pollen hydration. These networks are predicted using information
from a variety of sources including databases that contain evidence from direct proteinprotein interaction experiments, manually curated databases of metabolic and signal
transduction pathways, known protein complexes, and information from gene expression
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Figure 4.1. Network of putative B. carinata pollen protein-protein interactions involved
in pollen tube growth. The grey edges represent putative interactions between proteins.
The density of the edges represents the confidence of the putative functional associations.
Colors correspond to clusters of proteins that putatively belong to the same protein
complex or functional module. Solid lines represent interactions within a cluster, while
dashed lines represent inter-cluster edges.
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Figure 4.2. Network of putative B. carinata stigma protein-protein interactions involved
in pollen hydration. The grey edges represent putative interactions between proteins. The
density of the edges represents the confidence of putative functional associations. Colors
correspond to clusters of proteins that putatively belong to the same protein complex or
functional module. Solid lines represent interactions within a cluster, while dashed lines
represent inter-cluster edges.
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Figure 4.3. Network of putative B. carinata pollen protein-protein interactions involved
in pollen hydration. The grey edges represent putative interactions between proteins. The
density of the edges represents the confidence of putative functional associations. Colors
correspond to clusters of proteins that putatively belong to the same protein complex or
functional module. Solid lines represent interactions within a cluster, while dashed lines
represent inter-cluster edges.
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experiments to name a few. The evidence for the protein-protein interactions can come
from known information about the query proteins themselves. An example of this is the
interaction between SYP121 (SYNTAXIN OF PLANTS121) and PIP3 (aquaporin
PIP2;7) shown in Figure 4.2. Evidence for this interaction was taken from previous
studies in which they were shown to physically interact using pull-down, biomolecular
fluorescence complementation, and split ubiquitin assays (Hachez et. al., 2014).
Conversely, evidence for the interactions within these functional interaction models are
more often obtained from their orthologs in other species, as in the case of PC1 (pollen
calcium-binding protein 1) and KEA1 (K+ efflux antiporter 1) shown as a putative
interaction in Figure 4.3. Orthologs of these proteins within Mus musculus were shown
to interact using a co-sedimentation assay (Kislinger et. al., 2006). Many of these
predicted interactions are therefore putative (Szklarczyk et. al., 2017). Predicted
interactions can then be experimentally validated using protein-protein interaction assays
like co-purification, co-crystallization, BioID or yeast two-hybrid experiments to name a
few. For example, Brandão et. al. (2009) used an Arabidopsis protein interaction
network to predict 45 putative interactions with a glutamyl-tRNA synthase. Three of the
putative interactions were experimentally validated using yeast two-hybrid screening.
The differential abundance analysis performed in this study used the stigma tissue
corresponding to the BCP and TCP stages in development. It would be interesting to
examine the proteins that are differentially abundant at those particular developmental
stages in the pollen. Additionally, these two stages were somewhat close in
development, for example, there were no proteins that were absent from one stage and
present in the other. Performing iTRAQ analysis using an earlier stage in stigma
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development could be pursued in the future. Such an experiment would also serve to
confirm the trends in protein abundance observed in this study.
Due to the complexity of biological proteomes and the limitations of analytical
separation methods, there is currently no single method that can provide qualitative and
quantitative information about all the protein components within a complex biological
sample (Abdallah et. al., 2012). Protein abundances within a biological sample can span
over seven orders of magnitude. However, conventional proteomic approaches tend to be
biased towards highly abundant proteins and will therefore only detect proteins within
four orders of magnitude of the dynamic range, often excluding some of the more lower
abundant proteins in the sample (Zubarev et. al., 2013). Consequently, each method
provides a snapshot of the major protein constituents. Nonetheless, there are several
approaches to expanding the proteome coverage. For example, a longer time spent on the
separation column has been reported to increase the proteome depth. Additionally, more
extensive fractionation procedures (for example 3D fractionation instead of 2D) may
assist in reducing sample complexity for deeper exploration of the proteome.
Furthermore, the usage of hexapeptide libraries and diffusion based trypsin approaches to
selectively deplete abundant proteins will also assist in the identification of those lower
abundant proteins, therefore expanding proteome coverage (Zubarev et. al., 2013).
Moreover, the sensitivity of mass spectrometers is ever increasing. New data independent
acquisition approaches to shotgun proteomics such as MSE or SWATH MS allow for the
fragmentation of all precursor ions that elute from the column (instead of the selection of
more abundant ions used in more conventional approaches) and can therefore offer a
higher dynamic range of proteins identified (Hu et. al., 2015).
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4.2 General Conclusion
The pollen-stigma interaction is essentially an interaction between two cells, the
pollen vegetative cell and the stigma papillar cell that are suddenly and intentionally
brought together from two different parts of the plant. These cells meet for the first time
at a late stage in their maturation process and would likely remain in this state of
preparation if kept apart. However, once they make contact, a whole gamut of molecular
events is triggered that leads to profound and often unique changes in their biochemistry
and morphology. This study provides the most in-depth coverage of the thousands of
proteins these events rely upon, and often reveals the unsuspected presence of known
proteins such as transcription factors and protein kinases. Enrichment and differential
abundance analyses pointed to prevalent processes within the pollen-stigma interactions
and identified numerous candidate proteins for specific roles within these processes that
could be the subject of further research. Furthermore, a comparison of B. carinata and
triticale stigma or pollen proteomes revealed a conservation of biological processes
across taxa.
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