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ABSTRACT

TILLING (targeting induced local lesions in genomes) is a reverse genetic
method that can be employed to generate allelic series of induced mutations in
targeted genes for functional analyses. To date, TILLING resources in Arabidopsis
thaliana are only available in Columbia and Landsberg erecta accessions. Here, |
extended the Arabidopsis TILLING resources by developing a new population of
ethyl methanesulfonate (EMS)-induced mutant lines in another commonly used A.
thaliana accession C24. The C24 accession is distinguished from other familial
accessions in several physiological responses (e.g. stress tolerance, pathogen
resistance) and the transgenic C24 with S-locus genes (SRK/SP11) exhibits stable
self-incompatible (SI1) phenotype, suggesting serving as a good model for

understanding Sl signalling.

A permanent collection of 3,509 independent EMS mutagenized M, lines was
developed in A. thaliana accession C24, and designated the C24TILL collection.
Querying the C24TILL collection for mutations in five selected genes expected to be
involved in sexual reproduction process. A total of 86 mutations, comprising 63.9%
missense, 25.6% sense, 1.2% nonsense and 9.3% intronic mutations were
successfully identified. Consistent with the propensity of EMS to induce guanine
alkylation, 97.6% of the observed mutations were G/C to A/T transitions. Based on
the mutations identified in the five selected genes, the overall mutation density in the
C24TILL collection was estimated to be 1/433 kb. Mutations in four selected genes
namely DUO1, APK1b, PKA, and EXO70C2 were evaluated from a functional

standpoint.

Because DUOL1 is an essential gene for sperm cell speciation, a homozygous
mutant line has never been obtained. Application of TILLING screen in the

C24TILL collection identified a truncation DUO1 mutation leading to a deficiency in



sperm cell differentiation. By contrast, two homozygous missense lines exhibit
normal sperm cell specification indistinguishable from wild-type. Although attempt
at obtaining homozygous duol mutant with partial loss of function was unsuccessful,
this study demonstrates that array of mutations can be identified for target genes

from the established C24TILL collection.

Next, | focused on APK1b and PKA genes. The APK1b was previously identified
as an Arabidopsis ortholog of MLPK shown to be involved in Brassica Sl signalling.
Meanwhile, PKA was a putative ortholog of BrPKA, which was identified from the
yeast two-hybrid screening to search for the MLPK interactor. TILLING screen of
C24TILL collection identified 3 and 7 missense mutations for APK1b and PKA
respectively. Introgression of these missense mutations into the SRK-expressing C24
line did not change its self-incompatible phenotype (i.e. rejection of SP11-expressing
pollen). As | could not judge the involvement of APK1b and PKA in Sl signalling
without obtaining truncation (nonsense) mutation, | also performed transformation
experiments. Suppression of APK1b and PKA stigma’s transcripts or overexpression
of a non-functional kinase domain of APK1b neither abolishes nor weakens SI
response in transgenic Arabidopsis, suggesting the non-functional role of these

candidate genes in Sl signalling.

Using the TILLING approach, | next analyzed the biological function of
EXO70C2, a subunit of the exocyts complex shown to be predominantly expressed
in pollen. TILLING screen identified exo70c2 mutants with defect in pollen
development and reduction in fertility. The exo70c2 mutant pollen grains are aborted
with abnormal morphology. Detail analysis showed that EXO70C2 is localized to the
cytoplasm and preferentially expressed in pollen. In situ hybridization further

indicates that EXO70C2 is specifically expressed in pollen and tapetal cells during



pollen development. My data suggest that, EXO70C2 is essential for Arabidopsis

pollen development.

In conclusions, | have established a new reverse genetic tool for A. thaliana
accession C24 by generating an EMS mutagenized population, the C24TILL
collection, for use in combination with the TILLING screening method. The
development of the C24TILL collection described here represents the third
A. thaliana TILLING resource to date. TILLING for selected genes from this new
collection successfully identified allelic series of induced point mutations which
were then useful in functional genomics studies. The established C24TILL collection
will serve to complement existing reverse genetic tools and provide a valuable
resource to better understand the sexual reproduction process including Sl

mechanisms and other gene functions in Arabidopsis.
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Chapter 1

Establishment of TILLING resource for Arabidopsis thaliana accession C24

1-1. Introduction

Many reverse genetic resources have been developed for functional genetic studies.
Because site-directed mutagenesis is not effective in plants, random mutagenesis
approaches, including insertional (Wisman et al. 1998; Alonso et al. 2003), chemical
(McCallum et al. 2000) and fast neutron mutagenesis (Li et al. 2001), have been used
to establish reverse genetic platforms. In Arabidopsis, insertional mutagenic
techniques using T-DNA or transposons have become popular tools for functional
genomics. However, insertional mutagenesis often leads to complete gene knockouts,
making it difficult to associate nuanced phenotypes with essential genes (Jander et al.
2002). Similarly, radiation mutagenesis, e.g., using fast neutrons, often induces large
genomic deletions that affect multiple genes, again making associations with
nuanced phenotypes difficult as well as obscuring the function of individual genes
(Li et al. 2001). By contrast, classical chemical mutagenesis using a mutagen such as
ethyl methanesulfonate (EMS) induces an array of point mutations with differing
affects on gene function. Such allelic series are desirable because they generate a
wide repertoire of mutant phenotypes covering a range of severity, which provides
more insight into a gene’s function. Moreover, individual plants carrying point
mutations can be identified easily through a powerful technique called TILLING

(targeting induced local lesions in genomes).

TILLING is a reverse genetic method that takes advantage of classical

mutagenesis, sequence databases, and high-throughput PCR-based screening for



point mutations in a chosen sequence (Henikoff et al. 2004). The key advantage of
TILLING over competing methods is that it can be applied to any plant species,
regardless of ploidy, genome size, or genetic background (Kurowska et al. 2011).
TILLING extends genomic resources, particularly in organisms lacking reverse
genetic tools, where mutants with a range of phenotypic severity are highly desirable.
Since its inception, TILLING has been applied to various organisms including
Cucumis melo L. (Gonzalez et al. 2011), Solanum lycopersium (Minioa et al. 2010),
Brassica napus (Wang et al. 2008, Harloff et al. 2012), Brassica oleracea
(Himelblau et al. 2009), Brassica rapa (Stephenson et al. 2010) Lotus japonicus
(Perry et al. 2009), Zea mays (Till et al. 2004), Oryza sativa (Till et al. 2007),
Drosophila (Winkler et al. 2005), and zebrafish (Wienholds et al. 2003).

To date, Arabidopsis TILLING resources are only available in accessions Columbia
(Col-0) (Greene et al. 2003) and Landsberg erecta (Ler) (Martin et al. 2009). Reverse
genetic tools for many commonly used Arabidopsis accessions are still limited, in
particular accession C24, which is genetically distinct from accession Col-0 (Barth et al.
2002; Torjek et al. 2003). C24 is distinguished physiologically from other familial
accessions in terms of drought (Bechtold et al. 2010), ozone (Borshe et al. 2010), and
frost tolerance (Rohde et al. 2004), and enhanced basal resistance to pathogens
(Bechtold et al. 2010). Furthermore, the transgenic line of accession C24 with A. lyrata
S-locus genes exhibited a robust and stable self-incompatible (SI) phenotype (Rea et al.
2010), which serves as a useful model for understanding Sl signalling. In addition, a
large portion of its genomic sequence is available (Schneeberger et al. 2011), making
accession C24 an excellent alternative tool for plant research. However, the use of A.
thaliana accession C24 has been hampered due to constrained reverse genetic resources.
Therefore, the current work establishing a reverse genetic platform in accession C24

represents a major advance for functional genomics studies in plants.



In this study, | aimed to extend reverse genomic tools in Arabidopsis by
establishing a new TILLING resource, the C24TILL collection, in the commonly
used accession C24. Five candidate genes were selected for TILLING to evaluate the
quality and test the robustness of the C24TILL collection in providing array of
mutations. As a proof of principle, functional genetic analysis was performed on
mutations in four selected genes. The established C24TILL collection will enable
deeper functional genetic studies, especially for researchers aiming to understand

novel gene functions in the unique C24 genetic background.

1-2. Materials and methods

1-2-1 EMS mutagenesis and establishment of a mutant population

Different concentrations of EMS (10, 25, 30 and 40 mM) were applied to the seeds
of A. thaliana C24 accession for 15 h in 50 ml vials (~1,000 seeds) at room
temperature (RT). After washing, approximately 600 treated seeds were sown in pots.
The rate of mutagenesis achieved at different EMS concentrations was quantified
based on seed germination rate and the percentage of albino chimera seedlings. For
the production of C24TILL, an EMS concentration of 25 mM was used to
mutagenize a batch of ~8,000 seeds for 15 h at RT before washing with distilled
water. Seeds were sown in pots and individual seedlings were grown in Arasystem
trays (Betatech, Gent, Belgium) to generate the M; population. From each individual
M; plant, four M, offspring were grown and a single fertile M, plant was selected. In
all, 3,509 individual M, plants were maintained. Genomic DNA and seed stocks

were collected from these plants.



1-2-2 DNA extraction and pooling

Genomic DNA was extracted from the leaves of M, plants using a DNAeasy 96
Plant Kit (QIAGEN, USA) according to the manufacturer’s protocol. Genomic DNA
samples were quantified, diluted, and normalized to 1 ng/ul in 20% TE (10 mM Tris,
1 mM EDTA) solution. Samples were stored at -80°C. Using a one-dimensional
pooling strategy as previously described (Martin et al. 2009), diluted genomic DNA
(1 ng/ul) was pooled 8-fold. Pooled genomic DNA was stored at -20°C for use in the
subsequent TILLING screen.

1-2-3 TILLING

Point mutations in targeted fragments were detected using the previously developed
TILLING procedure (Till et al. 2006) with slight modifications. Each nested PCR
reaction was performed in a 12.5 pl volume consisting of 1x PCR buffer (Takara,
Shiga, Japan), 0.2 mM dNTPs, 2 U ExTaq polymerase (Takara, Shiga, Japan), 10
pmol forward and reverse unlabeled gene specific primers for the 1* PCR or 10 pmol
forward (6 FAM-labeled) and reverse (VIC-labeled) common primers for the 2™
PCR, 5 pl of 0.5 ng/pl pooled genomic DNA for the 1% PCR or 1.0 pl of 1 PCR
product for 2" PCR and sterile H,O. The reaction was performed using a 96-well
thermal cycler (Astech, Kyoto, Japan) programmed with the following conditions: 1)
94°C for 3 minutes; 2) 15 (1% PCR) or 25 cycles (2" PCR) of 94°C for 30 seconds,
Tm-2°C for 30 seconds, and 72°C for 90 seconds; 3) and a final extension at 72°C for
7 minutes. The final PCR products were heated at 95°C for 10 minutes and slowly
cooled (95°C ramping to 85°C at -2°C/second, then 85°C ramping to 25°C at -
0.1°C/second) to generate heteroduplex PCR products. Five ul of the PCR reaction
was treated with CEL 1 SURVEYOR nuclease (Transgenomic, Omaha, NE) and
incubated at 45°C for 15 minutes. Then, 5 pl of 150 mM EDTA was added. The CEL



1-treated samples were cleaned through Sephadex G-50 resin (Amersham Pharmacia
Biotech, Little Chalfont, UK) packed in 96-well Multiscreen-HV filter plates
(Millipore, Billerica, MA). Next, the samples were mixed with 9.9 ul of HIDI
Formamide and 0.1 pl of MapMarker® 1000 size standard (BioVentures,
Murfreesboro, TN). The samples were heated at 95°C for 3 minutes before loading
onto an ABI 3730xl (96-capillary) sequencer. Data were analysed using
GENEMAPPER 4.0 fragment analysis software (ABI, Carlsbad, CA) and confirmed

by DNA sequencing. Primers are listed in Supplemental Table 1.

1-2-4 Characterization of duol mutant phenotype

Seeds from duol TILLING mutants were stratified for 2 days at 4°C and plants were
grown in soil in a growth chamber at 21°C and 60% relative humidity with a 16 h
day/8 h night cycle. Genomic DNA was extracted from the leaves of the plants using
a DNeasy Plant Mini Kit (QIAGEN, USA) according to the manufacturer’s protocol.
Genomic PCR was performed using DUO1-specific primers (Supplemental Table 1)
and sequencing was carried out to confirm the presence of mutations. Pollen grains
from mature flowers were transferred to a microcentrifuge tube containing 200 pl
DAPI staining solution (0.1 M sodium phosphate, pH 7.5; 1 mM EDTA; 0.1 %
Triton X-100; 0.4 pg/ml DAPI) and briefly mixed. The stained pollen was then
transferred to a microscope slide and observed under a Zeiss Axioplan fluorescence
microscope (Carl Zeiss, Oberkochen, Germany). Silique length was measured (5
siliques per line for 3 independent biological replicates) and siliques were dissected
using a 27.5-gauge needle (Becton Dickinson, Franklin Lakes, NJ) to observe seed

setting using a dissecting microscope (KEYENCE, Japan).



1-3. Results

1-3-1 Generation of the A. thaliana accession C24 mutant population

In order to develop a new reverse genetic resource, A. thaliana accession C24 seeds
were treated with EMS. Optimum EMS concentrations of 20-45 and 20-50 mM have
previously been reported for Col-0 and Ler accessions respectively (McCallum et al.
2000, Martin et al. 2009). Nonetheless, because natural genetic variation (e.g.,
reproductive system plasticity or DNA repair mechanisms) among accessions can
greatly affect the optimum EMS dosage (Martin et al. 2009), we began by assessing
the proper EMS concentration for A. thaliana accession C24 seeds. We determined
suitable EMS concentrations based on two parameters: 1) the frequency of M; seed
germination (Fig. 1-1A), and 2) the frequency of albino chimera M; seedlings (Fig.
1-1B). The frequency of M; seed germination was greatly reduced with incremental
increases in EMS concentrations (Table 1-1). At EMS concentrations 0£25 mM,

the germination rate was less than 40% (Table 1-1). Meanwhile, the frequency of
albino chimera seedlings increased as EMS concentrations rose (Table 1-1). A high
percentage of albino chimera seedlings was observed from seeds treated with 30 mM
(4.0%) and 40 mM EMS (7.2%; Table 1-1). Although higher EMS concentrations
were predicted to induce higher mutation frequencies, this effect could be offset by
reduced seed germination and viability (Martin et al. 2009). Thus, to generate the
C24 mutant population, we elected to treat seeds with 25 mM EMS, which produced

acceptable germination rates (37.0%) and albino chimeras (1.4%).

From approximately 8,000 seeds treated with 25 mM EMS, 3,620 M; seedlings
were obtained, all of which were used to generate the M, population. An M,
population with a total of 3,509 individual plants was successfully recovered for use

in TILLING. This M, population also contained 77 partial seed set lines (semi-



sterile) and 125 very low seed set lines (sterile) (Table 1-2). This population of semi-
sterile and sterile seed sets represents a potentially valuable resource for use in
forward genetic screens to isolate novel genes affecting reproduction. Each M, plant
sampled for DNA which was used in TILLING was originally isolated from an
individual M; plant to ensure independence of mutations within the population.
Finally, DNA from M plants and M3 seeds of 3,509 lines were stored for TILLING

analysis. | designated this population of mutant lines the C24TILL collection.

1-3-2 Detection of EMS mutations from the C24TILL collection

To evaluate the quality of the C24TILL collection, five genes namely DUO1
(At3g60460), EXO70C2 (At5g13990), EXO70H2 (At2g39380), APK1b (At2g28930),
and PKA (At2g20050) were selected for TILLING analysis (Table 1-3). These
selected genes either had no reported T-DNA lines available (DUO1, EXO70C2,
EXO70H2) (Borg et al. 2011, Li et al. 2010) or were thought to be involved in the
self-incompatibility (SI) signalling pathway (APK1b, PKA) (Murase et al. 2004,
Kakita et al. 2007), which requires the C24 genetic background for functional
analysis. Mutations in four selected genes namely DUO1, APK1lb, PKA, and
EXO70C2 were evaluated from a functional standpoint. Detailed mutations found in
the EXO70H2 are listed in Supplemental Table 2. From a total of 11,805 bp
fragments screened, 86 mutations were obtained (Table 1-3). These were verified by
sequencing and comprised 63.9% missense, 25.6% sense, 1.2% nonsense (premature
stop codon), and 9.3% intronic mutations. Of these, 31 mutations (~30%) were
homozygous, fulfilling the expected 1:2 proportion for homozygous/ heterozygous
M, plants. This result also suggests that detection of heterozygotes (relative to
homozygotes) was not noticeably compromised by pooling (Greene et al. 2003). It

has been reported that EMS predominantly induces G/C to A/T transitions, with



guanine residues being the primary target of alkylation producing O°-ethylguanine,
which pairs with T instead of C (Greene et al. 2003). This mechanism predicts a
strong G/C to A/T bias in EMS-treated mutant populations, which has been observed
in numerous mutagenesis studies (Greene et al. 2003). Accordingly, 97.6% of the
mutations were G/C to A/T substitutions, with 73.8 % of changes at G and 26.2 % at

C on the coding strand.

In order to estimate the average density of detected mutations per line, mutation
density was calculated according to the following formula: (size of fragment
screened) (number of plants screened) / (number of identified mutants). The average
mutation density was calculated after subtracting 40 base pairs (derived from the
common primers) from each gene. Based on the five candidate genes screened, the

average mutation density in the C24TILL collection to be 1/433 kb (Table 1-3).

1-3-3 Functional characterization of duol mutants

In order to demonstrate the utility of the C24TILL resource, TILLING mutants
obtained in the DUO POLLEN 1 (DUOL1) gene were further characterized. DUOL1 is
a male germline-specific essential MYB transcription factor which has been
identified in two separate genetic screens (Park et al. 1998; Rotman et al. 2003).
Previously described truncation mutations in DUOL, duol-1 (C to T nonsense
mutation at nucleotide 812) from the No-0 accession, and duol-2 (14 bp insertion at
nucleotide 672) from the C24 accession, resulted in a single larger diploid sperm cell
that is unable to fertilize egg cells (Rotman et al. 2005). Because DUOL1 is an
essential gene for sperm cell specification, a homozygous mutant line cannot be
obtained and further studies on DUO1 function require partial loss of function
mutants. In the TILLING analysis of the C24TILL collection, seven mutations within

the 1,436 bp DUOL1 gene fragment were obtained (Fig. 1-3A). Of these, one was



nonsense, two were missense, and the rest were silent mutations (Fig. 1-3A). A
mutation from G to A at nucleotide 159 created a premature stop codon in DUOL,
and this line was tentatively named duol_159. The other characterized lines included
two missense mutations, duol_641 and duol_ 782, in which Arg residues at positions

214 and 261 were substituted with Ile and Ser, respectively.

The only heterozygous line obtained was duol 159, which had a shorter silique
(average length, 7.8 mm; cf. 12.7 mm in wild type; Fig. 1-4B). In the siliques of
duol 159, about half of the ovules were not fertilized and were aborted (Fig. 1-4C).
Consistent with the previous analysis of duol-1 and duol-2 (Rotman et al. 2005),
this abortion phenotype was dependent on pollen-related defects. In heterozygous
duol 159, approximately half of the pollen grains had a single diploid sperm cell
that was unable to fertilize (Fig. 1-4A). In contrast to duol_159, two missense lines,
duol 641 and duol 782, produced homozygous lines with normal siliques that were
indistinguishable from wild-type (WT) (Fig. 1-4B, C). The process of sperm cell
specification also appeared normal in these missense lines, which produced
tricellular pollen with two intensely staining sperm cell nuclei similar to WT (Fig. 1-
4A). These observations suggest that these missense mutations lines did not affect

DUOL function as related to sperm cell specification.

1-4. Discussion

1-4-1 Establishment of C24TILL collection

I have established a new reverse genetic tool for A. thaliana accession C24 by
generating an EMS mutagenized population, designated the C24TILL collection, for

use in combination with the TILLING screening method. The development of the



C24TILL collection described here represents the third TILLING resource reported
for A. thaliana to date (Table 1-4). To ensure an adequate amount of mutations are
present in this collection, a suitable EMS concentration was determined and used. On
average, the lines of this new C24TILL collection carry one mutation every 433 kb,
which is slightly lower than the previously reported 1/300 kb in the Col-0 TILLING
resource (Greene et al. 2003). However, it should be noted that, there are caveats in
the C24TILL collection mutation density estimation, including the possibility that
certain gene fragments were not effectively screened resulting in missed mutations.
By contrast, the estimated 1/89 kb mutation density obtained in the Ler collection
(Martin et al. 2009) remains the highest mutation rate reported to date for

Arabidopsis TILLING resources.

As described by Martin et al. (2009), the mutation density differences between the
TILLING populations of A. thaliana might be due to natural genetic variation
between accessions for their tolerance to chemically induced mutations. In addition,
the estimation of mutation density detected by TILLING can also be affected by
uneven mutation detection along the gene fragments (Greene et al. 2003). Higher GC
content in the analyzed fragments (41%) than in the genome at large (35%) can also
cause bias in TILLING mutation density estimation (Martin et al 2009; AGI 2000).
Despite all these factors and caveats, | have successfully established a new C24TILL
collection which can provide substantial interesting mutations for functional
genomics studies in A. thaliana accession C24. The availability of the current
C24TILL collection enables deeper functional genetic studies, especially for
researchers aiming to understand novel gene functions in this unique C24 genetic
background. The established C24TILL collection will also serve as a valuable
complementary tool alongside existing reverse genetic tools to allow a better

understanding of gene functions in Arabidopsis.
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1-4-2 TILLING for duol leaky mutant

TILLING the C24TILL collection for DUO1 identified an allelic series of induced
point mutations, including sense, missense and silent mutations. Further analysis of
the duol_159 nonsense mutant demonstrated its genotype/phenotype correlation in
male gametophyte development. Because homozygous DUO1 mutation is lethal, 1
sought to screen for duol leaky mutants using TILLING from the C24TILL
collection. Previously, leaky mutants were successfully recovered for COI1, which
encodes an F-box protein involved in jasmonate signalling (Xu et al. 2002), ABAL,
which encodes a zeaxanthin epoxidase that functions in abscisic acid biosynthesis
(Koornneef et al. 1982; Karssen et al. 1983), and CESA3, which is involved in

cellulose synthesis (Ellis et al. 2002).

However, in this study the attempt to obtain a homozygous duol leaky mutant
with partial loss of function was unsuccessful. Characterization of the two
homozygous missense mutation lines, namely duol 641 and duol_782 showed no
aberrant pollen grain phenotype as compared to wild-type (Fig. 1-4). This is not
unexpected as the point mutations in both lines did not significantly impact protein
function as predicted by SIFT (sorting intolerant from tolerant). SIFT predicts
whether an amino acid substitution will affect protein function that potentially alter
the phenotypes (Ng and Henikoff 2003). SIFT scores less than 0.05 indicate that the
amino acid substitution is likely to affect protein function (Ng and Henikoff 2003).
Both missense lines showed SIFT scores of 1.00, indicating no predicted deleterious
impact on protein function. Nevertheless, this study successfully demonstrated that
an array of mutations could be identified for DUO1 from the established C24TILL

collection.

11



1-5. Figures and tables

30 mM EMS 40 mM EMS

B

Figure 1-1. Generation of EMS mutagenized A. thaliana accession C24. (A) Dose effects
of EMS mutagenesis on M; seeedlings (14 days after sowing). (B) Albino chimera
phenotype observed in M; mutagenized plant.

12



Table 1-1. Dose effects of EMS mutagenesis in A. thaliana C24 M, plants

EMS concentration (mM)

Phenotype 10 25 30 40
Seed germination rate (%)* 84.0% 37.0% 35.5% 33.5%
Albino chimera seedling (%)* 0% 1.4% 4.0% 7.2%

*Data were recorded on 600 seed batches for each treatment.

Table 1-2. Summary of seed set phenotype observed in M, plants

Total Fertile Semi sterile Sterile

M, population (lines) 3509 3307 77 125

13
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Figure 1-2. Outline of TILLING for C24TILL collection. (1) Genomic DNA (gDNA)
(2) Equalization and pooling of DNA samples.
(3) Amplification of target gene by PCR. (4) Denaturation and reannealing of PCR products.
(5) Heteroduplex digestion with CEL 1 endonuclease. (6) Samples cleaning for removal of
salts and buffer component. (7) Samples loading and detection of mutations using capillary
DNA sequencer. (8) Individual mutation detection from DNA pool sample. (9) Target
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Table 1-3. Mutations in 5 selected genes found by TILLING the C24TILL collection

Number of obtained mutation

Amplicon Number  Total *Mutation

G length of screened density
ene

screened length

(bp) lines (kb) Total Missense Sense Nonsense Intronic  (kb™)
DUO1

At3g60460 1436 3072 4289 7 2 4 1 0 1/613
EXO70C2

At5¢13990 2076 3456 7036 29 22 7 0 0 1/243
EXO70H2

At2g39380 2127 3456 6651 28 21 7 0 0 1/258
APK1b

At228930 2205 3072 7213 9 3 2 0 4 1/739
PKA

At220050 3961 3072 12045 13 7 2 0 4 1/871

Total 11805 16128 37234 86 55 22 1 8 1/433

*Mutation density (kb™) was estimated after subtracting 40 bp of the length of universal primers
for overall gene fragment screened.

Table 1-4. EMS mutagenized TILLING resources in the Arabidopsis

Species Ploidy Population Mutation density Reference
level size (lines) per line (kb™)
1. A. thaliana (Col) 2X 3072 1/300 kb Greene et al. 2003
2. A. thaliana (Ler) 2X 3712 1/89 kb Martin et al. 2009
3. A. thaliana (C24) 2X 3509 1/433 kb Lai et al. in press
(present work)
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Figure 1-3. Seven point mutations were identified in the DUO1 gene. (A) Detailed
analysis of mutations found in the DUO1 gene fragment. Diagram shows the analysed
DUOL1 gene fragment and the locations of detected mutations (black arrowheads). The
position of forward and reverse primers used for TILLING screen are indicated by red
arrows. (B) Electropherograms of DUO1 gene fragment of duol 159 and WT plants.(C)
Sequencing chromatograms around mutation site of heterozygous duol 159 and WT plants.
The original tryptophan codon (TGG) and the stop codon (TGA) created by G to A transition
(at nucleotide 159) are shown in shaded boxes.
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Figure 1-4. Functional characterization of duol mutants. (A) DAPI staining of duol
mutant pollen. The DAPI-stained vegetative cell nuclei and sperm cell nuclei are indicated
by arrowheads and arrows, respectively. A single larger generative cell nucleus is indicated
by an asterisk. Bars: 10 um. (B) Length of duol mutant siliques. (C) Seed set analysis of
duol mutants. Aborted ovules are indicated by black arrowheads. Bars: 1 mm.
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Chapter 2

Functional characterization of APK1b and PKA in self-incompatible signalling of

Arabidopsis thaliana accession C24

2-1. Introduction

In the Brassicaceae (crucifer) family, the self-incompatibility (SI) reaction is based on
allele-specific interactions between two highly polymorphic proteins encoded by the S-
locus haplotype: S-locus receptor kinase (SRK), a single-pass transmembrane
serine/threonine kinase displayed on the surface of stigma epidermal cells (Takasaki et
al. 2000), and its ligand S-locus protein 11 (SP11 or SCR), a small secreted protein
localized in the pollen coat (Schopfer et al. 1999; Takayama et al. 2000). Under one
current model of Sl signalling, contact between a pollen grain and stigma epidermal cell
allows the binding of SP11 to the extracellular domain of its cognate SRK receptor to
take place. Upon interaction, SRK undergoes autophosphorylation and, together with
the plasma membrane-tethered MLPK (M-locus Protein Kinase) (Murase et al. 2004),
phosphorylates Armadillo Repeat-Containing protein 1 (ARC1) (Stone et al. 1999), a U-
box E3 ubiquitin ligase. Recently, EXO70AL, a putative component of the exocyst
complex which functions in polarized secretion in yeast and animals was identified as
an ARCL interacting partner (Samuel et al. 2009). Overexpression of EXO70A1 in
stigma epidermal cells has been reported to cause partial breakdown of SI (Samuel et al.
2009). In both Brassica and Arabidopsis, reduction of EXO70ALl expression levels
disrupts compatible pollen tube growth (Samuel et al. 2009). Consistent with these
results, EXO70AL has been suggested to be involved in compatible pollination and to

be targeted by ARC1 for ubiquitination and degradation, thereby precluding the
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secretion of compatibility factors that support compatible pollen hydration, germination

and tube growth (Samuel et al. 2009).

A hallmark of Sl study in Brassicaceae is the generation of A. thaliana exhibiting Sl
as a result of transformation with SRK and SP11 derived from its self-incompatible
sister species, Arabidopsis lyrata (Nasrallah et al. 2002). Some A. thaliana accessions,
such as Columbia (Col-0), RLD, and WS-0 exhibit transient SI when introduced with
SRK and SP11 (i.e., stigma only express Sl response during a narrow developmental
window, but subsequently lose their ability to reject self pollen) while C24 accession
expresses a developmentally stable Sl response indistinguishable from that exhibited by
naturally SI A. lyrata plants (Nasrallah et al. 2004). This finding implies that some
A. thaliana accessions have retained all required downstream components of Sl
signalling. The availability of these self-incompatible A. thaliana (SI A. thaliana)
provides new opportunities for exploiting the tools of this tractable model plant to
dissect the Sl response in Brassicaceae. Indeed, this SI model plant has begun to fulfil
its promise specifically when a hypomorphic allele of PUB8 gene that caused transient
SI (Liu et al. 2007) and when RNA-dependent RNA polymerase RDR6, which
functions in trans-acting siRNA production thereby acting as negative regulator of Sl
(Tantikanjana et al. 2009), were identified from studies using this model plant. Besides,
the Arabidopsis orthologs of known Brassica SI components, AtAPK1b (BrMLPK),
AtPUB17 (BrARC1) and AtEXO70A1 (BrEXO70A1) were also identified. However, the

Sl role of these orthologs in Arabidopsis Sl signalling remain controversial.

In our laboratory, previous studies have identified cAMP-dependent protein kinase A
(PKA) as a potential MLPK interactor by yeast two-hybrid screening (Kanatani 2008).
PKA in the Brassica pistil cDNA library was shown to interact with the active form of
MLPK kinase domain (Kanatani 2008). However, the biological function of PKA in SI

signalling pathway remains unknown.
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Pollen
rejection
Pollen
tube
growth

Figure 2-1. Model for Sl signalling pathway in the Brassicaceae. Following the landing of
self pollen on the stigmatic papillae, SP11 ligand will bind to its SRK receptor and activates the
Sl signalling. SRK will then undergo autophosphorylation and together with MLPK interact
with, and phosphorylates ARC1. This in turn stimulates ARC1-mediated proteasomal
degradation of EXO70AL, thus leading to the rejection of self-incompatible pollen.
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Having established the C24TILL collection, | aimed to screen for apklb and pka
mutants using TILLING method. Along with the TILLING mutants, | also performed
stigma specific RNAi-based silencing to down regulate the expression of APK1b and
PKA. In addition, an apklb mutant including non-functional kinase domain was also
generated and overexpressed. Using these mutant lines, | tested the involvement of
APK1b and PKA in SI signalling of transgenic Arabidopsis. The results do not support a
functional role of these genes in SI A. thaliana. | further discuss the implications of

these results on our understanding of the SI signalling pathway.

2-2. Materials and methods

2-2-1 Plasmid constructs

To make RNAI constructs for APK1b and PKA, 350 bp APK1b and PKA fragments
were amplified by PCR and cloned into the pENTR-TOPO vector (Invitrogen, USA).
Using LR clonase (Invitrogen, USA), APK1b and PKA fragments were subcloned in
inverse orientation into the pANDA vectors (Miki and Shimamoto 2004) under the
control of the stigma-specific AtS1 promoter. The construct to overexpress (under the
control of AtS1 promoter) non-functional APK1b (APK1b*™®)  harbouring the
mutation at nucleotide 353 (A to G) was kindly provided by Dr. Mitsuru Kakita. These
constructs were introduced into Agrobacterium tumefaciens strain GV3101 (pMP909)
and transform into C24 accession plants using the floral dip method as described
previously (Clough and Bent 1998). Gene-specific primers are listed in Supplemental

Table 1.
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2-2-2 Plant materials and TILLING mutants

RNAI and overexpression transgenic plants were prepared by transforming the
constructs into A. thaliana C24 plants homozygous for the SRK transgene using the
floral dip method as described previously (Clough and Bent 1998). The apklb and pka
TILLING mutants were obtained by TILLING the C24TILL collection. These mutants
were crossed to the transgenic C24 plants homozygous for the SRK transgene. F;
progenies from this cross were selfed to obtain F, progenies containing SRK and APK1b

or SRK and .PKA transgenes.

2-2-3 Quantitative real-time PCR

Total RNA was extracted from stigmas using the RNeasy Plant Mini Kit (Qiagen, USA)
and treated with DNase | (Invitrogen, USA). The concentration and purity of total RNA
was determined by spectrophotometric analysis. First-strand cDNA was synthesized
from 1 pg of total RNA using SuperScript 11 reverse transcriptase (Invitrogen, USA).
Quantitative real-time PCR was performed using the One-step QuantiTect SYBR Green
RT-PCR kit according to the manufacture’s protocol (Qiagen, USA). Data were
collected using the Roche Light Cycler 480 sequence detection system according to the
manufacturer’s instructions (Roche, Germany). Gene-specific primers are listed in

Supplemental Table 1.

2-2-4 Characterization of apklb and pka mutant phenotypes

Pollination assays were performed by hand-pollinating pre-emasculated stigmas with
pollen. Aniline blue staining was performed in pollinated pistils collected 8 h after

pollination and stained as described by Sumie et al. (2001). Stained pistils were
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observed and photographed with a Zeiss Axioplan fluorescence microscope (Carl Zeiss,
Oberkochen, Germany). Pollen hydration was evaluated after 30 min of pollination on

the papilla cells.

3-3. Results

2-3-1 Analysis of apklb mutant phenotype

The A. thaliana APK1b gene belongs to the Receptor-like Cytoplasmic Kinase VII
(RLCK VII) subfamily of protein kinases. Of all members of this subfamily in
Arabidopsis, APK1b is the closest ortholog based on the highest sequence similarity
(76% at the amino acid identity), genomic synteny and genomic structure to Brassica
MLPK (Kakita et al. 2007). In order to test the involvement of APK1b in SI, the
C24TILL collection was screened for apklb mutants. A total of nine apklb TILLING
mutants were identified (Fig. 2-2A). From these mutants, three missense mutation lines
(Fig. 2-2A) were crossed to the transformed C24 plants homozygous for the SRK
transgene. F; progenies derived from this cross were selfed to obtain F, progenies
homozygous for the APK1b missense mutation and with SRK transgene, and used for SI
functional analysis. Pollen hydration assays showed that all of these apklb homozygous
missense mutants exhibited SI phenotype (Fig. 2-2C). Further pollination assays also
suggested that introgression of these missense mutations into the SRK-expressing C24
line did not change the self-incompatible phenotype (i.e. rejection of SP11-expressing

pollen) (Fig. 2-2B).

To complement the TILLING mutants, | also generated APK1b-suppression lines
using RNAI construct driven by the stigma specific AtS1 promoter in C24 plants

homozygous for SRK transgene. Of several transformants analyzed, two transgenic
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plants with the strongest reduction of stigma APK1b transcripts were selected for
analysis (Fig. 2-3A). Consistent with the observations in apklb TILLING mutants,
pollination assays using these APK1b RNAI lines showed no significant changes in SI
phenotype (Fig. 2-3B). These RNAI lines expressed Sl phenotype indistinguishable

from the positive control plants.

To further test the involvement of APK1b in SI, | next tried to generate a dominant-
negative line by overexpressing the kinase-dead APK1b (APK1b*"*'®) in C24 plants

bXR mutation in the conserved Vla

homozygous for SRK transgene. Previously, APK1
kinase subdomain has been shown to result in abolished kinase activity (Kakita et al.
2007). Sequencing of PCR products amplified from APK1b***"® overexpressing plant
cDNA was performed to detect the level of APK1b***"R expression (Fig. 2-4A). Several

transformants exhibiting a ~2 to 3 fold increase in stigma APK1b<!*'R

expression
relative to wild-type were tested for SI phenotype (Fig. 2-4A). Pollination and pollen
hydration assays, did not indicate pollen tube penetration into the stigmas (Fig. 2-4B)

nor pollen hydration (Fig. 2-4C) in APK1b***'R overexpressing plants.

Consistent with the observations of APK1b mutants in this study, Kitashiba et al.
(2011) reported similar results. Using a T-DNA line (Col-0 background) with no
detectable APK1b transcripts crossed to Col-0 plant homozygous for SRK and SP11
transgenes, they observed no weakening of Sl phenotype from the pollination assay.
Moreover, results of RNAI suppression of APK1b transcripts (C24 background) are also

consistent with and complement the APK1b RNAI data obtained in this study.

2-3-2 Analysis of pka mutant phenotype

PKA belongs to the Protein Phosphatase 2C (PP2C) family of genes (Xue et al. 2008).

Members of the PP,C family from various organisms have been implicated as negative

24



modulators of protein kinase pathways activated by diverse developmental signalling
cascades (Xue et al. 2008). Previous works in our laboratory have identified PKA as a
potential interactor to MLPK (Kanatani 2008). In this study, seven pka missense
mutants were identified from the C24TILL collection using TILLING (Fig. 2-5A). After
introgressing these missense mutations into C24 plants homozygous for SRK transgene,
| tested the involvement of PKA in SI. The seven missense mutation lines tested showed
no apparent SI phenotype changes in pollination (Fig. 2-5B) and pollen hydration (Fig.
2-5C) assays.

In addition, | also generated PKA RNAI lines in C24 plants with SRK transgene to
further test the function of PKA in SI. Two transformants with the strongest reduction of
stigma PKA transcripts were used for SI phenotype analysis (Fig. 2-6A). Supporting the
analysis of pka TILLING mutants, RNAI transformants also exhibited no observable Sl
phenotype changes in pollination assay (Fig. 2-6B). Again, this result implies that, PKA

does not play functional role in Arabidopsis SI.

2-4. Discussion

Molecular genetic studies of Sl in non-model self-incompatible species, in particular
Brassica, can be difficult to perform. The lack of genomic tools and relatively laborious
transformation methods for Brassica make Sl studies difficult. The establishment of
self-incompatible A. thaliana transgenic system (Nasrallah et al. 2002) has enabled us to
exploit the genomic tools of this model plant for understanding SI. However, stable and
robust Sl could be obtained in very limited A. thaliana accessions, such as C24. In
contrast, a large reservoir of genomic resource for this tractable model plant has been

developed in different and limited accessions, such as Col-0 and Ler. Therefore, the
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C24TILL collection established in this study will make a great contribution especially

for the studies of Sl.

Generally, signalling pathways that underlie the same biological processes should be
conserved over long evolutionary time spans (>100 million years) (Antunes et al. 2009,
Lam et al. 2011), and this conservation is used to justify the use of Arabidopsis as a
model system to understand biological processes in related non-model plants. Since the
evolutionary divergence of Brassica and Arabidopsis is estimated to be ~14 to 20
million years, Sl signalling cascade is unlikely to have undergone drastic modification
(Koch et al. 2001, Yang et al. 1999). Therefore, our early hypothesis that the functional
analysis of APK1b (ortholog of Brassica MLPK) and PKA would reveal these proteins
to be functional in Arabidopsis Sl is plausible. Unfortunately, several lines of evidence

from this study were negative against our expectation for both APK1b and PKA genes.

Assuming that the discrepancy depends on the difference in plant materials,
following explanation can be possible. First, the Sl signalling components underlying
the two taxa (Arabidopsis and Brassica) may be different. Although this scenario seems
unlikely based on conservation, one should not rule out the possibility that the
evolutionary divergence between Arabidopsis and Brassica might have altered the
downstream actors in the Sl pathway between these taxa. Second, APK1b belongs to the
RLCK VII subfamily, which is comprised of 46 members (Shiu et al. 2003), some of
which are closely related to APK1b. RLCK VII kinases are expected to be somewhat
redundant (Kakita et al. 2007). Therefore, other RLCK VII kinases may have masked or

assumed the functional role of APK1b in Sl.

Because null mutant for APK1b and PKA could not be obtained in this TILLING
search, I could not definitely judge the involvement of these genes in Arabidopsis SI.
The missense mutations of APK1b and PKA mutants tested in this study may not have

deleterious impact on the protein function. In addition, incomplete suppression of
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APK1b and PKA transcripts in RNAI lines used in this study may also be inadequate to
weaken the Sl phenotype. Hence, analysis using mutants with completely abolished
APK1b and PKA transcripts should be needed to further reconcile the role of these genes

in Arabidopsis SI.
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2-5. Figures
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Figure 2-2. Characterization of apklb TILLING mutants. (A) Detailed analysis of
mutations found in the APK1b gene fragment. Diagram shows the analysed APK1b gene
fragment and the location of detected mutations (black arrowheads). Forward and reverse
primer sites for TILLING analysis are indicated by red arrows. (B) Pollination assays of
apklb TILLING mutants. Aniline blue was used as a fluorescent dye to visualize pollen
tubes penetration. Pollen tubes are indicated by white arrow. Bars: 200 um. (C) Pollen
hydration assays of apklb TILLING mutants, n= 20 pollen.
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Figure 2-3. Expression and functional analysis of APK1b suppressed plants. (A)
Quantitative real-time PCR analysis of APK1b transcripts in the stigmas of WT plant and
APK1b RNAI transformants (lines 1 and 2). (B) Pollination assays of APK1b RNAI plants.
The stigmas of WT and APK1b RNAi C24 plants homozygous for SRK transgene were
pollinated with SP11-expressing pollen. Aniline blue was used as a fluorescent dye to
visualize pollen tube penetration. Pollen tubes are indicated by white arrows. Bars: 200 um.
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Figure 2-4. Expression and functional analyses of APK1b*!*™® overexpressing plants.
(A) Comparative expression analyses of endogenous APK1b (green peak) and APK1b<!"R
transgene (black peak) in APK1b*"™® overexpressed lines. Electropherograms around the
mutated nucleotide (AAA->AGA, Lys->Arg) which is indicated by black arrows.
(B) Pollination assays of APK1b*!'® overexpressing C24 stigmas with SRK transgene using
SP11-expressing pollen. Aniline blue was used as a fluorescent dye to visualize pollen tubes
penetration. Pollen tubes are indicated by white arrow. Bars: 200 um. (C) Pollen hydration
assays of APK1b"''R overexpressing plants, n= 20 pollen.
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Figure 2-5. Characterization of pka TILLING mutants. (A) Detailed analysis of
mutations found in the PKA gene fragment. Diagram shows the analysed PKA gene fragment
and the location of detected mutations (black arrowheads). Forward and reverse primer sites
for TILLING analysis are also indicated by red arrows. (B) Pollination assays of pka
missense mutants. Each missense mutant was introgressed into C24 lines with SRK transgene,
and pollinated with SP11-expressing pollen to check the SI phenotype. Aniline blue was
used as a fluorescent dye to visualize pollen tubes penetration. Pollen tubes are indicated by
white arrow. Bars: 200 um. (C) Pollen hydration assays of pka missense mutants, n= 20
pollen.
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Figure 2-6. Expression and functional analysis of PKA suppressed plants. (A) Quantitative
real-time PCR analysis of PKA transcripts in the stigmas of WT plant and PKA RNAI
transformants (lines 1 and 2). (B) Pollination assays of PKA RNAI transformants. Each PKA
RNAI transformants with SRK transgene was pollinated with WT and SP11-expressing pollen.
Aniline blue was used as a fluorescent dye to visualize pollen tubes penetration. Pollen tubes are
indicated by white arrows. Bars: 200 um.
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Chapter 3

Functional characterization of EXO70C2 in pollen development

3-1. Introduction

Vesicle traffic either through the plasma membrane or via the eukaryotic
endomembrane system is facilitated by various tethering factors (Sztul and Lupashin
2006). These molecules act as molecular bridges that provide initial interactions
between vesicles and their target membranes, thus ensuring proper targeted secretion
(Hala et al. 2008). Examples of these tethering factors are GARP (Golgi-associated
retrograde protein), Dsl1 complexes, COG (conserved oligomeric Golgi), and exocyst

(an octameric protein complex) (Songer and Munson 2009).

To date, exocyst is the only proposed tethering factor required for regulation of
various exocytosis processes in plants (Zhang et al. 2010). Exocyst is an octameric
protein complex which mediates the tethering of post-Golgi secretory vesicles to the
plasma membrane for exocytosis (Munson and Novick 2006). It is comprised of eight
subunits, SEC3, SEC5, SEC6, SEC8, SEC10, SEC15, EXO70, and EX084 (Hsu et al.
2004, Tsuboi et al. 2005). In Arabidopsis, SEC6 and SEC8 are each encoded by a single
gene, SEC3, SEC5, SEC10, and SEC15 are each encoded by two genes, EXO84 is
encoded by three genes and EXO70 by 23 genes (Zhang et al. 2010). Mutation of maize
SEC3 homolog RTH1 results in small stature and short root hairs (Wen et al. 2005).
Moreover, SEC3 was demonstrated to interact with ROP GTPases via an ICR adaptor
protein in Arabidopsis (Lavy et al. 2007). Mutants in other exocyst subunits such as
SEC5, SEC6, SEC8, SEC15, and EXO70A1 exhibit defects in root hairs and pollen tube
growth (Cole et al. 2005; Wen et al. 2005; Synek et al. 2006; Hala et al. 2008; Zarsky et
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al. 2009). Meanwhile, EXO84b was shown to participate in cytokinesis and cell plate
maturation in Arabidopsis (Fendrych et al. 2010). All these studies imply that the
exocyst complex plays an important role in regulating development and polarized cell

growth in plants.

The large and specific expansion of the EXO70 family may represent a mechanism
of regulation for plant exocysts to specify their function for various exocytosis (Zhang
et al. 2010). T-DNA insertion in EXO70AL causes the disruptions of polarized cell
growth and plant development (Synek et al. 2006). EXO70A1 was also proposed to
participate in pollen-stigma interaction by exporting cellular materials essential for
pollen hydration (Samuel et al. 2009). In addition, EXO70B2 and EXO70H2 were
shown to be involved in plant defence, and were proposed to deliver essential
components for formations of cell wall appositions during pathogen attacks (Pecenkova
et al. 2011). Finally, mutation of EXO70C1 leads to retardation of pollen tube growth
(Li et al. 2010).

Recent expression analyses show that five EXO70 genes namely EXO70C1,
EXO70C2, EXO70G2, EXO70H3, and EXO70HS5, are expressed in the stamen and
pollen (Synek et al. 2006; Wang et al. 2008; Chong et al., 2010; Li et al. 2010). These
genes are expressed in overlapping but different patterns, suggesting roles in different
vesicle trafficking processes during pollen development and pollen tube growth (Li et al.
2010). During pollen tube growth, the establishment of a narrow growth site at the
plasma membrane of growing tip requiring continuous targeting of Golgi-derived
vesicles to this site and their fusion with the plasma membrane is essential for proper
polarized cell growth (Miller et al. 1997; Yang 1998; Cole and Fowler 2006; Emons and
Ketelaar 2009; Zarsky et al. 2009).

Highly active vesicle trafficking processes also occur in microspores and tapetal cells

during pollen development (Scott et al. 2004). The exocyst has been proposed to

36



= Exocytosis

0o®0
Plasma e
membrane ) C
( EXO70)
_DecsS -’.___._.Sec8-_-"'.
(Sec10 WNEXO84T—
' o 123 Sec6

[Secl5

Secretory

@ 0\-e:ucle @

post-Golgi

Figure 3-1. A model for function of the exocyst complex in tethering the secretory vesicles
to the plasma membrane in plants. The exocyst subunits (Sec3, Sec5, Sec6, Sec8, Secl0,
Secl5, EXO70, and EXO84) are represented by green circles. The exocyst complex binds the
secretory vesicle derived from Golgi body and tether the vesicle to the plasma membrane for
exocytosis.
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function in targeted secretion during pollen cytokinesis (Otegui and Staehelin 2004).
Exocyst-like structures connecting vesicles during cell plate formation in Arabidopsis
cells were observed by electron tomography (Otegui and Staehelin 2004; Segui-Simarro
et al. 2004; Otegui et al. 2005). In addition, during the tapetum degradation process,
various vesicles containing precursors or nutrients are properly targeted and fuse with
the plasma membrane to release their contents into the anther locule to support pollen
development (Wilson and Zhang 2009). Previously, Male gametgenesis Impaired
Anthers (MIA) gene was proposed to be required for proper secretion of vesicle cargo to
the plasma membrane during pollen development (Jakobsen et al. 2005). T-DNA
insertional mutants of MIA produce aborted pollen grains and exhibit a severe reduction
in fertility (Jakobsen et al. 2005). Moreover, a mutation in MS1, the Plant
Homeodomain (PHD) transcription factor that regulates pollen wall material secretion

causes failure to produce viable pollen (Vizcay-Barrena and Wilson 2006).

Based on the importance of proper targeted vesicle secretion and cell type-specific
expression during pollen development, | anticipated that mutations in EXO70 genes
might lead to defect in the cell types where the genes are expressed, as long as there is
no redundancy. Here, | provide experimental data demonstrating that EXO70C2, a
subunit of the exocyst complex is required for pollen development in Arabidopsis.
Because T-DNA mutants with reduced or abolished EXO70C2 expression cannot be
obtained, | performed TILLING to screen for exo70c2 mutants in the C24TILL
collection. The exo70c2 mutants exhibit defects in pollen development and seed sets.
Mutant pollen grains are aborted with abnormal morphology. In addition, | show that
EXO70C2 is localized to the cytoplasm and preferentially expressed in pollen. Using in
situ hybridization, | further confirm that EXO70C2 is expressed in pollen and tapetum
during pollen development. My data illustrate the importance of EXO70C2 in pollen

development.
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Figure 3-2. Phylogenetic analysis of the plant EXO70 family. The tree was constructed by
aligning protein sequences using MAFFT version 6 (http://mafft.cbrc.jp/alignment/server/).
Eight EXO70 clusters are highlighted with shading.
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3-2. Materials and methods

3-2-1 Plant materials and TILLING mutants

The A. thaliana (Col-0) EXO70C2 T-DNA line (SALK_045767) was obtained from

Nottingham Arabidopsis Stock Centre (http://arabidopsis.info/). Homozygous insertion

in EXO70C2 was validated in the F, population by PCR. To test the presence of the full-
length gene product, total RNA extraction and cDNA synthesis were performed as
described in Chapter 2-2-3. RT-PCR was performed using gene-specific primers and
ACTINS8 was used as a control. exo70c2 mutants were obtained by applying TILLING
in the C24TILL collection as described in Chapter 1-2-3. Mutations were verified by

sequencing. Gene-specific primers are listed in Supplemental Table 1.

3-2-2 Characterization of exo70c2 mutant phenotype

Plants were photographed with a Nikon D700 digital camera (Nikon, Japan). Flowers,
siliques, and seeds were photographed using a dissecting microscope (KEYENCE,
Japan). To analyze pollen germination in vitro, mature pollen grains were collected and
cultured on medium containing 0.01% (w/v) H3BO3, 1ImM CaCl,, 1 mM Ca(NOs3),, 1
mM MgSO4, and 18% sucrose solidified with 0.5% (w/v) agar (pH 7.0). Pollen grains
were cultured for 12 h, in 22°C with 80% relative humidity and cool light. Germinated
pollen grains were observed under a Zeiss Axiovert 135 microscope (Carl Zeiss,
Oberkochen, Germany) and images were captured using AxioVision 4.7 software.
Pollination assays were performed on pre-emasculated stigmas as described in Chapter

2-2-4. DAPI staining and aniline blue staining was performed as described in Chapter
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1-2-4 and Chapter 2-2-4 respectively. Alexander staining was performed on mature
pollen grains to detect pollen viability according to Alexander et al. (1969). Stained
pollen grains were observed under a Zeiss Axiovert 135 microscope (Carl Zeiss,
Oberkochen, Germany) and images were taken using AxioVision 4.7 software. Silique
length measurement and seed setting observations were performed as described in
Chapter 1-2-4. Seed counts were performed on siliques of six week old plants. Sterilized
seeds were planted on vertical agar plates containing 1/2 strength MS medium (Sigma,

USA) and root length of 14 days old seedlings was measured.

3-2-3 Quantitative real-time PCR and GUS assay

Quantitative real-time PCR was performed on total RNA extracted from various tissues
and anthers of different development stages according to the protocol described in
Chapter 2-2-3. The ACTIN8 was used as a control. The EXO70C2 promoter (1,136 bp
upstream from ATG) was amplified and fused into pENTR/D-TOPO (Invitrogen, USA).
The fragment was then recombined into pPBGGUS destination vector using Gateway
technology (Invitrogen, USA). The construct was introduced into Agrobacterium
tumefecians strain GV3101 (pMP90) and transformed into wild-type A. thaliana C24
using the floral dip method as described previously (Clough and Bent 1998). Seven
independent T3 plants lines were subjected to GUS staining according to the protocol
described by Jefferson et al. (1987). Samples were cleared as described by Malamy and
Benfeny (1997). GUS staining images were taken using an Olympus BX51 microscope

(Olympus, USA). Gene-specific primers are listed in Supplemental Table 1.
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3-2-4 Subcellular localization of EXO70C2

The 35S:CFP:EXO70C2, 35S:YFP:PEP3, and 35S:tdTomato:H3 constructs were made
by PCR cloning the corresponding full-length cDNAs into pENTR/D-TOPO (Invitrogen,
USA). Using LR Clonase (Invitrogen, USA), the fragments were recombined into the
pH35G destination vector series according to the manufacturer’s instructions. The
35S:CFP was used as a control. Arabidopsis mesophyll protoplasts were isolated and
prepared according to the method described by Yoo et al. (2007). 15 ug of each
construct was transformed into isolated protoplasts using the PEG method as described
previously (Yoo et al. 2007). LSM 510 META Confocal microscopy (Carl Zeiss,
Germany) was used to examine protoplasts at 12 h after transformation with incubation

at 25°C.

3-2-5 Light microscopy and cryo-scanning electron microscopy

Flower buds with anthers of different development stages were collected based on the
size of bud and fixed with 2.5% glutaraldehyde in 0.05 M phosphate buffer, pH 7.2 for
2 h at 4°C. Samples were rinsed with 0.05 M phosphate buffer and postfixed in 1%
OsO4. Following sequential ethanol dehydration, samples were embedded in Spur
epoxy resin (Polysciences, USA). Transverse sections of 1 — 2 um were cut using a
Leica Ultracut UCT ultramicrotome (Leica, Wetzlar, Germany) and stained with 0.25%
toluidine blue O and observed using a Zeiss Axiovert 135 microscope (Carl Zeiss,

Oberkochen, Germany). Mature flowers and anthers were mounted onto cryo-SEM
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stubs and plunged into liquid nitrogen. The frozen samples were viewed with a FEI

QUANTA™ 50 series SEM (FEI, USA).

3-2-6 In situ hybridization

The flower buds with anthers of different development stages were collected from wild-
type A. thaliana C24. Digoxigenin-labeled and non-labeled EXO70C2 antisense oligo
probes were purchased from Nihon Gene Research Laboratory. The cDNA antisense
sequences used was 5’-AGAAAGGCGACGTCGTTTCGGATGCTCATCCCTCAG
ATGATGCGCATCATCAGGATGGTA-3’. In situ hybridization to 14 um thick
Paraplast (Sigma-Aldrich, USA) sections of formaldehyde-fixed flower buds was
performed as described previously (Kakita et al. 2007). Briefly, excised flower buds
were fixed in freshly prepared 4% paraformaldehyde for 1 h at 4°C. After washing with
0.05 M phosphate buffer, pH 7.2 for five times at 10 min interval, the sample was
incubated overnight at 4°C. Samples were then dehydrated in a series of ethanol washes
before embedding in paraffin (Sigma, USA) and sectioned (14 um) for probing as
described by Langdale (1994). Treated sections were hybridized with probe solution (10
mg/ml salmon sperm, 10 mM Tris, pH 8.0, probes, 5 mM EDTA, pH 8.0, 0.3 M NaCl,
10% dextran sulphate, 40% formamide, and 1X Denhart’s solution) at 45°C overnight.
After hybridization, sections were washed with 2X SSC for 1 h at 45°C, RNase treated
(10 mg/ml RNase, 0.5 M NaCl, and 10 mM Tris, pH 8.0) at 37°C for 20 min and
washed again with 2X SSC (twice for 30 min) at 45°C, with a final wash in 1X SSC for
15 min at room temperature (RT). Detection of hybrids was performed using anti-

digoxigenin antibody (1:500, Roche, Germany), incubated overnight at RT before
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washing with TBS solution (3 times) for 5 min at RT. Signal detection was performed
using Fast™ BCIP/NBT (Sigma, USA) and images were photographed using a Zeiss

Axioplan fluorescence microscope (Carl Zeiss, Oberkochen, Germany).

3-3. Results

3-3-1 TILLING for exo70c2 mutants

To address the function of EXO70C2 in Arabidopsis, | attempted to acquire EXO70C2

T-DNA insertion line from the T-DNA Express database (http://signal.salk.edu/cqi-

bin/tdnaexpress). No T-DNA insertion within the EXO70C2 coding region was

identified in the search. Only, a line with a T-DNA insertion ~1.0 kb upstream of the
EXO70C2 ATG start codon (SALK _045767) was identified, which was used in this
study (Fig. 3-3A). Unfortunately, this homozygous T-DNA line showed neither
reduction nor disruption of EXO70C2 expression (Fig. 3-3B). Further phenotypic
analysis also showed no significant difference when compared to wild-type (Fig. 3-3C-
J). Because a suitable T-DNA line could not be obtained, a TILLING screen for
exo070c2 mutants in the established C24TILL collection was performed. A total of 29
point mutations corresponding to 28 mutants (one mutant with two point mutations)
were isolated from the TILLING screen (Fig. 3-4A). Based on the amino acid changes,
14 TILLING mutants with mutations likely to affect EXO70C2 functions were selected

for phenotypic analysis (Fig. 3-4A).
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3-3-2 Defects in pollen germination, pollen tube growth and reduce seed set in

exo70c2 mutants

Phenotypic analysis of 14 homozygous exo70c2 TILLING mutants successfully
identified three mutants with reduced silique length compared to wild-type plant (Fig. 3-
4B). These mutants, namely exo70c2_544/1631, exo70c2_1445, and exo70c2_1481
with mutations in a conserved EXO70 family C-terminal domain that result in the
amino acid substitutions G182R/G544E, S482L, and S494N respectively, showed
identical silique length defects with differening severity (Fig. 3-4C). The EXO70 C-
terminal domain acts as a binding domain and functions to anchor the exocyst complex
to the plasma membrane for targeted secretion (He et al. 2007). Previously, exo70
mutant lacking the functional C-terminal domain results in secretion defects (He et al.
2007). Since exo070c2_1445 exhibited the shortest silique length, this mutant line was
used in subsequent studies. To rule out the possibility that unrecognized or background
mutations might be responsible for the observed phenotype, homozygous exo70c2_1445
mutant (exo70c2_1445/ exo70c2_1445) was backcrossed to wild-type at least three
times before measurements were performed. Upon backcrossing and in line with earlier
observation, the siliques of both heterozygous (+/exo70c2_1445) and homozygous
(exo70c2_1445/ exo70c2_1445) mutants were reduced in size (Fig. 3-5A, B) and
contained significant fewer seeds than wild-type plants (Fig. 3-5D). Heterozygous
showed approximately 45% reduction in seed set, while homozygotes were almost
completely sterile (Fig. 3-5E). However, the seed set of heterozygote could be restored
to wild-type levels after hand pollination with its own anther, which was not the case in
homozygote (Fig. 3-5F). Closer inspection also revealed the reduction or absence of
growing pollen tubes within the pistil of exo70c2 mutants (Fig. 3-5C). To determine the
nature of sterility, reciprocal crosses between wild-type plants and exo70c2 mutants
were performed. Pollination of exo70c2 mutant pistils with wild-type pollen resulted in

normal seed set, whereas pollination of wild-type pistils with exo70c2 homozygous
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mutant pollen did not result in seed sets (Fig. 3-5G). This result indicates that the
function of the female organs is not compromised in mutant flowers. Additionally, no
obvious root (Fig. 3-12) or other vegetative growth defects were observed in exo70c2

homozygous mutant.

Detailed analysis further revealed that exo70c2 mutant pollen grains were
distinctively smaller compared to wild-type pollen grains (Fig. 3-6B). Pollen of exo70c2
mutant was unable to germinate and grow pollen tubes in vitro (Fig. 3-6D). The mature
pollen grains viability of heterozygote was further examined using Alexander’s staining
procedure (Alexander 1969). Approximately half of the pollen grains were dark green,
indicating the non-viability of mutant pollen (Fig. 3-6F). Defective mutant pollen
nuclear division was next tested using DAPI staining. Pollen of exo70c2 mutants was
abnormal with no visible sperm cells, whereas wild-type pollen contains two intensely
stained sperm cells (Fig. 3-6G, H). Taken together, these results demonstrate that the
almost complete sterility of exo70c2 homozygous mutants may be caused by abnormal

development of pollen grains.

3-3-3 Transcription of EXO70C2 and subcellular localization of EXO70C2

The expression pattern of EXO70C2 in Arabidopsis was determined by gRT-PCR.
EXO70C2 was abundantly expressed in anther tissue but not in other tissues (Fig. 3-7A).
Low expression of EXO70C2 was also detected in mature root tissue (Fig. 3-7A). To
further examine the cellular expression pattern of EXO70C2 in Arabidopsis, a fusion
construct carrying 5’ promoter sequences fused to the GUS gene (EXO70C2pro:GUS)
was generated. Seven homozygous T3 transgenic lines harbouring this fusion construct
were used for GUS staining. Consistent with gRT-PCR analysis, strong GUS staining
signals were detected in the anther (Fig. 3-7D), pollen grains (Fig. 3-7E), and growing

pollen tubes (Fig. 3-7K, L). Closer inspection also revealed a GUS signal in mature root
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(Fig. 3-7M) and root hairs (Fig. 3-7N). The expression pattern of EXO70C2 observed in
this experiment is slightly different from what has been reported previously for
EXO70C2 promoter GUS assays (Li et al. 2010). Beside the strong GUS signal detected
in male reproductive cells, GUS signal was not observed in the root of seven days old
seedlings as reported by Li et al. (2010). Since the promoter length in both studies was
approximately similar (~1.1 kb), this is not likely the source of discrepancy. Perhaps,
the spatial and temporal expression of EXO70C2 can only be significantly detected in
mature root by QRT-PCR experiment (Fig. 3-7A). Nevertheless, these results

demonstrate that EXO70C2 is preferentially expressed in anther and pollen.

To characterize this exocyst complex protein in more detail, subcellular localization
pattern of EXO70C2 in Arabidopsis protoplasts was analyzed. N-terminal CFP-tagged,
cDNA of EXO70C2 (35S:CFP:EXQO70C2) was co-expressed with YFP-tagged
cytoplasm  marker (35S:YFP:PEP3) or tdTomato-tagged nuclear marker
(35S:tdTomato:H3). In order to avoid potential mislocalizations as a result of protein
overexpression, only cells displaying weak fluorescence were assessed. Overall, CFP-
tagged EXO70C2 was distributed throughout the cytosol (Fig. 3-8F). This protein also
co-localized with the YFP-tagged cytoplasm maker (Fig. 3-8G) but not the tdTomato-
tagged nuclear marker (Fig. 3-8L). These results indicate that EXO70C2 is localized in

the cytosol in Arabidopsis.

3-3-4 EXO70C?2 is essential for pollen development

To observe the pollen morphology of exo70c2 mutants in detail, pollen grains were
examined using cryo-scanning electron microscopy (cryo-SEM). Anthers and pollen
grains from wild-type plants appeared normal (Fig. 3-9G, J), whereas a number of
collapsed and abnormal pollen grains were observed in the anthers from exo70c2

mutants (Fig. 3-9H, K). The percentage of aborted pollen grains was consistent with

47



light microscopy (Fig. 3-6B) and seed set (Fig. 3-5B) observations. Pollen grains from
ex070c2_1445 homozygotes were almost completely collapsed and aborted (Fig. 3-9I,

L).

To gain more insight into the expression pattern of EXO70C2 during pollen
development, anther development was divided into 14 stages (Fig. 3-10A) as described
previously (Sanders et al. 1999). EXO70C2 expression pattern was examined in detail
during pollen development using promoter GUS assay, gRT-PCR analysis and RNA in
situ hybridization. GUS signals were visible from postmeiotic pollen (stages 9 and 10)
to mature pollen (stage 11) and pollen release stages (stages 13 and 14) (Fig. 3-10B).
There was no detectable expression of EXO70C2 during early pollen development and
meiosis stages (stages 1 to 8) (Fig. 3-10B). In agreement with the promoter GUS assay
data, EXO70C2 transcript profiling using gRT-PCR also showed expression of
EXO70C2 at stages 9 to 14 (Fig. 3-10C). To more precisely determine the EXO70C2
expression pattern during pollen development, | performed RNA in situ hybridization
on wild-type floral sections. In situ hybridization was performed using anthers from
stages 8 to 12 where high EXO70C2 expression was detected. Strong in situ EXO70C2
signals were detected in post meiotic pollen (stages 9 and 10), pollen mitotic division
(stage 11), and pollen release stages (stages 13 and 14). Additionally, EXO70C2 signal
was also detected in tapetum (stages 9 and 10). Taken together, these results indicate
that EXO70C2 is specifically expressed in pollen and tapetum during pollen

development.

Based on the EXO70C2 expression pattern, transverse section of exo70c2 mutant
anthers from stages 8 to 14 were examined (Fig. 3-11). There was no detectable
difference between wild-type and exo70c2_1445 homozygotes at stages 8 and 9 (Fig. 3-
11). Normal microspores, tapetum and pollen grains were found in both wild-type plant

and exo70c2_1445 homozygotes. Subsequently and supporting high EXO70C2
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expression, abnormal pollen morphology was detected from stages 10 to 14 in mutant
homozygotes (Fig. 3-11). Pollen grains from these stages were completely degenerated
and collapsed. By contrast, mutant heterozygotes only exhibited partial pollen
degeneration (Fig. 3-11). Collectively, these observations suggest that the EXO70C2
mutation resulted in the defects in pollen development, further affecting male sterility in

Arabidopsis.

3-4. Discussion

The eight subunits (Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, EXO70, and EXO84) that
form the exocyst complex have been extensively studied in both yeast and mammals
(Guo et al. 1999, Mattern et al. 2001). The exocyst is involved in spatially regulated
exocytosis by functioning in tethering secretory vesicles to plasma membranes prior to
exocytosis. Unlike a single gene in yeast and most animal genomes, the EXO70 family
in plants has expanded greatly for unknown reasons (Synek et al. 2006, Chong et al.
2010, Zhang et al. 2010). Two hypotheses have been proposed by Synek et al. (2006)
for the pronounced multiplication of EXO70 genes in plants: (1) only some EXO70
proteins serve as subunits for plant exocyst complex, while others perform functions
independent of exocyst; and (2) plants may be endowed with a number of different
exocyst forms, each with a specific EXO70 subunit, which function differently. Recent
studies suggest that the second hypothesis is most likely to be true. First, the expression
of EXO70 members is associated with exocytosis-active cells and these genes are
expressed specifically in one or several cell types (Li et al. 2010). Second, several
EXO70 members are expressed in pollen, roots and tip-growing cells but with defined
temporal patterns suggesting that they may function independently but synergistically

(Synek et al. 2006, Li et al. 2010). In line with these observations, mutations in several
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EXO70 members lead to tissue-specific defects, further demonstrating that different
EXO70 members function in a cell type- or cargo-specific manner with no overlapping

function (Fendrych et al. 2010, Li et al. 2010, Pecenkova et al. 2011).

To further address the function of EXO70 genes, | characterized exo70c2 mutants
and demonstrated that EXO70C2 is required for pollen development. In agreement with
its strong pollen-restricted expression pattern (Fig. 3-7), mutation in EXO70C2 resulted
in aborted pollen grains and reduced fertility. Interestingly, similar observations were
also reported for exo70al mutants (Synek et al. 2006). The fact that both EXO70C2 and
EXO70A1 are essential for pollen development indicates that these exocyst subunits are
not functionally redundant. In addition to pollen development defects, exo70al mutants
also show a diverse range of vegetative growth defects (Synek et al. 2006), which are
not observed in exo70c2 mutants. Perhaps, as discussed above, they may both be
required for pollen development but function independently in regulating different
exocytosis processes. Previously, phylogenetic analysis showed that EXO70C1 and
EXO70C2 share 45.7% amino acid similarity and belongs to a two-member subclade
(Synek et al. 2006). Since only pollen tube growth defects were reported for exo70cl
mutants (Li et al. 2010) and to rule out the possibility of genetic redundancy, we
intended to examine the pollen morphology of exo70cl mutants. However, attempts to
obtain the reported exo70cl mutant are unsuccessful because the reported line was
discontinued. Nonetheless, several lines of evidence suggest that EXO70C1 and
EXO70C2 have no overlapping function. Unlike exo70c2 mutants with aborted pollen
grains, exo70c1 mutant pollen grains are able to germinate but with slower pollen tube
growth (Li et al. 2010). This implies that, the pollen development in exo70c1 mutant is
normal. Collectively, previous studies along with current studies strongly support the
notion that different EXO70 members regulate different vesicles for different exocytosis

processes.
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The aborted pollen grains observed in exo70c2 mutants suggest that proper secretory
processes are interfered with during pollen development. Since EXO70C2 is a subunits
of the exocyst complex, it may play a role in regulating the proper tethering of vesicles
crucial in pollen development. Based on the EXO70C2 expression detected in pollen
and tapetal cells, several possible scenarios can be proposed to explain the aborted
pollen grains observed in this study. First, EXO70C2 may participate in cytokinesis
during pollen development. In eukaryotes, cytokinesis depends on the proper targeting
of exocytic vesicles e.g. either to the cell plate in plants or to the cleavage furrow in
animals (Guertin et al. 2002), and the direct role in this process has been demonstrated
in mammalian cells (Fielding et al. 2005; Gromley et al. 2005) and S. cerevisiae
(Dobbelaere and Barral 2004; VerPlank and Li 2005). Upon completion of pollen
meiosis (stage 7), active cytokinesis occurs to establish the primary cell wall between
the microspores (stages 8 and 9). During cytokinesis, various arabinogalactan proteins,
callose and cellulose synthase complexes are transported and deposited to the cell plate
sites for the formation of a new cell wall (Crowell et al. 2009; Gutierrez et al. 2009).
Previously, exocyst-like particles were observed by electron tomography to tether
vesicles during the formation of the cell plate in developing Arabidopsis pollen (Otegui
and Staehelin 2004). Hence, exocyst can act in trafficking of vesicles containing
essential cell wall components and regulate the proper targeted secretion to generate
new plasma membranes during cytokinesis in pollen. This is consistent with the role of
exocyst in pectin delivery during seed coat development in Arabidopsis (Kulich et al.
2010). To further support this hypothesis, recently, Fendrych et al. (2010) reported the
involvement of EXO84b, SEC6, SEC8, SEC15b, and EXO70AL in cytokinesis and cell
plate maturation of root meristem cells. In this study, strong EXO70C2 expression was
detected during the cytokinesis phase (stage 9) of pollen development (Fig. 3-10D),
indicating its role in targeted secretion. The strong EXO70C2 expression detected in

stage 9 but not stage 8 (Fig. 3-10D) may further suggest its role in the final stage of
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cytokinesis, where active trafficking of vesicles containing cell wall components occur
to support cell wall maturation. Therefore, | hypothesize that cytokinesis in pollen is
dependent on EXO70C2, and that the loss of function of this crucial exocyst subunit
may affect cell wall establishment and lead to the abnormal pollen morphology

observed in this study.

Second, EXO70C2 expression detected in tapetum may also imply a role in tapetal
cells to support pollen development. Successful pollen development, and thus
reproduction, requires precise coordination and high secretory activity in both anther
tissue and pollen (Jakobsen et al. 2005). The tapetal cells of Arabidopsis are of
secretory type (Murgia et al. 1991) and supply array of proteins, lipids, precursors, and
other nutrients required for pollen maturation (Zheng et al. 2003). The discharge of
nutrients from the tapetum strictly depends on the precise and proper functioning of
targeted secretion to support pollen maturation. Thus, the exocyst complex is expected
to play a role in regulating active secretion processes in tapetal cells. In this study,
EXO70C2 expression was also detected in tapetum at stages 9 and 10 (Fig. 3-10D),
where highly active secretion takes place. At these stages, right after microspores are
released from the tetrad (stages 8 and 9) and before mitosis (stage 11), tapetum
breakdown is initiated. During this degradation process, vesicles containing various
essential components fuse with the plasma membrane to release their contents into the
anther locule to support pollen maturation (Wilson and Zhang 2009). In agreement with
the timing of tapetum degeneration, the pollen development defect was first detected at
stage 10, when tapetum degeneration occurs, in exo70c2 mutants. Therefore, EXO70C2
may play a role in regulating vesicle secretion during tapetum degeneration process.
The pollen exine of exo70c2 mutants was indistinguishable from wild-type pollen. Thus,
the possibility that EXO70C2 regulates vesicles containing precursors such as
sporopollenin, the building block of exine, can be ruled out. Instead, EXO70C2 may

regulate the tethering of vesicles containing nutrients or lipids needed for pollen
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maturation. Previously, a similar pollen abortion phenotype was reported for lacsllacs4
mutants that showed a significant reduction in biosynthesis of tryphine lipids required
for pollen maturation (Jessen et al. 2011). In addition, MIA has been suggested to be
involved in the pathway responsible for proper secretion of vesicle cargo to the plasma
membrane (Jakobsen et al. 2005). T-DNA insertional mutants of MIA suffer from
abnormal pollen morphology with severe reduction in fertility (Jakobsen et al. 2005),
resembling those of exo70c2 mutants in this study. Interestingly, microarray analysis of
MIA mutants indicated that EXO70C2 is significantly down-regulated (Jakobsen et al.
2005). These data further implies that MIA is involved in the secretory pathway, most

likely acting upstream of EXO70C2 to regulate proper secretion of vesicle cargos.

Overall, using TILLING as a reverse genetic approach, | demonstrated the
importance of EXO70C2, a subunit of the exocyst complex, in pollen development.
This study also suggest that EXO70C2 likely functions in cytokinesis during pollen
development through the regulation of secretion of essential vesicles which support
pollen maturation. In the future, it will be interesting to analyze in detail the molecular
machinery controlling exocyst function in targeted secretion and its possible role in

other plant exocytosis processes.
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3-5. Figures

A SALK 045767
T-DNA
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Figure 3-3. Characterization of EXO70C2 T-DNA insertion line . (A) Schematic view of
EXO70C2 genome structure showing the T-DNA insertion site. (B) Genomic PCR validation
(upper panel) and RT-PCR of EXO70C2 quantification (lower panel) in WT plant (left lane)
and homozygous T-DNA insertion line (right lane). LB, LB1.3: left border, RB: right border
of T-DNA. Primers specific to Actin8 were used as internal control. (C-J) Phenotypic
characterization of WT plant and EXO70C2 insertion line. (C, D) Mature flower. (E, F) Seed
sets. (G, H) Aniline blue staining of pistils. Pollen tubes are indicated by white arrows. (I, J)

Mature siliques. Bars (C), (D), (1), (J): 5 mm, (E) to (H): 500 um.
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F1 F2
< ‘ ATG - TAG s,
AAA AAAA AA A A AAA AAAAA A AAA AAAA AD
12 3 4567 89 10 11 121314 151617 1819 20 2122 23 24252627 2829 -
R1 R2
EXO70C2 (At5g13990)
Position Exon/ Amino acid Homo/ Mutation
No from ATG Intron change Hetero type
1 C 220 T (exo70c2_220) Exon R74C Hetero Missense
2 G 484 A (exo70c2_484) Exon G162R Homo Missense
3 G 544 A (exo70c2_544/1631) Exon G182R Homo Missense
4 G715A Exon D 239N Hetero Missense
5 C 731 T (exo070c2_731) Exon P 244 L Homo Missense
6 C 770 T (exo70c2_770) Exon P 257 L Homo Missense
7 G 802 A (exo70c2_802) Exon A268T Hetero Missense
8 G810 A Exon - Hetero Sense
9 G913 A Exon V3051 Hetero Missense
10 G 941 A (exo70c2_941) Exon S314N Homo Missense
11 G963 A Exon - Hetero Sense
12 G 1049 A (ex070c2_1049) Exon G350E Homo Missense
13 Ccl164T Exon - Hetero Sense
14 G 1176 A Exon - Hetero Sense
15 G 1184 A (ex070c2_1184) Exon R 395 Q Hetero Missense
16 G 1219 A (ex070c2_1219) Exon E 407 K Homo Missense
17 G 1230 A Exon - Hetero Sense
18 G 1239 A Exon - Hetero Sense
19 G 1324 A (ex070c2_1324) Exon D 442N Homo Missense
20 G 1414 A Exon D472 N Hetero Missense
21 C 1445 T (exo70c2_1445) Exon S482L Hetero Missense
22 G 1481 A (ex070c2_1481) Exon S494N Homo Missense
23 C1497 T Exon - Hetero Sense
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Figure 3-4. Phenotypic analysis of exo70c2 TILLING mutants. (A) Detailed analysis of
mutations found in the EXO70C2 gene fragment. Diagram shows the analysed EXO70C2
gene fragment and the location of detected mutations (black arrowheads). Forward and
reverse primer sites for TILLING analysis are also indicated by red arrows. TILLING
mutants selected for silique length measurement are highlighted in blue. TILLING mutant
with two point mutations is highlighted in red. (B) Silique length measurement of
homozygous exo70c2 mutants. WT silique was used as control. For each line, 5 siliques were
measured for 3 biological replicates. Asterick indicates the P values calculated by Student’s
t-test against WT. * indicates P < 0.01, ** indicates P < 0.005. (C) Siliques of WT plant and
exo70c2 mutants. (D) Mature flowers of WT plant, exo70c2_544/1631, exo70c2_1445, and
exo070c2_1481 mutants. Anthers with reduced pollen grains are indicated by yellow arrows.
Bars: 5 mm
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Figure 3-5. Phenotypes of exo70c2 TILLING mutants. (A) Photograph of seed pods of
WT plant (left) and exo70c2_1445 heterozygous and homozygous mutants (center and right).
Bars: 5 mm. (B) Silique length measurement in WT plant and exo70c2 mutants. For each
sample, 5 siliques were measured for 3 biological replicates. (C) Anilline blue staining of
pistils from WT plant and exo70c2 mutants. Pollen tubes are indicated by white arrows.
Bars: 200 um. (D) Seed set of WT plant and exo70c2 mutants. Bars: 200 um. (E) Seed count
of WT plant and exo70c2 mutants. For each sample, 5 siliques were counted for 3 biological
replicates. (F) Silique length measurement of hand self-pollinated WT and exo70c2
homozygous mutant lines. (G) Seed pods from self-pollinated (upper panel) and reciprocal
cross-pollination (lower panel) of WT and exo70c2 homozygous mutant line. Bars: 5 mm.
Asterick indicates the P values calculated by Student’s t-test against WT. * indicates P <
0.01, ** indicates P < 0.005.
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Figure 3-6. Characterization of exo70c2 mutant pollen. (A), (B) Morphology of pollen
grains. Aborted pollen grains are indicated by black arrows (C), (D) Pollen germination and
pollen tubes growth. Non-germinated pollen grains are indicated by black arrowheads. (E),
(F) Alexander staining of mature pollen grains. Non-viable pollen grains are indicated by
astericks. (G), (H) DAPI staining of pollen grains. Sperm cell nuclei are indicated by white
arrows. Bars: 10 um.
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Figure 3-7. EXO70C2 expression in various Arabidopsis tissues. (A) Relative EXO70C2
expression levels in various tissues, revealed by qRT-PCR (means of three replicates). (B) to
(N) Expression pattern of EXO70C2 revealed by promoter GUS assay in various tissues;
(B) 7 days old seedling, (C) inflorescene, (D) anther, (E) mature pollen grains, (F) leave, (G)
silique, (H) endosperms, (1) stem, (J) pollinated stigma, (K), (L) pollen tubes penetrating the
ovules (*), (M) mature root, (N) root hairs. Bars (B), (D), (F), (H) to (N): 200 um, (C), (G):
0.5 mm, (E): 10 um.
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Figure 3-8. Analysis of EXO70C2 subcellular localization. (A) to (D) Arabidopsis
protoplasts expressing CFP as a control. (E) to (G) Arabidopsis protoplast co-expressing
CFP:EXQO70C2 and YFP:PEPC3. (H) The merged signal of (F) and (G). (I) to (K)
Arabidopsis protoplast co-expressing CFP:EXO70C2 and tdTomato:H3. (L) The merged
signal of (J) and (K). DIC: differential interference contrast. PEP3: phosphoenolpyruvate
carboxylase 3 (cytosolic marker). H3: histone H3 (nuclear marker). Bars: 5 um.
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Figure 3-9. Cryo-SEM analysis of anthers, pollen grains and stigmas of WT plant and
ex070c2 mutants. (A) to (C) Stigmas of mature flowers. (D) to (F) Natural self-pollinated
papilla cells of mature stigmas. (G) to (L) Anthers of mature flowers. Bars (A) to (C): 100
um, (D) to (1): 50 um, (J) to (L): 25 um.
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Figure 3-10. Flower buds and EXO70C2 expression pattern. (A) A series of flower buds
during anther development. Bar: 0.5 mm. (B) Expression pattern of EXO70C2 revealed by
GUS assay in various stages of anther development.. Stages of anther development are
numbered. Bars: 0.5 mm. (C) gRT-PCR analysis of EXO70C2. (D) In situ hybridization
analyses of EXO70C2 in wild-type anthers. | to V: probed with labelled EXO70C2 antisense
probe (upper panel). VI to X: probed with excess unlabelled EXO70C2 antisense probe (lower

panel). E: epidermis, PG: pollen grain, Stg: stage, T: tapetum. Bars: 10 um.
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Figure 3-11. Transverse section analysis of the anthers. The toluidine blue stained images
were from cross section through a single microsporangium from each stage. cPG: collapsed
pollen grains, E : epidermis, En: endothelium, Fb: fibrous bands, MSp: microspore, PG:
pollen grains, PGr : pollen grains release, Sm: septum, St: stomium, Stg: stage, T: tapetum.
Bars: 10 um.
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Figure 3-12. Root phenotypic characterization of exo70c2 mutants. (A) Primary root
length measurement after 14 days of growth on 1/2 MS media. For each line, 5 roots were
measured for 3 biological replicates. (B) Primary root and root hairs of WT plant and
exo70c2 mutant. Bars: 200 um. (C) Photograph of 14 days old seedlings used for root
phenotypic characterization. Bars: 5 mm.
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Supplemental tables

Table 1. Primers used in this study

Primer name

Sequence (5’-3")

Primers for TILLING and mutations confirmation

DUO1-F1
DUO1-R1
Apk1b-F1
Apk1b-R1
Apk1b-F2
Apk1b-R2
PKA-F1
PKA-R1
PKA-F2
PKA-R2
PKA-F3
PKA-R3
PKA-F4
PKA-R4
EXO70C2-F1
EXO070C2-R1
EXO70C2-F2
EXO70C2-R2
EXO70H2-F1
EXO70H2-R1
EXO70H2-F2
EXO70H2-R2
*6-FAM-F
**\/|C-R

AACATCAAATTCGAAATGCGAGAGAAAC
TCATTCAATCGAATCAGAGTCCAAAGAA
GCTCTTTACTCTCTGATCTCAAAAGGG
CGTTTTGAAATCGCGGTATATGACACTAG
TGTTTCTTGTGGTTGCAGGAG
TGGCTCGTTTACACGACTCATGAA
ATGGGTTGTGCTTATTCCAAAACTTGCATT
GTTGATTTTTAGAGTTCCATCCAAAGGTGG
ACTGAGGAAGATGATGATGGAGAC
CATTAAGGCGAGTTCACCGAATGA
ACCTAGGATCTTGCAGCGTTATAC
GTCATCTGTCCGTTTCATTACCGT
GAGCGGAATCTGATGAAGAACGTA
CCTTTTTGAATCAGCCCAAAAAA
AGAAAGGCGACGTCGTTTCGGATGCT
ACTTTGTCTCCAGGTTTCCGTCGAGTAGC
TTGAGAAAGTTAGCATCGACGAGGTGCA
CTATGTTCTTCGCCTGGCGGTGGC
AAGAGACTAGAAGACACAAGTGACTCCA
TCACTAGGAAGAGGTAAGAGAGGGAAAC
ATTCTTCTAAAGCACTAACTGCAGGAG
ATGTGCAACAAATAGAAGTGGGCTTACAT
TCGAGGTCGACGGTATCGAT
TGACGAGTAGACGCTGGTAG

* Sequence was added to the 5* end of the each forward primer.

** Sequence was added to the 5’ end of the each reverse primer.
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Primers for RNAI

Apklb RNAI-F
Apklb RNAI-R
PKA RNAI-F
PKA RNAI-R

GACCGTTACTTGCTAACAAAAGGAAG
TCAAACAAACAGAGGCGAATCAGAC
AGAAGATCAAGATGCTCAAAACTGG
ATGGTCGAAATCATGTTAGACTACGG

Primers for quantitative real time PCR

Apklb gRT-F
Apklb gRT-R
PKA gRT-F

PKA gRT-R
EXO70C2 qRT-F
EXO70C2 qRT-R
Actin 8-F

Actin 8-R

CAGACTCTTACTGCTTCTAAACCG
AAACTGCCCCAAGTAATTCACTTC
ATGGGTTGTGCTTATTCCAAAACTTGCA
CCTCTGGACGGAGCTTGTTGATGCG
AGAACGACAAGGACCCTGATCATGA
TGGATCTTGATGATCTGTCTCCGCA
TGGAACTGGAATGGTTAAGGCTGG
TCTCCAGAGTCGAGCACAATACCG

Primers for EXO70C2 T-DNA

EXO70C2 LB
EXO70C2 RB
LB 1.3

Primers for GUS assay

EXO70C2 GUS-F
EXO70C2 GUS-R

AGTTTTGGTGCAGCATCATTC
TGGACAGTACTTGGATCCTGG
ATTTTGCCGATTTCGGAAC

GGCTCCTTTGTCTGAACATTTATTTTAG
GGTTTCTTATTATTTACGTAAAAAGCTT

Primers for subcellular localization

EXO70C2 sub-F1
EXO70C2 sub-R1
PEP3 sub-F1
PEP3 sub-R1

H3 sub-F1

H3 sub-R1

ATGGAGAAGAACGACAAGGACCC
CTATGTTCTTCGCCTGGCGGTGG
ATGGCGGGTCGGAACATAGAGAAG
TTAACCGGTGTTTTGCAATCCTGCAG
ATGGCACGTACGAAGCAAACTG
TCAAGCACGTTCCCCACGAATGC
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Table 2: Detailed analysis of mutations found in the EXO70H2 gene fragment

Position Exon/ Amino acid Homo/ Mutation
No from ATG Intron change Hetero type
1 G245 A Exon R 82K Hetero Missense
2 C253T Exon R86C Homo Missense
3 G293 A Exon H98 P Hetero Missense
4 G389 A Exon R131Q Homo Missense
5 C470T Exon S157F Hetero Missense
6 G601 A Exon E 201K Homo Missense
7 cCrnrT Exon - Hetero Sense
8 Cc721T Exon H241Y Homo Missense
9 C775T Exon R259C Homo Missense
10 G776 A Exon R259H Hetero Missense
11 G802 A Exon V 268 | Hetero Missense
12 G827 A Exon R 276 K Homo Missense
13 co87T Exon - Hetero Sense
14 G1145A Exon R 382 K Hetero Missense
15 C1196 T Exon S399L Hetero Missense
16 C1234T Exon R412C Homo Missense
17 G 1270 A Exon E 424K Hetero Missense
18 G 1342 A Exon D 448 N Hetero Missense
19 C1386T Exon - Hetero Sense
20 Cl1450T Exon L 484 F Hetero Missense
21 G 1490 A Exon R 497 K Hetero Missense
22 G1710A Exon - Hetero Sense
23 G 1720 A Exon ES574K Hetero Missense
24 G 1803 A Exon - Homo Sense
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25

26

27

28

G 1815 A

C1868T

G 1872 A

G 1887 A

Exon

Exon

Exon

Exon

S623F

C629Y

Homo

Hetero

Hetero

Homo

Sense

Missense

Sense

Missense
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