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Abstract
Molecular analyses using sixteen insertion-deletion polymorphic markers revealed that
somatic sectoring occurs relatively frequently during the course of normal vegetative
development. This is the first report that documents the spontaneous but targeted appearance
of unique genomic insertions at multiple discreet loci in single plants. These sectors hosted
genetic variation attributed to single nucleotide changes, insertions, or sequence loss. The
most important finding is the appearance of a 54 base-pair insertion in the progeny that
resulted in an identical sequence match with the corresponding allele of the grand-parental

genome, rather than the genome of the immediate parent.

Because somatic sectoring was observed five times more frequently in hothead (hth)
mutant plants, studies were initiated to determine HTH protein localization with a view
toward elucidating its possible functions. Here, | present the results of HTH protein
localization using a fluorescent protein-tagged HTH fusion protein generated by a native
promoter-driven construct (annotated as HTHpro:HTH-FP). The HTH-FP protein was
predominantly localized to the epidermis of seedling and mature tissues; moreover, it was
also present in the seed coat outer integument that is of epidermal origin. Most interestingly,
in seedlings the HTH-FP protein was localized to the endoplasmic reticulum (ER) and ER-
derived structures called ER bodies. Since ER bodies have been previously associated with
stress response, the ER body localization suggests a role of HTH in stress responses. This

notion is supported by the effect of the wounding hormone methyl jasmonate which elevated



HTH expression in wildtype plants and induced ER bodies in rosette leaf epidermis of

HTHpro:HTH-FP plants.

Previously, HTH has been proposed to function either as a mandelonitrile lyase involved
in cyanogenesis or as a fatty alcohol dehydrogenase involved in the biosynthesis of cutin
monomers (fatty acids). To determine whether HTH has any of these catalytic activities, a
maltose binding protein (MBP)-HTH fusion protein was generated in bacteria and the
recombinant protein used for in vitro assays. Although results of the enzymatic assays were
inconclusive, bioinformatics analyses of putative catalytic residues favor functional
involvement in fatty alcohol dehydrogenation, rather than in nitrile lyation. This prediction
suggests that HTH might be functionally distinct from the closely-related enzyme,
mandelonitrile lyase. In addition, coexpression analysis showed that HTH is coexpressed not
only with genes involved in cutin synthesis but also with those modulated by pathogens and
stress. Although results also pointed towards an association between HTH and defense/stress
response, how this association might be linked to genome instability observed in hth mutants

is discussed.
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Contributions to Knowledge
1. Documentation of individual Arabidopsis plants that are capable of producing somatic

sectors during the course of normal vegetative development.

2. These somatic sectors have distinct genetic profiles, and variation is attributed to either

single nucleotide composition, small DNA insertions or sequence loss.

3. The genomic insertions have characteristics that are consistent with the previously

proposed template-driven mechanism (Lolle et al., 2005).

4. Cuticle-specific HTH protein function is retained by C-terminal fluorescent protein-
tagged HTH proteins (HTH-FPs). HTH-FPs are localized to the epidermis of seedling

and mature tissues.

5. Seeds of mutant hth plants are often misshapen and have enhanced seed coat
permeability. Furthermore, HTH-FPs are present in the seed coat outer integument, a
tissue that is of epidermal origin. This is the first report implicating HTH in seed coat

development.

6. HTH-FPs derived in plants are glycosylated. The protein is localized to the endoplasmic
reticulum (ER) network and ER bodies which have been previously associated with
stress responses. In accordance, HTH expression was elevated by methyl jasmonate, a
plant hormone involved in the response to wounding. These represent the first evidence

implicating HTH in plant stress response pathways.

XX



7. Predictions of catalytic residues support the postulated function of fatty alcohol

dehydrogenase although HTH is phylogenetically closer to mandelonitrile lyases.

8. HTH is part of a network in which genes encode proteins associated with both fatty acid
processing and stress responses. Moreover, these proteins are predominantly specific to

land plants.
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Overview of chapters
Arabidopsis hothead (hth) mutants typically exhibit floral organ fusion and increased cuticle
permeability (Lolle et al., 1998). An unusual case of genome instability was observed in hth
mutants wherein progeny appeared to acquire novel DNA sequences that were absent in the
immediate parent plant but present in an earlier ancestor (Lolle et al., 2005). Little is known
about how mutation of the HTH gene is associated with genome instability and the
biochemical function of the protein. This thesis aims to 1) investigate genetic instability of
molecular markers distributed across all five chromosomes, 2) examine HTH expression
patterns, and 3) further investigate previously proposed protein functions of HTH using in
vitro assays and bioinformatics. Based on the experimental results and bioinformatics
analyses, the possible link between hth mutation and genome instability through plant

defense responses is discussed.

In Chapter 1, a review of literature relevant to 1) the plant cuticle structure and its
constituents, 2) genes involved in cutin and wax biosynthesis, 3) seed coat structure, 4) plant
stress responses, and 5) the hth mutant phenotype and putative functions of the HTH protein
is given; special attention is given to cutin biosynthesis and stress-related genome instability.
In Chapter 2, we used genetic and molecular approaches to test whether the inherited
genomic changes initially discovered in 2005 could be explained by outcrossing. In this
chapter we showed that DNA sequence changes occur in somatic tissues and that individual
plants are, in fact, genetic mosaics. The following experiments led to this key finding. First,

to establish how susceptible hth plants were to out-crossing, mutant plants were grown
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together with a pollen donor harboring a dominant gene conferring resistance to the herbicide
glufosinate. Outcrossing frequencies were compared to those observed in plants isolated from
exogenous pollen sources. Second, to investigate the extent of changes that occur, we used
sixteen small insertion/deletion (indel) polymorphic molecular markers distributed across all
five chromosomes. Using these polymorphic lines we demonstrated that these markers were
not stably inherited in progeny derived from F2 parent lines with known indel marker
profiles. In addition, we showed that the observed genetic discordance between parent and
offspring reflected sporophytic as opposed to gametophytic events by collecting multiple
tissue samples from individual soil-grown adult plants and from shoots and roots of single
seedlings grown under sterile conditions. Finally, tissue samples that were subjected to
quantitative assays revealed these sectors to be relatively small, assuming the copy number
was proportionally related to the number of cells harbouring the reverted insertion within a

fixed tissue area.

Genetic analyses have shown that the HTH gene is important for proper cuticle function
and that its mutation leads to a floral organ fusion phenotype (Lolle et al., 1998). In Chapter
3, I analyzed transgenic plants expressing fluorescent protein-tagged constructs
(HTHpro:HTH-FP) that allowed direct visualization of protein localization. To minimize
artifacts due to over-expression these HTH reporter constructs were driven by the native
HTH gene promoter. Using these transgenic lines, | was able to show that HTH-FP fusion
protein was predominantly localized to the epidermis of seedling and mature tissues;
moreover, its expression was also present in the seed coat outer integument that is of

epidermal origin. Interestingly, within epidermal cells HTH-FP was found to localize to the
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endoplasmic reticulum (ER) network and ER-derived bodies that have been associated with
plant stress responses. In agreement, the RT-gPCR results showed that the HTH expression
in Ws wildtype plants was elevated by exposure to the wounding hormone methyl jasmonate

(MeJA) which, in turn, also induced ER bodies in epidermal cells.

Based on sequence homology, the HTH protein belongs to the glucose-methanol-choline
(GMC) oxidoreductase family. To date no direct biochemical evidence has been published to
address the question of HTH protein function although two different enzymatic activities
have been proposed. In 2003, Krolikowski et al. proposed that HTH encodes a mandelonitrile
lyase (MDL) based on sequence similarity and the genetic identification of functional
residues, whereas Kurdyukov et al. (2006b) proposed that HTH is involved in cutin monomer
biosynthesis and encodes an w-fatty alcohol dehydrogenase based on a shift in the cutin
monomer profile of mutant plants (Kurdyukov et al., 2006b). In Chapter 4, these two
possible catalytic functions were investigated using in vitro enzymatic assays with maltose
binding protein (MBP)-tagged recombinant HTH protein generated in Escherichia coli. No
activities were detected in these assays. Later analyses revealed that when expressed in plants
HTH-FP is a glycoprotein offering one possible explanation for why expression in E. coli
may have produced a non-functional protein. With a view towards understanding the protein
function, I constructed a phylogenetic tree and compared functional residues of HTH and
other GMC oxidoreductase proteins. Moreover, multiple sequence alignment was used to
identify HTH’s putative catalytic residues. However, predicted catalytic residues suggest that
HTH shares common active sites with a bacterial medium chain fatty alcohol dehydrogenase,

supporting the possibility of an enzymatic function distinct from the MDLs. Furthermore,
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genes involved in cutin synthesis and also those in defense or stress responses were found to

be coexpressed with HTH.

In Chapter 5, | summarize results from previous chapters and discuss possible
mechanisms by which a putative fatty alcohol dehydrogenase such as HTH, could be

associated with plant defense/stress response. Lastly, genome instability in response to stress

is reviewed.
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Chapter 1 General Introduction
Evolution from aquatic multicellular green algae to land plants required new strategies to
cope with the terrestrial environment. The development of a cuticle, the cutin-based layer
sealing the epidermis of aerial organs, allowed for the colonization and spread of land plants
culminating in the gymnosperms and angiosperms. In addition to enabling plant growth on
land, the cuticle layer has important roles in plant biology beyond regulating water status; it
also acts as a selectively permeable barrier to control the movement of gases, solutes, small
signaling molecules and charged large molecules such as herbicides (Kerstiens, 1996; Lolle
and Pruitt, 1999; Pruitt et al., 2000; Schreiber, 2002; Schreiber, 2005). From a practical
perspective, understanding the cuticle is important to the agriculture industry for generating
more drought tolerant crops in face of global climate change and for improving the

effectiveness of herbicide absorption.

The cuticle is implicated in normal plant development and is essential for achieving
organ partitioning after inception of a meristem. In some cases during formation of the
female reproductive organ, some epidermal cells, upon growing into direct contact,
participate in cell wall fusion (Lolle et al., 1992). Regulation of organ fusion is achieved by
cell-cell signaling that is mediated by small, water-soluble molecules as demonstrated by
classic experiments in which barriers that block exchange of water-soluble molecules
between carpel primordia have been shown to prevent fusion of Catharanthus roseus carpels.
Using barriers of known pore size, it was demonstrated that unidentified water-soluble agents

of a molecular weight less than 1000 daltons can diffuse through the fusion zone (two cell



walls and the cuticle) and allow dedifferentiation of the contacting epidermal cells (Verbeke
and Walker, 1986). Accordingly, the concept of a “morphogen” molecule as the factor
initiating cell dedifferentiation was proposed. Siegel and Verbeke (1989) showed that these
diffusible factors could be trapped in agar, and could stimulate redifferentiation of epidermal
cells to parenchymal cells by exposing the non-fusing carpel region to the factor-loaded agar
barriers. These results serve as evidence that organ separation is at least in part regulated by

cuticle permeability.

In Arabidopsis, defects in the cuticle can result in abnormal organ fusion as observed in
cuticle mutants such as fiddlehead (fdh) and hothead (hth) (Lolle et al., 1992; Lolle et al.,
1998). The cuticle also mediates cell-cell signaling influencing the spatial distribution of
trichomes and stomata. Furthermore, it plays an important role in sexual reproduction. The
cuticle of the stigma papillary cells serves as a diffusion barrier between the pollen grains
and papillary cells since water and other regulatory factors are transported through it (Lolle
and Pruitt, 1999), and as a result the cuticle has a determining effect on pollen adhesion,

compatibility recognition, and pollen tube growth (Hulskamp et al., 1995).

1.1.1 Cuticle structure

The epidermal cuticle is a matrix consisting of cutin polymers, polysaccharide microfibrils
and waxes. It is found external to the epidermal cell wall and its development has been
detected as early as the late globular stage of embryogenesis. Cuticle thickness can vary
greatly across plant species ranging between 0.02 to 32 um, with mature Arabidopsis leaves

generally being covered by a cuticle that is 22 - 45 nm in thickness (Franke et al., 2005;



Schreiber and Riederer, 1996; Vogg et al., 2004). Although the composition also varies
across plant species, generally the cuticle found on mature tissue is a composite structure

made of three layers (Figure 1.1).

Outermost are the epicuticular waxes and subjacent to this is the cuticle proper that
mainly consists of cutin polymers embedded in intracuticular waxes. The third and final layer
is found between the cell wall and the cuticle proper. This layer contains polysaccharides in
addition to cutin polymers and waxes. The epicuticular and intracuticular waxes are
hydrophobic compounds that are composed predominantly of aliphatic lipids, such as very
long chain fatty acids (VLCFAS) (C24 - C34) and their derivatives (Samuels et al., 2008).
When deposited on the outermost surface, waxes form a film or crystals that constitute the
epicuticular wax layer. In contrast, waxes deposited in the cuticle proper are surrounded
tightly by cuticle polymers and form dense, well-packed domains. It should be noted that
cuticles of different parts of a plant can be highly heterogeneous as shown by Schreiber
(2005) who observed that the cuticle covering Vicia faba stomata and trichomes is less

lipophilic and thus forms the preferential site of ion penetration.

1.1.2 Cutin monomers and polymers

The three-dimensional structure of the cuticle polymer is not clear, yet the monomer
compositions can readily be identified by gas chromatography and mass spectrometry. The
common constituents of cutin polymers are monomers such as C16 and C18 unsubstituted
fatty acids, m-hydroxy fatty acids and dicarboxylic fatty acids; some of these monomers

might contain mid-chain functional groups (Table 1.1). To a lesser extent, fatty alcohols,



glycerol and phenolics have been identified as components of cutin polymer domains

(Pollard et al., 2008).

Whether cutins polymerize as branching molecules of a certain range of molecular
weights, or as a greatly cross-linked network is unclear. Several theoretical three-dimensional
structures of cutin (Figure 1.2) have been proposed by Pollard et al. (2008). The
polymerization of w-hydroxy fatty acids results in a linear polyester chain with primary ester
linkages. The linear structure can develop branches at the sites of mid-chain oxygen-
containing functional groups (epoxy, oxo, hydroxy or vicinal diol). For example, the mid-
chain hydroxyls may be esterified to the carboxyl group of other monomers, forming a
secondary ester linkage and a local branching structure. Alternatively, branching structures
can also be achieved with the presence of glycerol (Graca et al., 2002). Any of the three
hydroxyl groups of glycerol can be esterified with the carboxyl group of fatty acids. With
glycerol acting as a “linker” between dicarboxylic fatty acids (DCA), a much larger
branching structure can be achieved. Glycerol-DCA structures can also form extensively
cross-linked network structures. However, these large branching and cross-linked polymer
domains might only account for a small portion of total cutin polymer domains since
dicarboxylic fatty acids normally exist as a minor monomer component (< 5%) (Pollard et

al., 2008).

One exception is found in the cuticle of Arabidopsis thaliana, which contains high levels
(> 50%) of C18:2 a,m-dicarboxylic acid monomers (Bonaventure et al., 2004). High

dicarboxylic acid content is usually diagnostic of suberin, a polyester also made of long chain



fatty acids (Bonaventure et al., 2004; Matzke and Riederer, 1991). Provided that the cuticle is
found to be ten times thinner in Arabidopsis thaliana than many other plants, a glycerol-
DCA cross-linked polymer with higher strength might be the dominating structure in

Arabidopsis thaliana (Kurdyukov et al., 2006b; Pollard et al., 2008).

1.1.3 Cutin monomer biosynthesis

Cutin monomers are likely synthesized from fatty acids made in plastids. Figure 1.3 shows
one possible order for cutin monomer synthesis. The pathway starts with pyruvate or acetate
that is transformed into acetyl-CoA by the pyruvate dehydrogenase complex (PDC) or acetyl-
CoA synthetase (ACS), respectively. The acetyl-CoA then goes through ATP-dependent
carboxylation by acetyl CoA-carboxylase (ACCase), resulting in malonyl-CoA. With the
stepwise addition of two-carbon acetyl groups, malonyl-CoA is elongated by fatty acid
synthase (FAS) to fatty acids of various lengths. These molecules are either exported and
integrated into membranes and other cellular components, or further elongated into C16 or
C18 fatty acids that can be further processed into cutin building blocks. Plastid-derived fatty
acids in turn are transported into the endoplasmic reticulum (ER). In the ER the acyl chain is
first activated by long chain acyl-CoA synthase (LACS) which is then hydroxylated by fatty
acyl o-hydroxylase (FAH). The following step by w-hydroxy fatty acyl dehydrogenase
(HFADH) transforms hydroxy fatty acids to oxo products which are processed into
dicarboxylic fatty acids by m-0xo fatty acyl dehydrogenase (OFADH). Alternatively,
hydroxyl acids can also be modified directly by FAH to give rise to dicarboxylic acids. These
modified fatty acids may be esterified to glycerol-3-phosphate by glycerol 3-phosphate

acyltransferase (GPAT) before being exported. It is possible that monomers can be esterified
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by polyester synthase (PS) to form oligomers or polymer domains in the ER (Gronwald,

1991; Pollard et al., 2008).

These synthesized cutin monomers or building blocks are first exported from the ER to
the cell wall and then subsequently to the cuticle. Although the key routes of cutin building
block export are known, the sites for cutin polymer assembly and the presence of polyester
synthases remain hypothetical. Possible mechanisms and putative cellular locations of cutin
assembly are shown in Figure 1.4 (Pollard et al., 2008). In the first scenario, a plasma
membrane-anchoring ER domain is in direct contact with the plasma membrane allowing
monomer synthesis and transport across the membrane at one location. ATP binding cassette
(ABC) transporters may be required for direct transport to occur. The second pathway is
thought to be cytoplasmic, requiring soluble carrier proteins to move cutin monomers or
small oligomers in concert with an ABC transporter and/or glycosylphosphatidyl-inositol
(GPI)-anchored lipid transfer protein (LTPG) (DeBono et al., 2009). For larger oligomers or
polyester domains, especially highly branched ones, different mechanisms are likely needed.
Larger oligomers could be shuttled by oleophilic droplets whose genesis is similar to the

budding process of seed oil bodies, and exocytosis by Golgi-mediated secretory vesicles.

After being exported out of the cytoplasm, how do hydrophobic cutin monomers pass
through a predominantly hydrophilic cell wall to reach the cuticle? Possible mechanisms
include binding to lipid transfer proteins (Kader, 1997) or to a polysaccharide in the cell wall.

Another mechanism is unchaperoned movement of oleophilic droplets across the cell wall as



suggested by the observation of oleophilic droplets found in rice internode epidermal cells

under rapid expansion (Hoffmannbenning et al., 1994).

1.1.4 Wax biosynthesis

Cuticular waxes predominantly consist of hydrophobic very-long-chain aliphatic compounds,
such as straight-chain C25-35 alkanes and alcohols, aldehydes and fatty acids but also
include cyclic compounds such as triterpenoids, sterols and flavonoids. Starting with
hexadecanoic acid (C16), very-long-chain fatty acids of an even carbon number (C24 - C34)
are produced by the fatty acid elongase (FAE) complex in the ER (Haslam and Kunst, 2013).
These fatty acids are reduced to fatty aldehyde and primary alcohols or reduced and
decarbonylated to alkanes, which can be further converted to secondary alcohols and ketones.
These wax components are secreted to the cuticle in a variety of different ways. Some are
Golgi-independent while others are Golgi-mediated. Waxes can also be transported from the
ER directly to the plasma membrane as droplets, or exocytosis through the Golgi apparatus.
ABC transporters and non-specific lipid transfer proteins might also be involved (Kunst and

Samuels, 2003).

When the wax components are deposited on the surface of the cuticle, they can self-
assemble into crystalline structures such as rods, tubes, or plates (Koch and Ensikat, 2008).
The hydrophobicity of wax provides water repellency, and additionally the roughness created
by the deposition patterns can further prevent water from adhering to the surface. Free fatty
acids and alkanes in many cases accumulate in the epicuticular layer, whereas wax

components, such as triterpenoids and very-long-chain aliphatic primary alcohols,



preferentially accumulate in the intracuticular layer instead. Given that wax components of
similar chain lengths are typically distributed evenly between the layers, it has been proposed
that partitioning occurs spontaneously due to the physicochemical properties of the wax

compounds and interactions with the intracuticular polymers (Buschhaus and Jetter, 2011).

1.1.5 Cuticular polysaccharides

Polysaccharides such as cellulose, hemicelluloses and pectins have been isolated from
cuticles, and they are important for the rheological properties of the cuticle (Dominguez et
al., 2011; Lopez-Casado et al., 2007). The polysaccharides that are associated with the cuticle
are thought to originate from the epidermal cell wall as the polysaccharide composition ratio
of the cuticular layer was found to be similar to that of a primary cell wall (Guzman et al.,

2014; Lopez-Casado et al., 2007).

Polysaccharides such as pectin may be excreted shortly after cell division but prior to the
formation of the pro-cuticle, providing a structural framework for subsequent cuticle
assembly (Guzman et al., 2014). Consistent with this notion, Fourier-transformed infrared
(FTIR) spectrometric studies revealed that polysaccharides are enriched in the inner layer
(cuticular layer) (Heredia-Guerrero et al., 2014), whereas in the outer layer (cuticle proper)
waxes and cutin predominate. Although the cuticle proper was originally defined to be a
region free of polysaccharides, cellulose and pectins have been detected in enzymatically-
isolated cuticles, occasionally found just underneath the outermost epicuticular wax layer

(Guzman et al., 2014).



In addition to improving the elastic strength of the plant cuticle, polysaccharides are
important for the ionic exchange capacity of the cuticle with the cutin matrix itself thought to
play only a minor role (Schonherr and Bukovac, 1973). An asymmetric charge gradient is
established across the cuticle wherein the cuticular layer carries a net negative charge, likely
ascribed to the polysaccharides while the outer wax-rich layer is mainly uncharged (Heredia
and Benavente, 1991). This charge gradient is an important property that influences
absorption, uptake and transport of ions and charged molecules. The presence of cellulose
and pectins has been speculated to have characteristics that contribute to the bi-directional
transport of water and solutes (Zwieniecki et al., 2001). Furthermore, polysaccharides are
particularly important for water retention at low moisture. Water retained in the cuticle can
be categorized as one of two types, either “volatile” or “embedded”. Volatile water
molecules are in equilibrium with the ambient moisture and are held by one hydrogen bond
with the hydroxyl groups of polysaccharides. By contrast, the embedded water molecules are
held by two or three hydrogen bonds with the cutin and the polysaccharides simultaneously.
This type of water cannot escape even at temperatures higher than 100°C (Heredia-Guerrero

etal., 2014)

1.2 Cutin/wax biosynthetic genes in Arabidopsis thaliana

Many of the key Arabidopsis genes involved in cuticle formation have been identified by
forward genetic screens. The majority of identified genes are involved in fatty acid and/or
wax biosynthesis, modification, transport, and polymerization of components, as well as the

regulation of pathways that are involved in these processes (Javelle et al., 2011). Mutant
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phenotypes include postgenital organ fusion, changes in the load, quantity or composition of
cutin/wax, changes in cuticle permeability and/or ultrastructure, and altered resistance to
pathogens. Among those, genes associated with cutin biosynthesis will be further discussed

below, and presented in the order of the cutin biosynthesis steps (Figure 1.3).

1.2.1 Long-chain fatty acyl-CoA synthetase (LACS)

The LACS gene family encodes enzymes required for long-chain fatty acyl-CoA formation as
the first step in cutin and wax monomer synthesis. Characterization of lacs1, lacs2 and lacsl
lacs2 double mutants revealed that LACS1 plays a role in the biosynthesis of cuticular wax
and LACS2 in cutin monomer biosynthesis. Double mutant analysis indicated that
deficiencies in both cutin and wax synthesis has a compounding effect on the functional
integrity of the cuticle, including altering transpiration, water-soluble molecule movement,
and organ fusion (Lue et al., 2009; Schnurr et al., 2004; Tang et al., 2007b; Weng et al.,

2010; Xiao et al., 2004).

Similar to the function of LACS, FDH encodes a protein related to B-keto acyl-CoA
synthase (KCS) that is associated with wax and suberin biosynthesis as a part of the fatty acid
elongation complex (FAE) found in the ER (Pruitt et al., 2000; Yephremov et al., 1999).
Results obtained by in situ hybridization of mMRNA revealed that FDH is expressed
predominantly in epidermal cells, and this finding is consistent with the highly permeable
cuticle that is characteristic of these mutants (Lolle et al., 1998). Additionally, the detection

of FDH transcripts in ovules suggested its role in ovule development (Pruitt et al., 2000).
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1.2.2 Fatty acyl w-hydroxylase (FAH), a cytochrome P450 (CYP) family protein
For cutin synthesis, fatty acyl-CoA can be transformed to hydroxy-fatty acids by reactions
catalyzed by fatty acid hydroxylases (FAH), a group of cytochrome P450 (CYP) proteins
(Kandel et al., 2006; Pinot and Beisson, 2011). A few examples are CYP86A1, a fatty acid
o-hydroxylase (Benveniste et al., 1998); CYP96A15, a mid-chain alkane hydroxylase
responsible for cuticular wax formation (Greer et al., 2007); and CYP86B1, putatively a very
long chain fatty acid hydroxylase for polyester biosynthesis (Compagnon et al., 2009). Two
better-characterized genes of the CYP86 family are LCR (LACERATA) and ATT1
(ABERRANT INDUCTION OF TYPE THREE 1). The LCR and ATT1 genes encode
CYP86A8 and CYP86A2, respectively; both are putative monooxygenases with ®-
hydroxylase activity that catalyze w-hydroxylation of fatty acids ranging from C12 to C18:1

(Bak et al., 2011; Wellesen et al., 2001).

1.2.3 Hydroxy fatty acyl dehydrogenase (FADH) and oxo-fatty acyl
dehydrogenase (OFADH)

The two putative step transforming hydroxy fatty acids to oxo products are catalyzed by o-
hydroxy fatty acyl dehydrogenase (HFADH), while o-oxo fatty acyl dehydrogenase
(OFADH) acts on the oxo products to produce dicarboxylic fatty acids (Pollard et al., 2008).
Little is known about genes encoding proteins involved in these steps although a wound-
inducible w-hydroxy fatty acid dehydrogenase has been purified from potato (Solanum
tuberosum L.) and is postulated to be involved in oxidation of hydroxy fatty acids in the
synthesis of the suberin lamella (Agrawal and Kolattukudy, 1977; Agrawal and Kolattukudy,

1978a; Agrawal and Kolattukudy, 1978b). In Arabidopsis, five putative HFADH genes
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(AT1G12570, AT1G72970, AT5G51950, AT5G51930, AT1G14185, AT3G56060) are

predicted to function as FADHSs in the cutin biosynthesis pathway (Plant Metabolic Network,
http://lwww.plantcyc.org/). However, little experimental evidence validating this prediction is
available. Among the five listed previously, HOTHEAD (HTH; AT1G72970) is the only gene

that has been investigated and will be discussed later in the section dedicated to this gene.

1.2.4 Acyltransferase and polyester synthase for polymerization

Glycerol-3-phosphate acyltransferases (GPAT) are known for their ability to create the ester
bond between fatty acids and glycerol. With glycerol acting as a “linker” between
dicarboxylic fatty acids, larger branching or cross-linked cutin structures can be achieved.
Nine GPAT-like genes (GPATL1 to GPAT9) have been identified in Arabidopsis (TAIR,
www.arabidopsis.org) by forward genetics. Overexpression of GPAT4 and GPATS increased
the cuticular permeability and resulted in a more structurally diffuse cuticle as indicated by
TEM results (Li et al., 2007), even though cutin monomer load became elevated. These

results point to the importance of GPATSs for polymerization of cutin monomers.

Another two known acyltransferases required for incorporating monomers into a
polymeric structure are encoded by DEFECTIVE IN CUTICULAR RIDGES (DCR) and
BODYGUARD 1 (BDG1). Mutant dcr plants manifest postgenital organ fusion as well as
significant reduction of a major cutin monomer (Panikashvili et al., 2009). These mutant
plants also exhibited more susceptibility to abiotic stress such as water deprivation due to a
defective cuticle that is unable to serve its function as a protective barrier. The BDGL1 protein

is localized to the extracellular space of the cell wall and has been proposed as an
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extracellular polyester synthase (PS) that produces cutin polymers (Kurdyukov et al., 2006a).
bdgl mutant plants exhibit increased cuticle permeability and share phenotypes reminiscent

of transgenic Arabidopsis expressing an extracellular fungal cutinase (Sieber et al., 2000).

1.2.5 ATP binding cassette (ABC) transporter

Arabidopsis plants harbouring a mutation in the ABCG11/WBC11 (ATP BINDING
CASSETTE G11/ WHITE-BROWN COMPLEX HOMOLOG PROTEIN 11; also known as
PERMEABLE LEAVES 1) show a reduction of cutin load on the leaf surface, stunted growth,
and leaf fusions. Studies using the recombinant fluorescent fusion protein, YFP-WBC11,
showed that this protein is localized to the plasma membrane while T-DNA knock-out
mutants exhibited lipidic inclusion bodies in the cytoplasm of epidermal cells (Bird et al.,
2007). Similar inclusions were also observed in mutants that exhibited reduced stem cuticular
wax loads such as eceriferum5/abcg12 (Pighin et al., 2004). The expression of ABCG13, on
the other hand, is restricted mainly to petals and carpels, and its mutant displayed significant
reduction in flower cutin monomers and inter-organ postgenital fusion (Panikashvili et al.,
2011). According to these findings, ABCG11, 12 and 13 appear to encode proteins that
secrete the building blocks of cutin and waxes (Bessire et al., 2011; Panikashvili et al., 2007;

Panikashvili et al., 2011).

LTPG1 and LTPG2 encodes proteins categorized to the class of
glycosylphosphatidylinositol (GPI)-anchored lipid transfer proteins (LTPs). LTPG1 is
expressed in the epidermis and is primarily localized in the plasma membrane

(transmembrane protein) but is also present in the extracellular matrix (DeBono et al., 2009).
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It has the highest expression in regions of rapid expansion, such as inflorescence stems. The
fact that LTPG1 is capable of binding to lipids was experimentally determined by incubating
Escherichia coli-expressed LTPG1 with the fluorescent lipophilic probe 2-p-
toluidinonaphthalene-6-sulfonate (TNS). Mutant Itpgl plants showed a great reduction (>
50%) in the C29 alkane, a major component of cuticular waxes of the stems and siliques, a
defect that can be rescued by native promoter—driven LTPG1 expression (DeBono et al.,
2009; Lee et al., 2009b). Based on these properties, LTPGs are thought to be carriers of cutin

and wax constituents to the plant surface.

1.2.6 Regulators of cutin/wax biosynthesis

The Arabidopsis SHINE1 (SHN1)/WAX INDUCER 1 (WIN1) was first associated with the
cuticle for the glossy appearance of the leaf surface and increase cuticle permeability of the
mutant plants (Aharoni et al., 2004). SHN1 overexpression results in an increase in cutin and
wax production in vegetative and reproductive organs, and such changes are preceded by
induction of several genes known or likely to be involved in cutin biosynthesis. (Broun et al.,
2004; Kannangara et al., 2007). It has been shown that at least one of such cutin pathway
genes is LACS2 as its promoter sequence is a direct target of SHN1 (Kannangara et al.,
2007). Interestingly, the expression of SHN1 is under control by another group of
transcription factors, including MYB106 and MYB16, known regulators of epidermal cell

differentiation (Jakoby et al., 2008).

CER3 encodes a transmembrane protein that is implicated in wax alkane synthesis

(Bernard et al., 2012). The cer7 mutant exhibits reduced cuticular wax accumulation, a
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finding consistent with reverse transcription polymerase chain reaction (RT-PCR) studies
that show considerably lower CER3 expression levels in cer7 plants. It was proposed that
CERY encodes a putative 3'-5' exoribonuclease that acts by degrading an mRNA species

encoding a negative regulator of CER3 (Hooker et al., 2007).

Furthermore, Voisin et al. (2009) proposed that the cuticle mutants can alleviate the
functional disorder of the cuticle by reinforcing different cell integrity pathways. Using an in
silico screening method, the author identified a gene SERRATE (SE) that encodes a protein
involved in RNA-processing. It was demonstrated that the se lcr and se bdg double mutation
eradicated severe leaf deformations as well as the organ fusions that are typical of Icr and
bdg, suggesting that plants are capable of controlling the integrity of the cuticle by regulating

small-RNA signaling.

1.3 Arabidopsis seed coat development

1.3.1 Seed coat structure

An Arabidopsis seed consists of three main components, the embryo, the endosperm, and the
seed coat. The seed coat, which is the outer most layer, constitutes about 20% of mature dry
seed weight (Li et al., 2006). Distinct from the embryo and endosperm whose genetic
makeup is a combination of both female and male counterparts, the seed coat is maternally
derived and arises from the ovule integuments. The seed coat controls endosperm and

embryo expansion during seed maturation, and for fully developed seeds, it maintains
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dormancy and serves as a protective barrier shielding the embryo from adverse conditions

(Haughn and Chaudhury, 2005).

During early female gametophyte development, the megaspore mother cell resides
within the ovule and is surrounded by the outer and inner integuments, both of which are of
epidermal origin (Beeckman et al., 2000). The outer integument (oi) consists of an inner (0il)
and an outer layer (0i2). The inner layer is defined as the adaxial layer to the ovule axis and
the outer layer is the abaxial layer (Truernit and Haseloff, 2008). Similarly, the inner
integument (ii) also has an inner (iil, also known as the endothelium) and an outer layer (ii2)

but with an extra internal layer (ii’) between iil and ii2 (Figure 1.5).

In the outer integument, vacuoles appear in the cells at the onset of embryogenesis while
amyloplasts start to form at the globular stage. At the torpedo stage, mucilage production is
initiated in the outer most 0i2 layer. These cells gradually mature into specialized cells
designed for seed rupture and mucilage release. When the embryo starts to expand (walking
stick stage), the enlargement of the mucilage compartments pushes the starch grain-
containing amyloplast to form a small column, i.e. columella, in the center of the oi2 cell.
While the embryo continues to enlarge, oil, iil” and iil layers compress against the enlarged
0i2. At the desiccation stage, 111’ and 112 (and sometime also o11) collapse to form the brown
pigment layer (bpl) that gives the brown colour of mature seeds (Beeckman et al., 2000;

Creff et al., 2015; Windsor et al., 2000).
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1.3.2 Cuticle layers in the seed coat

Cutin and suberin monomers have been identified in the seed coat of plants such as
Arabidopsis thaliana, Brassica napus and Glycine max (Espelie et al., 1979; Molina et al.,
2006; Molina et al., 2008; Shao et al., 2007). Studies of cuticle mutants have demonstrated
that deposition of these fatty acid monomers and their polymers are essential for the seed
coat to attain proper permeability (Beisson et al., 2007; Compagnon et al., 2009; De Giorgi et
al., 2015). Recently in a study of the bdgl mutant, De Giorgi et al. (2015) demonstrated that
this mutation also leads to an increase in permeability of an endosperm-associated cuticle
layer, i.e. the cuticle on the inner surface of iil. This layer was first reported in a histological
study by Beeckman et al. (2000) who observed an electron-dense layer and considered it as
the original cuticle of the inner integument. In addition to this endosperm-associated cuticle
layer, a layer rich in cutin-like material situated in the thickened inner periclinal cell wall
(also called wall 3) between the inner and outer integuments has also been described
(Beeckman et al., 2000; Creff et al., 2015). Wall 3 represents a fusion zone at the boundary
of the two integuments. By examining wall 3 at later developmental stages, Creff et al.
(2015) revealed that wall 3 material was predominantly laid down by oil, and that wall 3
thickening was regulated by oil’s response to mechanical stress. It was further postulated
that oil senses the mechanical pressure on the seed coat due to endosperm expansion, and oil
thickens its outer cell wall (wall 3) to restrict seed growth, in essence serving as a corset
around the developing seed. Whether or not wall 3 also regulates the seed coat permeability

is unknown.
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Given the epidermal origin of integuments and the existence of cuticle-like structures in
the seed coat, it is not surprising that some genes essential for shoot epidermal cuticle
formation are also important for seed coat development. In addition to the aforementioned
bdgl mutant that showed inability to restrict toluidine blue penetration into the endosperm as
a result of higher permeability (De Giorgi et al., 2015), the dcr mutant also has been shown
to have a more permeable seed coat. In addition, dcr mutant seeds were often deformed,
showed evidence of seed fusion, and had limited mucilage release following seed imbibition
(Panikashvili et al., 2009). Furthermore, many ltpg mutants discussed previously have
decreased levels of m-hydroxy fatty acids in seed coats and permit tetrazolium salt uptake
into seeds. These observations demonstrate that some genes essential for cuticle formation

are also important for seed coat development.

1.4 Plant stress responses

Plants are sessile organisms that are exposed to a diversity of environmental challenges
including water stress, soil salinity, temperature fluctuations, freezing, exposure to toxic
metals, variable light intensity and mechanical wounding. In addition to abiotic stresses,
plants also face the hazard of pathogens (including bacteria, fungi and viruses) and attack by
herbivores or pests. Thus, plants have had to evolve mechanisms for sensing potentially

harmful conditions to improve their chances of survival (Suzuki et al., 2014).
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1.4.1 Stress responses associated with an ER-derived structure, the ER body
About one-third of all proteins are assembled in the ER (Deng et al., 2013). The capacity of
the ER to fold, modify, assemble and route proteins, however, can be compromised under
conditions of stress. Oxidative stress caused by reactive oxygen species (ROS), for example,
can lead to protein misfolding (Malhotra and Kaufman, 2007) and can trigger the unfolded
protein response (UPR). The UPR enables plants to sense and respond to adverse
environmental conditions. Accumulation of unfolded or misfolded proteins activates the UPR
pathway which leads to proteolysis of undesired proteins, changes in mRNA splicing, or cell

death (Deng et al., 2013; Ruberti and Brandizzi, 2014).

The ER forms highly organized network structures composed of tubules and cisternae.
Environmental stresses can induce ER-derived organelles including protein bodies (PBs; 1-2
pm), precursor-accumulating vesicles (PACs; 0.3-0.5 pum), KDEL-tailed protease-
accumulating vesicles (KVs; 0.2-0.5 pm), ricinosomes (0.2-0.5 um), and coat protein
complex (COP) Il vesicles (0.05-0.1 um); many of these structures function as repositories of
proteases (Hara-Nishimura et al., 1998; Hara-Nishimura and Matsushima, 2003; Nakano et
al., 2014). Among members of the Brassica family, a type of ER-derived structure called the
ER body has been shown to be distinct from the aforementioned ER-derived bodies; ER
bodies not only are longer and larger (5~10 um long and ~1 pm wide) but also accumulate
different kinds of proteins, mainly p-glucosidases (Matsushima et al., 2003b; Sherameti et
al., 2008). The ER body was first discovered in radish root epidermal and cortical cells and
was initially thought to be dilated ER cisternae (Bonnett and Newcomb, 1965). Decades

after, these large dilated ER domains were also found in Arabidopsis but were initially
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described as “mystery organelles” (Gunning, 1998). These so-called mystery organelles later
were confirmed to be ER-derived using the ER-targeted green fluorescent protein (Hawes et
al., 2001). Hayashi et al. (2001) proposed the term ‘ER body’ be used to describe these

distinctive ER-derived structures.

ER bodies are constitutively present in epidermal cells of cotyledons, hypocotyls and
roots of young Arabidopsis seedlings. Although the density and distribution of these
“constitutive ER bodies” varies with tissue type and developmental stage, these constitutive
ER bodies are normally absent in rosette leaves (Hayashi et al., 2001). Nonetheless, it was
discovered that methyl jasmonate (MeJA) treatment and wounding could induce ER bodies
(“induced ER bodies”) in rosette leaves, and in MeJ A-insensitive coronatine-insensitive 1
(coil) mutant plants, ER body induction was suppressed (Matsushima et al., 2002). This
result is consistent with the notion that ER bodies are associated with plant stress responses
since MeJA is a plant hormone involved in plant defense mechanisms. Furthermore, ER body
formation appears to be a systemic response as when one of the two cotyledons was
wounded, both the damaged and the intact cotyledon had increased numbers of ER bodies

(Ogasawara et al., 2009).

Electron microscopy analysis revealed a relatively high electron density in the ER body
lumen, suggesting that the ER body contains a large amount of proteins (Nakano et al.,
2014). Studies of a mutant with no constitutive ER bodies, the nail mutant, revealed that a
myrosinase called PYKZ10 is a major protein component of ER bodies in A. thaliana

(Matsushima et al., 2003b). Myrosinase, a type of B-glucosidase, is known for its ability to
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catalyze the hydrolysis of glucosinolates (Rask et al., 2000). The myrosinase activity of
PYK10 has been directly demonstrated by hydrolysis of the fluorogenic substrate 4-
methylumbelliferyl f-glucopyranoside (Matsushima et al., 2003a). Based on analyses of
mutants that lack ER bodies or form abnormal ones, a model for the formation of ER bodies
in A. thaliana seedlings has been proposed. In this model, NAI1 encodes a basic-helix-loop-
helix type putative transcription factor that regulates the expression of four key genes for ER
body formation: PYK10, NAI2, MEB1 (MEMBRANE OF ER BODY 1), and MEB2. In the
ER, PYK10 and NAI2 first interact to initiate the budding process, and then NAI2 forms a
complex with MEB1 and MEB2 that are later integrated to the ER body-specific membrane

(Matsushima et al., 2004; Nakano et al., 2014) (Figure 1.6).

1.4.2 Glucosinolate pathways as defense mechanisms

Myrosinase-catalyzed hydrolysis of glucosinolates gives rise to products that are components
of a defense mechanism against herbivores and fungal infection (Hopkins et al., 2009;
MacLeod and Rossiter, 1986; Sherameti et al., 2008). The reaction can give rise to a variety
of derivatives, depending on reaction conditions such as cofactors, pH and facilitating
proteins. Isothiocyanates are the most common product at neutral pH, whereas nitrile
products are favoured when Fe?* concentration or acidity (<pH 5.0) is elevated. Among
derivatives, hydroxynitrile products can be catalyzed by hydroxynitrile lyase to form
hydrogen cyanide (HCN), and this type of cyanogenesis is common in higher plants,
particularly Brassicaceae plants (Figure 1.7) (Brabban and Edwards, 1995; Kissen and

Bones, 2009; Nakano et al., 2014).

21



The substrates and enzymes of the glucosinolate-myrosinase system are sequestered in
separated subcellular compartments or different tissues preventing undesired production of
toxic compounds. For example, glucosinolates are stored in vacuoles while myrosinase
resides in the cytosol or other organelles. Cell damage can bring these compounds into direct
contact to yield hydrolytic products, but similar results can also be achieved by translocation
of enzymes into vacuoles (Grob and Matile, 1979; Nakano et al., 2014; Poulton, 1990). For
instance, three B-glucosidases that contain ER retention signals at their respective C termini
(At1g52400, REEL; At1g66270, RDEL; At39g09260, KDEL) have been identified in the
vacuole (Carter et al., 2004), indicating vacuolar sorting of B-glucosidases originating from
the ER. Moreover, Hayashi et al. (2001) demonstrated fusion of ER bodies to each other and
to the vacuole in the hypocotyl epidermal tissues under stress, an example of a plant stress
response via Golgi-independent pathway of protein targeting to vacuoles (Xiang et al., 2013).
In addition, ER body fusion with the plasma membrane has recently been proposed (Nakano

etal., 2014).

1.4.3 Genome instability induced by stress

Genetic variation is fundamental to the survival of a species, and it allows adaptation to
changing environments. For crop plants the reduction of genetic variability, for example, is
now a pressing issue for plant breeders around the world because of the need for intensifying
food production and the predicted negative impact of climate change on crop productivity.
There are many known mechanisms that drive genetic variation and include homologous
recombination, polyploidy, DNA mutation, gene duplication, transposable element

movement, chromosomal rearrangements, and epigenetics (Feng et al., 2010; Gbadegesin,
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2012; Kaeppler and Phillips, 1993; Kovalchuk et al., 2003; Lippman et al., 2003; Wheeler,

2013; Yao and Kovalchuk, 2011).

Biotic or abiotic environmental factors such as pathogen attack and changes in growth
conditions can trigger genetic instability and can in turn, result in genetic variation that
provides plants with greater adaptive versatility (Boyko et al., 2005; Boyko et al., 2006;
Boyko et al., 2010; Chen et al., 2005; Choi and Sano, 2007; Kovalchuk et al., 2003; Lucht et
al., 2002; Madlung and Comai, 2004). In addition to increasing the fitness of the individual
plant that hosts the novel genetic variation, there is evidence that in some cases environment-
induced genome instability can persist and is inheritable by its progeny and future

generations (Agrawal et al., 1999; Boyko et al., 2007; Galloway and Etterson, 2007).

1.4.4 Environment-induced genetic instability

Flax (Linum usitatissimum) has a genome that can be induced to undergo changes in response
to specific growth conditions, with the most notable occurrences in the variety Stormont
Cirrus, also known as the “plastic” line. Under inducing growth conditions, heritable
genomic changes in the sequences encoding the ribosomal RNAs and particular repetitive
sequence families have been reported, and most recently have come to include the acquisition
of a relatively large insertion sequence (Chen et al., 2009; Chen et al., 2005; Cullis et al.,
2004; Schneeberger and Cullis, 1991). The acquisition of this single copy insertion termed
Linum Insertion Sequence 1 (L1S-1) comprises a 5.7 kilobase (kb) DNA fragment, and it is
identical to a sequence found in other flax varieties. As the sequence of LIS-1 fragment was

not detected in the progenitor plant, it was proposed that this novel insertion arose through a
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series of reproducible, targeted and complex rearrangements or insertion events that occur
naturally (Chen et al., 2005). The environmental condition required for the appearance of
LIS-1 is highly specific. Only plants treated with either solely nitrogen or no fertilizers
hosted the LIS-1 insertion, whereas plants treated with three-component fertilizers (with
nitrogen, potassium and phosphate) showed no such insertion. Furthermore, the LIS-1
insertion required the appropriate inducing conditions to be maintained, otherwise it was
subsequently lost in the offspring (Chen et al., 2009). These results agree with the postulation
that the mechanism for the LIS-1 insertion event is specifically regulated and is not part of

normal developmental processes in flax.

The phenomenon of naturally-occurring environment-induced genome instability has
been adopted as a strategy in plant breeding to produce novel genetic variation in highly
homogeneous agriculture crops such as soybean. For example, Fasoula and Boerma (2005)
discovered that growth condition such as ultra-low density (one-row plots with a row spacing
of 0.76 m and a row length of 3.5 m) was effective in producing significant variation of seed
protein and oil for three soybean cultivars. Using simple sequence repeat (SSR) markers as
an indication for genetic variation, Yates et al. (2012) provided evidence that some of these
induced phenotypic variations were likely due to genetic variation, rather than epigenetics or

biological regulation.

1.4.5 Somatic variation and tissue culture-induced somatic mosaicism
Unlike animals, plants consist of a series of repeating units (modules) that typically have

identical genetic makeup. Modules that differ genetically from other modules can naturally

24



occur via somatic mutation, allowing the introduction of genetic variation into the gene pool
of an individual without sexual reproduction. These genetically different units offer unique
adaptive advantages as the increased diversity contributes to the fitness of the entire
individual plant. Furthermore, in some cases, mutations arising somatically have a greater
probability of being transmitted than mutations that arise in the gametes (Whitham and
Slobodchikoff, 1981) because germ line cells are derived from somatic tissues that arise late
in the developmental stage of the plant (Satina and Blakeslee, 1941; Youngson and

Whitelaw, 2008).

Somatic sectoring can be induced by biotic and abiotic stresses such as ionizing
radiation, heavy metals, temperature and water (Yao and Kovalchuk, 2011). For instance, the
occurrence of somatic sectors increased by a factor up to 56 when Arabidopsis plants were
exposed to DNA-damaging agents such as UV-C, X-ray and methyl methanesulfonate
(Kovalchuk et al., 2000). Mechanistically, somatic variation can arise from homologous
recombination, microsatellite instability and DNA rearrangement, with somatic homologous
recombination being the most common mechanism (Boyko et al., 2006; Boyko et al., 2010;

Boyko and Kovalchuk, 2011; Kovalchuk et al., 2003; Lucht et al., 2002).

Micropropagation techniques, such as tissue culture, are extensively used for
maintaining highly desirable traits and to mass-produce certain economically important crop
plants. Nonetheless, genetic changes can occur when plants are regenerated from
dedifferentiated callus produced by tissue cultures (Phillips et al., 1994). These sporadic

occurrences of somatic variation pose a great challenge to the commercialization of elite

25



clones. On the other hand, the resultant novel genotypes can also be useful in crop

improvement, especially for highly homogeneous varieties (Jain, 2001).

Tissue culture-induced somatic variation has been observed in a number of crop plants,
including banana (Musa spp.), soybean (Glycine max), and rice (Oryza sativa ssp. japonica).
The inequality in susceptibility to genetic variation among different genomic regions was
demonstrated in banana whose genome contains one particularly labile portion especially
susceptible to higher rearrangement than other portions of the genome during tissue culture
(Oh et al., 2007). Using restriction fragment length polymorphism (RFLP) markers, Roth et
al. (1989) reported that root tissue obtained from individual soybean plants developed novel
RFLP allelic differences at various loci following in vitro culturing. What was more
interesting is that these newly arisen alleles were almost always the same as ones previously
found in other varieties of cultivated soybean. Although the genetic mechanisms driving such
somaclonal variation are not well understood, Roth et al. (1989) postulated that the
reappearance of these specific alleles resulted from precisely controlled recombination
events. In rice tissue culture, Gao et al. (2011) observed a gain-of-function mutation that
gave rise to the inheritable, dominant purple sheath trait. Regenerated plants with this trait
harbour a 34-bp insertion in a gene encoding a putative transcription factor for anthocyanin
pigmentation. Interestingly, the tissue culture-induced insertion-containing allele (“functional
allele”) had been previously identified in another rice variety, similar to the cases of flax and
soybean discussed previously (Chen et al., 2005; Roth et al., 1989). Hence, insertion of an
extra-genomic sequence was one hypothesized mechanism for this mutation, aside from

homologous recombination and transposition events.
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1.4.6 Pathogen-induced somatic mosaicism

Pathogens apply one of the strongest selective pressures on plant populations and can bring
about genetic variation in plants that is proposed as a strategy to improve the population
fitness (Karasov et al., 2014). It was found that somatic recombination in Arabidopsis was
elevated upon the infection of the water mould pathogen Peronospora parasitica, and the
same effect was observed when plants were exposed to 2,6-dichloroisonicotinic acid and
benzothiadiazole, chemicals that are known to trigger plant pathogen-defense mechanisms
(Lucht et al., 2002). These results suggest that pathogen-induced genome instability might be

activated via defense signaling pathways.

Pathogens, such as viruses, can induce a systemic signal that leads to an increase in
genetic variation. Such a signal has been demonstrated in Nicotiana tabacum (tobacco) plants
infected with tobacco mosaic virus. When upper, virus-free leaves from an infected plant (the
‘signal-carrying’ leaves) were grafted onto healthy plants (Kovalchuk et al., 2003), the
uninfected plants serving as scions experienced a 2.3 times increase in somatic homologous
recombination. This finding suggests that the recombination-inducing signal can be
transmitted between different tissues of an individual plant and also between plants through

grafting, independent of the presence of the virus.

Earlier research has shown that elevated genetic variation caused by this systemic signal
is heritable. Experiments conducted by Brakke (1984) demonstrated that plants infected with
barley stripe mosaic viruses were able to give rise to an increased number of mutations in

non-infected progeny. Furthermore, Boyko et al. (2007) found that the progeny of tobacco
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plants to which the signal was transmitted by grafting also exhibited an increased frequency
of homologous recombination. Moreover, in the progeny of plants that received this systemic
signal, their genomes were found to be considerably hypermethylated. However, substantial
hypomethylation was observed in several specific leucine-rich repeat (LRR)-containing loci
that are associated with pathogen recognition (Diévart and Clark, 2004). Since methylation of
DNA and/or histones is thought to stabilize the genome, the loss of methyl groups may
increase the susceptibility of the genome to rearrangement and mobilization of elements.
Hence, Boyko et al. (2007) postulated that genome-wide hypermethylation of the progeny is
part of a general protection mechanism incited by the stress signal, whereas locus-specific
hypomethylation, such as that at the LRR-containing loci, is a consequence of a higher

frequency of rearrangements.

1.5 The HOTHEAD gene

1.5.1 The HOTHEAD gene and the hypothetical protein model

The HOTHEAD (HTH) gene maps to chromosome 1 (locus: AT1G72970) and is also known
as EMBRYO SAC DEVELOPMENT ARREST 17 (EDA17) or ADHESION OF CALYX
EDGES (ACE) (Araki et al., 1998; Krolikowski et al., 2003; Lolle et al., 1998; Pagnussat et
al., 2005). In the Columbia ecoptype background, its coding region is 2834 basepairs (bp) in
length, and the putative 5’-upstream promoter region from the ATG start codon to the stop
codon of the neighboring upstream gene is 2009 bp long (Figure 1.8). Based on transcript
data, the gene consists of six exons encoding a putative 594 amino acid (aa) protein that is

65.3 kilodaltons (kDa) in size with the isoelectric point of 10.2 (based on protein coding gene
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model AT1G72970.1; www.arabidopsis.org). The transcript anlyses also indicate putative
alternative splicing at the fifth exon, giving rise to a protein isoform that is 567 aa-long and

62.2 kDa in size (based on protein coding gene model AT1G72970.2).

Over the past decade numerous hth mutant alleles have been generated by ethyl
methanesulfonate (EMS), T-DNA insertion, and transposon mutagenesis. Among these, hth-
1 to hth-11 were identified in the Landsberg erecta background (except hth-9 in
Wassilewskija), and they all harbour single nucleotide mutations (Figure 1.8) (Krolikowski et
al., 2003; Lolle et al., 1998). In the hth-1 mutant, for example, the mutation introduces a stop
codon, while in the hth-9 mutant the point mutation is predicted to alter a splice junction
sequence. Thus, hth-1 and hth-9 likely encode truncated polypeptides. The other nine mutant
alleles are predicted to encode proteins with single amino acid substitutions that may change
the folding or catalytic properties of the HTH protein. The hth-12 mutant allele was
generated by En/Spm transposon insertion in the 5’-untranslated region (UTR) of HTH in the
Columbia ecotype background (Kurdyukov et al., 2006b). edal7 was generated by Ac/Ds

transposon mutagenesis with the insertion site in the first intron (personal communication).

1.5.2 The hth mutant phenotype

Mutations in the HTH locus result in promiscuous interactions between contacting epidermal
cells that leads to fusion between organs (Lolle et al, 1998). The hth postgenital fusion

phenotype is mostly restricted to the floral tissue but can occasionally be observed on rosette
leaves. Similar to other organ fusion mutants such as deadhead, thunderhead, and fiddlehead,

the floral organ fusion of hth alters the inflorescence configuration and blocks the emergence
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of petals and anthers with the pistil generally protruding out from individual floral buds

(Figure 1.10) (Lolle et al., 1997; Lolle et al., 1998).

The organ fusion phenotype was previously associated with the increase in cuticle
permeability. Lolle et al. (1998) described the isolation and characterization of 29
independently derived mutations that led to organ fusion in Arabidopsis. Using
complementation analyses, nine putative genes, including HTH, were identified. These
mutants most frequently showed interorgan fusions within the flowers with a great range of
severity. Occasionally fusion events between vegetative tissues (e.g., fiddlehead and
thunderhead) were observed. Results of the chlorophyll extraction assay revealed that the
cuticle of most mutants, including hth, were more permeable, suggesting the organ fusion

phenotype was caused by a defective cuticle.

In addition to organ fusion, hth mutants support pollen adhesion, germination and
growth on epidermal cells other than stigmatic papillary cells. Pollen germination normally
occurs only on the stigmatic surface of a receptive flower, and this response requires specific
recognition interactions between the pollen grain and the stigma papillary cells. On the
stigma, the cuticle functions as a selective and semi-permeable diffusion barrier and thereby
acts in the identification of compatible pollen grains permitting germination and growth of
pollen tubes (Hulskamp et al., 1995). For that reason, on vegetative tissues pollen grains
normally do not hydrate or germinate. Mutant hth plants, however, allow the adhesion and
germination of pollen grains on vegetative tissues, a phenomenon observed in at least five

other mutants that display floral organ fusion and elevated cuticle permeability (Krolikowski
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et al., 2003; Lolle and Cheung, 1993; Lolle et al., 1998; Lolle and Pruitt, 1999; Sieber et al.,
2000). Hence, the ectopic pollen germination on vegetative tissues of the hth mutant is likely

a consequence of altered cuticle permeability.

In addition to floral organ fusion, seed set is greatly reduced in most hth mutant lines,
likely caused by the disfiguration of reproductive organs and ovule defects. Ovule
abnormalities have been documented in hth-8, hth-10, and edal7 mutants (Lolle et al., 1998;
Pagnussat et al., 2005). Unlike other hth mutants, edal7 was identified in a large-scale
mutant screen aimed at identifying A. thaliana plants with defects in female gametophyte
development. This mutant manifests abnormal embryo sac development, arresting at the two-
nuclear stage of gametophyte development. Collectively, these findings suggest that the HTH
plays some role, directly or indirectly, in embryo sac development at the early mitotic phase

in addition to serving important functions in epidermal development post-embryonically.

1.5.3 HTH protein localization and function

HTH expression has been studied previously by two research groups using indirect methods
that included the analysis of transgenic plants expressing promoter-driven reporter
constructs, in situ mMRNA hybridization, and RT-PCR assays (Krolikowski et al., 2003;
Kurdyukov et al., 2006b). Tissue-specific expression was firstly demonstrated by
Krolikowski et al. (2003) who used RT-PCR and in situ mRNA hybridization to show that
HTH mRNA was expressed in all organs tested including the leaf, root, inflorescence and
silique. This finding is consistent with results using promoter-driven reporter constructs

(HTHpro:GUS and HTHpro:GFP). In four-leaf seedlings, GUS expression was detected in a
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region surrounding the shoot apical meristem, in emerging leaves and lateral root initials.
Additionally, GFP expression was detected in all floral organs including the sepal, petal,

anther, ovule, and ovary septum (Kurdyukov et al., 2006b).

Cell layer-specific HTH protein localization extrapolated from results generated by these
two research groups are, however, at variance. Using in situ mMRNA hybridization,
Krolikowski et al. (2003) showed uniform distribution of HTH mRNA in both the epidermis
and subepidermal cells of floral tissues, whereas Kurdyukov et al. (2006b) showed that, for a
young apex and 4-week old stem, HTH mRNA was detected exclusively in the epidermal
cells. Epidermis-specific expression of HTH was also observed in the anther, pedicle, and
ovary wall of HTHpro: GFP plants, which also showed expression in individual ovules,

specifically in the integument and embryo sac (Kurdyukov et al., 2006b).

Although possible functions of HTH have been proposed based on its gene expression
pattern and properties of the mutant cuticle, it is unclear how the mutations at the HTH gene
contribute to the mutant phenotype. Based on the elevated cuticle permeability, pollen
germination on vegetative tissue, and ubiquitous presence of the mRNA, Krolikowski et al.
(2003) suggested that HTH encodes a product that is involved in a fundamental metabolic
process required for cell function as well as cuticle formation. Alternatively, Kurdyukov et
al. (2006b) proposed that HTH serves a catalytic function in cutin monomer biosynthesis
based on the epidermal expression of HTH and fatty acid composition of the mutant hth-12
cuticle. The fatty acid profile of the cuticle from the hth-12 mutant (transposon insertion in

the 5° upstream region) demonstrated that the mutant had lower than normal levels of a,®-
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dicarboxylic fatty acids and elevated levels of m-hydroxy fatty acids. This deviation in cutin
composition led to the hypothesis that HTH is a @-hydroxy fatty acyl dehydrogenase
(HFADH) that oxidizes long chain ®-hydroxy fatty acids to w-0x0 products, precursors of
the cutin monomer o,m-dicarboxylic fatty acids (Table 1.1 and Figure 1.11). Therefore, the
disruption of HTH function might alter the dicarboxylic acid ratio to other monomers and
cause perturbation in cuticular polyester structures and, consequently, affect cuticle
permeability. Assigning HFADH function to HTH, however, provides no obvious
explanation for the ovule abnormalities observed in hth-4, hth-8, and edal7 mutants (Lolle et

al., 1998; Pagnussat et al., 2005).

The HTH protein shares sequence similarity with long-chain o-fatty alcohol
dehydrogenases from Candida species (Kurdyukov et al., 2006b) but sequence analyses also
suggest that the HTH protein belongs to the glucose-methanol-choline (GMC)
oxidoreductase family and may function as a mandelonitrile lyase (MDL) (Krolikowski et al.,
2003). MDL is a hydroxynitrile lyase that catalyzes hydroxynitriles to hydrogen cyanide and
aldehydes or ketones (Figure 1.12) (Sharma et al., 2005; Yemm and Poulton, 1986). The
substrate of this cyanogenesis reaction, hydroxynitrile, can derive from glucosinolate
hydrolysis, a plant defense compound discussed earlier that gives rise to a variety of
derivatives functioning as a pest deterrent. Were HTH to function as an MDL, this would

lend support to the idea that HTH may be involved in plant defense pathways.
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1.5.4 Genome instability in hth mutants

One of the most unusual phenomena documented in hth mutants is the non-Mendelian
inheritance of wildtype HTH alleles. When self-fertilized, homozygous hth mutants gave rise
to wildtype progeny that were genotypically heterozygous (HTH/hth) at a frequency up to
10% (Figure 1.13) (Lolle et al., 2005). The wildtype progeny appeared to acquire novel DNA
sequences that did not exist in the parents, but rather existed in an earlier ancestor. Although
such individuals could have arisen from cross-pollination with neighbouring wildtype plants,
two lines of evidence demonstrated that hth/hth homozygous mutant plants were capable of
producing wildtype (HTH) gametes. First, it was shown that homozygous wildtype embryos
could be isolated from homozygous mutant plants, and second it was determined that mutant
plants could produce wildtype pollen. Although the source from which these wildtype alleles
arose was not clear, these authors proposed the existence of an extra-genomic RNA cache

that harboured these alleles (Lolle et al., 2005).

Extra-genomic RNA-based heredity has been documented in several other organisms. In
Caenorhabditis elegans, for example, RNA has been shown to be able to drive genomic
sequence changes (Fire et al., 1998). Experiments where RNA interference (RNAI) was used
have shown that interference was evident not only in the individuals injected with the
exogenous double stranded RNA but also in their progeny and the effect persisted for several
generations (Chandler et al., 2000; Fire et al., 1998; Rassoulzadegan et al., 2006). In mice
(Mus musculus), epigenetic inheritance associated with the zygotic transfer of exogenous
RNA molecules has been reported (Rassoulzadegan et al., 2006), while in Oxytricha trifallix,

injected RNA was shown to drive genome rearrangement (Nowacki et al., 2008).
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Evidence for the presence of cached maternal RNAs that guide rearrangement of
genomic sequence in subsequent generations was demonstrated in ciliates by Nowacki et al.
(2008). They showed that exogenous RNA injected directly into cells could reprogram
genome rearrangements and direct specific DNA sequence changes. Moreover, the influence
of injected templates extended to various alleles of the same gene despite template
mismatches. RNA has also been shown to serve as a template for DNA synthesis during

repair of a chromosome double-strand break in vivo (Storici et al., 2007).

Together with the aforementioned genome instability induced by stress, pathogens and
varying growth conditions, a view of genomes is emerging that sees genomes as much more
fluid and much more responsive to extrinsic factors than previously thought. In plants, this
fluidity may be even more pronounced wherein genome structure and function may be
dynamically influenced both on an acute, as well as, a multi-generational scale by the
environment. It may be that the genome changes seen in the hth mutants, in effect, reveal an
inherent and completely novel mechanism that drives a form of selective genetic variation. In
considering the type of instability manifested by Arabidopsis hth mutant plants, however, it

is clear that there remain many more questions than answers.

1.6 Experimental objectives

This thesis aims to investigate genetic instability of molecular markers in the hth background,
examine HTH protein localization and investigate previously proposed HTH protein

functions. In Chapter 2, we used molecular approaches to examine the outcrossing
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frequency of mutant hth plants. Expanding from previous studies, non-Mendelian inheritance
was investigated using insertion/deletion molecular markers, and the restored novel DNA
sequence in the progeny was compared to its parental ancestor. Furthermore, we also
determined whether the observed genetic discordance between the parent and offspring was

due to somatic sectoring.

Arabidopsis hothead (hth) mutants typically exhibit floral organ fusion, and genetic
analyses have shown that the HTH gene is important for proper cuticle function. In Chapter
3, I examined hth mutant phenotypes in terms of floral fusion and cuticle permeability. To
investigate HTH protein localization pattern in tissue and cells, | developed transgenic plants
harbouring fluorescent protein tagged recombinant HTH protein and tested whether the
recombinant protein complements the mutant phenotype. To examine the possible
association with stress, | measured HTH expression changes upon methyl jasmonate

treatment.

To date, no direct biochemical evidence has been published to address the question of
HTH protein function although two different enzymatic activities have been proposed, one
being a mandelonitrile lyase and another being an alcohol dehydrogenase (Krolikowski et al.,
2003; Kurdyukov et al., 2006b). These two possible catalytic functions were investigated in
Chapter 4 using enzymatic assays and bioinformatics. In vitro enzymatic assays were
conducted using recombinant HTH protein that was expressed and purified in a prokaryotic
system. In addition, | conducted sequence, phylogenetic, and coexpression analyses of the

HTH protein as well as constructed its candidate tertiary structures. Based on these results,
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putative catalytic sites of HTH were identified and compared to those of related

mandelonitrile lyases and alcohol dehydrogenases.
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Figure 1.1 Schematic representation of a leaf cuticle. Cutin covers the outer cell wall of
epidermal cells. The cuticular layer contains cutin, cell wall carbohydrates and waxes. The
cuticle proper mainly comprises cutin embedded in waxes. Epicuticular waxes cover the
cuticle proper. The middle lamella consists of suberin and pectin. The thickness, composition
and existence of these layers can vary significantly among tissues, organs, developmental

stages, and species. (Modified from Pollard et al. (2008))
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Table 1.1 Structures of seven types of common cutin monomers and typical ranges of
composition values. Monomer types were assigned with individual symbols, which are
referred to throughout this chapter. Representative structures within each monomer type are
shown. The mid-chain functional groups including epoxy, hydroxy, vicinal dihydroxy and
oxo groups can be part of normal fatty acids, ®-hydroxy fatty acids and o,w-dicarboxylic

acids. (Modified from Pollard et al. (2008))
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Examples of cutin monomer

Abundance (%) and
common monomers

Symbol

Unsubstituted fatty acids 1-25%,
OW €160, C18:0,
on C18:1,C18:2
w-Hydroxy fatty acids 1-329%
OY\/W\/W\’OH 169,
oH C18:1,C18:2
a,w-Dicarboxylic acids OH Usually < 5% but
o B >50% in Arabidopsis
o C16:0,C18:0,C18:1, C18:2
Mid-chain functionalized monomers
: 0-34%
Epoxy-fatty acid
pogy ety ades C18:0 (9,10-epoxy)
YOI G810, 10epoxy)
OH
Polyhydroxy-fatty acids
o OH 16-92%
YT 1160 (10,16-dibydroxy)
OH HO

Polyhydroxy o,w-dicarboxylic acids

C18:0 (9,10,18-trihydroxy)

SALT S 41 (L]

OH OH
[a]
OH OH
Fatty alcohols
Alkan-1-ols and alken-1-ols 0-8%
N Ve VA Vg C16:0, 18:
HO
a,w-Alkanediols and alkenediols 0-59
Ho “ S SNS S NSNNSST cia:n
Glycerol
OH
o \)\/m 1-14%
Phenolics o]
7 oH 1-14%
Ho Ferulate
OCH;
VEPDKY aliphatic carbon chain . carboxyl group (O hydroxyl group
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Figure 1.2 Hypothetical monomer linkage patterns of cutin polymers. (A) A small segment of
a glycerol-linked cutin polyester is shown to illustrate the dominant primary ester bonds and
a secondary ester bond that enables a branch point. (B-D) Representations of possible
monomer polymerization patterns found in cutin structures. Mid-chain functional groups
other than OH groups are omitted. (B) A branching domain made of fatty acid and ®-
hydroxy fatty acid monomers that are connected by primary and secondary ester bonds. (C)
A branching domain made of a,®-dicarboxylic acids and glycerol monomers with free OH
groups on some of the glycerol monomers. (D) With less free OH groups on the glycerol,
a,m-dicarboxylic acids and glycerol monomers can also form a cross-linked network domain.

See Table 1.1 for symbols. (Modified from Pollard et al. (2008))
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Monomers are usually linked by

A) Example of cutin polymer structure ety 6ster bands
Symbol Polymer molecule i
o ° II ’I
I } pi ’
3 NN -0 I
5 o o 9
Re °’zl:\/'\/'\/\/\/'\/o'z':\/\.f"\Q\/\/\/\/o‘c""
R1 /
o o
A °-a\>/\/\/\/\/\/\/°'zn'
O'C\/T\/V\/W z
o tr o
2NN NN
G e i *\. Secondary ester
QOO0 glycerol bonds are less common

R: carbon chains

B) Branching structure D) Cross-linked network structure
by primary and secondary ester bonds by glycerol-fatty acid linkage

—p

C) Branching structure
by glycerol-fatty acid linkage
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Figure 1.3 A simplified biosynthetic scheme representing the steps for the synthesis of cutin
building blocks. Acetate or pyruvate is processed to acetyl-CoA by acetyl-CoA synthase
(ACS) and pyruvate dehydrogenase complex (PDC). The acetyl-CoA is then processed into
malonyl-CoA by acetyl-CoA carboxylase (ACCase), which is transformed to fatty acids by
fatty acid synthase (FAS). Fatty acids are transported to the endoplasmic reticulum for
further modification. Acyl chains of fatty acids are activated to CoA by long-chain fatty acyl-
CoA synthase (LACS) and hydroxylated by fatty acyl o-hydroxylase (FAH). Alternatively,
hydroxyl acids can be modified directly to dicarboxyl acids. The following step involving ®-
hydroxy fatty acyl dehydrogenase (HFADH) transforms hydroxy fatty acids to oxo products,
which are processed into dicarboxylic fatty acids by w-0xo fatty acyl dehydrogenase
(OFADH). These modified fatty acids may be esterified to a glycerol-3-phosphate by
glycerol-3-phosphate acyltransferase (GPAT). Monomers may also be esterified by polyester
synthase (PS) to form oligomers before being exported. The acyl glycerol synthesis step is
shown for dicarboxylic acids only. X, position of a C-C double bound; solid arrow, steps
within the biosynthesis pathway; dotted arrow, transport of molecules. (Modified from
Pollard et al. (2008), Gronwald (1991), and Plant Metabolic Network,

http://www.plantcyc.org )
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Figure 1.4 Putative mechanisms and subcellular locations of cutin assembly. Monomer
biosynthesis is thought to localize to the endoplasmic reticulum (ER). Four major routes for
the movement of cutin building blocks from the ER through the cell wall to their final
destination in the cuticle are illustrated (a-d). Monomers and oligomers are likely transported
via route (a) and (b), whereas route (c) and (d) are likely for oligomers. (a) Plasma
membrane-anchoring ER domain facilitates the spatial coupling of monomer synthesis and
transport across the plasma membrane. (b) Cytoplasmic soluble carrier protein. An ABC
transporter and/or glycosylphosphatidyl-inositol (GPI)-anchored lipid transfer protein
(LTPG) may be required for (a) and (b). (c) Oleophilic droplets. (d) Golgi-mediated vesicular
secretion is a possible major route, especially for polymer domains or polymers attached to
polysaccharides. In addition, two proposed mechanisms where lipophilic precursors pass
through the cell wall to the cutin polymer assembly site are depicted (i and ii). (i)
Unchaperoned movement of oleophilic droplets across the cell wall. (ii) Movement of
monomers, oligomers or polymers bound to a protein carrier (e.g. lipid transfer proteins,
LTP) or after attachment to a carrier such as a cell wall polysaccharide. Polyester synthases
(PS) are enzymes catalyzing the polymerization between monomers, and also between
putative polyester oligomers or domains; their cellular localization remains to be identified.

(Modified from Pollard et al. (2008))
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Table 1.2 Genes involved in cuticle cutin and wax formation. Modified from Javelle et al.

(2011)
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Class/Plant

Cutin and/or Gene name or

Protein family or

Organs with cuticle phenotype in

Reference

waxes mutant possible function mutant or transgenic plant
Signaling
Arabidopsis Not ZOU /RGE bHLH TF Cotyledons Yang et al. (2008);
thaliana determined Kondou et al. (2008)
Arabidopsis Not ALE1 Subtilisin-like serine Cotyledons and leaves Tanaka et al. (2001)
thaliana determined protease
Arabidopsis Not ALE2 RLK Ovules, cotyledons and leaves Tanaka et al. (2007)
thaliana determined
Arabidopsis Not ACR4 RLK Ovules and leaves Watanabe et al.
thaliana determined (2004)
Maize Not CR4 RLK Leaves Jin et al. (2000)
determined
Arabidopsis Not GSO1 LRR kinase Cotyledons Tsuwamoto et al.
thaliana determined (2008)
Arabidopsis Not GSO2 LRR kinase Cotyledons
thaliana determined

Biosynthesis/polymerization

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Solanum
lycopersicum
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana

Arabidopsis
thaliana
Arabidopsis
thaliana
Arabidopsis
thaliana

Cutin

Cutin

Cutin

Cutin

Cutin

Cutin

Waxes

Waxes

Waxes

Cutin

Cutin and

waxes

Waxes

Cutin

Waxes

Waxes

Waxes

Cutin and
waxes

Waxes

Waxes

Waxes

LCR

ATT1
ACE/HTH
GPAT4
GPAT8

DCR

KCS1

KCS2

KCS5

CD1

BDG
LACS1/CER8
LACS2

CER9

CER10

PAS2

CER3/WAX2

CER4
WsD1

MAH1

Cytochrome P450
Cytochrome P450

Long-chain w-fatty

alcohol dehydrogenases

Glycerol-3-phosphate
acyltransferase
Glycerol-3-phosphate
acyltransferase
Glycerol-3-phosphate
acyltransferase

Long-chain acyl-CoA
synthetase
Long-chain acyl-CoA
synthetase
Long-chain acyl-CoA
synthetase
Acyltransferase

o/ B hydrolase

Long-chain acyl-CoA
synthetase
Long-chain acyl-CoA
synthetase

ubiquitin-protein ligase

activity
ECR

HCD

Sterol desaturase

FAR

Acyl-CoA: diacylglycerol

acyltransferase
Cytochrome P450

Leaves and floral organs

Leaves and inflorescence stem
Floral organs

Seedlings

Cuticular edges of stomata

Seeds, vegetative organs and
floral organs, trichomes, and seed
coat

Roots and seeds

Stems

Leaves, trichomes and seed coat
Floral organs
Vegetative organs

cotyledons, leaves, roots, stems,
inflorescences and siliques
Vegetative and floral organs,
siliques

Seeds and vegetative organs

Vegetative organs and floral
organs, siliques, lateral root
primordia

Inflorescence stem

Inflorescence stem

Inflorescence stem

Wellesen et al.
(2001)

Xiao et al. (2004)
Kurdyukov et al.
(2006b)

Li et al. (2007)

Li et al. (2007)
Panikashvili et al.
(2009);(Marks et al.,
2009)

(Todd et al., 1999)
(Franke et al., 2009)
(Trenkamp et al.,
2004)

Yeats et al. (2012)
Kurdyukov et al.
(2006a)

Lue et al. (2009)
Schnurr et al. (2004)
Lu et al. (2012)
Gable et al. (2004)
Bach et al. (2008)
Chen et al. (2003)
Rowland et al.
(2006)

Li et al. (2008)

Greer et al. (2007)
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Table 1.2 (Continued)

Class/Plant Cutinand/ Gene name or Protein family or Organs with cuticle phenotype in ~ Reference
or waxes mutant possible function mutant or transgenic plant
Arabidopsis Waxes HIC KCS Stomata Gray et al. (2000)
thaliana
Arabidopsis Waxes CER6 /CUT1 KCS Inflorescence stem, siliques and Fiebig et al.
thaliana pollen (2000); Millar et
al. (1999)
Arabidopsis Waxes FAE1 KCS Seeds James et al.
thaliana (1995)
Arabidopsis Wax FDH KCS Leaves and floral organs Yephremov et al.
thaliana (1999)
Rice Waxes WSL1 KCS Leaves and sheath Yu et al. (2008)
Arabidopsis Waxes KCR1 KCR Seeds, vegetative and floral Beaudoin et al.
thaliana organs (2009)
Maize Waxes GLOSSY8 KCR Juvenile leaves Dietrich et al.
(2005)
Arabidopsis Waxes CER1 Fatty acid hydrolase/  Inflorescence stem and pollen Aarts et al. (1995)
thaliana putative
decarbonylase
Maize Cutin and GLOSSY1 Desaturase/ Juvenile leaves Sturaro et al.
waxes hydroxylase (2005)
Transport
Arabidopsis Waxes ATABCG12/CER5  ABC transporter Inflorescence stem Pighin et al.
thaliana (2004)
Arabidopsis Cutin and WBC/ ABC transporter Vegetative organs, trichomes Bird et al. (2007);
thaliana waxes ATABCG11 and floral organs Panikashvili et al.
(2007)
Arabidopsis Cutin ATABCG13 ABC transporter Panikashvili et al.
thaliana (2011)
Arabidopsis Cutin ATABCG32 ABC transporter Vegetative organs, trichomes Bessire et al.
thaliana and floral organs, siliques (2011)
Arabidopsis Cutin and LTPG1 LTPG Inflorescence stem, siliques and Lee et al.
thaliana waxes seed coat (2009a); DeBono
et al. (2009)
Arabidopsis Cutin and LTPG2 LTPG Inflorescence stem (Kim et al., 2012)
thaliana waxes
Regulation
Arabidopsis Cutin and WIN ./ SHN1 AP2 /EREBP TF Vegetative and floral organs Aharoni et al.
thaliana waxes (2004)
Arabidopsis Not WIN ./ SHN2 AP2 /EREBP TF Vegetative and floral organs Aharoni et al.
thaliana determined Leaves and siliques (2004);
Kannangara et al.
(2007)
Arabidopsis Not AtMYB41 MYB R2R3 TF Cominelli et al.
thaliana determined (2008)
Arabidopsis Waxes AtMYB30 MYB R2R3 TF Leaves Raffaele et al.
thaliana (2008)
Arabidopsis Waxes CER7 RRP45 Inflorescence stem and siliques Hooker et al.
thaliana 3’exoribonuclease (2007)
Medicago Waxes WXP1 AP2 /EREBP TF Leaves Zhang et al.
sativa (2007)
Arabidopsis Cutin and ACP4 Acyl carrier protein Leaves Xia et al. (2009)
thaliana waxes
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Table 1.2 (Continued)

Class/Plant Cutin and/ Gene Protein family or Organs with cuticle phenotype Reference
or waxes name or possible function in mutant or transgenic plant
mutant
Other
Arabidopsis Cutin CDEF1 GDSL lipase/esterase Lateral root emergence Takahashi et al.
thaliana (2010)
Maize Waxes GLOSSY2 Transferase similar to Juvenile leaves Tacke et al.
CER2 (1995)
Maize Waxes glossy13 ABC transporter Seedlings Li et al. (2013)
Maize Waxes glossy3 Elongation step C28-C30  Juvenile leaves Bianchi et al.
Maize Waxes glossy4 Elongation step C30-C32 (1985); Avato et
Maize Waxes glossy5 Reductase producing al. (1987)
C32 alcohols
Maize Waxes glossy7 Production of fatty acids
acting downstream of
GLOSSY1
Maize Waxes glossy11 Reductase producing
aldehydes
Maize Waxes glossy16 Elongation step C30-C32
Maize Waxes glossy18 Production of fatty acids

ACE, ADHESION OF CALIX EDGE; ACR, ARABIDOPSIS CRINKLY; ALE, ABNORMAL LEAF SHAPE; AP2,
ACTIVATOR PROTEIN 2; ATT, ABERRANT INDUCTION OF TYPE THREE GENES; BDG, BODYGUARD;
bHLH, basic helix-loop-helix; CDEF1, CUTICLE DESTRUCTING FACTOR 1; CR, CRINKLY; DCR,
DEFECTIVE IN CUTICULAR RIDGES; ECR, enoyl-CoA reductase; EREBP, ETHYLENE RESPONSE
ELEMENT BINDING PROTEIN; FAE, FATTY ACID ELONGATION; FAR, fatty acid reductase; FDH,
FIDDLEHEAD; GPAT, GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE; GSO, GASSHO; HCD, B-
hydroxyacyl-CoA dehydratase; HIC, HIGH CARBON DIOXIDE,; HTH, HOTHEAD, KCR, -KETO ACYL
REDUCTASE; KCS, B-ketoacyl-CoA synthase; LACS, LONG-CHAIN ACYL-COA SYNTHETASE; LCR,
LACERATA; LRR, leucine-rich repeat; LTPG, LIPID TRANSFER PROTEIN G; MAH, MIDCHAIN ALKANES
HYDROXYLASE; PAS, PASTICCHINO; RGE, RETARDED GROWTH OF EMBRYO; RLK, receptor-like
kinase; RRP, ribosomal RNA processing; SHN, SHINE; TF, transcription factor; WBC, WHITE BROWN
COMPLEX; WIN, WAX INDUCER; WSD, WAX ESTER SYNTHASE /ACYL-COA:DIACYLGLYCEROL
ACYLTRANSFERASE; WSL, WAX CRYSTAL-SPARSE LEAF; WXP, WAX PRODUCTION; ZOU, ZHOUPI;
DCR, DEFECTIVE IN CUTICULAR RIDGES.
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Figure 1.5 Schematic diagrams of the Arabidopsis seed coat development. (A) During early
female gametophyte development, integuments on the gynobasal side elongate first. Each of
the outer (oi) and inner (ii) integuments consists of an abaxial (‘2’) and an adaxial (‘1°) layer.
(B) At the mature stage, the inner and outer layers of gynobasal integuments have grown
around the embryo sac. The gynoapical integuments elongate to a lesser extent. Inner and
outer integuments from both sides meet and form the micropyle. (C-D) Illustration of the
seed and seed coat structure. After fertilization, ovule integuments develop into the seed coat.
Between ii2 and iil (also known as endothelium, et), an extra internal cell layer (iil’) is
present towards the chalazal zones of the seed coat. The outer integuments are separated
from the inner integuments by an electron-dense cell wall layer (‘wall 3°) that is rich in cutin-
like material. The vast majority of the wall material deposited in wall 3 is produced by the
oil layer. (E) Shortly before the embryo is fully expanded, mucilage formation is completed
in 0i2, with the presence of the amyloplast-containing columella in the middle and two
mucilage pockets on the sides. Cells of ii2 and iil” (sometimes also 0il) collapse and form
the brown pigment layer (bpl). MMC, megaspore mother cell; iil, inner (adaxial) layer of
inner integument; 1i2: outer (abaxial) layer of inner integument; oil: inner (adaxial) layer of
outer integument; 0i2: outer (abaxial) layer of outer integument. (derived from Truernit and

Haseloff (2008) and www.seedgenenetwork.net)

52



A e B

adaxial 0i2
abaxial

oil

i2
il

micr%\

O

Peripheral
Endosperm

Seed coat
Chalazal
Llii2 i il (et)

Endosperm
Chalazal
Seed Coat [Joi2 [Joil

Micropylar
Endosperm

E Walking-stick stage B Seed coat of a mature seed

cytoplasmic column in the cell center

two mucilage pockets

secondary wall formation

Mucilage accumulation

bpl M

amyloplasts (oi1+ii2+ii1’)

[mii1

.peripheral

endosperm
SN ¥ S | S (-]
li1’ ii2 o0il oi2 0i2

53



Figure 1.6 A model of ER body formation in A. thaliana. NAI1 encodes a putative transcription
factor that regulates the expression of four key genes for ER body formation: PYK10, NAI2,
MEB1 (MEMBRANE OF ER BODY 1), and MEB2. In the ER cisternae, PYK10 and NAI2 first
interact to form a core that continues to enlarge. NAI2 forms a complex with MEB1 and MEB2
that are later integrated to the ER body-specific membrane. At maturation, the spindle-shaped ER
subdomain breaks off from the ER network and form a separate body. (Derived from Nakano et al.

(2014))
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Figure 1.7 Simplified scheme of glucosinolate hydrolysis . Myrosinase acts on glucosinolates
to form an unstable aglycone intermediate that spontaneously forms an isothiocyanate or
thiocyanate by default. Under certain conditions (e.g. the presence of Fe2+ or at pH < 5), the
aglycone can give rise to a corresponding nitrile. Nitriles can be metabolized to produce
hydrogen cyanide for cyanogenesis. NSP is required for the nitrile formation, whereas ESP is
required for epithionitriles. ESP, epithio-specifier protein; NSP nitrile-specifier protein; R,
variable side chain; n = 1 or 2. (Modified from Kissen and Bones (2009) and Lambrix et al.

(2001))
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Figure 1.8 The HTH gene model. The rectangular boxes represent the six exons and the lines
connecting the rectangles represent the introns. The relative positions of single nucleotide
point mutations (hth-1 to hth-11), transposon insertion sites (hth-12 and edal7) and T-DNA
insertion sites (hth-13, hth-14 and hth-15) are indicated (Krolikowski et al., 2003; Kurdyukov
et al., 2006b). The length of the 5° upstream region is 2009 bp and the coding region is 2834
bp. Mutant alleles generated by T-DNA insertion are in bold. Genes labelled with an asterisk

(*) putatively encode a truncated protein.
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Figure 1.9 Single nucleotide changes found in mutant hth alleles. The change in DNA
sequence and the position relative to the start of the coding sequence are indicated. (Modified

from Krolikowski et al. (2003))
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Allele Genetic Background DNA mutation® Amino acid change®

Truncation/Splicing
hth-1 Landsberg erecta Ciozr>T Glnsss > stop
hth-9 Wassilewskija Guzsr > A Splice site

Amino acid substitution

hth-2 Landsberg erecta Girer > A Glyz9s > Glu
hth-3 Landsberg erecta Goer > A Glyass > Arg
hth-4 Landsberg erecta Cun>T Argzr > Cys
hth-5,11 Landsberg erecta Casa>T Proses > Ser

hth-6 Landsberg erecta Guus > A Glyais > Ser
hth-7 Landsberg erecta Caser > A Thrses > lle

hth-8 Landsberg erecta Gaes7 > A Glyses > Arg
hth-10 Landsberg erecta Giar > A Glysss > Glu

a, the change in DNA sequence and the position relative to the start of the coding sequence
b, the change in the corresponding theoretical protein sequence and the position of amino acid
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Figure 1.10 Floral phenotypes of wildtype and hth mutant plants. (A-C) wildtype and (D-F)
hth mutant Arabidopsis plants. (A, D) Images of Arabidopsis inflorescences. (B-F)
Schematic drawings of longitudinal (B, E) and cross-sectional (C, F) views of an individual
flower. The mutant phenotype of closed flowers and protruding pistils were illustrated. Scale

bar: 0.5 cm.
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Figure 1.11 A proposed w-oxidation pathway of fatty acids in cutin monomer biosynthesis in
Arabidopsis. LCR and ATT1 have been identified as fatty acyl m-hydroxylases that give rise
to hydroxypalmitate. HTH is proposed to convert the hydroxyl fatty acid to an oxo product,
which later is oxidized to a dicarboxylic acid. Oxidation steps for palmitate (C16:0) are
shown, but HTH may also act on other substrates. FAH, fatty acyl m-hydroxylase; HFADH,
o-hydroxy fatty acyl dehydrogenase; OFADH, w-oxo fatty acyl dehydrogenase. (Modified

from Kurdyukov et al. (2006b))
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Figure 1.12 Cyanogenesis from mandelonitrile, a hydroxyl nitrile. Mandelonitrile lyase
catalyzes the chemical reaction that yields hydrogen cyanide and benzaldehyde (Modified

from Yemm and Poulton (1986)).
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Figure 1.13 The schematic diagram depicting non-Mendelian inheritance observed by Lolle
et al. (2005). Homozygous mutant F2 plants give rise to genotypically heterozygous F3
progeny at a frequency up to 10%. The F3 progeny harbours the HTH allele that is absent in
the F2 parent but present in the F1 grandparental generation. The authors proposed the
existence of an extra-genomic mechanism that involves a template-directed process. HTH:

wildtype HOTHEAD allele; hth: mutant allele
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Chapter 2 De novo genetic variation revealed in

somatic sectors of single Arabidopsis plants

This research was published in F1000Research. Hopkins MT, Khalid AM, Chang PC,
Vanderhoek KC, Lai D, Doerr MD and Lolle SJ. De novo genetic variation revealed in somatic
sectors of single Arabidopsis plants. FLO00Research 2013, 2:5.

This was a collaborative effort and my contributions are specified below:

| participated in the design of experiments.

e | was intensely involved in sampling, DNA extraction and molecular genotyping. |
carried out a great amount of Indel marker genotyping work for F2 and F3 progeny
(Section 2.3.2) and sectoring experiments for the adult and seedlings (Figure 2.3).

e | assisted with the DNA sequencing work (Figure 2.4) in terms of cloning, sample
preparation and alignment.

e | assisted with sample preparation for gPCR experiments (Figure 2.5 and Figure 2.6).

e | participated in manuscript preparation. | was involved in revisions and image
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2.1 Introduction

Plants live in ever changing environments and must adapt using strategies that fundamentally
differ from those employed by animals. Developmental plasticity is at the core of those
strategies allowing plants to modify their growth in response to different environmental
signals. This type of open-ended modular development enhances survival because damaged
or diseased units can readily be discarded without compromising viability. Furthermore,
because plants are constrained to sessile life styles, a modular growth habit affords greater
versatility allowing phenotypic and genetic variation between modules to be used to the
plant’s advantage, aiding adaption to pathogen life cycles (Todesco et al., 2010) or to longer-
term environmental perturbations such as climate change. As a consequence of this profound
developmental versatility, even individuals composed of cell populations derived from
different plant species are viable and can coordinate the growth and development of chimeric
organs (Szymkowiak and Sussex, 1996). It was proposed that mosaicism offers a unique
adaptive advantage for plants by allowing introduction of genetic variants into the gene pool
either through vegetative propagation or through sexual reproduction (Whitham and
Slobodchikoff, 1981). The authors further proposed that mutations arising somatically have a
greater probability of being incorporated into the gene pool than mutations that arise in the
gametes precisely because germ line cells are derived from somatic tissues that arise late in
the developmental history of the plant (Satina and Blakeslee, 1941; Youngson and Whitelaw,

2008).
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The relatively frequent occurrence of mosaics among various plant species has been
extensively utilized in the development of novel ornamentals and for the selection and
maintenance of desirable traits in many cultivated crops. Any desirable cultivars that have
arisen in this manner have been maintained through vegetative propagation and, to date, are
responsible for a significant fraction of agriculturally important perennial plants. On the other
hand, desirable traits in many important annual crops, such as rice, soybean, maize and
wheat, have been introduced through classical genetic manipulations using directed breeding
strategies. Once generated, annuals with good agronomic performance are usually maintained

by inbreeding.

In recent years, concern has grown over the presumed loss of genetic diversity resulting
from the application of modern horticultural and breeding practices. Therefore, the benefit of
excellent performance may come with a significant cost (Hopkin, 2008; Walck and Dixon,
2009). However, recent and surprising results suggest that even highly inbred species harbor
unanticipated sources of intrinsic genetic variation. For example, highly inbred soybean
cultivars have been shown to manifest significant phenotypic and genetic variation in the
absence of sexual manipulation (Fasoula and Boerma, 2005; Fasoula and Boerma, 2007;
Yates et al., 2012). Such high intrinsic genetic variation has also been demonstrated for a

number of other crop plants (Rasmusson and Phillips, 1997).

In the natural world, inbreeding occurs in many highly successful flowering plant
species including wild relatives of Arabidopsis thaliana (Tang et al., 2007a). Therefore, in

nature species that are highly inbred have persisted despite their predicted reduction in
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genetic diversity. Why would such inbreeding strategies be successful and what are the
implications from an adaptive perspective? One possibility put forward by Barrett (2002) is
that such populations are very successful in their particular niches and benefit from
producing large numbers of genetically identical offspring. Nevertheless, selection should
favor plant species that can co-evolve on time scales reflecting particular environmental
challenges such as fluctuations and variations in pathogen populations. In keeping with this
view, it has been shown that sequence variation in 20 diverse strains of Arabidopsis is highly
non-random. In gene families mediating biotic interactions, such as those implicated in
pathogen defense, variation far exceeds that seen in families involved in basic biological

processes (Clark et al., 2007).

The underlying mechanisms driving phenotypic variation in highly inbred lines, whether
domesticated or wild, have often been inferred and have had limited experimental
verification. Nevertheless, relatively simple molecular approaches have provided insight into
some of the genomic events coinciding with visible changes in phenotype. In flax, for
example, molecular assays have demonstrated that heritable phenotypic changes induced by
environmental shifts are accompanied by reproducible changes in genomic DNA including
changes in total DNA content, non-random changes in DNA sequences or sequence
rearrangements (Chen et al., 2009; Chen et al., 2005; Cullis et al., 2004; Schneeberger and
Cullis, 1991). In soybean, reproducible non-random DNA sequence changes induced by in
vitro culturing of root explants have also been demonstrated using restriction fragment length

polymorphic markers (Roth et al., 1989). Genomic changes manifesting similar hallmarks of
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biased sequence alterations have also been described for banana (Oh et al., 2007) and in rice

hybrids (Xu et al., 2007).

In the work described by Roth et al. (1989) soybean root explants were shown to
repeatedly give rise to particular alleles that were absent in the donor plants but had
previously been found and characterized in other varieties of cultivated soybean. To account
for the appearance of these particular allelic variants the authors proposed that these
organisms had evolved “internal generators of genetic variation” that mediated genome
changes through some type of recombination process. Later, Lolle et al. (2005) described a
genome-wide phenomenon in Arabidopsis hothead (hth) mutants that was very reminiscent
of that described by Roth et al. (1989). Based on the nature and genome-wide locations of the
sequence changes detected, it was proposed that a template-directed process mediated these
changes and that these cryptic but stable extra-genomic templates themselves had persisted
since at least the grandparental generation. Not surprisingly, this proposal met with
considerable skepticism and numerous alternative explanations for these data have since been
published (Chaudhury, 2005; Comai and Cartwright, 2005; Krishnaswamy and Peterson,

2007; Mercier et al., 2008; Peng et al., 2006; Ray, 2005).

In this study we have employed presence-absence molecular markers to test for non-
Mendelian inheritance and found that Arabidopsis plants can inherit novel insertion
sequences that were absent in their immediate parents. Furthermore, we show that discordant
DNA-based marker profiles can be found between tissues isolated from different parts of an

individual plant. These experiments demonstrate that individual plants spontaneously
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produce somatic sectors and are genetic mosaics. Since genetic variation can occur in the
same plant in the absence of sexual reproduction, we propose that these novel insertion
sequences must originate from cryptic reserves intrinsic to the host plant itself. The data
presented here support the original contention that a previously unknown template-directed
mechanism exists (Lolle et al., 2005) and raise the encouraging possibility that other
inbreeding species, including crop plants, may also harbor a cryptic reserve of genetic

variation.

2.2 Methods

2.2.1 Plant material and growth conditions

All genetic stocks of Arabidopsis thaliana used for these experiments have been described
previously (Lolle et al., 1998). Arabidopsis seeds derived from these stocks were sown onto
moistened potting mix (1:1 mixture of LC1:LG3 Sungro Sunshine potting mixes, Sungro
Horticulture, Seba Beach, AB) and stratified at 4°C for 2-5 days. Plants were maintained in
growth chambers (Econoair AC60, Ecological Chambers Inc., Winnipeg, MB; GC8-
VH/GCB-B, Environmental Growth Chambers, Chagrin Falls, Ohio; Conviron PGW36/E15,
Controlled Environments Ltd., Winnipeg, MB) and illuminated with a mixture of
incandescent and fluorescent lights (140 — 170 umol m™ sec™ at pot level) with a 24-hour
photoperiod. Growth chambers were maintained at 20 + 4°C at 40 - 60% relative humidity.
Plants were grown in flats or in 3- or 6-inch pots and watered as needed. Seeds used for
seedling root-shoot comparison were surface sterilized using bleach and plated on agar

medium containing half strength MS basal salts (Sigma-Aldrich, St. Louis, Missouri, USA).
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Seedlings were harvested approximately 5 days post-germination. Hybrid lines were
generated between wildtype Landsberg erecta plants or homozygous hth mutant lines in the
Landsberg erecta background and Columbia accessions by manual pollination. All crosses
were done reciprocally. F2 seed was obtained from self-fertilized F1 plants. Individual F2
plants were reared in plastic tubes (Johnston Industrial Plastics, Ontario, Canada) and F3
seed collected from each F2 plant individually. Tissue samples were collected from
individual F2 and F3 plants, and genotypic profiles were determined using insertion-deletion

polymorphic molecular markers (see Figure 2.1).

2.2.2 Out-crossing experiments

Experimental set ups were replicated twice and the net out-crossing frequencies determined.
Herbicide-resistant transgenic Arabidopsis pollen donors previously transformed with the
pCB302 mini binary vector only (Xiang et al., 1999) and mutant test plants were grown in a
1:1 ratio and arranged in randomized positions (www.random.org). Out-crossing frequencies
were also compared to plants under the same conditions but reared within plastic tubes.
Progeny were sprayed with glufosinate (40 micrograms ml™ active ingredient: WipeOut, Nu-
Gro IP Inc., Ontario) to test for herbicide resistance and resistant plants tested for segregation

of hth mutant progeny plants.

2.2.3 DNA extraction and molecular genotyping

For DNA extraction, rosette or cauline leaf tissue was collected and DNA extracted
according to the method of Edwards et al.(1991). Samples not processed immediately were

stored at -20°C. To distinguish the mutant hth-4 allele from the wildtype, genomic DNA was
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amplified using oligonucleotide primers immediately flanking the hth-4 point mutation
(GAAGCTGGTGAAGGAGTCGT, CTCCGCCGCGGTGTGTC). The resulting 205 base
pair (bp) PCR product was then digested with Sall restriction endonuclease (New England
Biolabs, Ipswich, Massachusetts, USA) and endonuclease treated PCR products size
separated by agarose gel electrophoresis. Sixteen sets of DNA oligonucleotide primers were
designed to amplify approximately 150-300 bp genomic regions by polymerase chain
reactions (PCR), each containing one 45-94 bp marker which is present in the Columbia but
absent in the Landsberg accession (Table 2.1). PCR amplicon products were size separated

by agarose gel electrophoresis.

2.2.4 Isolation, cloning and sequencing of PCR products

Portions of genomic DNA were PCR amplified and sequenced directly or products cloned
into standard pGEM TA vectors (Promega). Amplified or cloned PCR products were
sequenced at the Centre for Applied Genomics (http://www.tcag.ca/, Toronto, Ontario).
Sequence alignments were generated using CLC Sequence Viewer 6.4 software

(www.clcbio.com).

2.2.5 Quantitative PCR methods

Quantitative PCR (qPCR) was performed on a Real-Time thermal cycler CFX96 attached to
a computer running CFX Manager (Bio-Rad Laboratories, Hercules, California, USA).
SsoFast EvaGreen Supermix (Bio-Rad) was used according to manufacturer’s instructions. A
series of primers either flanking or internal to the insertion sequences were used to generate

control and experimental amplicons. The positive control was a PCR product amplified from
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the Columbia accession, spanning the indel sequence of interest by ~700-900 bp. The
positive control was gel purified and used to generate a standard curve for conversion of Cq
value to copy number of the insertion sequence and the external reference sequence. External
reference primers immediately flanked the indel markers. Insertion sequences were detected
using one external reference primer paired with a primer homologous to sequences within the
insertion itself. Primer sequences and amplicon product sizes are listed in Table 2.2. The
colours indicated in the first column (insertion-deletion marker) correspond to the colours

used for the qPCR-generated bar graphs.

2.3 Results

2.3.1 Mutant hth plants are susceptible to higher rates of out-crossing
Homozygous hth mutant Arabidopsis plants were previously shown to give rise to wildtype
(wt) progeny at relatively high frequencies (Lolle et al., 1998; Lolle et al., 2005). Although
an intrinsic mechanism was proposed (Lolle et al., 2005), cross-pollination with neighboring
plants was subsequently put forward as the more likely explanation for the appearance of
these wildtype revertant offspring (Mercier et al., 2008; Peng et al., 2006). To test the
susceptibility of hth plants to out-crossing under our growth conditions, experiments were
conducted using a pollen donor harboring a dominant gene conferring resistance to the
herbicide glufosinate. Herbicide-resistant transgenic lines were grown together with hth and
eceriferum-10 (cer-10) (Koornneef et al., 1989) floral fusion mutants and wildtype
Landsberg plants. These analyses confirmed that the majority of hth mutant plants did not

cross-pollinate. However, when cross-pollination occurred, frequencies varied considerably
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between individual hth mutant plants. Mutants with floral fusion phenotypes were
predisposed to higher pollen capture than wildtype plants (0.02-0.43% for hth-4, hth-8 and
hth-10 mutants, 0.89% for cer10 mutants, 0.01% for wildtype plants). In addition, factors
such as donor-recipient proximity, the severity of the floral fusion phenotype, growth
chamber airflow patterns and plant handling influenced the propensity to cross-pollinate.
Nevertheless, growing hth mutant F2 plants in the complete absence of HTH pollen donors
did not eliminate wildtype progeny from F3 progeny pools and, on average, 1.53% of F3
progeny were phenotypically wildtype for HTH despite being derived from self-fertilized
homozygous F2 hth mutant parent plants (2/133 hth-4, 2/131 hth-8 and 2/127 hth-10 gave
rise to wildtype F3 progeny). Under our laboratory conditions, out-crossing could not be
completely eliminated within hth mutant populations if mutants were grown together with

wildtype plants, even if every hth mutant plant was shielded in transparent plastic tubes.

While conducting segregation analyses and scoring offspring for herbicide resistance, a
single hth mutant plant with a large phenotypically wildtype floral sector was identified
(Figure 2.2). Sampling of shoot tissues confirmed that phenotype corresponded to genotype
and that both mutant hth-4 and wildtype HTH alleles could be detected in tissue derived from

this large wildtype sector (Figure 2.2B).

The identification of this sectored individual provided the first phenotypic evidence that
hth plants were capable of producing somatic sectors. This finding suggested that perhaps
some of the wildtype revertants originally found among hth mutant progeny might have

arisen from genetically heterozygous sectors on the parent plant (Lolle et al., 2005). Since
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well over 300,000 mutant plants were screened in the course of our out-crossing experiments
and only one plant with a very large phenotypically wildtype sector found such as that shown
in Figure 2.2B, we reasoned that if sectoring does occur, the vast majority of sectors would
be too small to result in a visible phenotype. This possibility prompted us to test whether

novel genotypes could be detected in tissue samples obtained from single hth plants.

2.3.2 Single plants can have multiple genotypes

For these experiments we chose to focus exclusively on molecular markers consisting of
genomic DNA sequence tracts between 45-94 nucleotides in length that are either present or
absent in the Columbia and Landsberg Arabidopsis accessions (insertion-deletion
polymorphic indel markers or; Figure 2.1). In choosing to use indel markers we reasoned that
deletions would be recalcitrant to enzyme repair or modification and therefore would help
differentiate between enzyme-based mechanisms such as the one put forth by Comai and
Cartwright (Comai and Cartwright, 2005) and a template-directed mechanism like the one
previously proposed (Lolle et al., 2005). Hybrid F1 plants were constructed between
Columbia and Landsberg accessions by manual cross-pollination, F1 plants allowed to self-
seed and F2 and F3 descendants used as experimental material. The Columbia accession was
always wildtype for HTH while hth mutant alleles, when introduced in hybrid lines,
originated from the Landsberg genetic background. For all of the indel markers used in this

study, Columbia is homozygous for the insertion.

Initially, F3 seed progeny derived from hybrid F2 parent lines with known indel marker

profiles were screened to test whether or not these markers were stable. All F2 parent plants
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were reared in plastic tubes to minimize outcrossing. When marker profiles were compared
between hth-4 parent plants and their F3 adult offspring, 2.16% [6/277] deviated from the
expected profile. This frequency is approximately 5 times higher than baseline rates (0.02-
0.43%) seen in outcrossing experiments described above. When F3 progeny were assayed as
seedlings, similar frequencies were seen, with 2.5% [15/600] of the F3 seedlings showing
discordant marker profiles. Altogether 600 seedlings were tested using a total of 30 seedlings
per F2 plant (eleven hth-4, five hth-7, two hth-8 and two hth-10 F2 plants). Of the 15 F3

seedlings that tested positive for at least one non-parental marker, 7 had acquired insertions.

To test whether the observed genetic discordance between parent and offspring was due
to sectoring, multiple tissue samples were collected from individual adult plants and indel
marker profiles compared between these different samples. Molecular analyses confirmed
that some tissue samples taken from individual hth mutant plants had novel marker profiles.
For the plant shown in Figure 2.3A, seven out of eight samples scored homozygous for the
Landsberg deletion marker as expected, however, one sample produced two amplicon
products, one of which co-migrated with the Landsberg deletion allele while a second larger

amplicon co-migrated with Columbia insertion allele.

To test whether sectors could be detected earlier in development, the molecular
genotype of shoots and roots of single seedlings grown under sterile conditions were
compared to one another. On the assumption that wildtype plants would not produce sectors,
identical tests were also conducted on wildtype hybrid lines as negative controls. In the

majority of cases, as expected, there was a perfect correspondence between the molecular

82



profiles of root and shoot. However, in some cases, individual seedlings were found to have
molecular signatures that differed between the two organ systems (10/44 hth-3; 1/50 hth-4;
9/76 hth-7; Figure 2.3B). Surprisingly, wildtype hybrid seedlings also showed novel
genotypes when roots and shoots from the same seedling were compared (10/184 wildtype

hybrids; Figure 2.3B).

2.3.3 Markers are discordant with parental DNA sequences

A subset of amplicon samples were subjected to DNA sequence analyses in order to
determine their molecular features. Sequence analyses of DNA clones derived from
individuals where the non-parental amplicon co-migrated with the smaller deletion allele
showed identity with the Landsberg deletion marker (Figure 2.4). In two instances,
polymorphisms immediately upstream of the deletion were also detected (Figure 2.4A). As
indicated, the Landsberg accession differs from Columbia at these exact three nucleotides.
DNA sequence analysis of novel amplicons that co-migrated with the larger insertion allele
showed that this seedling shoot had acquired a 54-nucleotide insertion that shares identity
with the Columbia reference genome (Figure 2.4B). This same insertion was absent in the F2
parent plant. These particular seedlings descended from the same wildtype hybrid parent

plant as the F3 progeny whose profiles are shown in Figure 2.3B.

2.3.4 Sectors have complex genotypes
To obtain an estimate of sector size, tissue samples were subjected to quantitative assays
where the copy number of a genomic reference sequence immediately flanking the marker of

interest was compared to the copy number of a sequence internal to that particular insertion
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marker (Figure 2.5 and Figure 2.6). Hybrid plants verified to be homozygous for a deletion at
specific indel markers were subjected to quantitative assays. The quantitative polymerase
chain reaction (QPCR) data reveal two remarkable findings. First, the majority of tissue
samples collected from individual hth mutant plants tested positive for the presence of at
least one insertion marker (Figure 2.5). In addition, multiple insertion sequences could be
detected in many of the tissue samples tested (Figure 2.5B). In most instances the copy
number of any given insertion sequence, relative to the reference, was very low (less than
one copy per 1000). Second, wildtype hybrid plants also showed evidence of sectors with
novel genotypes (Figure 2.6). Only two out of four wildtype plants tested, however, showed

evidence of novel insertions.
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Figure 2.1 Haploid representation of the 5 Arabidopsis chromosomes indicating the relative
locations of the 16 insertion-deletion polymorphic markers used in this study. Nine of the
markers are intergenic (*). Marker names reflect clone designations. The size of the insertion
sequence is indicated in base pairs (bp). The relative location of HOTHEAD (HTH) is shown

at the bottom of chromosome 1.
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Table 2.1 List of primer pairs used for PCR-based molecular genotyping. Expected amplicon

product sizes for the Columbia and Landsberg accessions are shown in adjacent columns.
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Insertion-

Columbia product size

Landsberg product

delleton P S LTS in base pairs size in base pairs

Marker P P

F12K11 ccatatcttggagttggcaga 166 121
tgtcttcaggaacacaacca

55 tgaagatttcgtggaagcaa 975 200
ctcatggatgcctaataccy

F6D8 ctcegtcttccagagtttga 211 107
ttcgggtgattagtacggaaa
atttgcggctgaaagacaag

F15HIL tgagtgtgtcatgagtgtttgttt 229 153

F23M?2 taaagttgttggccgaggag 931 163
tcggagatacccgagctaaa
cctatgtgtcaagagagatttcca

T14G11 tttgttccatttataagegtttctc 286 213

T6A23 aacaccaagtcaactgtttttgtt 241 180
tcaaaataaacacccccaact

T11118 ccccaattcgaaatgtaagg 203 129
cgctccttgacagttttcct

MSAG ctggggtgttctcacaggat 199 145
cgttggaggtggtcttaggt

T6H20 tgcattggtttctctgcttg 231 154
gggaaacctccatactcgaa

F4C21 tggttagggtictggtcagg 195 113
agtggctcatcgttcgagat

F1613 gaagcatgttttgtgtatcttgc 294 144
ccgcatctccacatttcatt
caccagacggtgatgaagag

F8D20 cattcgcgcatttattgttg 202 17

F2P16 aaaatggtttaccacatggaca 993 175
tcccaaatcaattcaaggaaa
catggatcaaagatgatctcca

MN.J8 ttcgcttttcgtgtttctga 184 133
tgcacatgacttcaacagaaaa

MGI19 algtgogtgggtgttgatit 203 156
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Table 2.2 List of primer sets used for gPCR analyses. Primer positions, left and right primer
sequences and expected amplicon sizes are indicated for each marker. Colours correspond to

those used in Figure 2.5B and Figure 2.6B.
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Insertion- : Product
. Primer ; ' i ize i
deletion - Left primer sequence Right primer sequence SIZE 1N
Position i
Marker base pairs
Egsgme ctgaccagcaaattctcaagg tgagcaggtgaaacagatgg 766
External
reference | 20tttaaaacgaaaactttataaaatacc | tttcgtgttegtggttttca 214
Within
insertion | Aaacaagtgcatgtigeg tttcgtgttcgtggttttca 266
Positive ctccactaactcecgttattce gaacaatcgggccacatatag 701
control
External
F15H11 reference | HtiCOtcacttticaaaactaac gtgtgtgtgtgtgtgtgtgete 151
Within tgatgattttggattgaacgtc tgtgtgtgtgtgtgtgtgcte 201
insertion | L9&tgartitggatigaacg gtgtgtgigtgigtgigty
Positive gagttgtgttccagggcecta tttgttgtgcgaattcattg 897
control
External cacaaaaattaaggaataataaatgttctc | tttgttccatttataagcegtttctc 143
reference
WIthin 1 yoteccattttatttgatgtt titgttccatttataagegtttete 176
insertion g I : 9
Positive
Contro] | tttcCtgtttgggatctgag tcaggagatagtccaccatgc 839
External
reference | t999cttaccctgttcatggag gcagagaaaccaatgcattttca 151
Within tgggcttaccctgttcatgga ccagaaaccgagtctctaagatttca | 259
insertion 999 griealgdag ’ o ’
Eg;g:;’le atatgcttgtcagtgagggaag gaattcgacaggagcgtgaag 800
External
MGI19 reference | 9Aacaattigtggaaaaatggaa cetagtttcatgtgcatatatgte 181
Within aacaatttgtggaaaaatggaa tgacatgtactcaccgcaat 212
insertion | ¢ 9199 9 Jacas ol
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Figure 2.2 Molecular analysis of a mutant hth-4 plant showing a large wildtype sector. (A)
Two mutant branches (white boxes) flank a phenotypically wildtype flower branch (magenta
box). Examples of normal wildtype (HTH/HTH) and mutant (hth/hth) flowers are shown on
the right. (B) DNA was extracted from tissue samples and allele-specific PCR-based
molecular markers used to determine genotype. The wildtype branch scored as heterozygous

(hth-4/HTH), while mutant branches scored as homozygous for the hth-4 allele.
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Figure 2.3 Molecular analysis of an adult mutant plant and bisected mutant and wildtype
seedlings. (A) DNA was extracted from multiple tissue samples and PCR-amplified using
F8D20 primers. A novel PCR amplicon product corresponding in size to the insertion allele
(C) was detected in hth-7 tissue sample 3 (arrow). (B) Sterile seeds were sown onto petri
plates (top left) and 5-day old seedlings cut at the root-shoot junction (illustrated in the top
right panel) and genotyped individually. DNA extracted from shoot (S) and root (R) samples
derived from individual hth-3 or wildtype seedlings were PCR-amplified using F12K11 and
FAC21 primers, respectively. Samples were loaded in pairs (indicated by horizontal bars).
Novel amplicon bands were detected in five seedling samples (arrows) that correspond in
size to the insertion allele (C). In one hth-3 sample, both organs (S, R) had a novel band,
while a novel amplicon was detected only in the root in a second sample. In three cases,
DNA extracted from wildtype seedlings gave rise to novel bands corresponding in size to the
insertion allele (C) (arrows, S). In both cases, the parent plant was homozygous for the
deletion allele (L) at the corresponding marker. Heterozygote (H), no DNA control sample

(ND).
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