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Abstract
Sporopollenin is one of the toughest biopolymers found in nature. It is
considered to be the major component of exine, which protects the male
gametophyte from environmental stresses. Previous reverse genetic studies
have revealed that sporopollenin precursors are synthesized in the tapetum, but
how they are anchored to the microspores and what determines the pattern of
their polymerization are still unknown. SPONGY2 (SPG2), synonymous with
IRX9L, encodes a glycosyltransferase involved in xylan formation. irx9l pollen
possesses a thinner primexine polysaccharide layer at the tetrad stage and as
development proceeds, irx9l sporopollenin deposition on the primexine forms
exine with a non-reticulate pattern, and with wider or higher number of baculae.
Immunolabeling of mature irx9l pollen using the LM10 antibody showed the
absence of xylan in its exine compared to wild-type. Another gene IRX14L,
whose encoded protein also contributes to xylan formation, has an expression
pattern similar to IRX9L. The irx14l mutant produces pollen with a similar spongy
exine phenotype as irx9l. Based on these data, we hypothesize that
IRX9L/SPG2 is required for primexine formation, and that xylan containing
hemicellulose is present in the developing pollen wall for the establishment of
proper exine patterning in the early stages of pollen wall formation.
The Arabidopsis UPEX gene encodes a galactosyltransferase (GalT) that
is tightly co-expressed with other sporopollenin biosynthesis genes. The upex
mutant produces pollen with missing and malformed exine. Through the analysis
of upex mutant using 2-photon microscopy and TEM, accumulations similar to
sporopollenin were found in the anther locule, unlike the wild type. The onset of
the upex phenotype is the tetrad stage, as upex primexine appeared to be less
dense than wild-type, and immunolabeling with xylan-directed antibody (LM10)
produced a xylan signal that was absent in wild-type samples of the tetrad stage.
I hypothesize that UPEX contributes to the synthesis or modification of a
polysaccharide that contains galactose, which plays a structural role in primexine,
allowing proper anchoring of sporopollenin to the microspore surface, helping to
establish exine patterning over the course of pollen wall deposition.
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Preface
My immunolabeling work on developing Col-0 anther sections using LM10
as the primary antibody has identified xylan as a component of the pollen wall
which was not described before. My detailed morphological studies on upex and
irx9l mutants have revealed additional genes required to synthesize the
primexine layer which plays a key role in determining the final exine patterning on
the pollen wall of Arabiopsis.
All results are based on works conducted at UBC Dr. Carl Douglas’s
laboratory by Wenhua Lexcy Li. I was responsible for all the works performed
after receiving appropriate training from the UBC Bioimaging Facility and senior
Douglas lab members Dr. Etienne Grienenberger, Dr. Teagen Quilichini and
Yuanyuan Liu.
The thesis is written by me and carefully edited by Dr. Carl Douglas, Dr.
Lacey Samuels and Dr. Brian Ellis.
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Chapter 1. General introduction
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1.1 Pollen wall’s function and structure
A durable wall covering the male gametophyte can protect the male
gametophyte from physical abrasion, prolonged desiccation, high temperatures
and UV radiation from the harsh land environment as well as damage from
microbial attack (Piffanelli et al., 1998). This protective wall surrounding the male
gametophyte (pollen) is found in angiosperms, gymnosperms and haploid spores
in nonflowering plants such as bryophytes. The pollen wall of angiosperms
contains an inner layer, intine, and a robust outer layer, exine. The outer
protective exine is further divided into a sexine and a nexine layer. The outer
sculpted sexine is divided further into the rod-shaped bacula and an expanded
rooftop called the tectum. The pollen coat, which fills the gaps of the pollen wall,
is composed of lipid, protein, and flavonoids. (Figure 1.1)
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Figure 1.1: Arabidopsis pollen wall structure illustrating the different
features of a mature pollen grain. (A) Diagrammatic representation of the
pollen wall. Modified and adapted from Wallace et al., (2011). (B) and (C)
Transmission electron micrographs of a mature pollen grain. ex,exine; in,intine;
m,microspore. Scale bars = 5um
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1.2 Pollen/anther development
Despite the fact that the ultrastructure of this wall is well characterized
(see Quilichini et al., 2014 for a recent study), the biochemical composition of the
different wall components and details of the mechanisms underlying its assembly
still have many unknowns. Key events in this process include the synthesis,
transport, polymerization and anchoring of the wall precursors to the developing
microspores (Scott et al., 2004). In order to gain more information about this
process, the anatomical, morphological and cellular events in pollen/ anther
development have been studied in the angiosperm model species Arabidopsis
thaliana (Arabidopsis) using light and electron microscopy (EM) (Sanders et al.,
1999; Scott et al., 2004; Quilichini et al., 2014).
Out of the 14 stages of anther development that are distinguished based
on cellular events, stages 1 to 4 are characterized by archesporial cells of the
anther primordial differentiating into the different anther cell types including the
endothecium, middle layer, tapetum and microspore mother cell (Sanders et
al.,1999). As development proceeds, several stages are required to make the
complex pollen wall (Ariizumi and Toriyama 2011; Sanders et al., 1999). As seen
in Figure 1.2, the process of making this wall requires contributions from both the
sporophyte (tapetal cells) and gametophyte (developing microspores) (Ariizumi
and Toriyama 2011; Sanders et al., 1999). After the second meiosis at stage 7,
the pollen mother cells become haploid tetrads surrounded by callose (Sanders
et al.,1999; Scott et al., 2004). The pattern of the outer pollen wall (exine) is
determined at this stage, when the polysaccharides of the primexine are
synthesized and deposited between the plasma membrane of the microspores
and the callose wall (Fig.1.2). At the same time, sporopollenin (the major
component of the exine, derived from tapetal cells) deposition as probaculae
within or on the primexine become visible (Sanders et al., 1999; Scott et al.,
2004). As development proceeds, at stage 8, the microspores are released into
the locule, after the callose wall surrounding them degenerates. In the same
time, the microspore-derived intine is synthesized and forms a layer between the
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microspore plasma membrane and the exine (Sanders et al., 1999). The intine
resembles the primary cell wall of plants as it contains pectin, cellulose,
hemicellulose and protein (Heslop-Harrison 1968a; Blackmore et al., 2007).
Sporopollenin deposition continues, forming the sculptured baculae and
tecta of the exine until the tapetum is no longer intact. As the tapetal cells that
line the inner anther locule undergo programmed cell death, components of the
tryphine of the pollen coat are released and deposited into the reticulate exine
structure (Sanders et al., 1999; Scott et al., 2004). At this point, the development
of the mature tricellular haploid pollen is complete, and the final stages of anther
development are dehiscence and release of the mature pollen grains (male
gametophyte) (Sanders et al., 1999; Scott et al., 2004).
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Figure 1.2 Anther/ pollen wall development from stage 4-12. (A) Diagram
showing events in pollen wall development from the mother spore stage to the
mature tricellular pollen stage. Diagram was modified and adapted from Ariizumi
and Toriyama (2011). (B) Light microscopy of stage 10 toluidine blue-stained
Arabidopsis developing anther section, with tissues involved in pollen wall
formation labeled. Bar=15µm

1.3 Exine composition
Exine is the sporophytically derived tough and robust pollen wall
component that is deposited on the surface of microspores as they develop into
mature pollen grains in the anther locule. The pattern of the outer exine, sexine,
is extremely variable between species hence contributing to the diversity of
pollen morphology. For example, Arabidopsis pollen has a reticulate structure
while Oryza sativa (rice) pollen has a surface without a reticulate structure.
Since plants are sessile, fertilization by neighboring plants in a population relies
6

on long distance dispersal of the male gametophyte (pollen), after which pollen
must recognize the stigmata of plants of the same species. Hence, in addition to
provide protection to the male gametophyte from the terrestrial environment, the
exine and pollen coat also play a role in cell-to-cell recognition by pollen adhering
to the stigma, in a species-specific fashion (Zinkl et al.,1999).
The major component of exine that contributes to its incredible strength is
a biopolymer called sporopollenin (Scott et al., 2004). Previous studies have
found that spore walls and pollen walls have similarities in their chemical
composition (Bowman et al.,2007; Morant et al.,2007). This finding suggests
sporopollenin polymer might have evolved in early land plants to protect their
spores, which would have been essential for them to successfully adapt to and
colonize the harsh terrestrial environment. As one of the toughest material in
nature, sporopollenin is thought to be a heterogeneous macromolecule made up
of polyhydroxylated aliphatic polymers with aromatic or conjugated side chains
(Ahlers et al., 2000; Ahlers et al., 2003). Different species can have different
chemical components or modifications of their sporopollenin (Edlund et al.,
2004). Using highly sensitive methods like Fourier transform-infrared
spectroscopy (FT-IR) and nuclear magnetic resonance spectroscopy (NMR),
Arabidopsis sporopollenin is found to contain ether or ester bridges linking the
different components together (Bubert et al., 2002). Bubert et al. (2002) also
identified phenolic compounds such ferulate and coumarate as part of this
important polymer. Hydrolysis and methylation pyrolysis-gas chromatography
mass spectrometry methods have identified two UV-absorbing monomers of
sporopollenin which could be the previously identified phenolic compounds or
aromatic side chains (Blokker et al.,2006). However, due to sporopollenin’s
insolubility in both common aqueous and organic solvents and its resistance to
physical, chemical and biological degradation, its exact chemical structure is still
unknown.
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1.4 Genetic and biochemical analysis of sporopollenin precursor
biosynthesis in Arabidopsis
The processes involved in exine development can be put into four
categories: sporopollenin synthesis, transport, polymerization and anchoring of
the sporopollenin to the developing microspore. Arabidopsis genes that play
roles in pollen wall formation have been identified based on mutants that have
pollen wall, exine, and/or fertility phenotypes. Many exine defective mutants are
male sterile consistent with exine being an important component of pollen wall.
Several mutants have shed light on understanding the lipid metabolism that
underlies sporopollenin synthesis and transport of sporopollenin precursors from
tapetal cells to the locule during exine deposition. They include ACYL-COA
SYNTHETASE 5 (ACOS5), CYP703A2, CYP704B1, POLYKETIDE SYNTHASE
(PKS) A and B (PKSB), MALE STERILE 2 (MS2), TETRAKETIDE-α-PYRONE
REDUCTASE 1 (TKPR1) and TKPR2 and ATP-BINDING CASSETTEG26
(ABCG26) (Aarts et al., 1997; Morant et al., 2007; Dobritsa et al., 2009;
Grienenberger et al., 2010, Kim et al., 2010; de Azevedo Souza et al., 2009;
Quilichini et al., 2010) (Figure 1.3). All of these genes have highly specific
expression patterns, with almost exclusive expression in tapetal cells at the time
that exine formation occurs maximally (stages 7-8), consistent with the key role
played by the sporophyte in generating and transporting exine components of the
pollen wall.
Based on analysis of the predicted functions of the proteins encoded by
these genes, including the activities of recombinant ACOS5, PKSA, PKAB,
TKPR1 and TKPR2 enzymes, models for the roles of these gene products in the
biosynthesis of polyhydroxylated tetraketides as sporopollenin precursors
required for exine formation were proposed (de Azevedo Souza et al., 2009;
Grienenberger et al., 2010; Kim et al., 2010). According to the latest model,
ACOS5 first esterifies C12-C16 fatty acids to CoA to make an essential fatty acylCoA ester intermediate required for sporopollenin biosynthesis (de Azevedo
Souza et al., 2009). The two polyketide synthases PKSA and PKSB (also
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known as LAP6 and LAP5) then catalyze decarboxylative condensation of the
malonyl-CoA in the present of fatty acyl-CoAs to produce α-pyrone tetraketide
products (Kim et al., 2010). Tetraketide α-pyrone reductases TKPR1 and
TKPR2 then create a secondary alcohol group on the tetraketide to make a
hydroxylated α-pyrone tetraketide compound (Grienenberger et al., 2010). Two
additional enzymes essential for exine biosynthesis are CYP703A2 and
CYP704B1, belonging to the cytochrome P450 family (Dobritsa et al., 2010;
Morant et al., 2007). CYP703A2 can catalyze the in-chain hydroxylation of
carbon 7 of fatty acids with preference for lauric acid (C12) while CYP704B1
catalyzes end-of chain hydroxylation of C14 to C18 fatty acids (Dobritsa et al.,
2010; Morant et al., 2007). These hydroxylation steps may occur on the fatty
acids before the PKSA/PKSB catalyzed condensation reaction, or these
hydroxylation steps may occur on the tetraketide produced by PKSA/PKSB
(Dobritsa et al., 2010; Morant et al.,2007; Grienenberger et al., 2010). These
additional alcohol groups are thought to contribute towards the formation of ester
or ether linkages found in the sporopollenin polymer. (Figure 1.3)
A second pathway in sporopollenin biosynthesis involves the synthesis of
fatty alcohol sporopollenin precursors. ACOS5 still first esterifies C12-C16 fatty
acids to CoA to make essential fatty acyl-CoA ester intermediates (de Azevedo
Souza et al., 2009; Lou et al., 2014). But instead of feeding these CoA-ester
intermediates to PKSA/PKSB in the polyhydroxylated tetraketide pathway,
evidence from the in vitro activity of the MS2 enzyme suggests that the CoAesters are fed to MS2, a fatty acyl acyl carrier protein (ACP) reductase to be
converted into fatty alcohols as components of sporopollenin (Chen et al., 2011).
Since CYP703A2 and CYP04B1 catalyze the hydroxylation of different length
fatty acids, and ACOS5 accepts fatty acids of different chain lengths, different
length fatty alcohol derivatives could be incorporated into sporopollenin. (Figure
1.3)
After the polyhydroxylated tetraketide and fatty alcohol sporopollenin
precursors are synthesized in the tapetum, they are hypothesized to be exported
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by the ABCG26 transporter to the locule, possibly aided by uncharacterized lipid
transfer proteins (Quilichini et al., 2010; Grienenberger et al., 2010). ABCG26 is
a member of the ATP-binding cassette transporter super family (Choi et al.,
2011; Quilichini et al., 2010; Dou et al., 2011), and other members of the ABCG
subfamily (ABCG11 and ABCG12) are known to be required for export of very
long chain fatty acid derivatives and cutin to the cuticle in Arabidopsis (Pigin et
al., 2004; Bird et al., 2007).
All the previous studies have shown that genes encoding proteins involved
in the biosynthesis of sporopollenin precursors are all highly expressed in the
tapetum. The tapetum is a sporophytic secretory tissue consisting of a single cell
layer that lines the anther locule, and the cell surface facing the anther locule has
no cell wall. The expression of genes encoding enzymes for synthesizing and
transporting sporopollenin are under strict temporal control, with expression
beginning at tetrad stage, a pattern that correlates with exine formation. In
addition, this layer’s importance to the production of viable pollen goes beyond
synthesizing exine. This layer not only supplies nutrients to the developing
microspores in the locule and houses the enzymes required to synthesize the
structural components of the pollen wall, it is also highly metabolically active in
the biosynthesis of waxy components of the pollen coat (tryphine), which
accumulate in tapetal cells and are thought to be released into the locular space
after tapetum programmed cell death (Owen and Makaroff 1995; Quilichini et al.,
2014). (Figure 1.3)
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Figure 1.3 Model for biosynthesis and transport of tetraketide and fatty
alcohol sporopollenin precursors in Arabidopsis. Modified and adapted
based from Grienenberger et al. (2010). The tetraketide precursor pathway
has two possible sub pathways labeled (1)-(1) and (1)-(2) that have not been
resolved. The fatty alcohol precursor pathway is labeled (2).

1.5 Essential factors and processes for sporopollenin polymerization,
anchoring and exine pattering
Although the site of sporopollenin precursor synthesis is known, how
these sporopollenin precursors are deposited to form the reticulate exine layer on
developing microspores is not well understood. In several studies, this process
has been shown to require both the gametophyte and sporophyte, and
coordination of events in the two generations in a timely manner (PaxsonSowders et al., 1997; Waterkeyn and Bienfait, 1970; Heslop-Harrison,1968b;
Ariizumi et al., 2007). The few cellular structures hypothesized to play a role in
this process include the plasma membrane of the microspore, the callose layer,
11

and the primexine matrix (Paxson-Sowders et al., 1997; Waterkeyn and Bienfait,
1970; Heslop-Harrison, 1968; Ariizumi et al., 2007). A previous study identified
undulations of the microspore plasma membrane occur at the time of initial exine
deposition, leading to the suggestion that this event directly regulates the final
exine pattern (Paxson-Sowders et al.,1997). It is hypothesized that the
protrusion of the plasma membrane predicts the locations of the probaculae
(Paxson-Sowders et al.,1997). The callose (a β-1-3-glucan polymer) secreted
by the microspores and located outside the plasma membrane is hypothesized to
prevent microspore fusion, to act as a molecular filter, act as a physical support
or mold for primexine/exine patterning, and lastly to serve as a source of glucose
(Larson and Lewis 1962; Waterkeyn and Bienfait,1970).
It is hypothesized that the primexine matrix, whose biosynthetic origin is
still unknown, then acts as a template for the initial sporopollenin deposition and
determines the final exine structure/pattern (Ariizumi et al., 2004). Despite the
importance of the primexine in exine patterning determination, the composition of
this scaffold layer is not well known. Chemical staining experiments by HeslopHarrison in Lilium longiflorum suggested that this layer contains neutral and
acidic polysaccharide, some protein and cellulose (1968b).
As seen in Fig.1.4, in Arabidopsis, several exine mutants with defective
primexine formation, for example, defective in exine formation 1 (dex1), ruptured
pollen grain1 (rpg1), no exine formation 1 (nef1) support a role for primexine in
determining the outer exine patterning (Paxson-Sowders et al., 1997, Chang et
al., 2012; Guan et al. 2008, Chen et al., 2010, Ariizumi et al., 2004). DEX1 is
thought to encode a membrane-localized protein with several calcium-binding
domains (Paxon-Sowders et al.,1997, 2001). DEX1 is hypothesized to be a
structural protein located in the primexine matrix (Lou et al., 2014) or
alternatively, to function as a rough ER-localized protein responsible for
transport, synthesis, or modification of an unknown primexine component (Lou et
al., 2014). NEF1 is an integral membrane protein located in the plastid (Ariizumi
et al., 2004). It is hypothesized to synthesize and/or transport fatty acids in the
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tapetum required for primexine or sporopollenin synthesis (Ariizumi et al., 2004).
RPG1 is part of the MtN3/saliva protein family, and has seven putative
transmembrane helices located within the plasma membrane (Guan et al., 2008).
Further study by Chen et al. (2010) found that the RPG1 protein is actually a
sugar efflux transporter and its name has been changed to SWEET8. Its
hypothesized function is to transport sugars for the synthesis of a polysaccharide
component of primexine.
All these primexine mutants share the phenotype of irregular deposition of
primexine leading to irregular or random exine deposition. The abnormal exine
structure leads to male sterility in all these mutants except rpg1. Even though
Dickenson and Sheldon (1984) suggested that the primexine is synthesized by
microspores, as the primexine material is delivered to the area between the
microspore plasma membrane and the callose layer by Golgi-derived vesicles, all
pollen from plants heterozygous for loss of function alleles of the primexine
mutants dex, rfg1, and nef1 (DEX1/dex1, RFG1/rfg1 and NEF1/nef1) appear to
have wild-type phenotypes (Ariizumi et al., 2011). If the function is performed by
the developing haploid gametophytes, heterozygous mutants are expected to
have a 1 wildtype:1 mutant pollen ratio. This suggests an alternative hypothesis,
that primexine is synthesized by the sporophytic tapetum tissue. Regardless of
the site of primexine synthesis, in Arabidopsis, the synthesis of this layer is
evident at the tetrad stage and is found between the callose wall and the plasma
membrane (Blackmore et al, 1994). Once the primexine is laid down,
undulations of the plasma membrane occur to produce protuberances where the
probaculae will form as seen in Fig 1.4b and c. (Dahl, 1986; Lou et al., 2014),
and the exine pattern forms when the probaculae grow to the callose layer (Fig.
1.4d) (Lou et al, 2014). The events described for exine patterning in the
primexine are summarized in Figure 1.4.
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Figure 1.4 Summary of proteins involved in exine pattern development
and their location. (a) Primexine synthesis requires the three proteins
DEX1, NEF1, and SWEET8 and their possible location are indicated on the
diagram. (b) Undulations of the microspore plasma membrane (c)
Probaculae are deposited onto the primexine at the location of plasma
membrane protuberances (d) Exine pattern is formed when the probaculae
grow into the callose layer. CALS, callose; PE, primexine; PM, plasma
membrane; UPM, undulating plasma membrane; Prb, probacula; Prt,
protectum; TP, tapetum; MC, microspore. Image modified from Lou et al.,
(2014)

1.6 Approaches
As there is much that remains unknown regarding the process of exine
formation, identifying additional genes involved can provide a better
understanding of this process. As genes with similar expression patterns may
function in the same pathway or process, one approach to identifying such genes
was to use ACOS5, a gene that is essential for sporopollenin production, as the
bait gene to generate a co-expression list based on publically available
Arabidopsis microarray data. This was accomplished using the ATTED coexpression analysis tool (http://atted.jp/; de Azevedo Souza PhD thesis [2009]).
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Many of the genes on this list (PKSA/B, TKPR1/2, ABCG26) have been
subsequently shown to play key roles in exine formation (see above), but others
have not yet been characterized.
A second approach is forward genetics. The large-scale genetic screen by
Dobritsa et al. (2011) for Arabidopsis mutants with defective pollen walls
identified many new candidate genes involved in exine patterning and other
exine properties. From this study, genes encoding two glycosyltransferases (GT)
were identified to play roles in pollen exine formation in Arabidopsis. At1g33430,
named UPEX (UNEVEN PATTERN EXINE) based on the upex mutant
phenotype of pollen with patches of missing exine, was also identified by
Azevedo Souza (2009) as being highly co-expressed with ACOS5. The exine
layer in the upex mutant also dissociates more easily compared to wild-type,
leaving the pollen exine-less (Dobritsa et al., 2011). A second putative
glycosyltransferase, At1g27600, named SPONGY2 (SPG2) appears to be
required for proper exine patterning based on the spongy (spg) exine pattern
phenotype of pollen from spg homozygote plants (Dobritsa et al., 2011).
However, SPG2 is not highly co-expressed with ACOS5.
The uneven exine pattern of upex pollen, which also dissociates more
easily compared to wild-type (Dobritsa et al., 2011), as well as the gene’s
transient and early expression during pollen development, suggest that the
potential GT activity of UPEX could be required to modify the surface of
primexine components on the microspore or to synthesize primexine
polysaccharides to allow proper sporopollenin attachment. It is interesting, that a
second putative GT, encoded by At1g27600 (SPG2), is also required for proper
exine patterning (Dobritsa et al., 2011). At1g27600 is previously reported as
IRREGULAR XYLEM9-LIKE (IRX9L).
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1.7 Glycosyltransferases and hemicellulose xylan backbone composition
GTs transfer sugar moieties from donors to acceptors and form glycosidic
bonds between the two (Scheible and Pauly, 2004). GTs are important in plant
biology as they are involved in the biosynthesis of different cell wall components
such as pectin, hemicellulose and cellulose (Sheible and Pauly, 2004; Wu et al.,
2010). They can also glycosylate different plant small molecules and specialized
metabolites such as hormones, secondary metabolites like phenolics, and
flavonoids (Lim et al., 2004; Vogt and Jones, 2000). According to the
Carbohydrate Active enzymes (CAZy) Database (http://www.cazy.org), just for
the species Arabidopsis thaliana, there are over 450 annotated glycosyl
transferases (GT) grouped into 41 distinct families based on sequence similarity.
Out of these GT, many do not have functional annotations and even fewer of
them have been studied biochemically.
IRX9 encodes an enzyme required for polymerization of the β-1-4-xylan
backbone during hemicellulose glucuronoxylan biosynthesis (Peña et al., 2007).
IRX9L/SPG2 appears to have a similar function, based on its high degree of
similarity to IRX9, and the enhanced xylan deficient phenotype of irx9 irx9l
double mutants (Wu et al., 2010). One hypothesis is that IRX9L is responsible for
generating primexine polysaccharides required for patterning of sporopollenin
polymerization into the primexine during the initial stages of exine formation.
A component in both primary and secondary walls is hemicellulose. The
predominant form of hemicellulose in the primary cell wall is xyloglucan while the
predominant form of hemicellulose in the secondary cell wall is glucuronoxylan
(GX) in dicots (Hayashi, 1989; Ebringerova and Heinze, 2000). GX is the major
form of xylan composed of a β(1-4) linked xylose linear backbone (Ebringerova
and Heinze, 2000). Other than the linear β-(1-4)-linked xylose backbone, which
can be substituted with arabinosyl or acetyl groups, it also has α-linked side
branches of α-D-glucuronic acid (GlcA), 4-O-methyl-α-D-glucuronic acid
(MeGlcA), and α-L-arabinose, depending on the species (Ebringerova and
Heinze, 2000). These GlucUA and Me-GlcUA side chains are found on every
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other eighth Xyl residue in Arabidopsis glucuronoxylan (Brown et al., 2007). The
reducing end of the xylan chain has a tetrasaccharide sequence, β -D -Xyl-(1,3)α -L -Rha-(1,2)- α -D -GalUA-(1,4)-D -Xyl. This reducing end is hypothesized to
play an important role in xylan function or xylan synthesis as it is conserved in a
range of plant species (Johansson and Samuelson, 1977; Andersson et al.,
1983; Peña et al., 2007). Genes involved in xylan synthesis include members of
the glycosyltransferase family 47 (FRA8 /IRX7 and IRX10), glycosyltransferase
family 43 (GT43; IRX9 and IRX14), and glycosyltransferase family 8 (IRX8 and
PARVUS) (Zhong et al., 2005; Bauer et al., 2006; Brown et al., 2007, 2009; Lee
et al., 2007b; Peña et al., 2007; Persson et al., 2007; Wu et al., 2009). IRX9,
IRX9L IRX10, IRX10L, IRX14 and IRX14L are annotated as xylosyltransferases
in the synthesis of the β -1-4-xylan backbone from previous studies (Brown et al
2009; Peña et al., 2007; Wu et al., 2010), while the tetrasaccharide reducing end
synthesis requires IRX8, FRA8, and PARVUS (Lee et al., 2007a; Peña et al.,
2007; Zhong et al., 2005).

1.8 Research objective
The objective of my research was to test the hypotheses that UPEX and
SPG2/IRX9L function in exine patterning in developing Arabidopsis microspores
by affecting the synthesis or modification of the polysaccharide primexine wall
layer. To test these hypotheses, I characterized UPEX and SPG2/IRX9L
functions in microspore development. This included detailed analysis of the upex
and irx9l mutant phenotypes at the morphological level using different
microscopy techniques and biochemical level using immunolabeling experiments,
as well as analysis of UPEX and SPG2/IRX9L gene expression patterns.
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Chapter 2. Materials and methods
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2.1 Plant material and growth conditions
Arabidopsis thaliana (Arabidopsis) T-DNA insertion mutants were identified using
The Arabidopsis Information Resource (http://www.arabidopsis.org/index.jsp) and
ordered from The Arabidopsis Biological Resource Center
(http://www.arabidopsis.org/abrc/index.jsp). Arabidopsis wild-type (Col-0) and
mutant seeds were sterilized with 70% ethanol. After being covered in
aluminum foil and put through a cold treatment of two days at 4° C, seeds were
placed at 20° C under 24-hour fluorescent lighting for germination. Ten to
fourteen days later, the seedlings were transferred to soil and grown in an
environmentally controlled chamber at 21° C under long-day conditions of 16
hours light and 8 hours dark.

2.2 Characterization of insertion mutants
Agrobacterium tumefaciens transfer-DNA (T-DNA) insertion line primers were
designed using the SALK T-DNA or SAIL-T-DNA verification primer design
program through Salk Institute T-DNA express Arabidopsis gene tool
(http://signal.salk.edu/tdnaprimers.2.html). Homozygous plants were identified
by Polymerase Chain Reaction (PCR) using genomic DNA. LB1.3 or SAIL1
primers were used as the left border primer for T-DNA insertions in conjunction
with a right border gene-specific primer to detect the presence of the T-DNA
insertion. Gene-specific primers from both sides of the T-DNA insertion site were
used to detect the presence of wild-type allele as heterozygote and wild-type
plants would produce a PCR product, and homozygotes for the T-DNA insertion
would not.

2.3 RNA isolation and RT-PCR gene expression analysis
Different Arabidopsis tissues (70 mg) were isolated and frozen in liquid nitrogen
before grinding to a fine powder using beads (1.0mm Zirconia/Silica from
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BioSpec) with a beater at 4° C at a speed of 6000 rpm (Bertin Precellys 24).
RNA was extracted with TRIzol (Invitrogen) and cleaned with a DNAse Kit
(Invitrogen). RNA was quantified using a Nanodrop spectrophotometer (Thermo
Scientific 8000). cDNA was generated using Superscript II Reverse
Transcriptase (Invitrogen) following the manufacturer’s protocol. IRX9L specific
primers used to detect the expression of SPG2/IRX9L in the irx9l mutant are
listed in Table 2.1 as IRX9L cds fp, IRX9L cds rp. ACTIN 2 primers were used as
a control. UPEX-specific primers used to detect UPEX’s tissue specific
expression and UPEX’s expression in upex-1 are listed in Table 2.1 as UPEX
cds fp, UPEX cds rp. ACTIN 2 primers were used as a control. Primers used to
detect UPEX splice variants are given in Table 2.1 and were designed to include
a common forward primer near the start codon (UPEX spl var size fp), reverse
primer specific to splice variant 1 (UPEX spl var short rp) and reverse primer
specific to splice variant 2 (UPEX spc var long rp). The PCR conditions used to
amplify the corresponding cDNA sequences were: 95° C for 3 minutes, followed
by 28-30 cycles of 94° C for 30 seconds, 55° C for 30 seconds, 72° C for 60
seconds, ending with 72° C for 10 minutes, using Bio Rad Master Q mix in a 10
ul total reaction.
2.4 Phenotypic analyses
2.4.1 Fluorescence microscopy
Pollen was stained with 0.01% auramine O in water for 3 minutes. Water was
used to rinse the samples before samples were mounted in water and secured
with a thickness #1.5 coverslip (Fisher Scientific). Pollen was examined with
UltraView Vox PerkinElmer spinning disk confocal mounted on a Leica DM16000
inverted microscope and a Hamamatsu 9100-02 CCD camera.
Excitation/emission filters GFP (488/525) was used along with Leica oil
immersion 63X objective (plan-Apo, NA 1.4). Velocity image analysis software
(Improvision) was used to process all images taken with this microscopy.
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2.4.2 Two-photon laser scanning (2P) microscopy analysis
Individual anthers were immersed in a drop of water and sealed beneath a
thickness #1.5 coverslip (Fisher Scientific) in a small petri plate. Intrinsic
fluorescence of live anther tissues was imaged using an Olympus Multi-photon
Laser Scanning Microscope FV1000MPE connected to a Mai Tai Deepsee laser
using an excitation wavelength at 640nm. The objective used was Olympus
XLPLN 25X WMP with NA 1.05. Images were captured with Olympus Fluoview
version 3.1.
2.4.3 Scanning electron microscopy (SEM)
Pollen was collected from open flowers and placed on sticky tabs on aluminum
SEM stubs (Ted Pella, Inc.). Samples were coated with 9nm gold-platinum with
a Cressington 208HR High-resolution sputter coater. Samples were examined
with a Hitachi S-2600N Variable pressure SEM.
2.5 Chemical fixation and sample preparation
2.5.1 FAA fixation
The protocol was described by Kim (2011). Developing wild-type, irx9l and upex1 anthers were fixed in 20mL formaldehyde-acetic acid-ethanol (FAA) fixative
(3.7% formaldehyde, 5% acetic acid, 50% ethanol and 41.3% distilled water)
overnight at 4° C. The samples were then dehydrated with an ethanol series as
follows: 30 min of 50% ethanol twice, one hour each of 60%, 70%, 85%, 95%
and 100% ethanol. Samples were kept in fresh 100% ethanol overnight at 4° C.
2.5.2 Paraplast embedding
75%: 25%, 50%: 50%, 25%: 75% ethanol:Safeclear solutions (Fisher Scientific,
Protocol) were used to treat dehydrated samples. Following the two washes with
100% Safeclear, samples were placed in a vial with 25%: 75% paraffin
(Paraplast plus, Sigma):Safeclear in a 60° C oven for 4 hours. 50%: 50%
paraffin:Safeclear was used to replace the previous solution and samples were
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kept at 60° C overnight. Fresh molten 100% paraffin was used to replace the
paraffin Safeclear solution 4 times at 60° C every 12 hours.
2.5.3 Sectioning paraplast sample
Embedded samples were sectioned with a microtome (Microm HM325) to 10 µm
thickness. Sections were put on a water drop on a poly-L- Lysine-coated slides
(Electron Microscopy Science) and dried at 40° C for two to three hours.

2.6 High-pressure freezing and freeze substitution
2.6.1 LR White sample preparation
The protocol was described by McFarlane et al., (2008). Arabidopsis Col-0,
upex-1 and irx9l mutant anthers were dissected from developing flower buds and
loaded into copper B hats (Ted Pella, Inc.) filled with an aqueous 0.2M sucrose
solution. Samples were high-pressure frozen using a Leica HPM-1-highpressure freezer. Hats were transferred immediately to cryovials with 0.25%(v/v)
glutaraldehyde and 0.1% (w/v) uranyl acetate in HPLC-grade acetone with 8%
(v/v) dimethoxypropane. Samples were then freeze substituted for 4 days at 80°C in a dry ice/acetone slush box. Cryovials were then transferred to metal
blocks at -20°C for 20 hours, then to 4 °C, before they were moved to room
temperature. Samples were then rinsed in HPLC-grade acetone. Infiltration with
LR White (EM.co medium hard) was performed according to the protocol of Spurr
(1969). The infiltration series started at one drop, two drops, three drops, four
drops, 10% LR White in acetone overnight, followed by 20%, 40% and 60% LR
White in acetone overnight the second day. This was followed by 80%, 100%
and fresh 100% LR White overnight the third day. Samples were placed in fresh
100% LR White inside a gel capsule and left at 60°C overnight for polymerization
the fourth day.
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2.6.2 Spurr’s epoxy resin sample preparation
Protocols used for sample preparation for Arabidopsis Col-0, upex-1 and irx9l-1
mutant anthers were the same as the LR White samples except the freeze
substitution medium contained 2% osmium tetroxide in HPLC grade acetone with
8%(v/v) dimethoxypropane. Spurr ‘s resin (Canemco) embedding was done
according to McFarlane et al. (2008) and Spurr (1969). Resin-embedded
samples were transferred to capsules (BEEM embedding capsules #70020,
Electron Microscopy Sciences) and left at 60ºC overnight for polymerization.
2.7 Transmission electron microscopy (TEM)
The protocol used for spurr samples was described by Quilichini et al., (2010).
The protocol used for LR White samples was described by McFarlane et al.,
(2008). LR White and Spurr’s embedded sections were sectioned using a
Reichert Ultracut E ultramicrotome to a thickness from 0.35 to 0.8 µm for
toluidine blue-staining to determine the stage of anther development. Spurr’s
sample sections with a thickness of 60 nm to 75 nm were sectioned using a
Reichert Ultracut E ultramicrotome and put on 100 mesh copper grids coated
with formvar. Grids were first stained with uranyl acetate (2% in 70% (v/v)
methanol) for 18 min before they were stained with Reynold’s lead citrate for 8
min. Samples were imaged using a Hitachi H7600 TEM connected with an AMT
Advantage (1 megapixel) CCD camera (Advanced Microscope Technologies).
2.8 Immunolabeling
LR White samples were sectioned to 0.35 µm thicknes using a Reichert Ultracut
E ultramicrotome and put on to Teflon-coated slides. Immuno-labeling for
fluorescence light microcopy using a semi-thin section protocol was described by
McFarlane et al. (2008). The primary antibody LM10 against xylan epitopes
(McCartney et al., 2005) was used at a 1:100 dilution, followed by 1:100 dilution
of the secondary antibody (rabbit –anti rat-Alexa 488). Sections were imaged
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using Zeiss Axioplan2 microscope connected to Q-cam digital camera with
excitation/emission GFP filter (470/525).
LR White sample sections with a thickness of 60nm to 75nm were sectioned
using a Reichert Ultracut E ultramicrotome and placed on 100 mesh Nickel grids
coated with formvar. Immuno-gold labeling for TEM on ultra-thin sections was
performed as described in McFarlane et al., (2008). The primary antibody LM10
was used at a dilution of 1:20, followed by of the secondary antibody, 10 nm
gold-conjugated goat anti-rat at 1:50 dilution (Ted Pella, Inc). Staining and
imaging LR White samples are the same as staining and imaging Spurr samples.

2.9 Cloning and plant transformation
35S:UPEX-YPF and 35S:IRX9L-YPF constructs were generated using the cDNA
created with Superscript II Reverse Transcriptase (Invitrogen) following the
manufacturer’s protocol. A gene-specific forward primer IRX9L pro fp and UPEX
pro fp and the gene-specific reverse primer IRX9L pro rp and UPEX pro rp (Table
2.1) were used to generate a C-terminal fusion. I used Phusion High Fidelity
Taq DNA polymerase (Bio-Rad) to amplify cDNA following the manufacture’s
protocol. DNA was then purified with a Gel Purification Kit (Invitrogen) following
the manufacturer’s protocol. The purified DNA was then sub-cloned into the
pCR8/GW/TOPO (Invitrogen) following the manufacturer’s protocol. After
verifying the vectors by DNA sequencing, the DNA fragments were subcloned
into pEarlyGate101 Gateway binary vector (Nakagawa et al., 2007). Electrocompetent Agrobacterium tumefaciens strain GV3101 was then transformed with
the destination vector carrying the gene of interest. The transformants were
selected using 25 mg/L gentamycin, 25mg/L rifampicin and 50mg/L kanacycim
LB plates.
To generate proIRX9L:GUS, a 1244-bp Arabidopsis genomic DNA fragment with
1174 bp 5’ to the translation start site was sub-cloned into pCR8/GW/TOPO
(Invitrogen) using methods described above. The pGWB3 binary vector was
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then used for the next transformation. The destination vector was then
transformed into electro-competent Agrobacterium tumefaciens strain GV3101 as
above. Transformation into wild-type plants was performed using the floral dip
method (Clough and Bent, 1998).
To generate proUPEX:GUS and proUPEX:YFP, a 1030-bp Arabidopsis genomic
DNA fragment with 1022 bp 5’ to the translation start site was sub-cloned into
pCR8/GW/TOPO (Invitogen) using the methods described above. The pGWB3
binary vector was used as the destination vector for the next transformation to
generate proUPEX:GUS, while the PGWB4 binary vector was used as the other
destination vector for the transformation to generate proUPEX::YPF. The
destination vectors were then transformed into electro-competent Agrobacterium
tumefaciens strain GV3101 separately. Transformation into wild-type plants was
performed using the floral dip method described above.

2.10 Transient expression/subcellular localization
Transient expression of 35S::UPEX-YFP in Nicotiana benthamiana leaves was
used to assay the UPEX subcellular localization. Two days after co-infiltration
with a Agrobacterium tumefaciens strain carrying the 35S::UPEX-YFP vector and
another Agrobacterium tumefaciens strain carrying the 35S::HDEL-RFP vector,
the Nicotiana benthamiana leaf was mounted in water and secured with a
thickness #1.5 coverslip (Fisher Scientific). An Olympus laser confocal scanning
microscope FV1000D with excitation/emission filter: YFP (514/540), RFP
(561/595) was used to visualize the YFP location. The objective used was water
immersion 40x objective (LUMPLFLN40XW, NA 0.8). Images were captured
with Olympus Fluoview version 3.1.
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2.11 β-Glucuronidase (GUS) assay
The protocol used was as described by de Azevedo Souza et al., (2009). Flower
buds were immersed in the GUS substrate solution (50nM sodium phosphate
buffer, pH7.0, 0.1% Triton X-100, 3mM potassium ferricyanide, 3mM potassium
ferrocyanide, and 1mM 5-bromo-4-chloro-3-indolyl B-D-glucuronide). Following 2
hours of vacuum infiltration, samples were incubated at 37°C overnight in the
dark.

Table 2.1 Primers used
Primer Name
UPEX CDS RP WITH STOP
upex SK_091466 LP
upex SK_091466 RP
irx9l SK_037323 LP
irx9l SK_037323 RP
UPEX FP native pro
UPEX RP native pro
UPEX RT fp
UPEX CDS cloning FP
UPEX SAIL_544_C02 RP
UPEX SAIL_544_C02 LP
IRX9L pro fp
IRX9L pro rp
IRX9L cds rp
IRX9Lcds fp
irx14 SK066961rp
irx14 SK066961lp
irx14l Sk038212lp
irx14l Sk038212rp
UPEX pro rp2
UPEX pro rp
UPEX pro fp
UPEXspl var size fp
UPEX spl var size longrp
UPEX spl var short rp
AT5G41890 SALK_070701 LP
AT5G41890 SALK_070701 RP
AT5G41890 GK-509B03 LP1
AT5G41890 GK-509B03 RP1
AT4G41890 GK-509B03 LP2
AT4G41890 GK-509B03 RP2
AT5G41890 SALK_070701 RT LP
AT5G41890 SALK_070701 RT RP

Primer sequence 5' to 3'
TAA ATT CAT GAC TCT TAA TTG
TTT ACT GCT TGG TGA GTT CTC G
AAT GGC AGT GCA AAA CAT AGC
GAC TAG TTG AGT CGC CTG TGC
CTT CCA TCT CGC TTT CAT CAG
TTG TTG TGT AAG TGT AAC CAG
GAC GAA GAA GCG AAA ATT AGC
TGT GTC GTT AGG AGC ATG GAT
ATG AGG GCG AAA GCT GCT TCG
GAG TTA GCA GCA GCA CGT ACC
AGT GTC TCC TTC AGC ACA AGC
CCA TCT TTT TTC CTT
CCG GAT TGA CGC CAT CAG AT
TTT CAT AGT TAT GAG AGC CTG
ATG GCG TCA ATC CGG CGA ACT
ATC GAT GTA CGG TGT GAG GAG
CTT GCT CTT CGA CAC TCT TGG
AAC GAC ACG TGT ACC TCC TTG
AAC ATC ACA ATC CCA TCA AGC
CGC CCT CAT CTC CGC GCC T
CTC CGC GCC TCC TTA GTG CTA
CTA ATT AAG TAT GGT AGA CCA
CTC CTG GTG TTG CAC TGT GT
CAG CAG CAA GAA AAG ACG TG
TAT CAC AAA CCT TAC AAC AAT
TGT TAC TGC AAT GTC TGC AGG
TGG TCC TCC ATT TAA CCA CAC
TGA CTT GTT CGG AGC ATT TTC
AAA CCG TTT CTG AAT TGG TCC
GGC AAA TTC CAT AAA TGC AAC
ACG CAA TTG ACA CCG ATT TAG
AGC AGC TTG TGA GGA CAG GT
AGC CTT TGA GCG AGT GAT TG
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Primer Name
AT4G28395 SALK_038995 RT RP
AT4G28395 SALK_038995 ATG
AT4G28395 SALK_038995 STOP
AT4G28390 LP (RT)
AT4G28390 RP (RT)
AT4G28395 GK-288A12 LP
AT5G41890 SK_148701 RP
AT5G41890 SK_148701 LP
AT4G29250 SK_147254 LP
AT4G29250 SK_147254 RP
AT3G23840 GK180G04 LP
AT3G23840 GK180G04 RP
AT3G23840 SK_079871 LP
AT3G23840 SK_079871 RP
AT3G23840 SK_126074 LP
AT3G23840 SK_126074 RP
AT1G27600 SK_089553 LP
AT1G27600 SK_089553 RP
AT1G27600 GK_742B12 LP
AT1G27600 GK_742B12 RP
tsp at4g20420 SALK_031576 lp
tsp at4g20420 SALK_031576 rp
At1g03390 GK-223H01 LP
At1g03390 GK-223H01 RP
AT1G03390 GK-700G02 LP
AT1G03390 GK-700G02 RP
bahd at4g29250 cds fp
bahd at4g29250 cds rp

Primer sequence 5' to 3'
TTC TCA ACG TCG GGA TTC TT
ATG CAT AAT AAA CTC CAC C
TTA ATT TAA TTT CTC AAC GTC G
GAC GTC AGG TGA AGC AGT GA
CCA CCA CCA GAG CCA TAC TT
TGG CTT TGA AAG TGT TGG ATC
AGG ATT CAT TCA GCT GGT GAC
TCC CCA CTG ATG TCC TAC AAG
TTC TGT GTA ATC CAA TCG TTG C
AAC CAA ACC AAA ATA AAC CGG
GACTCATCAAGTTCTGCCCTG
GAT CTA CTG CCC CAA AAC CTC
ACA GCA CGT GAC TTG ACT GTG
CAA TCT CAT CGA TCA CAA CCC
GTC ACT TCG CAA AAA GCA CTC
AGA TTG TGA AAT CGA TCG GTG
ACC TCT ACG CGA GCT TTT AGG
TGA AAC TAG ATA TCT GCT TGT ACC G
ATG GTT CAG CTC CAT GTG TTC
TGT CCG TTT GTT ATC GAT TCC
TAC ATT TTG TCG GCT TTG GAC
CTC CAG AAG ACG GTG TTG AAG
GCT TCC CAC CAA ACT CTA ACC
TCA CTC ACC TCC ATA TCC CAG
ATCTCACCTAGACCAAACCGG
GAC TGA AAA CGT GAG CCT GAG
ATG TTT GCT AAA GAG AAG AC
TAA TTG CTT TGT ATC TTC CA
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Chapter 3. IRX9L/SPONGY2 contributes to the
biosynthesis of the hemicellulose xylan during pollen
wall development and is required for exine patterning
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3.1 Introduction

A major class of cell wall polysaccharides is hemicellulose. Recent
research has identified glycosyltransferases (GT) that are involved in the
biosynthesis of hemicelluloses including glucuronoxylans (Scheible and Pauly
2004; Wu et al., 2010). The GT enzymes IRX9, IRX9L IRX10, IRX10L, IRX14
and IRX14L are responsible for the synthesis of the β-1,4-xylan backbone
(Brown et al 2009; Peña et al., 2007; Wu et al., 2010).
A forward genetic screen in Arabidopsis by Dobritsa et al., (2011) for
mutations leading to defective pollen wall exine deposition identified the spongy2
(spg2) mutant, characterized by an abnormal “spongy” pattern of exine
deposition. The SPG2 gene was identified as At1g27600, which encodes a GT
synonymous with IRREGULAR XYLEM9-LIKE (IRX9L).

IRREGULAR XYLEM9

(IRX9) is a major enzyme required for the polymerization of the β-1-4-xylan
backbone during glucuronoxylan (GX) biosynthesis. The irx9 mutant has
reduced xylan content and reduced backbone glucuronoxylan length with a
reducing-end tetrasaccharide speculated to terminate chain elongation (Wu et
al., 2010). When IRX9 was expressed in Saccharomyces cerevisiae, no
xylosyltransferase function was found, leading to the hypothesis that GX
synthesis requires a multi subunit enzyme complex, possibly including IRX14
(Brown et al., 2007; Peña et al., 2007; York and O’Neil, 2008; Doering et al.,
2012).
IRX9L is a homolog of IRX9 and they share 64% amino sequence
similarity and 44% amino acid sequence identity (Wu et al., 2010). While 4-week
old irx9 plants are shorter than wild-type plants (Brown et al., 2005; Wu et al.,
2010), irx9l plants have no height difference compared to wild-type plants (Wu et
al., 2010). However, the double mutants irx9-2 irx9l-1 and irx9-2 irx9l-1 both have
stronger phenotypes than the single mutants, with stunted growth, small rosettes,
small leaves, and lack of an inflorescence stem even after six weeks of growth
(Wu et al., 2010). However, irx9 irx9l/+ mutants have a phenotype intermediate
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to the homozygous double mutant, while irx9/+ irx9l appears wild-type like. The
double mutant also has collapsed vessels with little to no secondary cell wall
formation, similar to the irx9 irx9l/+ mutant, while this is not observed in irx9/+
irx9l mutant and the irx9l single mutant. Despite the fact that the irx9l mutant
contains a similar amount of xylan compared to wild-type plants (Wu et al.,
2009), the xylan content in the irx9 irx9l double mutant is significantly lower than
the single irx9 mutant. In addition, under the control of the cauliflower mosaic
virus 35S promoter, both IRX9 and IRX9L can rescue the irx9 and irx9l irx9
double mutant phenotypes. This suggests IRX9 plays a more important role in
xylan backbone synthesis during secondary cell wall formation compared to
IRX9L, but that differences in expression of the corresponding genes rather than
in the encoded enzyme activity distinguish IRX9 and IRX9L functions.
Additional data suggests that while IRX9L/SPG has an enzymatic function
similar to IRX9, IRX9L has a distinct expression pattern. In silico gene expression
analysis using the Arabidopsis eFP Browser (www.bar.utoronto.ca) (Winter et al.,
2007) indicates that IRX9 is most strongly expressed at the base of inflorescence
stems and in developing seeds, with low expression elsewhere, consistent with
its role in xylan biosynthesis in secondary cell walls (Figure 3.1A). In contrast,
IRX9L is expressed in most plant tissues except mature siliques (Figure 3.1B).
Interestingly, IRX9L is expressed in developing flower buds where IRX9 shows
little or no expression (Figure 3.1), consistent with a role for IRX9L/SPG in pollen
wall formation and exine patterning.
In this chapter, I explored in detail the function of IRX9L/SPG2 in pollen
wall formation and exine patterning. My results suggest that IRX9L/SPG2 is
required for primexine formation during the tetrad stage, and xylan-containing
hemicellulose is present in the developing pollen wall, and that IRX9L-derived
xylan is required for establishment of proper exine patterning in the early stages
of pollen wall formation.
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3.2 Results

3.2.1 irx9l phenotype analysis
The previously described irx9l-1 T-DNA insertion allele (Salk_037323),
irx9l-1 has an insertion in intron 1 (Wu et al., 2010). After I obtained seeds of this
line, homozygous plants were identified by PCR-aided genotyping. Reverse
transcription (RT)-PCR with template cDNA derived from irx9l-1 mutant flower
buds confirmed that irx9l-1 is a loss-of-function allele with no detectable
expression (Fig 3.2B). The other insertion allele (Salk_089553) is not a knock-out
mutant and was not used for further studies. As seen in Figure 3.2C, irx9l-1 has
wild-type like vegetative growth as previously reported in Wu et al., (2010). I
initially screened homozygous insertion lines for male sterility because previous
studies have shown mutants with exine biosynthesis/deposition defects often
have reduced fertility or are sterile. Since all homozygous irx9l-1 plants were
fertile and made pollen, I assayed plants for possible reduction in fertility. I
counted the number of seeds produced per silique and compared this number to
wild-type plants. When I quantified seed set in siliques taken at random from
different irx9l-1 and wild-type Col-0 plants, irx9l-1 produced on average 50 seeds
per silique while wild-type Col-0 produced on average 54 seeds per silique
(Table 3.1). These data showed there is no significant seed reduction in irx9l
plants relative to wild-type. For all further experiments, the irx9l-1 allele was used
and is referred to as irx9l.

3.2.2 Microscopic analysis of mature pollen phenotypes
I carried out initial analysis of the irx9l pollen phenotype by staining
mature pollen grains with auramine O and viewing them with fluorescent
microscopy. This method has been previously used in assays for exine defects
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(Grienenberger et al., 2010; Kim et al., 2010; Dobritsa et al., 2011), and can
reveal relatively subtle differences in exine structure and patterning. Using this
method, irx9l was found to produce pollen without the regular reticulate and netlike exine pattern typical of wild-type pollen (Fig 3.3A and Fig 3.3D). This
confirms the spongy phenotype of irx9l pollen reported by Dobritsa et al., (2011).
Light microscopy of toluidine blue-stained wild-type and irx9l microspores at the
free microspore stage after exine deposition (Figure 3.3B, E) indicated that the
irx9l microspores looked similar to wild-type at this stage. Two-photon (2P)
microscopy allows imaging deep within live tissues without damaging the sample.
Developing microspores and pollen grains can be imaged using the
autofluorescent properties of the exine and other anther components under UV
excitation of 640nm (Quilichini, 2014 [PhD thesis]). Using 2P microscopy, I
viewed the microspores, surrounded by the tapetum within the intact live anthers.
As seen in Figure 3.3C and Figure 3.3F, irx9l microspores appeared to have a
thinner pollen wall compared to wild-type, but the exine showed similar
autofluorescence, suggesting that the exine was similar to that of wild-type. No
changes in the autofluorescence of tapetal cells or the locular matrix were
observed.
Scanning electron microscopy (SEM) provides greater resolution of pollen
grain surfaces to reveal differences in their exine patterning. Using SEM, irx9l
pollen was found to have a spongy exine appearance compared to wild-type Col0 (Figure 3.4A and B). Some irx9l pollen appeared to have collapsed during
SEM imaging. In order to test if this collapsed phenotype was the result of the
vacuum created during SEM imaging or the pollen grains were collapsed in
nature, cryo SEM was used. As seen in Figure 3.4F, the collapsed pollen grain
phenotype was no longer present in these samples relative to wild-type (Figure
3.4C).
To view the irx9l/spg2 phenotype at a higher magnification and resolution,
and to better determine the impact of the irx9l loss of function mutation on exine
deposition at the ultrastructural level, I used transmission electron microscopy
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(TEM) of thin sections taken from high pressure frozen irx9l anthers. As seen in
Figure 3.4E, TEM revealed that the exine of irx9l pollen had a distinct phenotype,
with thicker baculae relative to wild-type exine (Figure 3.4B) but wild-type like
intine.
As seen in Figure 3.1, IRX9L is expressed in most tissues in Arabidopsis.
In order to determine the cell-types in which the gene is expressed during anther
development, proIRX9L::GUS transformants were generated. Flower buds from
proIRX9L::GUS transformants were stained, fixed and sectioned for GUS activity.
This revealed that IRX9L is expressed in the tapetum and microspores as well as
other anther cell types at the tetrad stage of anther development (Figure 3.5A),
and in mature tricellular pollen grains (Figure 3.5B).
Given this expression in both the gametophyte and the sporophyte, it was
of interest to determine if the loss of IRX9L expression in the gametophyte or
sporophyte is responsible for the spg exine phenotype. I identified irx9l/IRX9L
heterozygotes in a segregating population, and assayed the phenotype of pollen
released from these anthers by SEM. As shown in Figure 3.4C, all pollen from
irx9l IRX9L plants appeared to have a wild-type phenotype. This suggests that
IRX9L functions in the sporophyte to determine exine structure, since a 1:1
segregation of the SPG and spg phenotypes in pollen would be expected if the
gene was functioning in the gametophyte to produce this phenotype.

3.2.3 Anther and microspore development in irx9l
Anther cross sections were used to compare anther development in wildtype Col-0 and irx9l plants (Figure 3.6). Using light microscopy, irx9l anther
development appeared to be relatively similar to wild-type Col-0 from stages 1 to
7 according to the anther development stages reported by Sanders et al., (1999)
(Figure 3.6 A, B, E, F). At stage 9/10, when sporopollenin
deposition/accumulation was evident in the free microspores in light microscopy
anther sections, irx9l microspore walls appeared be thinner and less reticulate
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compared to wild-type (Figure 3.6 C, G) and this was also seen in irx9l stage
11/12 microspores (Figure 3.6 D, H).
The primexine matrix that first appears at the tetrad stage is thought to act
as a template for the initial sporopollenin deposition and to determine the final
exine structure/pattern (Ariizumi et al., 2007; Dunbar et al., 1984). Since
sporopollenin in irx9l pollen appears to be deposited in a less regular fashion
compared to wild-type, and the primexine layer is thought to contain
polysaccharides, I hypothesized that IRX9L is involved in the formation of the
polysaccharide primexine layer, and that irx9l plants may be defective in
primexine formation. I examined the development of this layer in greater detail in
irx9l plants using TEM. As seen in Figure 3.7A, wild-type microspores had a
uniform primexine matrix surrounding each microspore, within the callose layer,
at early tetrad stage. At late tetrad stage (Figure 3.7B), electron-dense materials
were deposited onto the primexine next to the callose and these electron-dense
materials in the primexine matrix then elongated and appeared connected to the
microspore plasma membrane (Figure 3.7B). These events observed in wildtype plants are consistent with those observed in a detailed analysis of
Arabidopsis microspore development (Quilichini et al., 2014). Compared to wildtype, the primexine layer surrounding irx9l microspores appeared to be much
thinner at early tetrad stage (Figure 3.7E). Exine formation initiated with the
formation of the probaculae following the early tetrad stage. However, in contrast
to the uniform and regular probaculae in wild-type (Figure 3.7B), irx9l
microspores appeared to develop these electron dense probaculae in a less
uniform manner (Figure 3.7F). In contrast to wild-type microspores with
probaculae that became elongated to form baculae with uniform width (Figure
3.7C and 3.7D), irx9l probaculae appeared to be variable in width (Figure 3.7F)
and became elongated to form baculae with non-uniform width as development
proceeded in irx9l pollen (Figure 3.7G and 3.7H).
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3.2.4 The role of IRX9L in xylan biosynthesis during anther development
Since the study by Wu et al., (2010) has demonstrated that the synthesis
of the xylan backbone in Arabidopsis stems involves both IRX9 and IRX9L, and
the antibody LM10 can recognize this xylan backbone, I used LM10 antibody in
different developing anther sections to test if IRX9L functions in xylan
biosynthesis in developing anthers as it does in stems. Control samples were
processed without the LM10 primary antibody. As shown in Figure 3.8A, the
LM10 treated wild-type sample at middle unicellular microspore stage showed
fluorescence surrounding most of the microspores while this signal was not
observed in the irx9l mutant sample (Figure 3.8 C). No fluorescence signal was
observed in samples processed without LM10 (Figure 3.8 B, D). This indicates
that xylan is present in the pollen wall, and that IRX9L activity is required for its
proper formation.
Next, the stage when xylan deposition was first evident was investigated.
Since it was hypothesized that IRX9L is involved in the formation of the
polysaccharide primexine layer that initiates at the tetrad stage of anther
development, samples of this stage were examined for the presence of xylan
using LM10 antibody. As seen in Figure 3.9A and Figure 3.9D, no LM10 signal
was found in either the wild-type or the irx9l mutant anthers at the tetrad stage,
and LM10-treated samples appeared similar to those processed without LM10
(Figure 3.9 B, E). However, as seen in Figure 3.10 A and D, wild-type sample at
the early unicellular microspore stage showed weak but detectable fluorescence
signal surrounding microspores after treatment with LM10. Such fluorescence
was not observed in similar stage irx9l samples (Figure 3.10 E, H) or in samples
processed in the absence of LM10 (Figure 3.10 B, F).
In order to further test the hypothesis that xylan is a component of the
pollen wall required for proper exine patterning, mutants in other GTs involved in
xylan synthesis were investigated for their pollen phenotypes. IRX10, in GT
family 47, and IRX9, IRX14 and IRX14L in GT family 43 all encode
xylosyltransferases involved in the synthesis of the β-1-4-xylan backbone like
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IRX9L. Mature pollen grains from mutants in these genes were investigated
using both light microscopy and scanning electron microscopy. As seen in
Figure 3.11A-F, auramine O stained pollen grains viewed by fluorescence light
microscopy revealed that pollen from irx10, irx14 and irx9 mutants was
indistinguishable from wild-type. However, pollen from the irx14l mutant had a
spongy exine phenotype similar to irx9l. Pollen grains from mutants of these
genes were also viewed by SEM (Figure 3.11G-L). Similar results were
observed, and only pollen from irx9l and irx14l plants (Figure 3.11H, I) had the
spongy, collapsed pollen grain phenotypes. Interestingly, the expression pattern
of IRX14L inferred from the BAR eFP browser is similar to that of IRX9L, and is
distinct from the expression pattern of IRX14 (data not shown).

Discussion
Although the site of sporopollenin precursor synthesis is known to be the
sporophyte tapetal cells, how these sporopollenin precursors are
polymerized/deposited to form the reticulate exine layer on developing
microspores is not well understood. The results of my morphological and
functional study of the Arabidopsis spongy2 (spg2) mutant have provided more
information about this process. This work demonstrates for the first time that
xylan, a hemicellulose polysaccharide, is a component of the pollen wall, and that
deficiency in its biosynthesis in the spg2/irx9l mutant leads to an apparent
primexine defect. This suggests that the xylan component of the primexine or
early pollen wall plays a role in exine deposition at specific locations, leading to
its characteristic reticulate pattern.
SPONGY2 is synonymous to IRX9L, and it encodes a 394-amino acid
protein in the GT family 43. Both IRX9L, a paralog of IRX9 and IRX9 have the
the same enzymatic function in the biosynthesis of the xylan backbone (Wu et
al., 2010). By examining the phenotype of irx9l plants, I confirmed that the
absence of IRX9L expression is responsible for the spongy pollen phenotype.
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My analysis of irx9l revealed there was no difference in vegetative growth
compared to wild-type, as previously reported by Wu et al., (2010). The obvious
spg pollen phenotype and the lack of an irregular xylem (irx) stem phenotype in
the irx9l mutant suggest that IRX9L plays a less important role in vegetative
growth than in pollen wall/exine development. It is likely that IRX9 plays a major
role in xylan biosynthesis in the secondary cell walls of vessels, while in contrast
IRX9L plays a predominant role in xylan biosynthesis during pollen wall
formation.
While irx9l pollen has an obvious defect in exine patterning, I found no
evidence for reduced male fertility in irx9l plants, suggesting that the irx9l pollen
is viable. irx9l pollen grains examined using cryo SEM lacked the collapsed
pollen grain phenotype seem in regular SEM. Hence the collapsed pollen
phenotype in irx9l was likely the result of the a weaker wall in the irx9l mutant not
being able to maintain its shape integrity in the condition used in conventional
SEM imaging. Thus, while irx9l pollen walls appear somewhat compromised in
strength, they appear to be viable under the standard laboratory growth
conditions used. It is possible that under stress conditions such as low humidity
and high temperature, the pollen grains could be less robust than wild-type.
irx9l pollen wall appeared to be thinner and less reticulate compare to
wild-type in 2P imaging and sections from both light and electron microscopy.
Assuming the total amount of sporopollenin produced was the same between
wild-type Col-0 and irx9l, the shorter baculae in irx9l are probably compensated
by the increase in width of the baculae or the increased number of baculae in
irx9l. One interpretation of this result is that the xylan component of the primexine
is required to provide a template or anchor points for sporopollenin deposition at
the tetrad stage of microspore development. Without this primexine component,
the initial sporopollenin deposition became irregular, and subsequent continued
exine deposition occured aberrantly, forming baculae of non-uniform width seen
in the irx9l pollen in Figure 3.7H.
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Since IRX9L is involved in xylan backbone synthesis, the thinner
primexine surrounding the irx9l microspores, revealed by TEM (Figure 3.7E)
could be the result of lacking the xylan component synthesized by IRX9L. To
test this, I used LM10 antibody to test for the presence of xylan in developing
microspores. However, I did not detect any signal in wild-type samples at the
tetrad stage when the primexine is first visible (Figure 3.9). Possible explanations
are that the amount of xylan at this stage is below the detection limit, and/or that
other substances mask LM10 epitopes at this stage. However, at later stages of
anther development, LM10 immunofluorescence was clearly detected in wildtype samples. At the early unicellular stage (Figure 3.10A, D), fluorescence
around the majority of wild-type microspores was evident, and stronger signals
were observed in wild-type samples at the more mature, middle unicellular
microspore stage (Figure 3.8A). No signal was observed in the irx9l mutant in
either the early or middle/late unicellular microspore stages. The ability to detect
xylan starting at the early unicellular stages but not earlier in the tetrad stage in
wild-type samples could be the result of changes that occurred to the
composition or structure of the primexine at these later developmental stages,
exposing more xylan epitopes. Alternatively, xylan deposition could continue
through anther/microspore development, reaching an abundance threshold in the
unicellular microspore stage in wild-type that allowed detection by LM10.
Pollen produced by other xylan biosynthesis mutants irx10, irx14 and irx9
was indistinguishable from wild-type. However, irx14l pollen showed a similar spg
phenotype as irx9l pollen. Consistent with the lack of pollen phenotypes for irx10,
irx14 and irx9 mutants, IRX9, IRX10, and IRX14 are not expressed in developing
flower buds as shown in the microarray data found in
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi. In contrast to their closely related
paralogs, IRX9 and IRX14, IRX9L and IRX14L are expressed in young flower
buds (Figure 3.1; http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) and irx9l and
irx14l do not show an irx xylem phenotype (Keppler et Showalter 2010). These
results support previous conclusions suggesting that IRX9L and IRX14L are
functionally distinct from IRX9 and IRX14 based on divergent expression patterns
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(Wu et al., 2010). IRX9L and IRX14L could have a neofunction in xylan
biosynthesis in pollen wall development. Interestingly, IRX9 and IRX14 have
been hypothesized to form heteromeric xylan synthase complex in xylan
backbone synthesis in secondary cell walls (Doering et al., 2012). If these were
the case, IRX9L and IRX14L would be expected to interact similarly in xylan
biosynthesis in pollen walls.
All pollen from irx9l/IRX9L heterozygotes appeared to have a wild-type
exine phenotype. This suggests that IRX9L expression in the tapetum may play a
more dominant role in xylan deposition and exine patterning in the pollen wall as
the wild-type allele seems capable of rescuing any defects in exine patterning in
haploid microspores having the defective irx9l allele. This is consistent with
genetic data from all previously reported primexine mutants: npu1/NPU1,
rpg1/RPG1, dex1/DEX1 and nef1/NEF1 all produce wild-type like pollen
(Paxson-Sowders et al., 1997, Chang et al., 2012; Guan et al. 2008, Chen et al.,
2010, Ariizumi et al., 2004). It is possible that after the xylan is synthesized by
IRX9L in the tapetum, it is then exported from tapetal cells, transported across
the porous callose layer, and deposited onto the primexine layer at the tetrad
stage (when the irx9l phenotype is first visible). Alternatively, rescue of the irx9l
deficiency in haploid developing microspores by the IRX9L allele in heterozygous
anthers could take place at the tetrad stage (Quilichini et al., 2014). At this stage,
haploid irx9l and IRX9L microspores are in close physical proximity. However,
this would still require xylan transport to adjacent microspores through the
callose layers separating individual haploid cells of the tetrads. Furthermore,
based on LM10 staining intensity, xylan continues to accumulate in the early and
middle unicellular microspore stages.
It is unclear how xylan produced by IRX9L and IRX14L could be trafficked
from tapetal cells to the surface of developing microspores, or between adjacent
cells in tetrads. However, DUF579-containing proteins encoded by IRX15 and
IRX15L have recently been implicated in xylan trafficking to secondary cell walls
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by an unknown mechanism (Brown et al., 2011). A related mechanism could be
involved in xylan transport across tapetal cell membranes into the locular space.
The role of IRX9L in the microspores passes the tetrad stage is still
uncertain. It could be involved in synthesizing the intine layer, which also
contains hemicellulose (Heslop-Harrison 1968b) and which has previously been
reported to be synthesized by the microspores themselves (Nakamura et al.,
2010; Yeung et al., 2011). I detected no ultrastructural differences in the intine of
mature irx9l pollen compare to wild-type Col-0 pollen (Figure 3.4), but its
chemical composition has not been analyzed. If the intine of irx9l is xylan
deficient, it does not seem to affect the intine phenotype of pollen walls, and
irx9l/IRX9L heterozygotes appear normal as discussed above.
In summary, my results suggest that IRX9L/SPG is likely to have a
sporophytic function that is required for primexine formation during the early
stages of pollen wall formation. A loss-of-function mutant in another xylan
biosynthesis gene, IRX14L that is also expressed in developing flowers also
showed the spg exine phenotype. This further supports the hypothesis that xylancontaining hemicellulose is present in the developing pollen wall, and that xylan
is required for proper establishment of exine patterning in pollen wall formation.

40

A

B

Figure 3.1 Expression patterns of IRX9 and IRX9-L/SPG2 using Arabidopsis
eFP browser. (A) IRX9 has a strong expression in the bottom stem and early
developing seeds. Other tissues including developing flower buds have no IRX9
expression. (B) IRX9L has a broad expression pattern, with a high expression in
developing flower buds compared to other tissues, which is different from the
expression pattern of IRX9.
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Figure 3.2 Characterization of the irx9l-1 mutant. (A) Diagram of the
Arabidopsis IRX9L gene drawn based on information from TAIR (the Arabidopsis
Information Research). Exons are blue boxes, 5’ and 3’ untranslated regions are
white boxes, and introns are lines. The T-DNA insertion site is indicated by a
blue triangle and arrows represent the locations of primer annealing sites used
for genotyping. (B) RT-PCR analysis of IRX9L expression in flower buds of wildtype Col-0 and irx9l-1. No transcripts were found in the mutant sample. ACTIN
primers were used as the positive control. (C) Vegetative growth phenotype of
wild-type Col-0 and irx9l-1. There are no morphological differences between the
mutant and the wild-type Col-0 control.
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Table 3.1 Quantification of seed set in irx9l and wild-type Col-0

Genotype Average seeds/silique
irx9l
50±81
Col-0
54±151
1
Average ± S.D; n= 30-36 siliques
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Figure 3.3 irx9l pollen phenotype analyses using light microscopy. (A) to
(C) are images of wild-type. (D) to (F) are images of irx9l mutant. (A) and (D) are
fluorescence micrographs of auramine O stained pollen. (B) and (F) are light
microscopy pictures of toluidine blue-stained anther sections. (C) and (F) are 2photon micrographs using 640nm excitation. Arrows point at exine in both
toluidine blue-stained anther sections and both 2P micrographs. Scale bar
=5µm.
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Figure 3.4 irx9l pollen phenotype analyses using electron microscopy. (A)
to (C) are images of wild-type pollen. (D) to (F) are images of irx9l mutant pollen.
(A) and (D) are scanning electron micrographs. irx9l pollen appears to have spg
exine and are collapsed compare to wild-type. (B) and (F) are transmission
electron micrographs. irx9l pollen appears to have thicker and/or more baculae
compare to wild-type. irx9l appears to have wild-type like intine. (C) and (F) are
cryo scanning electron micrographs. irx9l pollen appeared to have spg exine and
regular cell shape compare to wild-type. in,intine. Scale bar =5µm
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Figure 3.5 proIRX9L:GUS expression and SEM of irx9l/IRX9L anthers. (A)
paraffin section of tetrad stage proIRX9L:GUS transformant. (B) paraffin section
of dehiscent anther stage proIRX9L:GUS transformant. (C) SEM of pollen grains
from an IRX9/irx9l anther. Arrows point at tapetum within the anther. Bar=25µm
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Figure 3.6 Phenotypic characterization of anther and microspore
development in wild-type Col-0 and irx9l flowers. Anther cross sections of
developing flowers of the indicated genotypes are shown. Anther developmental
stages are numbered according to Sanders et al. (1999). Anther/ microspore
development in the irx9l mutant appears to be similar to wild-type until stage 9/10
where the exine is evident in the free microspores. irx9l pollen appears to have a
thinner and less reticulate wall compared to wild type. Insert in C, D, G and H are
the higher magnification images. Arrows point to the exine layer. Scale bars=
25µm.
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Figure 3.7 Transmission electron micrographs of wild-type Col-0, and irx9l
anther development. Wild-type Col-0 and irx9l mutant anthers were prepared
for TEM by high-pressure freezing. Anther development from stage 7 and 10 is
shown from wild-type (A to D) and ix9l (E to H). (A) Primexine was deposited
between the plasma membrane of the microspore and the inner callose wall in
wild-type at the early tetrad stage, (E) irx9l showed a thinner primexine layer
compared to Col-0. (F) irx9l microspores showed uneven probaculae formation
relative to wild-type. (G) The uneven thickness of baculae in irx9l is evident at
this stage. White arrowheads in (B) and (F) indicate probaculae. cw, callose wall;
lo, locule; m, microspore; ex, exine; in, intine. Scale bar=500nm
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Figure 3.8 Epifluorescence microscope images of xylan immunolocalization in
middle unicellular microspore stage. Samples were high pressure frozen and
embedded in LR White medium grade resin. (A) and (B) are wild-type Col-0 samples.
(C) and (C) are irx9l samples. (A) and (C) are samples were treated with LM10
followed by secondary antibodies conjugated with Alexa 488. (B) and (D) are control
samples treated with secondary antibodies only. After LM10 incubation, Col-0
microspores in middle unicellular microspore stage have fluorescence surrounding them
while irx9l microspores lack such fluorescence. Scale Bar=20µm
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Figure 3.9 Epifluorescence microscope images of xylan immunolocalization in
tetrad stage microspores. Samples were high pressure frozen and embedded in LR
White medium grade resin. (A) to (C) are wild-type Col-0 samples. (D) to (F) are irx9l
samples. (A) and (D) samples were treated with LM10 followed by secondary antibodies
conjugated with Alexa 488. (B) and (E) samples are controls treated with secondary
antibodies only. (C) and (F) are toluidine blue-stained light microscopy images. Both
Col-0 and irx9l microspores in tetrad stage had no fluorescence surrounding them after
LM10 incubation. Bar=20µm
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Figure 3.10 Epifluorescence microscope images of xylan immunolocalization in
early unicelluar microspore stage. Samples were high pressure frozen and
embedded in LR White medium grade resin. (A) To (D) are wild-type Col-0 samples.
(E) to (H) are irx9l samples. (A) and (E) samples were treated with LM10 followed by
secondary antibodies conjugated with Alexa 488. (B) and (F) samples are controls
treated with secondary antibodies only. (C) and (G) are toluidine blue-stained light
microscopy images. (D) and (H) are enlarged images of (A) and (E). The higher
magnification in D and H showed that majority of Col-0 microspores in early unicellular
microspore stage have fluorescence surrounding them [arrows in (D)] with no signal in
the tapetum while irx9l microspores are not surrounded by any fluorescence after LM10
treatment. Bar=20µm
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Figure 3.11 Comparison of exine structure in wild-type, irx9l, irx14l, irx14,
irx9 and irx10 pollen. (A) to (F) are confocal micrographs of pollen stained with
the fluorescent dye auramine O. (G) to (L) are scanning electron micrographs.
Pollen from irx10, irx14 and irx9 mutants are indistinguishable from wild-type.
irx14l and irx9l share a similar spg exine phenotype. Bars=10µm
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Chapter 4. UPEX is a putative galactosyltransferase
required for primexine development and exine
anchoring in pollen wall formation in Arabidopsis
thaliana
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4.1 Introduction
Sporopollenin precursors are synthesized by the sporophytic tapetal cells
that line the locule of anthers, but the mechanisms of their polymerization and
deposition to form the exine layer on developing microspores are not well
understood (Piffanelli et al., 1998; Quilichini et al., 2014). Identifying additional
genes involved in sporopollenin polymerization and deposition can provide a
better understanding of these processes. Genes with similar expression patterns
may function in the same pathway or process. ACOS5, an Arabidopsis thaliana
(Arabidopsis) gene required for exine/pollen wall formation, was used as the bait
gene to generate a co-expression list based on publically available microarray
data using the ATTED co-expression analysis tool (http://atted.jp/; de Azevedo
Souza PhD thesis). Glycosyltransferases (GTs) are involved in synthesizing
different polysaccharide including cellulose, hemicellulose and pectin (Scheible
and Pauly 2004; Wu et al., 2010). Since polysaccharides are found in the
primexine in Lilium longiflorum (Heslop-Harrison,1968), the ACOS5 coexpression list was used to identify Arabidopsis GTs that could be involved in
pollen wall formation. From that list, At1g33430 was identified as a GT highly coexpressed with ACOS5, with an r2 value of 0.827.

4.1.1 Phylogenetic relationship with other known GTs
The co-expressed gene At1g33430 is annotated as a GT in the
galactosyltransferase subfamily at TAIR (http://www.arabidopsis.org) based on
its sequence. It is classified as one of the 20 galactosyltransferase Arabidopsis
genes in the CAZy-Glycosyltansferase family 31, based on sequence homology
with characterized GTs (Campbell et al, 1997). The 20 Arabidopsis members in
this family in Group A and Group B and the other known β-(1,3)galactosyltransferase (GalT) all contain a conserved Pfam domain:PF01762
GalT domain (Qu et al., 2008) similar to the mammalian β-(1,3)-GalT sequences
(Qu et al., 2008).
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As seen in Figure 4.1, At1g33430 is positioned in Group A, subgroup II in
a phylogenetic tree of Arabidopsis galactosyltransferase proteins (Qu et al.,
2008). There are six conserved regions shared between the 20 Arabidopsis
galactosyltransferase genes (Qu et al., 2008). The common DXD domain in
region 6 was hypothesized to be responsible for recognizing galactose over other
sugars (Qu et al., 2008). A preliminary in vitro enzyme substrate study on
At1g77810, a gene in the same subgroup II as At1g33430 (Figure 4.1), showed
that the protein product can catalyze the formation of β-1,3-Gal linkages using
UDP-Gal as a donor (Qu et al., 2008). The close phylogenetic relationship of
At1g33430 to At1g77810 suggests the protein encoded by the At1g33430 GT
could have a similar enzymatic activity.

4.1.2 UPEX has a high co-expression value with genes known to be
involved in exine formation
The recent forward genetic study by Dobritsa et al., (2011) reported that a
loss-of-function mutation in At1g33430, named UPEX for UNEVEN
PATTERNING OF EXINE, causes exine defects. The SALK_091466 knockout
mutant line produces pollen with patches of missing exine and an exine layer that
dissociates more easily compared to wild-type, leaving the pollen grains partially
exine-less (Dobritsa et al., 2011). As seen in Figure 4.2 (screen shot of the
At1g33430 developmental expression pattern from the Arabidopsis eFP browser
at htttp://bar.utoronto.ca), At1g33430 expression is restricted to developing
flower buds, consistent with its co-expression value with ACOS5.
Taken together UPEX’s expression data, the defective exine phenotype of
the upex mutant, and the in vitro substrate preference of a GT closely related to
UPEX suggest that the potential At1g33430/UPEX GT activity could be to modify
the surface of the developing primexine prior to exine deposition by
galactosylation of a polysaccharide component, or be involved in synthesizing
polysaccharide components of the primexine. To further test the role of UPEX in
pollen wall development in this chapter, I characterized in detail the expression of
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UPEX and the phenotypic consequences of its loss of function. My data
confirmed that UPEX activity is required for anchoring exine to the developing
microspores, UPEX plays a role in primexine development and structure, and
that UPEX expression in sporophytic tapetal cells is likely to be required for its
function.

56

Figure 4.1 Phylogenetic analysis of Arabidopsis genes in CAZy GT-family31 based on sequence similarities. The 20 putative β-(1,3)-Galts in group A (1IV) and B(V-VI). Candidate genes At1g33430 (UPEX) and At1g77810 in
subclade II are indicated by arrows. Subcellular localization study and substrate
specificity study suggest At1g77810 is a Golgi localized enzyme with β-(1,3)GalT activity. (Image modified from Qu et al., 2008)
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Figure 4.2 UPEX expression pattern using the Arabidopsis eFP browser.
UPEX expression is restricted to early developing flower buds. Image is a
screenshot of the At1g33430 developmental expression pattern from the
Arabidopsis eFP browser at htttp://bar.utoronto.ca.

4.2 Results
4.2.1 Vegetative growth and fertility analysis of the upex mutant
The previously described upex-1 T-DNA insertion allele (Salk_091466)
has an insertion in exon 1 (Figure 4.3A) (Dobritsa et al., 2011). Sail_544-C02,
another insertion allele of upex has an insertion in exon 3 (Figure 4.3A). Seeds
were obtained for both lines. Homozygous plants were identified by PCR-aided
genotyping. As seen in Figure 4.3B, RT–PCR using template cDNA derived from
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different tissues from wild-type plants showed UPEX is expressed exclusively in
developing flower buds. RT-PCR with template cDNA derived from upex-1
mutant flower buds confirmed that upex-1 is a loss-of-function allele with no
detectable expression in flower buds (Fig 4.3B). The flower bud-specific
expression pattern of UPEX is consistent with the in silico analysis using the
Arabidopsis eFP browser (www.bar.utoronto.ca) (Winter et al., 2007) as seen in
Figure 4.2. Figure 4.4A shows the two splice variants annotated for UPEX at
TAIR. Using RT-PCR with cDNA template derived from wild-type flower buds and
variant-specific primers, Figure 4.4B shows that the major variant is the shorter
transcript, UPEX.1.
As seen in Figure 4.4C, upex-1 had wild-type like vegetative growth.
Homozygous insertion lines were initially screened for male sterility because
previous studies have shown mutants with exine biosynthesis/deposition defects
often have reduced fertility or are sterile. Since all the homozygous upex-1
plants were fertile and made viable pollen, the plants were assayed for a possible
reduction in fertility by counting the number of seeds produced per silique. When
the seed set in siliques was quantified (Table 4.1), no significant seed reduction
in upex-1 plants relative to wild-type was observed.

4.2.2 Microscopic analysis of mature pollen phenotypes
The same techniques used to characterize the irx9l mutant phenotypes
(Chapter 3) were used to investigate the upex-1 pollen phenotypes relative to
wild-type. Mature pollen from upex-2 had the same phenotypes as upex-1 (data
not shown) and the following experiments were carried out using upex-1 mutant.
Auramine O stained upex-1 pollen was found to have sporopollenin/exine like
material anchored to the microspore in patches, with areas of reticulated exine
missing and some material apparently loosely attached (Figure 4.5D). This
confirms the upex phenotype reported by Dobritsa et al. (2011). As seen in
Figure 4.5E, using two-photon (2P) microscopy, under UV excitation at 640 nm
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(Quilichini, 2014 [PhD thesis]), upex-1 locule appeared to have autofluorescent
accumulations similar to sporopollenin not anchored to the developing
microspores. Such accumulations were never seen in images of wild-type
anthers. Finally, light microscopy of toluidine blue-stained upex-1 mutant anther
sections consistently showed microspores with unanchored exine-like material in
the locule (Figure 4.5F), which was not observed in similarly prepared wild-type
anthers (Figure 4.5C).
Scanning electron microscopy (SEM) not only confirmed the phenotype
seen in images captured with different light microscopy methods, it also showed
that the pollen grains were collapsed, which was not described previously (Figure
4.6D). To test if these pollen grains were collapsed because of the vacuum
conditions used in conventional SEM, cryo SEM was used. As seen in Figure
4.6F, upex-1 pollen still had missing patches of exine and were still collapsed
relative to normal appearing wild-type pollen grains (Figure 4.6C), indicating that
the collapsed phenotype is the natural state of upex pollen grains.
To view the upex phenotype at a higher magnification and resolution, and
to better determine the impact of the mutation on exine deposition and
microspore development at the ultrastructural level, transmission electron
microscopy (TEM) was used on high pressure frozen upex-1 anthers. TEM of
mature upex-1 microspores revealed an irregular exine structure with nonuniform baculae and tecta (Figure 4.6E). Additionally, electron dense materials
that stained similarly to exine were found in the mutant locule unanchored to the
microspores. Lastly the intine of the upex microspores appeared similar to that
of wild-type microspores (Figure 4.6B, E).

4.2.3 UPEX expression
To experimentally examine the organ-specific expression pattern of
UPEX, a proUPEX::GUS construct was prepared and introduced to make
Arabidopsis transgenic lines. Staining of inflorescences for GUS activity indicated
60

that the UPEX promoter expressed the GUS gene only in early developing flower
buds (Figure 4.7D), consistent with the microarray data visualized using the
Arabidopsis eFP browser (Figure 4.2). In order to determine the cell types in
which the gene UPEX is expressed in during anther development,
proUPEX::GFP transformants were generated. Flower buds from proUPEX::GFP
transformants were examined by 2P microscopy under excitation of 950 nm
(GFP excitation). This revealed that UPEX promoter activity is strong in the
tapetum (Figure 4.7A and B) with no activity visible in other anther cell types,
aside from the weak expression in the microspores (Figure 4.7B) at the early
unicellular microspore stage of anther development.
Given the potential for UPEX’s expression in microspores, I used a
genetic approach to determine if UPEX functions primarily in the gametophyte or
sporophyte in exine patterning. The phenotype of pollen grains derived from a
heterozygous upex1/UPEX plant were studied. As seen in Fig 4.7E, all pollen
from these plants had a wild-type phenotype. This suggests that the upex
phenotype is likely due to the loss of function of UPEX in the sporophyte
(tapetum).

4.2.4 Anther and microspore development in upex-1 mutant
Light microscopy was used to compare anther development in the wildtype Col-0 and upex-1 plants (Figure 4.8) and to establish the timing of the onset
of the upex phenotype. upex-1 anther/ microspore development appeared to be
relatively similar to wild-type Col-0 from stages 5 to 7 of anther development
reported by Sanders et al., (1999). At stage 9/10, when sporopollenin deposition
was evident in the free microspores, upex-1 microspores appeared to be stuck
together with poorly developed exine, unlike wild-type microspores (Figure 4.8C
and G). As seen in Figure 4.8D and H, by stage 12/13, upex-1 microspores were
misshapen and had an unevenly distributed exine relative to wild-type, and
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exine-like material was observed not anchored to the microspores (Figure 4.8
and H).
The primexine matrix that appears at the tetrad stage in microspore
development is thought to act as a template for the initial sporopollenin
deposition during exine formation (Ariizumi et al., 2007; Dunbar et al., 1984;
Quilichini et al., 2014). To test whether the upex-1 mutant has an altered
primexine layer that may prevent proper anchoring and uniform polymerization of
sporopollenin in the microspore surface, I analyzed upex-1 microspore
development at high resolution using TEM. As seen in Figure 4.9A, wild-type
plants had a primexine layer of uniform width surrounding each microspore at the
early tetrad stage, while the primexine matrix surrounding the upex-1 microspore
appeared to be less compact and irregular in width (Figure 4.9E). In wild-type
plants (Figure 4.9B), electron-dense material was deposited onto the primexine
next to the callose. As seen in Figure 4.9C, the electron-dense material in the
primexine matrix expanded, elongated and appeared connected to the
microspore plasma membrane to form the baculae in the early unicellular stage.
Compared to wild-type, the electron-dense probacula that formed within the
primexine layer surrounding upex-1 microspores appeared to be ill-defined and
diffuse (Figure 4.9F). In contrast to wild-type microspores with uniform electrondense probaculae that became elongated and formed uniform baculae (Figure
4.9C), the baculae that formed in the upex-1 mutant appeared to be irregular in
size and shape at the early unicellular microspore stage (Figure 4.9G). By the
middle to late unicellular microspore stage, upex-1 mutant microspores lacked
the reticulate exine pattern seen in wild-type (Figure 4.9D). It had exine
irregularly deposited on microspore surface, and unanchored exine-like
compounds were visible in the locule (Figure 4.9H). These results indicate that a
defect in primexine development observed at the early tetrad stage may cause
the dramatic upex-1 exine phenotype observed in late microspore development.
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4.2.5 The role of UPEX in primexine formation

Since evidence in Chapter 3 suggests that xylan is a primexine
constituent, and its depletion from the pollen wall in the irx9l mutant leads to
defective exine patterning, I used the xylan-specific LM10 antibody to probe wildtype and upex-1 anther sections of different developmental stages for the
presence of xylan. As shown in Figure 4.10A, no signal was found in the wildtype samples incubated with LM10 at the tetrad stage. However, surprisingly,
upex-1 anthers of the same stage showed fluorescence surrounding each
developing microspore. No signal was seen in sections processed without LM10
(Figure 4.10B, E). As seen in Figure 4.11A and D, wild-type samples at the early
unicellular microspore stage treated with LM10 showed a weak signal
surrounding most of the microspores. However, upex-1 mutant samples at a
similar stage appeared to have a stronger signal surrounding each developing
microspore (Figure 4.11E, H). No signal was seen in sections processed without
LM10 (Figure 4.11B, F).
In order to localize at the ultrastructural level the xylan epitopes
responsible for the fluorescence seen in Figures 4.10 and 4.11, immuno-gold
labeling coupled with TEM was performed on wild-type and upex-1 samples at
tetrad, early and middle/late unicellular microspore stages. No immuno-gold
labeling signal was detected in wild-type samples at the tetrad stage, consistent
with the light microscopy immuno-labeling data (Figure 4.12A). However, positive
immuno-gold labeling was observed in the upex-1 mutant’s primexine layer at the
tetrad stage, (Figure 4.12B), again consistent with the immuno-fluorescence data
(Figure 4.10). No signal was observed in upex-1 samples at this stage processed
without LM10 (Figure 4.12C). At the tetrad stage, the LM10 immuno-gold signal
was only found in the primexine (Figure 4.12B). In a upex-1 tetrad stage sample
with positive LM 10 signal, no signal was associated with the Golgi in the
microspore cytoplasm (data not shown). However, no xylan signal was obvious
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in the tapetal cells in the light microcopy images (Figure 4.11A and E). No
obvious Golgi were seen in the tapetal cells during immuno-gold labeling coupled
with TEM, hence Golgi of tapetal cells were not examined in detail. The
biosynthetic origin of xylan is still uncertain.
As seen in Figure 4.13A, wild-type sample at the early unicellular
microspore stage appeared to have labeling specifically on the primexine layer.
This data is consistent with immunolabeling of wild-type microspores at early
unicellular microspore stage using light microscopy (Figure 4.11). In the upex-1
mutant, a similar immuno-gold signal was also detected in the primexine layer
(Figure 4.13B). As previously observed (Figure 4.9 G), the upex-1 primexine was
less compact than wild-type with non-uniform baculae.
As seen in Fig 4.14A and B, middle to late unicellular microspore stage
wild-type and upex-1 pollen both showed positive LM10 labeling on both the
outer exine layer and in areas surrounding the exine baculae and tecta. Taken
together with LM10 immunofluorescence data on wild-type and upex-1 anthers,
these immuno-gold labeling results confirm that xylan is present in the primexine
of upex at tetrad stage and primexine of wild-type and upex at early unicellular
microspore stage, and remains as a wall constituent over the course of exine
deposition. With respect to xylan, the upex-1 microspore wall is distinguished
from wild-type walls by a generally higher and more diffuse LM10 signal,
consistent with the change in primexine morphology in the upex-1 mutant.

4.2.6 Subcellular localization of UPEX

To test the subcellular localization of UPEX, I generated a 35S::UPEXYFP construct and obtained a 35S::HDEL-RFP (ER marker protein) construct.
These were transiently co-expressed in N. benthamiana leaves. Epidermal cells
from transformed leaves were observed by confocal microscopy. As seen in
Figure 4.15 A, 35S::UPEX-YFP-derived fluorescence formed a reticulate network
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typical of the ER in the leaf epidermal cells. 35S::HDEL-RFP-derived
fluorescence had a similar fluorescence pattern (Figure 4.15B). Figure 4.15C
shows the merged image, indicating that UPEX-YFP localization coincided with
that of the ER marker HDEL-RFP. In the higher resolution panel of 4.15C, UPEX
localization to small non-ER structures was also evident.
4.3 Discussion
The results of studying a UPEX loss of function mutant have provided
more information about how these sporopollenin precursors are polymerized in a
specific fashion on the microspore surface to form the reticulate exine layer onto
developing microspores.
UPEX encodes a protein of 395 amino acids and is closely related to
At1g77810 (Figure 4.1), which catalyzes the formation of β-1,3-Gal linkages
using UPD-Gal as a donor (Qu et al., 2008). The close phylogenetic relationship
of UPEX to At1g77810 suggests the protein encoded by UPEX could have a
similar enzymatic activity. UPEX’s ER localization, which is different from
At1g77810’s Golgi localization could be a result of the protein encoded from the
35S::UPEX-YFP construct being processed improperly in the tobacco leave cell.
By looking at tobacco leaves co-transformed with a Golgi marker and the
35S::UPEX-YFP, we can test if UPEX is also localized to the Golgi.
By examining the phenotype of upex-1 plants, I confirmed that the
absence of UPEX expression is responsible for the uneven exine pollen
phenotype. Our analysis of upex-1 revealed no difference in vegetative growth
compared to wild-type. While upex-1 pollen has an obvious defect in exine
patterning, I found no evidence for reduced male fertility in upex-1 plants,
suggesting that viable pollen is present. upex-1 pollen grains examined using
cryo SEM had both the uneven exine phenotype and the collapsed pollen grain
phenotype. This is likely due to the mutant’s weaker wall not being able to
maintain its shape integrity even in its natural condition. Thus, while the upex-1
pollen wall is less robust, the pollen grains appear to be viable under the
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standard laboratory growth condition used. It is possible that under stress
conditions such as low humidity and/or high temperature, the upex pollen grains
could not be viable.
Several analyses using different microscopy approaches (light, 2P,
confocal, and TEM) showed that upex-1 pollen walls have patches of exine
missing and are surrounded by sporopollenin-like compounds not anchored to
the microspores. upex-1 primexine was more diffuse in width than wild-type,
which could be the result of lacking a cell wall polysaccharide containing one or
more galactose containing units generated by UPEX in wild-type plants. As the
missing component is no longer present to link the different components in the
primexine matrix together, the priemexine becomes structurally less compact
(Figure 4.9E). Thus the upex-1 sporopollenin may not be anchored properly, or
not anchored at all, to the microspore surface due to the structurally impaired
primexine layer.
A second explanation for the upex phenotype is that UPEX is responsible
for modifying the surface of the primexine on the microspore by adding a
galactose moiety to a primexine component to allow proper sporopollenin
attachment. Without the galactose moiety, no linkage would be made between
the sporopollenin and the primexine.
Out of the two hypotheses, UPEX being responsible for making a
component of the primexine is more favorable. This hypothesis can explain the
less compact upex primexine and also provides an explanation for why xylan can
be detected on the upex-1 primexine at the tetrad stage but not on wild-type
primexine of the same stage. If the components of the primexine matrix were
more loosely bound to each other in upex-1, the minor amount of xylan present
may be more exposed and be recognized by the LM10 antibody at the tetrad
stage. Wild-type samples at the unicellular microspore stage showed positive
signals after incubation with LM10 antibody in both light microscopy and TEM.
However, upex-1 mutant microspores at a similar stage appeared to have a
stronger signal surrounding each developing microspore. The stronger signal
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could be the result of the primexine being more diffused around the pollen grains
hence exposing more epitopes for LM10. The present of xylan signal in the
upex-1 mutant suggests despite the fact that the upex-1 has exine that is patchy
and anchored less well, the exine defect is not due to a lack of xylan in
microscopes.
My data from proUPEX::GFP expression indicated that UPEX is
expressed primarily in the tapetum with weak expression in microspores. This is
similar with the in situ hybridization data of Pieffer et al., (2008), who, showed
that At1g33430/UPEX mRNA specifically accumulates in the tapetum and
microspores in developing anthers. Heterozygotes upex/UPEX and all previous
reported primexine mutants such as npu1/NPU1, rpg1/RPG1, dex1/DEX1 and
nef1/NEF1, all produced pollen that appeared wild-type. This suggests the
primexine is likely to have a sporophytic origin. Alternatively, rescue of the upex
deficiency in haploid developing microspores by the UPEX allele in heterozygous
anthers could also take place at the tetrad stage. Like the primexine xylan
product produced by IRX9L (Chapter 3), a hypothesis that merits further
investigation is that a UPEX-derived primexine component is synthesized in the
tapetal cells and transported by an unknown mechanism to the surface of
developing microspores at the tetrad stage.
The role of UPEX in wall formation is still unclear. However, taking all of
our data together, we propose a model in which UPEX contributes to the
synthesis or modification of a polysaccharide that contains galactose, which
serves to hold components of the primexine together, allowing proper anchoring
of sporopollenin to the microspore surface and to establish exine patterning over
the course of pollen wall deposition. The strong impact of the UPEX loss of
function on primexine formation and structure, coupled with its obvious exine
patterning defect, is consistent with the long-held view that the primexine plays a
key role in exine patterning during pollen wall formation (Ariizumi et al., 2007;
Dunbar et al., 1984; Quilichini et al., 2014), and establishes a role for primexine
cell wall carbohydrate chemistry in this process.
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Figure 4.3 UPEX gene structure and expression. (A) Diagram of the
Arabidopsis UPEX gene (based on The Arabidopsis Information Research
database). Exons are solid boxes, 5’ and 3’ untranslated regions are white
boxes and introns are lines. T-DNA insertion sites are indicated by triangles. (B)
RT-PCR analysis of UPEX expression. UPEX is expressed specifically in closed
flower buds (wild-type buds) and no transcript was detectable in the buds of
upex-1. ACTIN2 expressions are shown as controls. 28 cycles of PCR reactions
were run.
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Figure 4.4 UPEX.1 is the major variant expressed in plants and upex has
normal vegetative growth. (A) UPEX protein coding gene model drawn based
on TAIR. Blue arrows represent the UPEX.2 specific primer annealing sites. The
reverse primer contains extra nucleotide sequence not found in UPEX.1. Red
arrows represent the UPEX.1 specific primer annealing sites. The reverse primer
used for UPEX.1 spans both exons 3 and 4. (B) 27 cycles RT-PCR using wildtype closed flower bud cDNA as template shows UPEX.1 is the major variant. (C)
Vegetative growth of wild-type Col-0 and upex-1. No morphological differences
were found between upex-1 and the wild-type control.
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Table 4.1 Quantification of seed set in upex-1 and wild-type Col-0
Genotype
upex-1
Col-0
1
n= 36 siliques

Average seed
number/silique ± SD1
48±14
54±15
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Figure 4.5 upex-1 pollen phenotype analyses using light microscopy. (A) to
(C) are images of wild-type. (D) to (F) are images of the upex-1 mutant. (A) and
(D) are auramine O stained fluorescence micrographs. (B) and (E) are 2-photon
micrographs with excitation at 640nm. (C) and (F) are light microscopy images
of chemical fixed 12µm thick anther sections stained with toluidine blue. White
arrows indicate the sporopollenin component of exine. Scale bar are 5µm.
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Figure 4.6 upex-1 pollen phenotype analyses using electron microscopy.
(A) to (C) are images of wild-type. (D) to (F) are images of upex-1 mutant. (A)
and (D) are SEM micrographs. (B) and (E) are TEM micrographs. (C) and (F)
are cyro SEM micrographs. m,microspore; ex,exine. White arrows indicate
intine, black arrows indicate the sporopollenin component of exine. Scale bar are
5µm.
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Figure 4.7 proUPEX::YFP and proUPEX::GUS expression and SEM of pollen from
a upex1/UPEX anther. (A) a top horizontal-longitudinal optical section of a
proUPEX:YFP transformant anther at early unicellular microspore stage viewed by 2p
microscopy. (B) a mid horizontal-longitudinal optical section of a proUPEX:YFP
transformant anther at early unicellular stage viewed by 2p microscopy. (C) optical
section of a wild-type anther viewed by 2p microscopy as a control. (D) proUPEX::GUS
transformant is expressed in anthers of developing flowers. Arrows in (D) point at very
young and very mature flower buds with little or no expression. (E) SEM micrograph of
pollen derived from a upex1/UPEX plant. All pollen was wild-type in appearance. mf,
mature flower bud; imf,inmature flower bud; tp,tapetum; m,microspore. Bars at A, B C =
50µm, D= 100µm, E= 21µm

73

Col3&0&
B

A

D

C
C

upex%1'
E&

Stage&5/6&
F&

Stage&12/13&

Stage&9/10&

Stage&7&
G

H

Figure 4.8 Phenotypic characterization of anther and microspore
development in wild-type Col-0 and upex-1 flowers. Anther/microspore
developmental stages are numbered according to Sanders et al. (1999). The
anther development defect in upex-1 starts as early as stage 9, early unicellular
microspore stage. Scale bars= 25µm.
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Figure 4.9 Transmission electron micrographs of wild-type Col-0, and upex1 microspore development. Wild-type Col-0 and upex-1 mutant samples were
prepared by high-pressure freezing. Samples were prepared in parallel with irx9l
samples shown in Chapter 3, and wild-type images (A) to (B) are identical to
those shown in Figure 3.7A-B. Anther development stages 7 to 10 are shown
from wild-type (A to D) and upex-1 (E to H). (E) upex-1 has non-uniform width
primexine layer compare to Col-0 (A). (F) uneven sized probaculae formation in
upex-1 mutant. (G) non-uniform size baculae in upex-1. In (B) and (F), white
arrowheads indicate probaculae. In (D) and (H), white arrowheads indicate
sporopollenin in exine and black arrowheads indicate intine. cw,callose; pe,
primexine; pb,probacula; ex,exine; in,intine; lo,locule; m,microspore. Scale
bar=500nm
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Figure 4.10 Epifluorescence microscope images of xylan immunolocalization at
the tetrad stage (stage 7). Samples were high pressure frozen and embedded in LR
White medium grade resin. (A) To (C) are wild-type Col-0. (D) to (F) are upex-1
samples. (A) and (D) are samples treated with LM10 antibodies followed by secondary
antibodies conjugated with Alexa 488. (B) and (E) are control samples treated with
secondary antibodies only. (C) and (F) are toluidine blue stained light microscopy
images of anthers used for immunolocalization. Higher magnification panels represent
the areas circled by the corresponding white boxes. In LM10 treated samples, upex-1
microspores at the tetrad stage have fluorescence surrounding them as indicated by
arrows while microspores in LM10 treated Col-0 samples at tetrad stage had no
fluorescence surrounding them. Bar=20µm
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Figure 4.11 Epifluorescence microscope images of xylan immunolocalization in
early unicellular microspore stage. Samples were high pressure frozen and
embedded in LR White medium grade resin. (A) To (D) are wild-type Col-0 samples.
(E) to (H) are upex-1 samples. (A) and (E) are samples treated with LM10 antibodies
followed by secondary antibodies conjugated with Alexa 488. (B) and (F) are controls
treated with secondary antibodies only. (C) and (G) are toluidine blue stained light
microscopy images of anthers used for immunolocalization. The higher magnification
panels of (D) and (H) showed that both Col-0 microspores at early unicellular
microspore stage have low level of fluorescence surrounding them and upex-1
microspores at the stage have a higher level of fluorescence surrounding them after
LM10 treatment. No signal was seen in the tapetal cells. Bar=20µm
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Figure 4.12 Immuno-gold labeling by LM10 in wild-type and upex-1 anthers at the
tetrad stage. (A) LM10-treated wild-type anther. (B) LM10-treated upex-1 anther
showed immuno-gold labeling on the primexine layer. (C) control upex-1 sample without
LM10 treatment. Higher resolution panels in (B) and (C) represent the areas circled by
the corresponding white boxes. Gold particles are recognized by their uniform nature
and diameters of 10nm. M,microspore; pe,primexine; tp,tapetum. Scale bar=500nm.
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Figure 4.13 Immuno-gold labeling by LM10 in wild-type Col-0 and upex-1 anthers
at early unicellular microspore stage. (A) LM10-treated wild-type sample at early
unicellular microspore stage. (B) LM10-treated upex-1 sample at early microspore
unicellular stage. Both wild-type and upex-1 anthers appeared to have LM10 labeling
on the primexine layers containing the developing baculae suggesting the existence of
xylan in this layer. Higher resolution panels represent the areas indicated by the
corresponding white boxes. Gold particles are recognized by their uniform nature and
diameters of 10nm, which clearly distinguish them from other particles, likely ribosomes,
in the microspore cytoplasm. Representative gold particles are boxed by blue squares.
Arrows indicates baculae at early unicellular microspore stage.

m,microspore;

pb,probacula; pe,primexine; tp,tapetum. Scale bar=500nm.
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Figure 4.14 Immuno-gold labeling by LM10 in wild-type Col-0 and upex-1 anthers
at middle/late unicellular microspore stage. (A) LM10-treated wild-type sample at
the middle/late unicellular microspore stage showing labeling on exine and surrounding
exine. (B) LM10-treated upex-1 sample at the middle/late unicellular microspore stage
showing LM10 labeling on exine and surrounding exine. Gold particles are recognized
by their uniform nature and diameters of 10nm and are indicated by white arrows.
m,microspore. Scale bar=500nm.
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Figure 4.15 Transient expression of YFP fusion protein shows UPEX’s ER
localization. 35S::UPEX-YFP and 35S::HDEL-RFP (ER marker protein) constructs
were transiently expressed in N. benthamiana leaves transformed by Agrobacterium
tumefaciens. Transformed epidermal cells were observed by live cell confocal
microscopy. (A) 35S::UPEX-YFP transformant has fluorescence associated with a
reticulate network. (B) 35S::HDEL-RFP transformant has fluorescence associated with
a reticulate network that coincides with the localization of 35S:UPEX-YFP. (C) Merged
images of (A) and (B). (D) Higher magnification panel represents the area indicated by
the white box in (C). The higher magnification panel shows overlapping and nonoverlapping localization of the two fusion proteins. Bar= 28µm
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5.1 Summary and future work on UPEX and IRX9L
The results from my analysis of the UPEX gene suggest that despite the
fact that the upex mutant has an exine that is patchy and loosely anchored, the
problem is not due to the lack of xylan in the primexine of the microscopes.
Instead, it appears that the patchy and loosely anchored exine phenotype is
more likely to be the result of a lack of an unknown galactose containing product
of UPEX which plays a structural role in the primexine layer. I hypothesize that
the upex mutant’s less compact primexine does not hold or anchor the incoming
sporopollenin precursors as well as wild-type primexine. This altered structure
hence may expose the xylan epitope recognized by LM10, allowing it to bind at
the tetrad stage unlike in wild-type where the primexine structure, possibly
including the incorporation of sporopollenin, may lead to the masking of xylan
epitopes. In order to confirm the presence of xylan in wild-type samples at tetrad
stage, procedures for unmasking epitopes could be performed. One possible
method is to use enzymes such as callase and cellulase to remove the callose
surrounding the tetrad and possibly the cellulose in the primexine layer prior to
immunolabeling (Kirkpatrick and Owen, 2013).
The site of synthesis of a putative UPEX-derived primexine component
remains to be clarified. However, since UPEX exhibits strong expression in the
tapetum, and upex/UPEX heterozygotes produce wild-type pollen, a hypothesis
that merits further investigation is that a UPEX-derived primexine component is
synthesized in the tapetal cells at the tetrad stage. This view would be supported
further if UPEX protein is immunolocalized in the tapetal cells at tetrad stage.
The results from my analysis of IRX9L suggest that xylan is a component
of the primexine. In irx9l mutants, the lack of xylan is correlated with a thinner
primexine layer. This thinning of the primexine is correlated with the disruption of
initial sporopollenin deposition (probaculae) leading to non-uniform baculae with
irregular widths in irx9l mutants. irx9l mature pollen also appears to have more
baculae attached to the microspore compare to wild-type. A possible explanation
is that less of this primexine component allows more sporopollenin to be
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attached, as there are less structural components present in the mutant to
prevent anchoring of the incoming sporopollenin. I have shown that IRX9L/SPG
is required for primexine formation during the early stages of pollen wall
formation, which xylan is present in the developing pollen wall, and that IRX9Lderived xylan is required for proper establishment of exine patterning in the early
stages of pollen wall formation. Even though irx9lIRX9L heterozygotes produce
wild-type pollen, the site of xylan synthesis remains to be clarified. In order to
further investigate if IRX9L-derived xylan is synthesized in the tapetal cells at the
tetrad stage, we can immunolocalize the IRX9L protein.
The non-uniform exine structure of both upex and irx9l is correlated with
decreased pollen cell wall strength as shown by the presence of collapsed pollen
walls in the mutants as seen through SEM. This further confirms proper
development of the pollen wall is required to protect cell shape integrity of the
microspore. The normal fertility seen in both the irx9l and upex-1 mutants could
be the result of the growth conditions used in the lab. It also suggests that
decreasing pollen wall integrity within a range does not affect the viability of the
pollen grains under these conditions.
Glycosyl hydrolases (GH) also known as glycoside hydrolases are
enzymes that can hydrolyse the glycosidic bond between sugars or between
sugars and a non-sugar compound. There are 128 different glycoside
hydrolases families based on sequence similarity and annotated enzymatic
functions (Henrissat et al., 1995, Davies and Henrissat 1995, Henrissat and
Bairoch, A 1996). Since the primexine layer containing xylan and another
galactose-containing component appears to be modified in an orderly fashion
during anther/microspore development, it would be expected that glycoside
hydrolases be expressed in the anther during pollen wall formation. In the
ACOS5 co-expression table, a glycoside hydrolases At1g75940 has a high coexpression value of 0.71. At1g75940 is a GH in GH hydrolase family 1 based its
sequence on CAZy (CArbohydrate-Active EnZymes) web site
(http://www.cazy.org/Glycoside-Hydrolases.html). According to CAZYpedia, the
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most common known enzymatic activities for GH in this family are β-glucosidase
and β-galactosidase. The possible β-galactosidase activity of At1g75940 could
be to break the β-glycosidic bond formed between the galactose and other
polysaccharides in the primexine. The distribution of the digested primexine layer
hence could then act as the scaffold for proper sporopollenin polymerization.
The combined results from UPEX and IRX9L and the presence of a highly
co-expressed family 1 glycosyl hydrolases suggests a model for pollen wall
development especially regarding primexine synthesis and the fate of this layer
after the tetrad stage. Primexine is a cell wall matrix and as such it may not
disappear after the tetrad stage. A possibility is that after the tetrad stage of
pollen development, the primexine layer is loosened to allow the continued
deposition of sporopollenin onto the microspore. As the primexine becomes less
compacted as development proceeds, more sporopollenin can be deposited.
The further digested primexine then is distributed to act as a mold for proper
sporopollenin polymerization to form the reticulate pattern seen in exine.
Future works to better understand the role and the synthesis of this
primexine matrix could be a detailed analysis of upex irx9l double mutant
phenotype. If the double mutant has no xylan labeling at the tetrad stage unlike
the upex mutant, this could suggest the presence of xylan in the upex at the
tetrad stage is due to the action of IRX9L, and not UPEX, as we expect. In
addition, the upex irx9l double mutant phenotype should reveal if the two genes
are functioning in the same or different pathways; an enhanced, phenotype
would be expected if they are working in different pathways. Detailed studies of
irx14l characterization and irx9l irx14l double mutant could also test if IRX14L
and IRX9L are involved in the same pathway in pollen wall development as well,
as expected if they work as a protein complex.

85

Figure 5.1 Anther and pollen wall development from stage 5-12 in
Arabidopsis. Diagram shows events in pollen wall development from stage 7
(tetrad stage after second meiosis) to the mature tricellular pollen stage. Diagram
was modified and adapted from Ariizumi and Toriyama (2011)
In order to form the complex, highly cross-linked sporopollenin polymer,
ester and ether linkages between the constituents are likely required. In the
future, it will be important to better understand the (unknown) polymerization
mechanism, which is likely begins acting in the primexine layer at the tetrad
stage, and how this relates to primexine structure and chemistry. Therefore, we
have examined the ACOS5 co-expression list to identify genes encoding proteins
that could be involved in cross-linking sporopollenin constituents such as
tetraketide α-pyrones (see Table 5.1) and phenolic compounds by forming ester
and ether linkages identified in the sporopollenin polymer. These include proteins
of unknown specific function annotated as BAHD acyl transferases.
BAHD is short for BEAT, or benzylalcohol O-acetyltransferase from
Clarkia breweri; AHCTs or anthocyanin O-hydroxycinnamoyltransferase from
petunia, Scnecio, Gentiana, Perilla, and Lavandula; HCBT or anthranilate Nhydroxycinnamoyl/benzoyltransferase from Dianthus caryophyllus; DAT or
deacetylvindoline 4-O-acetyltransferase from Catharanthus roseus (Tuominen et
al., 2011). One function for enzymes of this BAHD family is to generate
specialized plant metabolites by acyl-CoA dependent acylation (Tuominen et al.,
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2011). As seen in Table 5.1, three of the genes on the co-expression candidate
gene list encode predicted acyltransferase family proteins of the BAHD class
(At4g29250, At3g23840, At1g03390). There are two conserved motifs for BAHD
acyltransferase: HXXXD and DFGWG (D’Auria 2006). While the HXXXD motif is
highly conserved, DFGSW is more variable (D’Auria 2006). Site-directed
mutagenesis (Suzuki et al., 2003) suggests the HXXXD motif is involved in
binding the acyl CoA donor while the DFGWG motif has more of a structural role
and is responsible for binding acyl acceptor (Unno et al., 2007).
Examples of BAHD enzymes generating specialized plant metabolites by
acyl-CoA dependent acylation are Deficient in Cutin Ferulate (DCF) and
Hydroxycinnamoyl-CoA: ω-Hydroxyacid O-Hydroxycinnamoyl-Transferase
(HHT)/Aliphatic Suberin Feruloyl-Transferase (ASFT) (Molina et al., 2009;
Tuominen et al., 2011; Rautengarten et al., 2012). DCF encodes an acyl
transferase that transfers hydroxycinnamoyl-CoAs like feruloyl-CoA to ω-hydroxy
fatty acids to form the cutin polymer in epidermal cells (Rautengarten et al.,
2012). HHT/ ASFT was identified as having the ability to transfer
hydroxycinnamoyl-CoAs like feruloyl-CoA to w-hydroxy fatty acids to form
suberin polymer in roots and seeds (Molina et al., 2009). Previous analysis
performed by Haslam et al., (2012) and by Grienenberger (2010) (Figure 5.1)
suggests that At3g23840, CER2-LIKE2 are paralogs of CER2 from Arabidopsis
and Glossy2 Maize in Clade D, while At4g29250 is more distantly related to
these genes. As seen in Figure 5.1, At1g03390 is in the same clade as DCF and
HHT/ASFT, which are both characterized enzymes involved in phenylpropanoid
ferulate incorporation into complex biopolymer cutin and suberin. The enzyme
encoded by At1g03390 is a good candidate to couple phenylpropanoids with
hydroxy fatty acids or tetraketide a-pyrones as part of sporopollenin biosynthesis
We hypothesize that BAHD enzymes potentially form the ether linkages
required to incorporate phenylpropanoids with hydroxy fatty acids or tetraketide
α-pyrones for sporopollenin polymerization/deposition. Possibly, these or related

87

enzymes could also be involved in attaching sporopollenin precursors to
polysaccharides such as xylan or modified xylan in the primexine layer.
5.2 Preliminary results for mutants in genes encoding BAHD enzymes
The T-DNA insertion mutant for At1g03390, a good candidate to couple
phenylpropanoids with hydroxy fatty acids or tetraketide α-pyrones as part of
sporopollenin biosynthesis did not have a defective exine phenotype. T-DNA
insertion mutants of At4g29250 and At3g23840 also appeared to have normal
exine. Since the BADH genes At4g29250 and At3g23840 are closely related in
clade D (Figure 5) and may be partially redundant in function, I created double
mutant of these two genes. The exine phenotype of the At4g29250 and
At3g23840 double mutants appeared to vary. The exine phenotype needs to be
confirmed. Also, the only mutant available for At3g23840 is not a knockout
mutant.

5.3 Future work on BAHD genes
I could use 2-photon microscopy to examine intact anthers of BAHD
mutants at different developmental stages. If clusters of lipophilic inclusions in a
hydrophilic environment were seen in mutant anthers stained with Nile Red, it
would suggest that candidate gene’s substrate is likely to be fatty acids. And if
BAHD mutants are affected in sporopollenin assembly, it would likely to have
potential phenolic and polyketide substrates accumulating that could form
autofluorescent accumulations. Since 2-photon could observe deep into the
intact anther, if the accumulations were found in the locule fluid, then the protein
produced by the candidate gene would likely to function in the locule. If the
accumulations were found within the tapetal cells, then the enzyme produce by
the candidate gene would likely to function in the tapetum.
Overall, my results suggest that GTs play an important role in
sporopollenin deposition and patterning by synthesizing the primexine
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polysaccharides layer. I suggest a model for pollen wall development especially
regarding primexine synthesis and the fate of this layer after the tetrad stage.
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Figure 5.2 Phylogenetic analysis of BAHDs shows a conservation of the
catalytic properties of BAHD in each clade. Figure taken and modified from
Grienenberger (2010). (A) The complete phylogenetic tree of BAHDs. (B) Partial
phylogenetic tree containing candidate genes. At4g29250 and At3g23840
(CER2-LIKE 2) are closely related to the two genes Cer2 and Glossy 2, which
are involved in wax biosynthesis in Clade D. At3g03390 is found in Clade F with
DCF and is relatively close to HHT in Clade E.
Table 5.1 Candidate BAHD genes to be studied. r2 value for co-expression
with ACOS5

AGI code

T-DNA insertion

Insertion

lines

location

Annotation

r2

BADH acyl

.914 At4g29250

SALK_147254C

1st exon

.746 At3g23840

GK-180G04-

2nd exon

transferase
BAHD acyl
transferase

013602
(CS417260)

BAHD acyl

.834 At1g03390

SALK_079871.

2nd exon

SALK_126074C

3’

GK-223G01

1st exon

GK-700G02

1ST exon

transferase
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Appendix
IRX9L promoter sequence cloned
ccatcttttttcctttgtagctcactttagaagaactttagaatcgtgtatcgtttatctgataccgtttgcttcacaacata
cgttgagtcgataaattgattgtttttattttatgtttttatctgttttttgccatgagatcaaatcaatagatttaacatcttgt
aaacctaaacatttttattttaataaataattaaaaatcactacataaatttttaatattttgacacaaaaacttatgtaa
atctatttttgaaactagatatctgcttgtaccgttaaaaatagatttaacaaaacaactgagaaatttttttgactaag
ctttcaaacatacaatactaaatctaattctacttgaaaaaaaaagaaaaagaaaaaaaacaccacagcaaa
aaaaattaatcgcttaatcaaatattacgtcgccaagcttgatattatagaaaactggtattaaaataacccaaact
ttcgaaaaaggactgtaaattacacatgttttaaaattttgtctaatatttttgcaccgttaaaaaccaaaacggaat
ataatatctttttgtaccatatgtgttgcaatgatgtaagaaatgcatgctaaatttaatagtaaatctagttgacatatg
agttatatctatttttattaccgctaaaataaataaaattttcaatgtaattagaacttagaactcattcaagtatagtgg
ataataggtaagtagaggccattactttatatgatgataaaacttagaattacttattaatcatgttttctttttttggcag
cgtttacaattacaactaaatccaatttatgttttaattattgtttttaccatagtagaccatttcctcgaaacttaaacgt
aatcattattttgccagagtgtacgagccataatctcgccacgtgtcccacgaactcgcatagcttaaagattttttttt
aacaaacaaacaaacagtgctttttccgcaactttctccgccagctcaatttcagatctcggcggcgacggatcc
attccaatcgtgtttcagatcggtgactttgagttagaaccaaccaccttactcaatccgacttcagattgaaattgct
atatcctacgcggattctcctgcaaacttggtgcggatctctgcgaaaattgctgttttggatgtttgatttgggagctg
tgaaaaataggacggtggagtgagattatctg
UPEX promoter sequence cloned
ttgttgtgtaagtgtaaccaggggcggacccacgttggtcttgggtggggcatgtgcccgatactcaattctataaa
tcttatataagtttgcattatgtaattaaaaatgtaacctatatgcttattaatacggttgtaatcatatgttttagaagcg
gcggggtagagtttttttgtttttaaatttaaaatcggggtttgtaatgatgaagagttagtttaaaaggtttggagaact
tgtcttttgaatgaataatgtatcaaagctagttggttttgtgatctgactgataaagtttttagtctcgcaaaccggtatt
actgcctaaaacaacgtttttgctttgcggttgctgcgttaaacataaaccgcaaactctcctatgttttgacttttaag
ccatatgatgagtccatagacttaataagttggaaagagatatggtctattcccatagatattgacatcatcaggta
taagatatagtgaggtaagcatcattggttgtaacctttggtccgacaaagaaggtccacacaacacactgctcc
attgctgcagctcaatgaactatagtgtcttcaccactaaatcttaatatatgagtttttgtaatcggaacatcatcatt
gactttgaaaagaaaaatactatattccgtatggtcattagtcttccaaatttttaattagaacaatacatatctaaaa
ggctgcttaaggctgaaccaatttggtagacatgtgtttcgctttcactaggaattataagtgaaatgcaaatggca
gtgcaaaacatagcttttgcatgccaggttagtttgtaggagatcacttgaaacttgagaagagaattgtttcatgta
ataattctacaatagtatgtacatatataacatatgctgcaacgtcaggttacattcataccacattcacgcagtttta
ggtttctgatcaagaacttgtcatgtgttatgagagcagcgcgctaagcgcattcacacaggtgaagaacctaaa
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