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ABSTRACT

Many of the wild and some cultivated species of potato are true diploids
and are therefore more amenable for genetic studies than the majority of
tetraploid cultivars. However, the use of these diploid Solanum species is
complicated by almost universal self-incompatibility (SI). In Solanum, SI
is gametophytic and pistil specificity is controlled by a polymorphic
ribonuclease (S-RNase), as found in other members of the Solanaceae.
The genetic engineering of self-compatible (SC) diploid potato lines would
benefit potato breeding in general and allow inbred lines to be
established for the first time. This would facilitate genetic analyses
including that of complex traits such as drought resistance or yield. The
aim of this thesis is to downregulate the expression of S-RNases in
diploid potatoes using the RNAI technique and established procedures for
Agrobacterium-mediated transformation. This approach to engineering
self-compatibility has already been successfully demonstrated in SI

Petunia inflata (Lee et al., 1994) and other species of the Solanaceae.

To date just a handful of S-RNase sequences are available for potato
species. The characterization of S-RNases in targeted diploid Solanum
species was an initial requirement for our approach. To develop the tools,
S-alleles have initially been characterized in both Petunia inflata and P.
hybrida cv Mitchell both phenotypically (by pollination tests using a diallel
cross) and/or genotypically (by RT-PCR). This approach was then
transferred to three diploid potato species, specifically accessions of

Solanum stenotomum, Solanum phureja and Solanum okadae. These
i



wild species are important sources of new traits studied by The James

Hutton Institute (formally the Scottish Crop Research Institute).

The approach taken to amplify partial S-RNase sequences from pistil RNA
was RT-PCR using a degenerate primer. PCR products were cloned using
a TA vector (Invitrogen) and sequenced. For two alleles full length
sequences were obtained by 5'RACE. Database searches with these
sequences, revealed sixteen S-RNases several of which are novel.
Phylogenetic analysis was carried out with the cloned S-RNases together
with selected published S-RNase and S-like RNase sequences of
solanaceous species. The S-RNases revealed extensive trans-generic
evolution and are clearly distinct from and distantly related to S-like
RNases. For two alleles (So; and S,;), S-RNase gene expression profiling
was performed to check the developmental expression of the S-RNase
gene, tissue-specific expression and also test whether these S-RNases
(e.g. So1- and S,2-RNases) are expressed at a similar level. Wide variation

in S-RNase gene expression levels have been reported in the literature.

An RNAi construct has been designed to down-regulate two specific S-
RNases in an S,;/S,; heterozygote of S. okadae. To increase the chance
of silencing, the RNAi construct has been designed to use a chimeric S-
RNase gene involving the 5’ end of the S,;-RNase and the 3’ end of the
So2-RNase. The correct chimeric S-RNase construct (S,;/S,2-RNase) has
now been identified and inserted into an RNAi vector (pHellsgate8) using
Gateway® technology. This RNAi construct (pHGB8-S,;/S,;) is now a

valuable resource for use in S-RNase gene silencing in potato leading to



the development of self-compatible diploid potato lines and ultimately the

development of the first inbred lines of S. okadae.
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CIAFIEK 1

CHAPTER 1: GENERAL INTRODUCTION

1.1 Fertilization in flowering plants

Fertilization in plants is the outcome of a series of events that begins
following successful pollination, as a result of the landing of a pollen grain
on a receptive stigmatic surface and proceeds through a series of
developmental stages. During a compatible pollination, the pollen grain
hydrates causing a pollen tube to emerge from the grain which grows
through the transmitting tissue of the style to reach the ovary to

ultimately effect fertilization.

The growing pollen tube consists of a single large cell containing the
vegetative nucleus and a generative nucleus which carries the sperm
cells in its growing tip. Once the growing pollen tube gets to the ovule,
the sperm cells are released and one of these sperm cells fuses with the
haploid egg cell to form the embryo and the second sperm cell fuses with
the central cells to form the endosperm which serves as the food storage
organ for the developing embryo (Dodds et al., 1996). The process of
pollination and fertilization through to germination is summarised in

Figure 1.1 (Hunter, 2009).
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Primary
embryo sac nucleus (n)

Figure 1.1 A schematic diagram of the process of pollination, fertilization and germination in angiosperms (Reprinted from
Hunter (2009) by permission from Nature Publishing Group).
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Flower formation in angiosperms, is one of the key evolutionary novelties
distinguishing them (angiosperms) from all other groups of plants. The
flower is the reproductive structure of plants and is made up of four
distinct floral organ types which are arranged in four concentric whorls.
Arranged on the outside are sepals which serve as a protective cover for
the developing flower, followed by petals, serving as attractants for
pollinators. This is followed by the specialized male and female
reproductive parts of the flower: the stamens and carpels respectively.
The stamen is made up of a filament which supports the anther which
contains the pollen grains, the male gametophytes, in two pairs of pollen
sacs. The carpels (one or more carpels makes up the pistil) consists of
the stigma which receives the pollen grains, the style which serves as a
transmission organ for the growing pollen tube and the ovary which

contains the ovules which are the female gametophytes (Rea and

Nasrallah, 2008).

During the process of pollination through to fertilization, the pollen and
pistil communicate through a series of recognition systems that allow the
pistil to distinguish between the diverse range of pollen types that land
on the stigma and therefore allow only compatible pollen grains to go
through to effect fertilization. One of these mechanisms employed by
flowering plants to serve as a recognition barrier to self fertilization is
self-incompatibility (SI). Self-incompatibility prevents genetically related

or self pollen grains from reaching the ovary to effect fertilization.
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1.2 General overview of self-incompatibility

Flowering plants exhibit a wide variation of floral display and design
which includes hermaphroditism, monoecism and others that exhibit
gender polymorphism with dioecism and gynodioecism being the
commonest. The evolution of pollination and mating systems are
associated with much of the functional basis of this remarkable floral
diversity (Barrett, 1998). The majority of flowering plants, being
hermaphroditic in nature, often have their reproductive organs located in
close proximity. This feature enables pollen grains from an individual
plant to have a high tendency of landing on the stigma of the same
flower. One might assume that this feature will impose or promote self
pollination on flowering plants leading to self fertilization, a feature which
would otherwise have been generally deleterious for angiosperm
evolution as a whole. However, flowering plants have evolved several
strategies to avoid self fertilization, one of which is the mechanism of

self-incompatibility (Gaude et al., 2006).

In one definition of SI, the landing of a pollen grain from a self-
incompatible plant onto a receptive stigmatic surface on the same plant,
or a genetically related plant, results in a failure of pollen germination or
the arrest or seizure of pollen tube growth (de Nettancourt, 1977). The
mechanism of self-incompatibility enables the female reproductive organ
of a flower, the pistil, to distinguish self pollen from non-self pollen,
thereby allowing only the non-self pollen to effect fertilization (Kao and
McCubbin, 1996). Self-incompatibility is the most widespread mechanism

by which flowering plants prevent inbreeding and promote outcrossing,
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thereby ensuring genetic variability within a plant population. The
evolution of mechanisms to prevent inbreeding in flowering plants is
partly responsible for their reproductive success, thereby making them

one of the most successful terrestrial groups of plants (Silva and Goring,

2001).

In many self-incompatible species, it has been found that self-
incompatibility is controlled developmentally and is not expressed in
immature flowers but only in mature ones. Consequently, the pollination
of the pistils of immature buds with mature pollen has been found to
result in fertilization and the production of viable seeds. Immature bud
pollination has regularly been used for the production of plants
homozygous for S-alleles (Bernatzky et al., 1988). This technique has
made it practical to overcome self-incompatibility in members of the
Solanaceae family leading to the production of homozygous stocks (e.g.

Robbins et al., 2000) but not feasible in some families e.g. Rosaceae.

Flowering plants have evolved several mechanisms of SI. Based on floral
morphology, self-incompatibility systems have been classed into two
categories; heteromorphic and homomorphic. Heteromorphic SI occurs in
flowering plants that produce morphologically distinct flowers
characterized by the relative positions of their reproductive organs; while
plants with homomorphic SI produce morphologically identical flowers
(Bernatzky et al., 1988; Ebert et al., 1989; Kao and McCubbin, 1996).
The molecular genetics of the heteromorphic system of self-
incompatibility still remains elusive although its biology and genetics

have been described in some plant species (e.g. Primula). Heteromorphic
5
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SI systems use a combination of floral morphological differences
(heterostylous polymorphism) controlled genetically and diallelic
sporophytically controlled SI system to pose barriers for self-pollination
and subsequently self-fertilization (Barrett, 1998; McCubbin, 2008).
Homomorphic systems, on the other hand have been studied extensively
and two types have been identified so far; sporophytic self-
incompatibility (SSI) and gametophytic self-incompatibility (GSI) (Ebert

et al., 1989).

The SI response studied in many plant species to date has been found to
be controlled by a single multi-allelic locus, designated the S-locus in the
exception of for instance the grasses which have two unlinked with multi-
allelic loci (i.e. S- and Z-loci). The S-locus contains at least two highly
polymorphic genes, called the S-determinant genes, which are expressed
in the pollen and pistil (McCormick, 1998). However, recent studies by
several authors have revealed that other loci are also involved in the SI
response, with the S-locus playing the major role of self and non-self

pollen recognition (Gaude et al., 2006).

1.3 Homomorphic self-incompatibility systems

The mode of genetic control of the pollen phenotype in self-incompatible
species has formed the basis for classifying homomorphic self-
incompatibility in flowering plants. The pollen phenotype can be derived
sporophytically or gametophytically. For the gametophytic self-

incompatibility system (GSI), the pollen incompatibility phenotype is
6



CHAPTER 1

determined by its own haploid genotype (Figure 1.2) while in the
sporophytic self incompatibility system (SSI), the diploid genotype of the
pollen producing plant determines the phenotype of the pollen (Figure

1.3) (Silva and Goring, 2001).

S S S S S S
&) @& . O ONS
Stigma
Style
Ovary
Ovule
S1S2 Pigtil S183 Pistil S3S4 Pistil
Incompatible Semi-Compatible Compatible

Figure 1.2 Gametophytic self-incompatibility in angiosperms. The growth
of pollen tube is prevented when the SI determinant of the pollen matches one
of the pistil SI determinants. The S;S, alleles expressed in the pollen are self-
incompatible with the S;S; alleles expressed in the pistil (left pistil). On the other
hand, the matching of only one of the pollen S alleles, thus S;, with either of
those of the pistil, results in half of the pollen grains, the S, pollen, to be
compatible on the S;S; pistil (centre pistil). Full compatibility however is
observed when the S;S; alleles expressed in the pollen are different from the
S;S, alleles that are expressed in the pistil (right pistil), thereby allowing the S,
and S, pollen to germinate and penetrate the style to reach the ovary allowing

fertilization to occur (Redrawn from Silva and Goring (2001)).
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Figure 1.3 Sporophytic self-incompatiblity in angiosperms. The matching
of one of the S alleles in the pollen producing parent with that of the pistil causes
the arrest of pollen germination at the stigmatic surface. Pollen grains
expressing the S;S; alleles are inhibited on both pistils expressing the S;S. allele
(left pistil) and the S;S; allele (centre pistil) as a result of the alleles that are
matching. On the other hand, pollen grains expressing the S;S, allele are fully
compatible on pistils expressing the S;S, allele (right pistil), hence allowing the

occurence of fertilization (Redrawn from Silva and Goring (2001)).

1.3.1 Sporophytic self-incompatibility (SSI)

Sporophytic self-incompatibility has been studied extensively at the
molecular level in the Brassicaceae (Nasrallah and Nasrallah, 1993;
Hiscock and Tabah, 2003) although it has also been described in
members of the Compositae and Convolvulaceae. The recognition and
subsequent arrest of self-pollen in plants that exhibit SSI occurs very
rapidly on the stigmatic surface (Nasrallah and Nasrallah, 1993; Silva and

Goring, 2001). Unlike the GSI system which is known to operate under
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two distinct mechanisms, only one system of operation has been
characterized at the molecular level for the SSI system so far (Hiscock
and Tabah, 2003). SSI in the Brassicaceae involves cell to cell
interactions between the stigmatic papillae and the pollen grain or pollen
tube. The self pollen recognition and rejection is marked by the inhibition
of pollen hydration, germination or pollen tube penetration through the

surface of the stigma (Nasrallah and Nasrallah, 1993; Dickinson, 1995).

In the Brassicaceae, both the male and female SI determinants, which
are the pollen and pistil SI determinants respectively, have been
identified and characterized. In addition there are a number of
downstream genes which play roles in the SI response. The male
determinant has been identified as SCR (S-locus cysteine rich protein)
and the female determinant as SRK (S-locus receptor kinase) (Silva and
Goring, 2001). Initially, the search for the female determinant of SI in
the Brassicaceae identified stigma glycoproteins called S-locus
glycoproteins (SLGs) which co-segregate with different S-haplotypes.
SLG isolation and identification paved the way for the identification of the
second S-locus gene, called S-locus receptor kinase (SRK) (Takayama
and Isogai, 2005). SRK was found to share extensive sequence homology

with SLG (Stein et al., 1991).

Confirmation that the female S-determinant gene was SRK was obtained
in a gain of function experiment using transgenic plants of Brassica rapa
(Takasaki et al., 2000). This study showed that only SRK determines the
S-haplotype specificity of the stigma, with SLG playing an enhancing role

to the activity of SRK in the SI recognition response. The precise role of
9
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SRK was further confirmed, again in another gain of function experiment,
using Brassica napus (Silva et al., 2001). However, the enhancing role of
SLG was not observed in this case. Varied conclusions have been drawn
on the possible role of SLG from studies by several different researchers
(Silva and Goring, 2001). There may be variability among different S-
haplotypes in SLG requirement during SI response in the Brassicaceae

(Silva and Goring, 2001, Takayama and Isogai, 2005).

The male determinant of SSI was identified through extensive sequence
analysis of the S-locus region between the SRK and SLG genes of
Brassica rapa. It was found to encode a small cysteine-rich pollen specific
protein designated SP11 (S-locus protein 11) (Suzuki et al., 1999) or
SCR (S-locus cysteine rich) (Schopfer et al., 1999). This gene
(SP11/SCR) has been shown to encode the Brassicaceae pollen S
determinant by functional analysis in transgenic plants (Schopfer et al.,

1999; Suzuki et al., 1999; Takayama et al., 2000).

The SI response in the Brassicaceae occurs as a result of S-haplotype
specific ligand-receptor interaction between the SCR/SP11 and SRK. It is
presumed that, the SCR/SP11 acts as pollen-borne ligand thereby
activating the stigmatic SRK receptor by binding to its extracellular
domain in an S-haplotype specific manner during a self-incompatible
pollination. The activation of SRK then causes the initiation of a signalling
cascade in the stigmatic papillae, thereby leading to the eventual
rejection of the incompatible pollen. The activation of SRK may also be
responsible for the activation of one or more other signalling pathways

which may ultimately be responsible for the blocking of vital steps, such
10
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as the release of water for pollen hydration and the release of stigmatic
papillar cell wall-degrading enzymes which are required for the growth of

the pollen tube (Silva and Goring, 2001).

In an attempt to elucidate, the downstream signalling pathway(s)
involved in the cellular responses in the pistil leading to the rejection of
self pollen, a yeast two-hybrid assay was used to screen for proteins that
interact with the SRK kinase domain (Goring, 2000). These approachés
led to the identification of several proteins and other signalling molecules
including both negative and positive regulators of the signalling pathway
(Silva and Goring, 2001). Through a yeast-two hybrid screen system
using the kinase domain of SRK as a bait, THL1 and THL2 which are two
stigmatic thioredoxin-h proteins were identified as binding partners with
SRK. SRK and THL1/2 interactions were shown to be independent of
phosphorylation and required a conserved cysteine residue at the SRK
transmembrane domain (Bower et al., 1996; Mazzurco et al., 2001).
THL1 and THL2 are thought to be acting as negative regulators of the
kinase activity of SRK in vitro (Cabrillac et al., 2001). The analysis of
antisense THL1 and THL2 transgenic plants of B. napus (Haffani et al.,
2004) lend credence to this assumption. Results from the experiment of
Haffani et al. (2004) showed that, the suppression of THL1/2 transcripts
in stigmatic tissues resulted in a low level or weak constitutive rejection
of the pollen grains of B. napus which are normally otherwise self
compatible. THL1/2 may therefore be functioning to keep SRK in an
inactive state by possibly interacting with SRK upstream of the SCR-SRK

complex (Kaothien-Nakayama et al., 2010).

11
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ARC1 (Armadillo Repeat Containing protein) has also been identified to
be interacting with the SRK kinase domain in a yeast-two hybrid screen.
In contrast to THL1/2, ARC1 and SRK interaction was found to be
dependent on phosphorylation. ARC1 specifically binds to the
phosphorylated kinase domain of SRK leading to the phosphorylation of
ARC1 by SRK (Gu et al., 1998). ARC1 is a positive regulator of the
Brassicaceae SI signalling pathway. When the ARC1 transcripts were
suppressed in the pistils of self-incompatible B. napus plants, the
resulting transgenic plants were found to have a partial breakdown in SI
response (Stone et al., 1999). The structural domains of ARC1 implicate
it as an E3-ubiquitin ligase, which is an enzyme involved in the process of
ubiquitination. ARC1 has been confirmed to function as an E3-ubiquitin
ligase promoting stigmatic protein ubiquitination during self-incompatible
response leading to the rejection of self pollen grains (Stone et al.,
2003). ARC1 could therefore be functioning downstream of the SCR-SRK
complex by degrading papillar proteins during the SI response through
ubiquitination and proteasome degradation (Stone et al., 2003). Figure

1.4 shows a model for the SSI response in the Brassicaceae.

12
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Stigmatic cell Proteasome

Figure 1.4 Model for the mechanism of sporophytic self-incompatibility
response in the Brassicaceae. During self pollination reaction, SCR moves
from the surface of pollen grains onto the stigmatic papillar plasma membrane.
SCR peptides having the same S-allele specificity (S;), corresponding to that of
SRK interacts with extracellular domain of SRK. SRK in the basal state is
inactivated by THL. However, the interaction between SRK1/SCR1 leads to the
release of the negative regulation of THL thereby activating the kinase domain of
SRK. ARC1, an E3-ubiquitin ligase is then phosphorylated by SRK. The
phosphorylated ACR1 has been proposed to then recruit stigmatic compatibility
factors (CFs) which promotes their polyubiquitination and degradation through
the 26S proteasome. Following the degradation of these still elusive CFs, the
growth of pollen tubes is arrested and the subsequent failure of self-fertilization
occurs. MLPK is assumed to be involved in the signalling cascade leading to the
degradation of the CFs. KAPP might be involved in regulating the signalling
pathway negatively by dephosphorylating SRK. The role of CaM and SNX1 is yet
to be ascertained but they might also be serving as negative regulators of the
signalling pathway based on to their role in down-regulating receptor kinases in
animals (Reprinted from Gaude et al. (2006) by permission from CAB

International).
13
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Other components identified to be involved in the Brassicaceae SI
response include, the kinase-associated protein phosphatase (KAPP),
which interacts with the phosphorylated kinase domain of SRK (Braun et
al., 1997; Vanoosthuyse et al., 2003), calmodulin (CaM) and a sorting
nexin (SNX1) protein (Vanoosthuyse et al., 2003) and the M-locus
protein kinase (MLPK) which causes the loss of SI response in B. rapa

(Murase et al., 2004).

Dominance interactions have been observed to occur between S-
haplotypes in the heterozygous state in the Brassica SSI system. Two
non-linear hierarchical dominance classes have been observed: class I
and class II haplotypes. The class I haplotypes have the tendency to be
dominant over the class II haplotypes, and conferring stronger SI
phenotypes than the class II haplotypes. Seed production could be seen
following self pollination in the class II types. Also the class II haplotypes
are recessive to the class I haplotypes. Although co-dominance occurs
among S-haplotypes in the stigma, the occurrence of dominant
interactions in anther tissues may also be observed. These independent
hierarchies of dominance relationships existing in the stigma and anther
(pollen) may be an indication that allelic interactions operate using

different mechanisms in the two organs (Gaude et al., 2006).

In the pollen, dominant relationships are regulated at the mRNA level for
SCR alleles. The pollen recessive allele expression Is drastically down
regulated in heterozygotes having a dominant allele. The inhibition of the
expression of SCR recessive allele has been observed in both Arabidopsis

lyrata and Brassica (Kusaba et al., 2002; Shiba et al., 2002) indicating
14
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the occurrence of a common mechanism controlling allelic interaction in
the pollen for both species (Gaude et al., 2006). In the stigmas however,
the expression level of SRK by itself was not able to give an explanation
or account for the dominance relationships in Brassica and in A. lyrata
(Hatakeyama et al., 2001; Kusaba et al., 2002). Therefore, the control of
allelic interactions in the stigma may be operating with a different
mechanism (Gaude et al., 2006). Recent studies have implicated, a
trans-acting small non-coding RNA (sRNA) termed Smi (SP11 methylation
inducer) and situated in the region flanking the dominant SP11-allele to
be responsible for the dominant/recessive relationship determination in
Brassica by transcriptionally silencing the recessive SP11-allele (Tarutani

et al., 2010).

1.3.2 Gametophytic self-incompatibility (GSI)

Gametophytic self-incompatibility represents the most prevalent form of
self-incompatibility existing in more than 60 flowering plant families. The
Solanaceae, Rosaceae, Plantaginaceae (previously called
Scrophulariaceae), Leguminoceae, Onagraceae, Papavaraceae and
Poaceae are among the plant families exhibiting this form of self-
incompatibility (Franklin et al.,, 1995; Kao and McCubbin, 1996). The
extensive study of GSI at the molecular level revealed that it operates by
two different mechanisms to achieve self pollen recognition and rejection.
One of these is the stylar ribonuclease (S-RNase) mechanism which has
been initially identified and characterized in members of the Solanaceae,

and later in the Rosaceae and Plantaginaceae. The other mechanism is
15
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found in the Papavaraceae, in particular Papaver rhoeas (Franklin-Tong
and Franklin, 2003). There are likely to be more distinct GSI systems as
yet undiscovered (McClure and Franklin-Tong, 2006). The identification of
the elusive pollen S-locus component has been one of the primary goals
of research groups working on the two GSI systems (Franklin-Tong and

Franklin, 2003).

1.3.2.1 S-RNase based (Solanaceae type) self-incompatibility
system

The S-allele products in the styles of the Rosaceae, Plantaginaceae and
Solanaceae were identified to be basic glycoproteins having ribonuclease
activity responsible for blocking the growth of incompatible pollen tubes
in the style (Franklin-Tong and Franklin, 2003). These S-locus encoded
glycoproteins were first identified in the Solanaceae and found to be
approximately 32kDa. These glycoproteins were found to be
ribonucleases (RNases) and were later proven to have ribonuclease
activity (Bredemeijer and Blaas, 1981; Anderson et al., 1986; McClure et
al., 1989). It has been generally accepted that the S-RNase gene controls
the female specificity by degrading ribosomal RNA (rRNA) or messenger
RNA (mRNA) in self-incompatible tubes thereby inhibiting fertilization

(McClure et al., 1989; Franklin-Tong and Franklin, 2003).

The majority of wild species in the Solanaceae family including Petunia,
Nicotiana, Lycopersicon and Solanum are self-incompatible although

some self-compatible variants could be observed. Petunia inflata,
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Lycopersicon peruvianum, Nicotiana alata, and Solanum chacoense have
contributed enormously towards much of the molecular data available on
the gametophytic system of self-incompatibility (McCubbin and Kao,

2000).

Molecular analyses of S-RNases in the Solanaceae has identified five
conserved domains (C1, C2, C3, C4, and C5) and two hypervariable
regions (HVa and HVb) located between the C2 and C3 domains (Ioerger
et al., 1991). However, in the Rosaceae S-RNases, the C4 domain found
in the Solanaceae is absent. In addition only one hypervariable region
(RHV) has been identified in the Rosaceae, unlike two such hypervariable

regions (HVa and HVb) found in the Solanaceae (Takayama and Isogai,

2005).

The conserved domains of S-RNases were initially predicted to be
responsible for the catalytic activity of S-RNases whilst the HV domains
were predicted to be responsible for the allelic-specificity determination
of S-RNases (Kaothien-Nakayama et al.,, 2010). Using X-ray
crystallographic analysis to deduce the three dimensional structure of
solanaceous and rosaceous S-RNases, it was revealed that, the HV
regions could be responsible for S-RNase specificity determination
because they are exposed on the surface of S-RNases and therefore
could possibly be interacting with the male determinant of the SI

response (Ida et al., 2001; Matsuura et al., 2001).

However, the precise role of the HV regions in the S-RNase specificity

determination was tested in a domain-swapping experiment (Matton et
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al.,, 1997). In their experiment, they use two very closely similar S-
RNases, S;;- and S;3-RNase of Solanum chacoense. These two S-RNases
differ by only ten amino acid residues, four of which are located in the HV
region. The transformation of plants with S;;-RNase chimeric gene
constructs having the four variable amino acid located in its HV region
swapped with those four found in the S;3-RNase resulted in transgenic

plants which have gained S;;-RNase specificity.

Although this study by Matton et al. (1997), showed that HVs are
necessary and sufficient for controlling S-RNase specificity, it contradicts
previous work that concluded that, HV regions are necessary but not
sufficient for controlling S-RNase specificity (Kao and McCubbin, 1996).
Transgenic plants transformed with a chimeric construct of S;-RNase
having the HV region of S;-RNase, aside losing the ability to reject S;
pollen, also failed to gain the ability to reject S; pollen, although the
chimeric S-RNases were observed to have normal levels of ribonuclease
activity (Kao and McCubbin, 1996). Regions outside the HV and the
conserved regions might also play a role in the S-allelic specificity

determination of S-RNases (Verica et a/., 1998).

The C2 and C3 domains in the Solanaceae S-RNases have been found to
share a very high degree of sequence homology with RNase T2 and
RNase Rh, which are fungal RNases. However, the S-RNases were found
to be more similar to RNase T2 than the RNase Rh. Two conserved
catalytic histidine residues are shared by both the S-RNases and the

fungal RNases (Ioerger et al., 1991).
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The deduced amino acid sequences of the identified S-RNases in different
solanaceous species shows a high level of divergence with amino acid
sequence similarity ranging from as low as 38% to as high as 98%
(McCubbin and Kao, 2000). The highest sequence diversity can be found

in the two hypervariable regions (Ioerger et al., 1991).

1.3.2.1.1 Identity and function of the pollen S-gene

Although the identity of the pistil S-gene has long been known in the S-
RNase system, it was not until relatively recently that the elusive pollen
component was identified. The identified pollen S-gene was initially
doubted because of insufficient polymorphism shown between S-
haplotypes to determine S-specificity (McClure and Franklin-Tong, 2006).
The pollen S-determinant has now been identified as an F-box protein
called SLF (S-locus F-box) or SFB (S-haplotype-specific F-Box) gene and
was shown to be the best candidate for the pollen S-gene (Lai et al.,
2002; Entani et al., 2003; Ushijima et al., 2003). This was later proven
indisputably to be the pollen S-gene by analysis of transgenic plants
(Sijacic et al., 2004) or mutants (Ushijima et al., 2004; Sonneveld et al.,

2005).

SLF/SFBs are assumed to interact with S-RNases to elicit the SI
response. However, in a compatible pollination, SLFs have been proposed
to interact with S-RNases thereby targeting them for degradation in an
attempt to protect pollen tubes from the cytotoxic effect of S-RNases.

For instance, in a compatible pollination involving Antirrhinum, an

19



CHAPTER 1

increase in stylar protein ubiquitination and a subsequent decrease in S-
RNase was observed (Qiao et al., 2004). However on the contrary, in a
study involving Nicotiana, S-RNase amounts were found to be stable

following a compatible pollination (Goldraij et al., 2006).

Despite the fact that, SLF was identified to be the pollen-S gene, it
puzzles researchers as to how a gene with such low sequence diversity
will be able to identify the pistil S-gene which has much higher sequence
diversity and differentiating self from non-self S-RNases (Newbigin et al.,
2008). The pollen S-gene could therefore possibly be a complex of genes.
Consistent with this, in apple (Malus domestica) and also in Japanese
pear (Pyrus pyrifolia) multiple F-box genes which could be putative
pollen-S gene were identified and named SFBBs (S-locus F-box brothers)
(Sassa et al., 2007). Recently many more of such multiple and related
SFBB genes were identified in apple and were shown to have linkage with
the S-RNase gene, have S-haplotype specific polymorphism and are
expressed specifically in the pollen (Minamikawa et al., 2010). Contrary
to the initial thought that the SLF/SFBs in each S-haplotype of plants in
the Plantaginaceae, Prunus (subfamily Prunoideae of Rosaceae) and
Solanaceae are single copy whilst those of the Maloideae of Rosaceae,
apple and Japanese pear are muitiple copies (Minamikawa et al., 2010),
and although SLF/SFB-like genes have been identified and linked to the
S-locus of self-incompatibility species in the Solanaceae, Plantaginaceae
and Rosaceae (Entani et al., 2003; Zhou et al., 2003; Wheeler and
Newbigin, 2007; Sassa et al., 2007; Minamikawa et al., 2010), it has

recently been shown that the pollen-S gene of Petunia (of the
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Solanaceae) is made up of muitiple functional SLF genes (as discussed

later below) (Kubo et al.,2010).

1.3.2.1.2 Modifier genes involved in S-RNase-based GSI system

Although the functional relationship between S-RNases and SLFs still
remains inconclusive, the elucidation of other components involved in
eliciting the SI response in the S-RNase based SI system will provide the
impetus to the understanding of these interactions (Kaothien-Nakayama
et al., 2010). These components, termed modifiers (modifier genes),
were found to be unlinked to the S-locus and could be affecting either the

pistil component or the pollen component of the SI response.

The two pistil modifier genes identified so far are the HT-B protein and
the 120kDa protein. In a differential screen used to identify stylar genes
that are expressed during a self-incompatible reaction in Nicotiana, a
gene designated HT-B was identified. HT-B was identified to be a small
asparagine-rich protein expressed in the late development of the style
(McClure et al., 1999). The down-regulation of HT-B protein using anti-
sense and RNAI technique resulted in transgenic plants that lost the
ability to reject self-pollen, indicating a possible role of HT-B in eliciting
the self-incompatibility response (McClure et al., 1999; O’ Brien et al.,
2002). The 120kDa glycoprotein, an abundant protein was found in the
extra cellular matrix (ECM) of the style where it is taken up by the
growing pollen tubes (Lind et al., 1994, 1996). Using an S-RNase affinity

column, the 120kDa glycoprotein was found to directly interact with S-
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RNases (Cruz-Garcia et al., 2005). Both proteins accumulate with S-
RNases in a vacuole-like compartment in compatible pollen tubes. The
120kDa protein can also be detected during the early stages of the SI

response in incompatible pollen tubes (Goldraij et al., 2006).

Although the precise role of both HT-B and the 120kDa glycoprotein in
the SI response still remains uncertain, their participation in the SI
response was confirmed using transgenic experiments. The antisense
down-regulation of the HT-B protein in Nicotiana (McClure et al., 1999)
and Solanum (O’Brien et al., 2002) produced transgenic plants that have
lost the pistil SI function. Similar observations were made when the
120kDa protein in Nicotiana was down-regulated using RNAi (Hancock et
al., 2005). The role of HT-B protein and the 120kDa protein in the self-
incompatibility response was further elucidated in an immunolocalisation
experiment. In Nicotiana, HT-B protein degradation was found to occur in
cross pollen tubes whilst the co-localisation of the 120kDa protein was
found in the vacuolar compartments in which S-RNases exist (Goldraij et
al., 2006). Also the self-compatible plants arising from the HT-B
antisense and the 120kDa RNAI plants were observed to have resulted
from prolonged S-RNase compartmentalizations. HT-B and 120kDa
protein might therefore be playing a facilitating role in the events
involving the compartmentalization of S-RNases within the growing pollen

tubes (Goldraij et al., 2006; Kaothien-Nakayama et al., 2010).

The modifier genes identified on the pollen SI determinant side include
the SSK1 (SLF-interacting SKP1-likel) and SBP1 (S-RNase Binding

Protein 1). A yeast two hybrid system screening of A. hispanicum pollen
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cDNA library using AhSLF-S, as bait, resulted in the identification of
SSK1, which was found to be a homolog of SKP1 (Huang et a/., 2006). In
a pull-down assay, the AhSSK1 protein was reported to be possibly
serving as a link connecting AhSLF to CUL1 protein. CUL1 is a
component of the SCF complex involved in ubiquitination. The SCF
complex consists of four subunits namely; SKP1, CUL1, F-box protein and
a RING-finger protein (Hua and Kao, 2006). Hence SLF and SSK1 are
proposed to be involved in the SCF complex leading to the ubiquitination

of S-RNases (Zhang and Xue, 2008).

SBP1 was identified during the screening of a yeast two-hybrid library
from Petunia mature pollen (Sims and Ordanic, 2001). Similar
approaches were used to identify the SBP1 homolog in S. chacoense (O’
Brien et al., 2004). Sequence analysis revealed that, all the identified
SBP1 proteins contain RING-finger domains which could possibly be
functioning as E3-ubiquitin ligase (Hua and Kao, 2006). SBP1 could
therefore be involved in the ubiquitination and degradation of S-RNases.
This possible role of SBP1 in S-RNase ubiquitination and degradation has
been shown, where PiSBP1 was found to be interacting with the
following; PiCUL1, a novel ubiquitin-conjugating enzyme and a novel E3-

ligase complex (Sims, 2005; Hua and Kao, 2006).

1.3.2.1.3 Proposed models for the S-RNase-based GSI system

Different models have been proposed in an attempt to elucidate the

interaction between the male determinant and the female determinants
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of the SI response in the S-RNase based GSI system following the
discovery that S-RNases are responsible for pollen tube inhibition. The
first of these models initially proposed that S-haplotypes encode distinct
S-RNases that are secreted into the extracellular matrix (ECM) of the
style. These S-RNases are then released into pollen tubes where they
exert their cytotoxic activity resulting in RNA degradation in the growing
pollen tube in an incompatible pollination causing failure of the
expression of pollen genes leading to the eventual arrest of pollen tube

growth (Luu et al., 2000; Franklin-Tong and Franklin, 2007).

However, following the discovery of the pollen determinant gene (SLF) of
the SI reaction, to be a member of the F-box proteins (which are known
to be involved in polyubiquitination and subsequent degradation by the
26S-proteasome) led to the proposal of a new model; S-RNase
degradation model (Hua and Kao, 2006, 2008; Hua et al., 2008). In this
model, S-RNases were proposed to be taken up into the cytoplasm of the
growing pollen tubes where they interact with SLF. During a compatible
pollination, this S-RNase/SLF interaction will lead to ubiquitination and
degradation of the non-self S-RNases by the 26S-proteasome thereby
inhibiting their (S-RNases) cytotoxic activity in the growing pollen tubes.
Conversely, in an incompatible pollination, the interaction will have no
effect on the S-RNases leaving them to execute their cytotoxic activity on
growing pollen tubes leading to their eventual arrest (Figure 1.5)

(Franklin-Tong and Franklin, 2007).
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Pistil genotype: SaSb pollen
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Figure 1.5 Proposed S-RNase degradation model. Compatible pollinations
(S, left) and incompatible pollinations (S,-, right) are shown on the pistil of S-
genotype, S;S,. S-RNases enter into the pollen tube cytoplasm from the extra
cellular matrix of the style (arrows). (a) During a compatible pollination, non-
self S-RNase and SLF interacts resulting in ubiquitination and degradation of the
S-RNases by the 26S proteasome. This eliminates the cytotoxic activity of the S-
RNases leading to the continued growth of pollen tubes. (b) During a self-
incompatible pollination however, the interaction between self- S-RNase and SLF
does not lead to the degradation of S-RNases. This leaves the S-RNases free to
exert their cytotoxic activity on pollen tubes leading to their inhibition (Redrawn

from Franklin-Tong and Franklin (2007)).

The observation of preferential and strong interaction of SLFs with non-
self S-RNases rather than with its self S-RNases has lent further support
to the predictions made by the S-RNase degradation model that non-self
S-RNases are targeted by SLFs for ubiquitination and degradation (Hua
and Kao, 2006; Hua et al., 2008). In an attempt to identity the unique
features of SLF that allow it to function in the self-incompatibility

response, Hua et al. (2007) identified three SLF-specific functional
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domains (FD) namely FD1, FD2 and FD3. This led to the modification of
the S-RNase degradation model to reflect all the identified interacting

functional domains (Figure 1.6) (Hua et al., 2008).
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Figure 1.6 Proposed modified S-RNase degradation model. (a) During a
self-incompatible reaction the interaction between PiSLF; and S;-RNase results in
the formation of an unstable complex. This is due to the weakening of the
otherwise strong interaction between the SBD and the common domain of all S-
RNases caused by interaction between the SBRD of PiSLF; and self S;-RNase via
its matching S-allele specificity domain. This unstable complex then dissociates
thereby releasing the self S;-RNase allowing it to exert its cytotoxic activity
leading to the inhibition of pollen tube growth. (b) In a self-compatible reaction
on the other hand, since the SBRD of PiSLF; and the S-allele specific domain of
S,-RNase (or any other non-self S-RNase) do not match, the SBD domain of
PiSLF; will interact with S,-RNase via the common domain of all S-RNases
leading to the formation of a stable complex. This will cause further interaction
with PiSBP1, PiCUL1-G and possibly SSK1 thereby forming an E3-like complex
which mediates the ubiquitination and the subsequent degradation of the non
self S,-RNase by the 26S proteasome. This eliminates the cytotoxic activity of
the S-RNase leading to the continued growth of pollen tubes (Reprinted from

Hua et al. (2008) by permission from Oxford University Press).
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Using an in vitro binding assay to examine the S-RNase binding
properties of each of the functional domains, it was observed that FD2 is
the primary functional region used for the SLF/S-RNase interaction with
FD1 and FD3 acting negatively to regulate these interactions (i.e.
between the FD2 domain of the SLF and the S-RNase) (Hua et al., 2007).
Based on these observations, it was proposed that the FD2 domain could
be functioning as the S-RNase-binding-domain (SBD) which interacts with
a common domain on all S-RNases. In addition, FD1 and FD3 are the S-
RNase-binding-regulating-domains (SBRD) which function to weaken the
strong FD2 interaction with S-RNase during self-interactions and also

determine S-allele- specificity of SLFs (Hua et a/., 2008).

Recent identification of components (e.g. HT-B) other than the S-locus
genes involved in the SI response, has led to the proposal of yet another
new model by Goldraij et al. (2006), called the S-RNase
compartmentalization or sequestration model (see Figure 1.7; Franklin-
Tong and Franklin, 2007). This model is based on observations made
using immunolocalization where S-RNases have been shown to be
compartmentalized into vacuoles and are only released in a self-
incompatibility reaction through the breakdown of the compartment in
the presence of HT-B protein (Goldraij et al., 2006, see section
1.3.2.1.2). The released S-RNase then exerts its cytotoxic activity on
pollen tubes resulting in their subsequent arrest. Whereas in a self-
compatible reaction, HT-B degradation could be observed and S-RNases

remain sequestered in their vacuolar compartment, hence are not able to
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cause the arrest of pollen tube growth (Goldraij et al., 2006; Franklin-

Tong and Franklin, 2007; Kaothien-Nakayama et al., 2010).
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Compatible: Sx polien Incompatible: Sa pollen
(a) A B A B
a e - ]
& A ] P N ! A' JLiE) e,
A * 4 N A A T Y
N o e A AV m-g
0\: - AW - .\z’ - A H, . £33
o] o] * . ] -
Aw & A “ - Aw SA Y.

T & IS

Pistil factors Pollen factors
oV 120K A SRN, a SLF, Hypothetical pollen protein
HT-B 8 SRN,
E ‘ EWN s -, % RNA

Figure 1.7 Proposed S-RNase compartmentalization model. Compatible
pollinations (S,-, left) and incompatible pollinations (S,-, right) are shown on the
pistil of S-genotype, S,S,. Through endocytosis, S-RNases, 120kDa and HT-B are
taken up into pollen tubes and are sorted into vacuoles. (@) During a compatible
interaction, HT-B degradation catalyzed by a hypothetical pollen protein (PP)
occurs. S-RNases then remain sequestered in their compartments and are not
free to exhibit their cytotoxic activities. However, how the S-RNase gains access
to SLF still remains a mystery. (b) During an incompatible interaction, the
vacuolar compartment containing S-RNases is degraded mediated by HT-B. This
leads to the release of S-RNase into the cytoplasm of the growing pollen tubes.
The S-RNase then degrades RNA in the pollen tube leading to their arrest

(Redrawn from Franklin-Tong and Franklin (2007)).
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SLFs are known to have much lower sequence diversity compared to their
widely diverse S-RNases counterparts thereby raising an important
question as to how a gene (SLF) showing such low allelic sequence
diversity will be able to recognize such a large range of non-self RNases
thereby allowing for the occurrence of cross-compatible pollinations
(Kubo et al., 2010). In an attempt to answer some of these puzzling
questions, Kubo et al. (2010) in an experiment involving Petunia, used
transgenic and protein interaction assays to show that the role of the
pollen SI determinant is fulfilled by at least three types of divergent SLF
products. Each of these three SLFs functions to recognize a subset of
non-self S-RNases. The authors therefore concluded that the pollen
determinant of SI is made up of multiple types of SLF products and
proposed a new model for the S-RNase based GSI system called
“collaborative non-self recognition” model. This model proposes that,
each type of pollen-S product (SLF) (in Petunia) interacts with a subset of
non-self S-RNases within an S-haplotype. Also the products of the
muiltiple types of SLFs including those yet to be identified and
characterized are needed for the recognition and detoxification of the
entire suite of non-self S-RNases (Kubo et al., 2010). Multiple SLF/SFB
genes and single S-RNase gene systems have been found at the S-locus
in other species in the Solanaceae, Plantaginaceae and Rosaceae family
(Entani et al., 2003; Zhou et al., 2003; Wheeler and Newbigin, 2007,

Sassa et al., 2007; Minamikawa et al., 2010).

The increased array of SLF genes constituting pollen-S would be of

advantage because this could lead to an increasing number of potential

29



CHAPTER 1

mating partners hence enabling the recognition and inactivation of more
non-self S-RNases by pollen. On the contrary, however, an increase in S-
RNase gene divergence could cause new S-RNases not to be detoxified by
the existing array of SLF gene products (Kubo et al., 2010). Although a
lot is known about the S-RNase based GSI system, the precise interaction
between S-RNase and SLF still remains elusive or inconclusive. The
observations and implications of multiple SLF products in SI response by
Kubo et al. (2010) in Petunia, has provided a new and fresh perspective
and dimension on the molecular basis of S-RNase based GSI system in
general. This would soon provide the thrust for a better understanding of
the interaction between self/non-self S-RNases with SLFs thereby

resulting in either a compatible or incompatible pollination.

Based on the observations of Kubo et al. (2010) and other findings,
McClure et al. (2011) has revised the S-RNase degradation model and
the S-RNase compartmentalization or sequestration model (described
previously above and depicted in Figure 1.5) to include the involvement
of the multiple SLF genes. In their revised model for the S-RNase
degradation model as shown in Figure 1.8 (left) the collaboration of
multiple SLFs (SLF1, red; SLF2, yellow; SLF3, black) enables the
provision of resistance to S,-RNase. A unique range of allelic SLF genes
for instance SLF1, and SLF1, are expressed by different S-haplotypes. In
such instances, the binding of a given S-RNase may or may not occur by
individual SLF proteins. In a compatible pollination (in the model, Figure
1.8, top left) the binding of S,-RNase occurs thereby preventing its

degradation by only SLF1, and SLF2,.
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Figure 1.8 S-specific pollen rejection models for S-RNase based SI. Pollen
tubes containing a single S-RNase (SRN,, purple colour) are shown in the pistil
ECM (although two S-RNases would be present in a typical S-heterozygote.
Compatible pollination (top figure) is shown with S -pollen tube in a pistil which
expresses the S,-RNase and incompatible pollination (bottom figure) is shown
with S,-pollen tube. The S-RNase degradation model (shown on the left),
implicates the involvement of multiple SLF proteins (i.e. SLF1, red; SLF2, yellow;
SLF3, black, irrespective of whether they are obtained from S,-haploype or S -
haplotype) collaborate to cause the degradation of S-RNases. These models
however, do not specify the ECM route to the pollen cytoplasm where the
interaction of S-RNase and SLF occurs. For the S-RNase compartmentalization
model (shown on the right), it is depicted that, S-RNases uptake by endocystosis
and their progressive trafficking by default to larger vacuoles in the more
matured regions of the growing pollen tube occurs. For the S-RNase and SLF
interaction to occur the S-RNases must exit the endomembrane system; a single
SLF (SLF,, red; SLF,, blue) is shown. The degradation of pollen RNA (RNA cross
out) in incompatible pollen tubes is depicted by the two models, however this
process does not occur in compatible pollen tube (RNA not crossed out). All S-
RNase degradation models proposed the general degradation of S-RNases whiles
S-RNase compartmentalization models on the contrary proposed the isolation of

S-RNases from the cytoplasm (Reprinted from McClure et al. (2011) by

permission from Oxford University Press).
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On the other hand, for an incompatible pollination (Figure 1.8, bottom
left), the binding of S,-RNase does not occur by any of the depicted SLF
proteins (SLF1,, SLF2, and SLF3,). This then leaves the S,-RNase free to
exercise its cytotoxic activity by degrading pollen RNA resulting in the
arrest of the growing pollen tube. In the revised S-RNase
compartmentalization model (Figure 1.8, right), the homeostatic effects
of the expression of pollen genes in their relation to endomembrane
system maintenance and HT-B protein elimination is highlighted. For a
compatible pollination (Figure 1.8, top right), the degradation of HT-B
protein occurs and it's assumed to be a result of the normal expression of
pollen genes. Unlike the S-RNase degradation model, the interaction
between SLF and S-RNase in the compartmentalization model does not
result in the general S-RNase degradation; however they are rather
protected and made mostly inaccessible. The compartmentalization
model in general however fails to show the direct SLF/S-RNase
interaction and the direct function of SLF-containing ubiquitin ligase
complexes. However in this revised model for the sake of convenience,
although the biochemical nature of these SLF/S-RNase interactions is not
known, the model proposed an alternate complexes for both compatible
and incompatible interactions, i.e. SRN,/SLF, (top right) and SRN,/SLF,
(Figure 1.8, bottom right) respectively. In the incompatible pollination
(Figure 1.8, bottom right), it is presumed that the SLF complex is
activated by self S-RNases leading to the targeting and degradation of a
pollen protein whose function is to degrade HT-B. The HT-B protein
therefore remains available to release S-RNases from their containment

thereby allowing them to exercise their cytotoxic action causing the
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rejection of pollen tubes. Although the actual target of SLF-complex is not
known in this model, the facts remain that during an incompatible
pollination the stabilization of HT-B, the degradation of pollen RNA, the
loss of integrity by the endomembrane system and the release of S-
RNase could be observed. SI in this model therefore is viewed as a self-

reinforcing mechanism (McClure et al., 2011).

1.3.2.2 GSI system in Papaveraceae

The GSI mechanism in Papaveraceae (poppy) is quite different from the
GSI system observed in the Solanaceae. In the poppy system, two tightly
linked multi-allelic S-genes which code for a stigmatic S-protein and a
pollen S-protein are responsible for the SI reaction. Unlike the
Solanaceae system where the arrest of incompatible pollen occurs in the
style, in poppy the arrest of pollen tubes occurs on the stigmatic surface
(Silva and Goring, 2001). Until recently, only the female S-determinant
gene had been identified in poppy and this female determinant has been
found to induce a Ca®*-dependent signalling pathway leading to the
ultimate death of incompatible pollen (Takayama and Isogai, 2005). The
stigmatic S-determinant was identified to be a small glycoprotein
(~15kDa) that is secreted into the extracellular space (Foote et al.,

1994).

A highly polymorphic pollen expressed gene named PrpS (Papaver rhoeas
pollen S determinant) which encodes a novel protein of ~20kDa has been

identified as the male S-determinant (Wheeler et al., 2009). Following
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this discovery, the authors have proposed the renaming of the pistil S-
gene from S to PrsS (Papaver rhoeas stigma S determinant). PrpS
proteins exhibit similar level of polymorphism compared to PrsS proteins.
Also PrpS proteins have two conserved domains with one of the domains
overlapping with part of a predicted extracellular domain. The other
domain is part of a hydrophobic region around the centre of the protein

(Wheeler et al., 2009, 2010).

Prior to the identification of the male determinant of the poppy SI
response, the use of in vitro germination assays and recombinant forms
of S-glycoproteins has led to the understanding of the signal transduction
pathway occurring in pollen tubes after the initial SI recognition response
(Gaude et al., 2006). The induction of SI in poppy triggers a transient
increase in cytosolic (Ca2*)i. This involves the influx of extracellular Ca?*
at pollen tube shank. This results in the rapid (within 1-2 min) inhibition
of pollen tube growth. Ca?* might be acting as a secondary messenger
which triggers the signalling cascade leading to the irreversible pollen
tube rejection. The loss of the apical gradient of (Ca*)i, the
reorganization of the pollen actin cytoskeleton and the extensive F-actin
depolymerisation could be observed following the influx of Ca?*, The
influx of Ca?* from the shank and not the tip of pollen tubes indicate that,
the pollen S receptors could be found in this region and could be involved
directly in controlling the influx of Ca** (Franklin-Tong et al., 2002;
Gaude et al., 2006). A proposed model for the mechanism of SI response

in poppy is shown in Figure 1.9.
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Figure 1.9 Model for the mechanism of GSI response in Papaver rhoeas.
S-glycoproteins secreted by the stigmatic cells interact with pollen S-receptor in
S-specific manner. The interaction between the specific stigmatic S-glycoprotein
and the pollen S-receptor (here S;) triggers an instant influx of Ca’" and an
increase in cytosolic free Ca’* within the self-pollen tubes, thereby triggering an
intracellular Ca’*-dependent signalling cascade. This signalling cascade involves
the phosphorylation of both a soluble inorganic pyrophosphatase protein named
p26 and a mitogen-activated protein kinase (MAPK), named p56 protein, and
also the depolymerisation of F-actin. 5 min after the induction of SI, p26 MAPK
activity increases and peaks at 10 min, remaining higher for at least 30 min. p26
activation is proposed to trigger a programmed cell death (PCD) thereby
ensuring an irreversible arrest of the growth of self-pollen tubes (Reprinted from

Gaude et al. (2006) by permission from CAB International).
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1.4 The origin of self-incompatibility systems

1.4.1 Self-incompatibility evolution and maintenance

Although maintenance of variability at the S-locus is well understood, the
origin of SI still remains elusive. However, the relatedness of the pistil S-
proteins in the Solanaceae, Rosacae and Scrophulariaceae to S-RNases,
points to the possibility that, SI in these plant families might be due to
either independent evolution or a common origin (Charlesworth and
Awadalla, 1998; Igic and Kohn, 2001). In an attempt to elucidate
whether the use of S-RNase in the SI response in the above mentioned
plant families resulted from homology or convergence, Igic and Kohn
(2001) estimated the evolutionary relationship among T2-type RNases
(see legend of Figure 1.10 for details on T2-type RNases) using
phylogenetic studies (Figure 1.10) and patterns of intron structure
variations. Igic and Kohn (2001) concluded from their findings that S-
RNase-based SI system is homologous in the Solanaceae, Rosacae and
Scrophulariaceae and in core eudicots and is the ancestral form of SI
system existing in the majority of dicots and was present before most of

them diversified.

In several angiosperms, the gene family to which the S-locus belongs has
been identified by detailed molecular studies (Charlesworth and Awadalla,
1998). As elucidated by these studies, achieving SI involves diverse
systems (depending on the plant family) which do not have the same
mode of action, since the identified determinant genes of SI have

divergent structures. However, a common scheme describes all these
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Figure 1.10 Phylogenetic tree of T2-type RNase in plants. All the S-RNases
could be observed to form a single clade (clade 3) from the non-S-RNases
(clades 1 and 2). T2-type RNases in plants have been grouped in three classes;
Class I (clade 1) and II (clade 2) comprises non-S-RNases found in higher
plants, i.e. they are not located at the S-locus and are not involved in SI but
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may be involved in pathogen defence mechanisms or induced in response to
phosphate starvation; Class III (clade 3) comprises S-RNases located at the S-
locus and are involved in SI reaction. The monophyletic grouping of this Class III
T2-type genes from the Solanaceae, Rosacae and Scrophulariaceae indicates
homology of the S-RNase-based system in these plant families, i.e. they are
present in a common ancestor of these families and passed down to multiple
descendant taxa. Antirrhinum= Ant, Arabidopsis= Ara, Calystegia= Cal, Cicer=
Cic, Hordeum= Hor, Luffa= Luf, Lycopersicon= Lyc, Malus= Mal, Medicago=
Med, Nelumbo= Nel, Nicotiana= Nic, Oryza= Ory, Pinus= Pin, Pisum= Pis,
Prunus= Pru, Pyrus= Pyr, Solanum= Sol, Triticum= Tri, Volvox= Vol, Zea= Zea,
Zinnia= Zin. The asterisks (*) represents genes which have available information
on the structure of their introns (Source: Igic and Kohn, 2001).

divergent SI systems, that of the S-locus comprising at least two tightly
linked genes which are arranged in pairs with one functioning as the male
determinant and the other the female determinant of SI (Takayama and

Isogai, 2005).

The identification of the SI determinants first in the Brassicaceae and
later on in the Solanacae, Rosacae and Scrophulariacae revealed that, all
these plant families, with the exception of Brassicaceae, share the same
identified type of SI determinants. Also, the identified female determinant
gene in poppy bears no similarity to the equivalent genes identified in the
other plant families, although they all share a unifying scheme of multi-
allelic two gene recognition systems. Concluding from these findings, SI
might have evolved independently and probably several times in
angiosperms (Takayama and Isogai, 2005). Studies involving the analysis

of cloned S-allele sequences have lent credence to this hypothesis that,
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the self-incompatibility loci have evolved from independent origins

several times in angiosperms (Charlesworth and Awadalla, 1998).

The comparison of S-alleles across species or genera reveals that, S-
allele lineages have been maintained over tens of millions of years. The
high degree of allelic polymorphism and the persistence of the ancient
lineages of S-alleles have indicated a strong balancing selection as a
result of the transmission advantage accruing to pollen expression of rare
allele specificities (Uyenoyama, 2000). The extensive study of S-alleles
for the different incompatibility types in plant families often reveals major
differences and multiple amino acid differences between S-alleles. Also
the identification of the conserved regions of S-alleles has paved the way
for the design of primers for PCR-based analysis of S-alleles. The
combination of PCR-based techniques coupled with restriction enzyme
digests has made it possible to obtain specific bands for the
characterization of S-alleles. This gave the impetus for sequencing
thereby providing the thrust for studying allelic diversity among natural
populations of plants. S-allele sequencing is important in order to move
from counting alleles and focus on the quantitative description of the
amino acid and base sequence diversity in S-alleles. The polymorphism
existing in the S-alleles can then be subjected to molecular evolutionary
analysis leading to the testing of recombination and selection events at

sites of these loci (Charlesworth and Awadalla, 1998).
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1.4.2 Diversity of SI systems and polymorphism at the S-locus

The ancestral state or the evolutionary relationships among various SI
systems have been very difficult to establish as a result of the diverse
state of SI systems and their widespread distribution in angiosperms. The
use of molecular phylogenetics in recent years has enabled robust
phylogenetic trees to be constructed leading to the identification of the

most basal lineages of angiosperms (Allen and Hiscock, 2008).

Differences in the genetic control of SI, the numbers of loci controlling it,
and the differences in the site and the timing of the incompatibility
response defines the diversity of SI systems in angiosperms. These
diverse SI mechanisms in angiosperms are as a resuit of the selection for
more intense and effective mechanism for preventing self-pollen from
landing on the stigma to effect self-fertilization thereby promoting
outcrossing in bisexual flowers (Hiscock and Mclnnis, 2003; Allen and

Hiscock, 2008).

As a result of diversifying selection at the self-incompatibility loci in
angiosperms, there is an extreme level of polymorphism in terms of the
numbers of alleles maintained, the divergence of alleles at the molecular
level and the time to coalescence of these polymorphisms (Igic et al.,
2003). The extreme level of polymorphism in S-proteins indicates an
unusual event of evolutionary forces operating at the S-locus (Ioerger et
al., 1990). The use of molecular population surveys and interspecific
studies in the Solanaceae have revealed the abundance of S-alleles which
are functionally distinct in natural populations. More than 50% difference

in amino acid residues of S-alleles could be observed in plants of the
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same species. A strong selection for diversification and creating
polymorphism could explain this phenomenon (Ioerger et al.,, 1990;
Richman et al., 1995, 1996). For instance, an evolutionary study
involving S-alleles from the Solanaceae reveals that, S-alleles within a
species share a lot of relatedness to S-alleles from different species
rather than to those of the same species. This phenomenon termed
trans-specific polymorphism might occur as a result of the passing down
of S-alleles with modification from a common ancestor to multiple
descendant taxa. The authors have concluded that, S-allele
polymorphism in the Solanaceae predates the divergence of species

(loerger et al., 1990; Igic et al., 2003).

1.5 Biotechnology and manipulation of self-incompatibility

1.5.1 S-RNase regulation in transgenic plants

Conventional breeding strategies have been widely used for the breeding
and improvement of crop plants although with some associated
limitations. However the birth of the era of biotechnology has opened up
many possibilities thereby complementing the limitations of the
conventional breeding strategies (Sharma et al., 2005). The advent of
recombinant-DNA technology as a result of advances made in the field of
molecular biology has ushered in a new age of research into the analysis
of the structure and functions of genomes. The technology has made it
possible for researchers to exchange genetic materials between divergent
species regardless of their phylogenetic standing (Sinsheimer, 1977).
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Recombinant-DNA technology coupled with available plant genetic
transformation techniques have allowed the transfer of genes from
unrelated plants, microbes and animals into crop plants. However like
any other new and emerging technology, recombinant-DNA technology is
not without challenges or limitations (e.g. the availability of efficient
transformation methods) (Sharma et al., 2005). The significant advances
made in genetic engineering over the past decades and its associated
benefits makes this technology a promising tool which can be integrated
into current breeding strategies thereby making it (genetic engeenering)

one of the widespread available tools to modern plant breeding.

Genetic engineering has been used to successfully manipulate self-
incompatibility in several plant species e.g., in Petunia and Nicotiana in
attempts to prove that S-RNases are responsible for S-allele-specific
pollen recognition and rejection in the pistil. Lee et al. (1994) performed
a transgenic loss-of-function experiment, by introducing an antisense S-
RNase gene into transgenic SI Petunia plants. This caused the transgenic
plants to lose the ability to reject pollen borne by the corresponding
affected S-allele. The resulting phenotype is a self-compatible transgenic
plant. In their experiment, they inhibited the expression of both S; and S,
proteins in S,;S; Petunia inflata using an antisense S; gene, which
resulted in the failure of the transgenic plants to reject S; and S; pollen.
The antisense S; gene was introduced into the Petunia inflata plant under
the control of the S; gene promoter in an Agrobacterium-mediated

transformation.
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Also in a gain of function experiment, the introduction of a transgene
which encodes S; protein into S;S; genotypes of Petunia inflata enables
the transgenic plants to reject S; pollen (Lee et al., 1994). Similar results
were obtained in independent transgenic experiments involving Nicotiana
alata (Murfett et al., 1994). Self-compatibility has also been achieved in
an otherwise self-incompatible apple using co-suppression gene silencing
approach (Broothaerts et al., 2004). The transformation of a co-
suppression construct containing S;-RNase under the influence of CaMV
35S promoter in their experiment resulted in the silencing of endogenous
S;-RNase creating a self-compatible apple tree with no adverse effect on
the growth of the tree and the quality of fruits. Although engineering self-
compatibility through the manipulation of S-RNase is feasible as shown
from previous examples this has not yet been performed in potatoes. To
the best of my knowledge this thesis is the first report of attempts to
perform this in diploid potato species. Engineering self-compatibility will
benefit potato breeding by allowing inbred lines to be established thereby

enabling genetic analyses to be carried out more easily on the crop.

1.6 Aims of the project

This project aims to manipulate the expression of S-RNases in diploid
potatoes using the RNAI technique, leading to the development of self-
compatible diploid potato lines. This approach to engineering self-
compatibility has already been successfully demonstrated in SI Petunia

(Lee et al., 1994). To date relatively few S-RNase sequences are
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available for Solanum species compared to other members of the
solanaceae. The characterization of S-RNases in Solanum species is
therefore an initial requirement for the approach. This should generate

novel S-allele sequence data in SI diploid potato lines.

The S-RNases present in some diploid potato species provided in
collaboration with the James Hutton Institute, JHI (formally the Scottish
Crop Research Institute, SCRI) will be characterized. Specifically
accessions of Solanum stenotomum, Solanum phureja and Solanum
okadae which are important sources of new traits studied by JHI. RT-PCR
using degenerate primers will be used to amplify S-RNase sequences
from pistil RNA. PCR products will be cloned and sequenced. Selected S-
genotypes will be confirmed at the phenotypic level by pollination tests
using a diallele cross. To develop familiarity with the techniques S-alleles
present in both Petunia inflata and Petunia hybrida cv Mitchell were
initially characterized. This approach was then transferred to the selected

diploid potato species.

Following the S-RNase characterization, RNAi constructs will be designed
to down-regulate specific Solanum S-RNases. As a preliminary study to
the transformation work, S-RNase gene expression profiling will be
performed to check the developmental stages of expression of the
Solanum S-RNase genes and also check whether these S-RNases are
expressed at a similar level. Wide variation in S-RNase gene expression

levels have been reported in the literature.
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The long term aim of this thesis is in planta transformation of potato with
the designed RNAI silencing construct thereby creating SC diploid
potatoes leading to the development of the first inbred lines of S. okadae
(and possibly S. phureja and S. stenotomum). More general strategies

for manipulating SI will be explored if time allows.
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CHAPTER 2: GENERAL MATERIALS AND METHODS

2.1 PCR GENOTYPING

2.1.1 Genomic DNA extraction

Two leaf discs weighing approximately 10-100 mg of young leaves were
harvested into labelled 1.5 ml microcentrifuge tubes. The harvested
leaves were then frozen immediately in liquid nitrogen (N;). The tissues
were ground to a fine powder with a micro-pestle (pre-chilled in liquid N;)
holding the tube in liquid N,. The tubes containing the powder were left in
the liquid N, until the addition of extraction buffer. DNA was harvested

from the leaves using the GenElute Plant Genomic DNA Miniprep kit

(Sigma-aldrich).

The procedure according to the manufacturer’s recommendation with
little modifications was as follows: the tubes were taken out of the liquid
N, and 350 pl of Lysis A and 50 pl of Lysis B Solutions were added to it.
The mixture was thoroughly mixed by vortexing and inverting (upon the
addition of Lysis B solution, a cloudy precipitate will be formed). The
mixture was then incubated at 65°C for 10 mins with occasional inversion

to dissolve the resultant precipitate.

130 pl of Precipitation Solution was then added to the mixture and mixed
completely by inverting the tubes and the samples placed on ice for 5
mins. The tubes were then centrifuged at maximum speed (13,000 rpm)
for 5 mins to pellet cellular debris, proteins and polysaccharides. The

supernatant was carefully pipetted onto a labelled GenElute filtration
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column (blue insert with a 2 ml collection tube) and centrifuged at a
maximum speed for 1 min. This was followed by the addition of 700 ul of
Binding Solution directly to the flow-through liquid and mixing by

inversion.

To prepare the GenElute Miniprep Binding Column (with a red o-ring) to
maximize the binding of DNA to the membrane, 500 pl of Column
Preparation Solution was added to each miniprep column and centrifuged

at maximum speed for 1 min and the flow through liquid discarded.

700 pl of the resulting mixture from the addition of Binding Solution step
was then carefully pipetted onto the prepared binding column and
centrifuged at maximum speed for 1 min. The flow-through liquid was
discarded and the collection tube retained. The column was returned to
the collection tube and the remaining lysate pipetted onto the binding
column and the centrifugation step above repeated. The flow-through
liquid and the collection tube was then discarded and the binding column

retained.

The binding column was then placed in a new 2 ml collection tube and
500 pl of Wash Solution added onto it. This was then centrifuged at
maximum speed for 1 min and the flow-through liquid discarded but the
collection tube retained. Another 500 pl of Wash Solution was added to
the column and centrifuged at maximum speed for 3 min to dry the

column (ensuring that the binding column does not touch the flow-

through liquid).
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The binding column was then transferred to a new 2 ml collection tube
and 50 pl (instead of 100 pl recommended by the manufacturer) of pre-
warmed (65°C) Elution Solution added onto it and centrifuged at
maximum speed for 1 min. The elution step was repeated again and the

eluate stored at -20°C.

2.1.2 Primer design for allele specific PCR

The genotyping primers were designed to show allele-specificity and
amplify S-alleles from plants segregating for known S-RNases. The
primers were designed to have optimal melting temperature of 65°C. The
primers are shown in Table 2.1 below. The V13-F1 & V13-R1 and So-F2 &
V26-R5 primer pairs were designed previously (Robbins et al., 2000)

whilst the SmR-F2 & SmR-R2 primer pair was designed for this project.

Table 2.1 Primers for genotyping populations segregating for S-RNases

Primer Direction Sequence (5'-3") Tm °C
Name

SmR-F2 Forward CATGGATTATGTTGTTCAGATG 59.3
SmR-R2 Reverse CACAGATTAAAAGATAAATCACAAAAG 59.9
V13-F1 Forward GGACGAAGCTGATTGTAAGGG 64.6 |
V13-R1 Reverse CGATTTTCATATATGGC 52.8 }
So-F2 Forward GGTATTGCAAAATTAGGG 54.5
V26-R5 Reverse ATGTTCTCTTCGAGTTCGCG 64.4

The SmR-F2 & SmR-R2 primers amplify petunia plants segregating for the S,-RNase,
V13-F1 & V13-R1 primers amplify S,-RNase, whilst So-F2 & V26-R5 primer pair amplifies
Sy-RNase.
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2.1.3 PCR/allele-specific PCR for S-genotyping

Populations segregating for known S-RNases were genotyped using
allele-specific primers. Genomic PCR reactions (unless otherwise stated)
were generally performed in a 25 pl reaction volume comprising of 1X
PCR buffer, 3 mM MgCl,, 0.2 mM dNTPs (Bioline, London, UK), 0.4 uM of
forward and reverse primers each and 2 U of Tagq DNA polymerase
(Bioline, London, UK). PCR amplification was performed in a PTC-200
Thermal Cycler (M] Research, Watertown MA, USA) under the following
cycling conditions: an initial 3 min denaturation at 94°C, followed by 35
cycles of 30 sec at 94°C, 30 sec of annealing at a temperature depending
on the Tm (melting temperature) of the primer, 1 min at 72°C and a final

extension of 7 min at 72°C.

2.1.4. Agarose gel electrophoresis

PCR products were generally checked on 0.8-1.5% (w/v) agarose gel
stained with 0.15 pg/ml ethidium bromide (EtBr), in 1X TBE buffer
(Appendix Al). An aliquot of 15 pl of the amplified product (genomic
DNA, plasmid DNA or cDNA) was mixed with 3 ul of 6X loading buffer and
loaded into the wells of the agarose gel and run at a constant voltage of
80V for two hours. Depending on the expected amplicon size, 5 pl of
either HyperlLadder I or Hyperladder II (Bioline, London, UK) was also run
alongside the PCR products to serve as a size marker. After the
electrophoresis, the gels were visualized under ultra violet light and

photographed using a digital imaging system (Syngene, Cambridge, UK).

49



CHAPTER 2

2.2 GENERAL METHODS FOR RT-PCR CLONING

2.2.1 RNA extraction

Pistils from the individual plants were harvested in 1.5 ml microcentrifuge
tubes. Fifteen to twenty pistils were harvested depending on the size of
the tissue. The harvested pistils weighing approximately 10-100 mg were
placed in a 1.5 ml labelled microcentrifuge tube and frozen immediately
in liquid nitrogen (N;). The tissues were ground to a fine powder with a
micro-pestle (pre-chilled in liquid N;) holding the tube in liquid N2. The
tubes containing the powder were left in the liquid N, until the addition of
extraction buffer. RNA was harvested from the pistils using the RNeasy

Mini kit (QIAGEN, Hilden, Germany).

The procedure according to the manufacturer’s recommendation was as
follows: the tubes were taken out of the liquid N, and 450 pl of Buffer
RLT (containing Beta mercaptoethanol, B-ME) was added in a fume
cupboard and vortexed vigorously. The lysate was then transferred to a
QIAshredder spin column placed in a 2 ml collection tube and centrifuged
at maximum speed for 2 minutes (min). The supernatant of the flow-
through was carefully transferred into a new microcentrifuge tube without

disturbing the cell-debris pellet in the collection tube.

A 500 pl volume of ethanol (100%) was then added to the cleared lysate
and mixed immediately by vortexing. The sample, including any
precipitate that may have formed, was then transferred to an RNeasy

spin column placed in a 2 ml collection tube and centrifuged for 15
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seconds (sec) at maximum speed. The flow through was discarded and

the collection tube reused in the next step.

The spin column membrane was washed by the addition of 700 pl of
Buffer RW1 to the RNeasy spin column and centrifuged at maximum
speed (13,000 rpm) for 15 sec. The RNeasy spin column was carefully
removed and the flow-through discarded ensuring that the collection tube
was completely emptied before being reused in the next step. The spin
column membrane was further washed again by the addition of 500 pl of
Buffer RPE to the RNeasy spin column and centrifuged at maximum
speed for 15 sec. The RNeasy spin column was removed and the flow-
through discarded. An additional 500 pl of Buffer RPE was added to the
RNeasy spin column and centrifuged at maximum speed for 2 min to dry
the spin membrane ensuring that no ethanol is carried over during RNA
elution. The RNeasy spin column was placed in a new 2 ml collection tube
and centrifuged at maximum speed for 1 min. This step is necessary to

prevent any possible carryover of Buffer RPE.

The RNeasy spin column was placed in a new 1.5 ml microcentrifuge
collection tube and 30 ul of RNase-free water added directly to the spin
column membrane and centrifuged at maximum speed for 1 min to elute
the RNA. The RNA quality was checked and quantified (see section 2.2.2)

and stored at -80°C.
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2.2.2 RNA quality control and quantification

After the RNA extraction, 3 pl of the extracted RNA was mixed with 3 pl
of 6X loading buffer (0.25% bromophenol blue, 0.25% xylene cyanol FF,
40% sucrose) and electrophoresed on a 1.5% agarose gel in 1X TBE
buffer (see section 2.1.4) to check for its quality. RNA quantification and
purity check was carried out using the NanoDrop Spectrophotometer

(ND-1000 Spectrophotometer, NanoDrop Technologies, Inc., Wilmington,

USA).

2.2.3 RT-PCR and primers

Reverse Transcription (RT) reactions were carried out using an oligo-dT
primer (NotI d(T)18) consisting of a 27bp anchor part with a Notl
restriction site (included at the 5’ end) and 18 thymidine (T) nucleotides
at the 3’ end. A degenerate primer (SolC2-F1.3) was designed and
synthesized based on the C2 domain of Solanaceae S-RNases (Ioerger et
al., 1991). This was used to amplify partial S-RNase sequences from pistil
RNA using the RT-PCR based 3' RACE (Rapid Amplification of cDNA Ends)
technique. The degenerate primer (SolC2-F1.3) was used together with
another primer (Notl-anchor) which has the same recognition sequence
as the anchor part of the Notl d(T)18 primer used in the first strand

cDNA synthesis (see Figure 2.1).

Additional gene specific primers (GSPs) were designed from the partial
sequences isolated from the 3’'RACE (Rapid Amplification of cDNA Ends)
cloning for the identified S-RNases and used for full length cDNA cloning
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using the 5'RACE-PCR technique and a commercial kit (Invitrogen,
Carlsbad CA, USA). The sequences of the designed primers and the Notl

primers used for the amplifications are shown in Table 2.2.

Table 2.2 Sequence of the primers designed and the Notl primers used for S-

RNase cloning in this study

Primer Direction Sequence (5°-3') Tm
Name oC
SolC2.F1.3  Forward  TTTACNRTNCATGGNCTNTGGCC 64.8
SdR-GSP1 Reverse TGATTTTCTGAACGGTATATTGC 61.6
SdR-GSP2 Reverse  AAAGTATTGATCTTCATTGTAGCTACC  60.7
SdR-GSP3 Reverse  TCCATGCTTATTATACTCATGTCTC  60.0 |
SmR-GSP1  Reverse = TCTGAGAATAGTCAATAGATCAGTCC 60.6
SmR-GSP2  Reverse = TGTAGACATCTGAACAACATAATCC 60.7
SmR-GSP3  Reverse  TTGCTTGTGGTTAACTCAGG 60.4
S02-GSP1 Reverse  ATTATACCATGATTTCGGAGAGC 61.9 |
S02-GSP2 Reverse  AGATCGATACTACACGTTCCATG 61.7 |
So02-GSP3 Reverse CAGTGATACTCCAGTTGTTTGC 61.2 |
Ss2-GSP1 Reverse ~ AGAAGTAATACCATTCTTTCCGAG 60.4 T
$s2-GSP2  Reverse  AACACGTTCCATGCTTAATG 60.1 |
Ss2-GSP3 Reverse = CCAGATGTATTCCAGAGCTTC 60.3 |
Not1-d Forward  AACTGGAAGAATTCGCGGCCGCAGGAA 81.6
(T)18 SRRRRRRRRRRRRRRRRRY J
Not1- Reverse  AACTGGAAGAATTCGCGG 62.7 |
anchor E
primer J"

Degenerate terms: N=A, C, G or T, R=A or G. The degeneracy fold of the primer
(SolC2.F1.3) is 512.
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2.2.4 Reverse transcription (RT)-PCR reaction: 3'RACE

First strand cDNA synthesis was achieved using QIAGEN Omniscript®
Reverse Transcriptase (QIAGEN). The reaction component comprised of
1X RT Buffer, 0.5 mM dNTPs, 1 uM Notl d(T)18 primers, 4 U of
Omniscript Reverse Transcriptase and approximately 1-2 pg of denatured
(at 65°C for 5 min) total RNA template in RNase-free water. The final RT
reaction mixture was incubated at 37°C for 1 hr for cDNA synthesis. The
RT reaction was set up without RNase inhibitor in some cases (although

this was recommended by the manufacturer).

RT-PCR amplification was performed in a 25 pul total reaction mix
comprising a 2.5 pl aliquot of RT reaction (cDNA reaction), 20 mM Tris-
HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.2 mM dNTPs (Bioline, London,
UK), 0.4 pM of SolC2-F1.3 (forward), 0.2 uM NotlI-anchor (reverse)
primers and 2 U of Taq DNA polymerase (Bioline, London, UK).
Amplification was performed in a PTC-200 Thermal Cycler (MJ Research,
Watertown MA, USA) under the following cycling conditions: an initial 3
min denaturation at 94°C, followed by 35 cycles of 30 sec at 94°C, 30
sec annealing at 55°C, 1 min at 72°C and a final extension of 5 min at

72°C. The 3’RACE strategy is depicted in Figure 2.1.
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C2 degenerate primer

—
—

Not I-anchor primer

Partial cDNA clone

D Conserved region . Hypervariable region

Figure 2.1 Typical Solanaceae S-RNase structure and 3’'RACE strategy.

C1-C5 are the conserved domains of the S-RNase gene and HVA & HVB are the
two hypervariable. The two histidine (His) residues located in the C2 and C3

regions are responsible for the ribonuclease activity of the S-RNase gene.

2.2.5 Reverse transcription (RT)-PCR reaction: 5'RACE

First strand cDNA synthesis and 5'RACE-PCR was carried out using the
5'RACE System for Rapid Amplification of cDNA Ends, Version 2.0 kit
(Invitrogen, Carlsbad CA, USA), according to the manufacturers’

recommendations as described below.

The first strand cDNA was synthesized in a reaction comprising 2.5
pmoles of the first gene specific primer (GSP1), 2.5 pg of total RNA, and
DEPC-treated water sufficient to make a 15.5 pl final volume. The
reaction mixture was then incubated at 70°C for 10 min to denature the
RNA. The sample was then chilled on ice for 1 min and the contents

collected by brief centrifugation.

After the completion of the first strand cDNA synthesis, the following

were added in the order given: a 1X PCR buffer, 2.5 mM MgCl;, 1 mM
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dNTP mix and 10 mM DTT. The reaction was mixed gently, collected by
brief centrifugation and then incubated at 42°C for 1 min. 1 pl of
SuperScript II RT was then added and the reaction incubated at 42 °C for
50 min followed by 70°C for 15 min to terminate the reaction. The
reaction mixture was centrifuged briefly for 20 sec and placed at 37°C. 1
pl of RNase mix was added and mixed gently but thoroughly and the

reaction incubated at 37°C for 30 min.

The synthesized cDNA was then separated from unincorporated dNTPs,
GSP1 and proteins using S.N.A.P Column purification (Invitrogen) by
adding 120 ul of binding solution (6M Nal) to the first strand reaction
(cDNA). The resulting cDNA/Nal solution was then transferred to a
S.N.A.P Column and centrifuged at 13,000 rpm for 20 sec. The cartridge
insert was removed and the flow-through transferred to a new
microcentrifuge tube (until the recovery of the cDNA was confirmed). The
cartridge insert was then placed back into the tube and 0.4 ml of cold
(4°C) 1X wash buffer added to the spin cartridge and centrifuged at
13,000 rpm for 20 sec. The flow-through was discarded and the wash
step repeated for three additional times. The cartridge was then washed
twice with 400 pl of cold (4°C) 70% ethanol and centrifugation at 13,000
rpm for 20 s. After discarding the final 70% ethano! wash from the tube,
the spin cartridge was centrifuged at 13,000 rpm for 1 min. The spin
cartridge insert was then placed in a new sample recovery tube and 50 pl
of sterilized distilled water (preheated to 65°C) was added and

centrifuged at 13,000 rpm for 20 sec to elute the cDNA.
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After the purification of the cDNA, homopolymer tails were added to the
3’end of the cDNA using terminal deoxynucleotidyl transferase (TdT) to
create Abridged Anchor Primer binding sites on the cDNA. The TdT tailing
reaction consists of: 1X tailing buffer (10 mM Tris-HCI; pH 8.4, 25 mM
KCl, 1.5 mM MgCl;) 0.2 mM dCTP, 10 pl of the purified cDNA sample and
6.5 pl of DEPC-treated water. The reaction mixture was then incubated at
949C for 3 min and chilled on ice for 1 min. 1 pl of TdT was added with
gentle mixing and the reaction mixture incubated at 37°C for 10 min. The
TdT was then heat inactivated at 65°C for 10 min. The content of the

sample was then collected by brief centrifugation and placed on ice.

PCR amplification of the dC-tailed cDNA was performed in a 25 pl
reaction mix comprising of a 2.5 pl aliquot of the dC-tailed cDNA reaction,
20 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl,, 0.2 mM dNTPs, 0.4
HM of Abridged Anchor Primer (AAP) (forward), 0.4 pM of nested GSP2
primer (reverse) and 2 U of Taq DNA polymerase (Bioline, London, UK).
Amplification was performed in a PTC-200 Thermal Cycler (MJ Research,
Watertown MA, USA) under the following cycling conditions: an initial 3
min denaturation at 94°C, followed by 35 cycles of 30 sec at 94°C, 30
sec annealing at 55°C, 1 min at 72°C and a final extension of 5 min at

72°C,

Following the PCR amplification of the dC-tailed cDNA, a 1 in 100 dilution
of the primary PCR product was made and used in a second round of PCR
amplification (nested PCR) in order to increase the specificity of the PCR
products. Abridged Universal Anchor Primer (AUAP) (forward) and a

nested GSP3 primer (reverse) was used to prime the synthesis of the
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DNA. The PCR reaction mix and the PCR running conditions are the same
as described above except that 0.2 uM of each primer was used in the
PCR reaction mix. The PCR products were analysed as described in

section 2.7. An overview of the 5'RACE strategy is shown in Figure 2.2.

mRNA

s’ (A), Anneal first strand primer
M GSP1, to mRNA
‘ GSP1
s (A), Copy mRNA into cDNA with
e e SUPERSCRIPT™II RT

3 - ' Degrade RNA with RNase Mix

Purify cDNA with GLASSMAX
‘ Spin Cartridge

3’ €C..CC ¢ ——— Tail purified cDNA with
dCTP and TdT

Abridged Anchor Primer

5 mmmm G|.. G

3’ CC..CC ' PCR amplify dC-tailed cDNA
- using the Abridged Anchor
GSP2 primer and nested GSP2
UAP ‘
-
AUAP
e
S mmmgl. |G -— 3 Reamplify primary PCR product
3’ == CC...CC ——a— using AUAP, or UAP, and nested

nested
GSP

Figure 2.2 An overview of the 5'RACE strategy. A gene specific primer
(GSP1) and SuperScript II is used to synthesize the first strand cDNA from total
RNA. An RNase mix is used to degrade the original RNA template from the
RNA:DNA heteroduplex formed. A S.N.A.P Column is used to purify the resulting
cDNA from unincorporated dNTPs, GSP1 and proteins. TdT and dCTP is used to
add homopolymer tails to the 3’end of the cDNA. This is followed by PCR
amplification of the dC-tailed cDNA using AAP and GSP2. The primary PCR
product is then re-amplified using AUAP and GSP3 (Redrawn from

www.invitrogen.com).
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2.3 GENERAL METHODS FOR CLONING S-RNase PCR PRODUCTS

RACE-PCR products were cloned using the TA cloning kit as described

below (Invitrogen, Carisbad CA, USA).

2.3.1 Ligation into pCR®2.1 vector

The vial containing pCR®2.1 vector was centrifuged to collect all the liquid
in the bottom of the vial. The concentration of the fresh PCR (less than 1
day old) needed to ligate with 50 ng (20 fmoles) of pCR®2.1 vector was
determined and the ligation reaction set up comprising 1.5 pl of fresh
PCR products, 1 pl of 10X ligation buffer, 2 pl of 25 ng pCR®2.1 vector,
2.5 ul of sterile water and 1 pl of 4.0 Weiss units T4 DNA ligase. The

ligation mixture was then incubated at 14°C overnight.

2.3.2 Transformation into TOP10F’ chemically competent cells

The vials containing the ligation reactions was centrifuged briefly and
placed on ice. One 50 pl vial of frozen “One Shot” competent cells
(TOP10F’) for each ligation was thawed on ice. 2 pl of each ligation
reaction was pipetted directly into the vial containing TOP10F’ competent
cells and mixed by stirring gently with the pipette tip. The vials were
incubated on ice for 30 min followed by heat shocking for exactly 30 s in
the 42°C water bath (ensuring not to mix or shake the vials). The vials

were then removed from the water bath and placed on ice.
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250 pl of SOC medium (at room temperature) was then added to each
tube. The vials were then placed on a shaking incubator and shaken
horizontally at 225 rpm for 1 hour at 37°C. Two different volumes of 50
pl and 150 pl of each transformation vial was spread on labelled LB agar
plates containing 40 mg/ml of X-Gal, 100 mM of IPTG (Appendix Al) and
either 50 pg/ml of kanamycin or 100 pg/ml of ampicillin. The liquid was
then allowed to be absorbed by the LB agar plates and then the plates
were inverted and placed in a 37°C incubator for at least 18 hours. The

plates were then shifted to 4°C for 2-3 hours to allow for full colour

development by the X-gal assay.

2.3.3 Colony screening by PCR

Generally, 20 white colonies or more were picked with pipette tips onto a
new master LB plate containing the appropriate antibiotics and the
pipette tips placed into PCR reaction mixtures for colony PCR using
universal M13 forward and reverse primers (or other vector specific

recommended primers or S-allele specific primers).

2.3.4 Plasmid DNA extraction

White colonies with the expected insert size as revealed by the colony
PCR were sampled and grown overnight on LB broth containing the
appropriate antibiotics. Plasmid DNA was isolated using the QIAprep Spin
Miniprep Kit (QIAGEN, Hilden, Germany) according to the manufacturers’

recommendations.
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2.3.5 Glycerol stock preparation of plasmids

Generally, 1.5 ml of cultured cells was added to 500 pl of 60% sterile
glycerol stocks in screw capped tubes. The content of the tubes were
then mixed by vigorous shaking and then flash frozen in liquid nitrogen
and stored at -80 ©C. The details of the plasmids were then logged into a

glycerol stock record book for future reference.

2.3.6 Restriction enzyme digestion

Restriction enzyme digests were usually performed in 15 pl reactions
volume containing 1X reaction buffer (supplied) 1X BSA, 400 ng of
plasmid DNA and 0.25 units of restriction enzyme (New England Biolabs,
NEB). The reactions were routinely incubated for 3hrs-overnight at the
optimal temperature for particular restriction enzyme. Heat inactivations
of the restriction enzymes were also performed based on the enzymes
optimal inactivation temperature. Double digests were performed where
necessary following the restriction enzyme provider’s recommendations

(NEB).

2.3.7. Sequencing of plasmid inserts

The sequence of the inserted DNA was determined using forward and
reverse M13 universal primers (or other vector-based recommended
primers) at either the QIAGEN Genomic Services/Sequencing Services
(QIAGEN, Hilden, Germany) or The James Hutton Institute sequencing

facility (JHI, Scotland, formally SCRI).
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2.4. BIOINFORMATICS

2.4.1. Sequence data analysis tools

DNAstar

DNAstar software (DNAstar Inc. Madison WI, USA) is an all-inclusive tool

from Lasergene (http://www.dnastar.com/) used for DNA and protein

sequence data analysis. The cloned sequences were edited using this
software to remove all vector sequences and also translate the DNA

sequences into protein sequences where necessary.

BLAST search and sequence retrieval

Blast searches were performed using the National Center for

Biotechnology Information (NCBI) database

(http://blast.ncbi.nim.nih.gov) in order to ascertain whether the

sequences are published alleles or novel. The European Bioinformatics

Institute (EBI) database (http://srs.ebi.ac.uk) was also used for

published sequence retrieval.

BioEdit

Sequence alignments were performed using the BioEdit sequence
alignment editor (www.mbio.ncsu.edu/BioEdit/bioedit).

MEGAS

Phylogenetic analysis was carried out using the Molecular Evolutionary

Genetics Analysis (MEGA) software (http://www.megasoftware.net;

Tamura et al., 2011).
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Primer3 and Primer3Plus software

Primers were designed for this project using either the Primer3 primer

design tool (http://frodo.wi.mit.edu/) or Primer3Plus

(http:

primer design tool.
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CHAPTER 3: SELF-(IN)COMPATIBILITY STUDIES IN PETUNIA

3.1 INTRODUCTION

3.1.1 The genus Petunia

Petunia is a genus in the Solanaceae family. Approximately 30 (sub)-
species could be found in this genus. Petunia was first described in 1803
by Jussieu, based on materials collected by Commerson in Montevideo,
Uruguay (Gerats and Vandenbussche, 2005; Stehmann et al., 2009). It is
one of the most important members of the Solanaceae that has

ornamental value and is cultivated around the world (Stehmann et al.,

2009).

Petunia is one of the first bedding plants cultivated and has continued to
be one of the preferred genera used for new variety development (Gerats
and Vandenbussche, 2005). The most commonly cultivated garden
petunia is Petunia hybrida and is known to have been derived from a
cross between two Petunia species (P. integrifolia and P. axillaris) of
South American origin. The temperate and sub-tropical regions of
Argentina, Uruguay, Paraguay, Bolivia and Brazil constitute the
geographical distribution of Petunia with its centre of diversity found in

southern Brazil (Stehmann et al., 2009).
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3.1.2 Self-incompatibility in Petunia

The cultivated Petunia (Petunia hybrida) has contributed immensely
towards the unravelling of knowledge in the field of self-incompatibility
(Robbins et al., 2000; Sims and Robbins, 2009) over the past decades.
Petunia is among the earliest plant species used for self-incompatibility
research because it thrives very well in glasshouse conditions and shows
a high degree of self-incompatibility reaction specificity. Under optimal
conditions this can result in a strong pollen tube growth inhibition and
total failure of seed set. Also the self-incompatibility reaction is strictly
located in the style during pollen tube growth half-way towards the
ovary, making the site of the inhibition reaction accessible to
experimental approaches. In addition Petunia has large homostylous
flowers which aid the emasculation of large number of flowers by
researchers before flower anthesis. In comparison with other self-
incompatible plants, Petunia has large styles which give ample tissues for
biochemical analysis. Petunia is relatively easy to clonally propagate by
vegetative cuttings and has simple culture conditions in the nursery. It is
also possible to maintain self-incompatible Petunia strains by bud
pollination (Linskens, 1975) a technique which has been used to generate

S-allele homozygous stocks.

Petunia exhibits the gametophytic self-incompatibility system like all
other solanaceous species investigated to date. The essential features of
self-sterility in Petunia were first described by Darwin (Darwin, 1891),
however the concept that specificity of the pollen phenotype is controlled

gametophytically was established later (Harland and Atteck, 1933). Other
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very early research works in Petunia showed that, the self-incompatibility
system was controlled by a single polymorphic locus, the S-locus and the
recognition and the rejection of self-pollen is gametophytically
determined by the expression of S-alleles in the pollen (Mather, 1943;

Linskens, 1975; de Nettancourt, 1977).

3.1.3 Self-compatibility in Petunia

Although the majority of the wild species found in the Solanaceae family
of which Petunia is a member, are self-incompatible, some self-
compatible species could also be identified. For instance, the genus
Petunia has 19 known natural taxa, and 4 out of these are self-
compatible (Tsukamoto et al., 1998; McCubbin and Kao, 2000). Also
breeding has rendered most of the commercial cultivars in the
Solanaceae, self-compatible. Thus the SI trait has been selected out
during the domestication process of these plant species or at an early
stage during the production of inbred lines which are homozygous for
desirable traits. One of the self-compatible plants in the Petunia genus is

the garden Petunia (Petunia hybrida) (McCubbin and Kao, 2000).

Most cultivars of P. hybrida are self-compatible but occasional SI varieties
occur (Robbins et al., 2000). One typical example of these self-
compatible Petunia is P. hybrida cv Mitchell (Clark et al., 2009), however
the basis of its SC behaviour is currently unknown. Self-compatibility in
P. hybrida has been studied by Ascher (1984), where the term pseudo-
self compatibility (PSC) was coined to describe plants showing both
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physiological and genetic breakdown of self-incompatibility following self-
pollinations. Pseudo-self compatibility as defined by Ascher (1984) is the
ability of plants which are otherwise self-incompatible to set variable
levels of seeds following self-pollination or following crosses between
individuals bearing the same .S-alleles. The partial breakdown of self-
incompatibility in plants exhibiting PSC has been distinguished from self-
compatibility exhibited by plants which lack an active self-incompatibility.
To measure PSC quantitatively, the SI behaviour was expressed as
percent (%) PSC by determining the ratio of the number of seeds set in
an incompatible cross to that produced by a cross which is fully

compatible using the same individuals (Ascher, 1984; Sims and Robbins,

2009).

3.1.3.1 The molecular basis of self-compatibility in Petunia

In populations of self-incompatible species, the genetic mechanisms
governing the self-compatible (fertile) variants found are just as
complicated and diverse as their SI counterparts. Most of the factors that
modulate a plant becoming self-compatible are caused by mutations.
These mutations could be found occurring in the S-alleles themselves or
in genes that are closely linked to S-genes and thereby altering their
expression. Also the mutations could occur in genes that play key roles in
the rejection pathways or genes that are unlinked to the S-locus but play
roles in modulating the expression or the turnover of S-allele products.

These unlinked genes could also affect how the SI system operates by
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altering the pistil environment (Good-Avila et al., 2008). These S-locus
unlinked genes that modulate the expression of S-products are termed

modifiers (see section 1.3.2.1).

In many plant species belonging to the family Asteraceae, Poaceae,
Fabaceae, Rosaceae and Solanaceae, self-compatibility (self-fertility) is
known to be associated with specific S-alleles. The conversion of these S-
alleles into non-functional alleles could be as a result of mutation at the
S-locus or in genes which are tightly linked to the S-locus (Levin, 1996;
Good-Avila et al., 2008). The recent understanding of the molecular
biology of RNase-based GSI system has enabled researchers to
investigate the cause of non-functional S-alleles in the Solanaceae and
Rosaceae (Good-Avila et al., 2008). For instance, self-compatibility based
on a defective pollen SI component was found in a population of P,
axillaris from Uruguay. The loss of function was found to be associated
with the S;;, allele. Another population of the same Petunia species from
Uruguay was found to be self-compatible as a result of the suppression of
a specific S-RNase gene by the presence of an S-locus linked gene

(Tsukamoto et al., 2003a; Tsukamoto et al., 2003b).

Self-compatibility has also been observed to occur specifically in the
Solanaceae as a result of duplication of the S-locus in a phenomenon
termed “competitive interaction” (de Nettancourt 1977, 1997; Stone,
2002). Competitive interaction is the breakdown of self-incompatibility in
the pollen resulting in the production of self-compatible plants. GSI is
well-known to breakdown (at the pollen SI determinant) in tetraploid

plants when the S-locus of the diploid parent is heterozygous (Golz et al.,
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1999; 2001). It was discovered in the mid-20" century that, naturally
occurring or induced tetraploidy in several plant families resulted in loss
of SI (Stone, 2002). In tetraploids, homozygous and heterozygous pollen
production is expected to be at a ratio of 50:50. When tetraploid plants
were pollinated with the homozygous pollen grains, they were observed
to produce the same effect as normal haploid pollen grains by arresting
pollen tube growth in styles. However, pollen grains with two different S-
alleles (heteroallelic pollen) were not arrested leading to successful
fertilization. Pollinations performed using diploid pollen on diploid styles
containing the same two S-alleles, resulted in the production of seeds by
only the heterozygous pollen tubes, thus showing that the self-
compatibility behaviour observed was not due to tetraploidy in the styles.
To confirm that the duplication of the S-locus affects only the pollen
component of SI but not the style component, the pollination of tetraploid
stigma with haploid pollen grains resulted in no seed set (Stone, 2002).
Heterozygous styles of tetraploids will continue to have the ability to
reject haploid pollen with matching S-alleles; however diploid
heteroallelic pollen will not be rejected when they land on either diploid
or tetraploid styles leading to self-compatibility (Sims and Robbins,

2009).

The timing or magnitude of expression of the S-locus genes, their
turnover or the normal functioning of the pathways that eventually lead
to pollen or pollen tube rejection could be potentially affected by many
other genes (Tsukamoto et al., 1999). Other modifiers unlinked to the S-

locus are known to interfere with the strength of the SI response leading
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to the occurrence of self-compatibility. Due to the complex nature of the
SI response, the S-locus unlinked genes which are involved in the self
rejection process could undergo mutations and depending on the nature
of such mutations could possibly influence self-compatibility either
qualitatively or quantitatively even in plant stocks which have their S-

locus intact and functional (Tsukamoto et a/., 1999; Good-Avila et al.,

2008).

3.2 MATERIALS AND METHODS

3.2.1 Plant Materials

A variety of Petunia stocks were used including: Petunia inflata (MSc
teaching materials supplied by Dr P. Anthony, University of Nottingham),
P. hybrida cv Mitchell (supplied by Dr R. Koes, Free University of
Amsterdam) and populations segregating for previously described
functional alleles obtained from Mr U. Devisetty and Dr T. Sonneveld
(University of Nottingham). All Petunia stocks were grown under
controlled glasshouse conditions of 16hr photoperiod and 25°C day/18°C
night temperatures in the School of Biosciences, Sutton Bonington

Campus, University of Nottingham, UK).

The S-genotype and SI status of the P. inflata plants were unknown prior
to this study. The N401 plant families were derived from crosses made
between S-allele stocks maintained at the University of Nottingham (Dr
T. Robbins) and P. hybrida cv Mitchell. ‘Mitchell’ is known to be self-

compatible (Clark et al., 2009), and although the basis of its SC
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behaviour is unknown the plant is known to be homozygous for an
uncharacterised S-allele. A total of 18 plants from the N401 family were

used in the study. The pedigree of the N401 family is shown in Figure 3.3

in results section.

3.2,.2 S-allele phenotypic analysis

3.2.2.1 Pollinations

Controlled self- and cross-pollinations were carried out using the diallel
method after visual inspection of the stigma for the presence of exudates
confirming its maturity. Self-pollination was performed using the pollen of
an individual flower to pollinate the stigma of the same flower, except in
some cases where pollination was performed using pollen from other
flowers of the same plant because the stigma had matured before the
anthers. For the controlled cross-pollinations, flowers were emasculated
two days before anthesis by removing all the stamens to prevent self-
pollination whilst leaving the stigma intact. Pollination was carried out by
applying pollen to the stigma using sterilized forceps two to three days
after emasculation. All pollinations were labelled with a string tag placed

around the pedicel.

3.2.2.2 Self-incompatibility phenotype determination

At maturity (approximately four weeks after pollination) the number of

seed set (capsules) produced per plant was scored to determine the
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SI/SC phenotype of the plants. Plants were characterised as self-
compatible (SC), if all the pollinations resulted in full seed set indicated
by the presence of capsules. Alternatively plants were characterized as
self-incompatible (SI), if all of the pollinations resulted in no seed set
determined by the absence of a capsule. Plants setting intermediate pods
or having variable levels of seed set were characterized as pseudo-self-
compatible (PSC). To account for errors if a single pollination deviates
from the majority of results then the pollinations were repeated to

confirm the phenotypes.

3.3 RESULTS

3.3.1 Petunia inflata S-allele characterization

3.3.1.1 Pollination and S-phenotype determination

A total of 15 P. inflata plants growing under controlled glasshouse
conditions were initially selfed to determine their SC/SI phenotype.
Although the glasshouse was not insect proof, the possibility of insect
pollination was reduced because pollinations were carried out during
winter (between October and December). From the selfing results, 11
plants were found to be fully SC and were therefore eliminated from the
study. A diallel cross design was then used to determine and characterize
the possible S-phenotype of the remaining 4 SI plants (assigned plant
IDs: P2, P5, P7 and P8). Five pollinations were performed per cross and

the seed score of the various crosses recorded (see section 3.2.2.2).
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It was observed that, crosses between P2 and P8 resulted in no seed set
in either direction (Table 3.1). Similar results were obtained for crosses
between P5 and P7. However, crosses of either P2 or P8 with P5 or P7
were found to be successful in either direction resulting in seed set.
Based on these results, the four plants were grouped into two possible
incompatibility groups (Group I and II) (Table 3.1). This grouping allowed

the selection of plants from each group for S-allele cloning and

sequencing.

Table 3.1 Incompatibility groups derived from diallel crosses of P. inflata.

Pollen Donor
Incompatibi Incompatibility Group II

lity Group I i
LN B R

P "ﬁﬁ*&;%ﬁ.ﬂ- il

+ + - -

A compatible cross is indicated by (+), and an incompatible cross is indicated by (-). P2,
P5, P7 and P8 represent the individual P. inflata plant IDs.

3.3.1.2 Cloning and sequencing of P. inflata S-alleles: 3’'RACE-PCR

Following the characterization of the P. inflata plants into incompatibility
groups through the diallel cross, one plant per group, i.e. P8 from Group
I and P5 from Group II (Table 3.1) were selected. Pistii RNA was

prepared as described in section 2.2.1 and their S-RNase alleles amplified
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using the 3’ RACE-PCR technique and cloned using the TA cloning kit
(sections 2.2.4; 2.3). To allow the selection of colonies having the
expected insert size, the colonies growing following successful
transformation were screened using M13 universal forward and reverse
primers (Figure 3.1). Results from the screening of the colonies showed
that, most of the colonies have the expected insert size and three such
colonies were selected and plasmid DNA was extracted from them and
sequenced. The sequencing results were edited using DNAstar (DNAstar,
Inc. Madison WI, USA) to remove all vector sequences and the resultant

putative S-RNase sequences were submitted to NCBI blast searches.

M 1 -2"3:4°'% "¢ .7 8 .9 10 1112 13

<+— ~900 bp

M I4°~15 16 L7 180019 2022 22 23 24

<+— ~900 bp

Figure 3.1 Colony PCR of a typical P. inflata pistil S-RNase using M13
universal primers. Lanes M represent Hyperladder II, lanes 1-23 represent
possible transformed colonies, lane 24 represents empty vector. Colonies which
are ~900 bp (e.g. colonies 1 & 5) seems to have the expected insert size and

were therefore selected for sequencing.
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Results from the NCBI database searches reveal that, these plants (in the
two self-incompatibility groups) harbour three different S-alleles with one
of them found to be common to the two incompatibility groups. One of
the three cloned putative S-RNases was found to be a previously
published S-RNase, i.e. S3, therefore reference will be made to this allele
henceforth as S3;. One of the remaining two was also found from
database searches to be almost identical to a published S-allele called Sy;,
but however showed some slight differences at the amino acid level and
could be a putative new allele hence will be provisionally called S,;- in this
report. The last remaining one as revealed by database searches was
found to be novel and hence provisionally called S;. The deduced S-
genotype of P8 and all plants in Group I is S, Ss and that of P5 and

plants in Group II is S3S,.

Whereas the putative S-alleles cloned from SI P. inflata (i.e. the S3 and
S«1--RNases) were found from the database search to be almost identical
(with 100% and 98% homology respectively) at the amino acid level to
P. inflata S-alleles (with database accession numbers AB094599.1 and
AB094600.1 respectively), S, was found to be most closely related with
Nicotiana alata S-RNases at the amino acid level (with the first two been
S,-RNase and Scj;o-RNase). However at the DNA level only three
significant hits could be found from the database search, both the S;-
RNase and Scio-RNase from Nicotiana mentioned above and Sp;6 from
Solanum peruvianum. The S,-RNase shares 68% homology with the S;-
RNase and 70% homology with Sc;o-RNase at the amino acid level and
78% homology with the S,;s-RNase at the DNA level. Figure 3.2 shows
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the partial amino acid sequence alignment of the S;-RNase with the S,-
RNase, Sc;o-RNase and S,;6-RNase. The two hypervariable regions (HVa
and HVb) and three (C3, C4 and C5) of the five conserved domains found

in all solanaceous S-RNases are highlighted.

stmsr e o o0a IS e s s R s s eion s s

Sd-RNase DNVSTPLNF(QGAKEENYKDLTDDNKKNNLYKRWPDLTI'DEAVCLEKQ!

S7-RNase ceceeTe e YA oo sP.NIE, .T.[DD.cccosvso .A.TY.KQH.

Scl0-RNase .....T..YJA..-..P.NIE..T.|DD...ccccso .A.TY.KQH.

Spl6-RNase -.K..R....TTY-PLFNKI...V.|DA.EYN..N...T.F.SKKY.I..
C5

Sd-RNase GISPG--WQYTVQRINSTIKTITRGYPNLSCTK-KMELWEIGICFPSTVQKVIDCPHPKTCAP - - -MKIMFP
S7-RNase violie, o RODK's = 5,0'%.(0 oiare| uis Kooldssio e ninaies (c j SR
Scl0-RNase ..I..RGMK........... Xs o Qv reioremisroiss OT -+~
Splé-RNase ..T..K-SHL.SLL.QTA..SV.K.I...I.SD------}=== .

Figure 3.2 Alignment of the partial deduced amino acid sequence of P.
inflata S,~-RNase with two closely matching S-RNases from N. alata (S~
RNase and Sc;o-RNase) and one from S. peruvianum (S,;s-RNase). The
hypervariable regions and conserved regions are boxed. The dots in the
alignment indicate amino acid identities among the four sequences with
reference to the S,-RNase. One of the conserved histidine residues (C3) involved
in the ribonuclease activity of S-RNases is marked with an arrowhead. The
database accession numbers for S;,-, Sc;- and S,,-RNases are U13255.1,
U45959.1 and HM357227.1 respectively. See Appendix A7 for the nucleotide

sequence of S;-RNase.
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3.3.2 S-allele characterization for N401 family

3.3.2.1 Pollination and S-phenotype determination

P. hybrida cv Mitchell is a self-compatible plant (Clark et al., 2009), and
although the basis of its SC behaviour is unknown the plant is assumed
to be homozygous for an uncharacterised S-allele provisionally called Sp,.
Self-pollinations were performed on all 18 members of the N401 family
and their SI/SC phenotype scored in order to investigate and understand
the basis of self-compatibility in Petunia hybrida cv. Mitchell. The
segregation ratio observed was used to indicate whether the Sy-allele of
P. hybrida cv. Mitchell was linked with self-compatibility. Figure 3.3

shows the pedigree of the N401 family used for this study.

? d

N332.10 X N356.5 (Mitchell)
(555.) (SmSm)

| |
|

N373.1 X N359.21
(S,Sm) (S5S,)

N401 (n=18)

Figure 3.3 Pedigree of N401 family. N373.1 is an F; hybrid between SI line
N332.10 and Mitchell stock N356.5. N401 is a cross between SC line N373.1 and
SI line N359.21. S-genotypes are indicated in parentheses. The Mitchell line is
assumed to be homozygous for an as yet unidentified allele provisionally called
Sm. The N401 family comprises 18 plants. All crosses are shown using the
convention of pistillate parent x staminate parent.
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The N401 family was generated by crossing P. hybrida cv. Mitchell,
N356.5 (S,,S») and SI plant N332.10 (S;3S,). From the cross the resultant
F, hybrid, N373.1 (S,S,,) was found to be self-compatible. The F; hybrid
was then test crossed to SI line N359.21 (S,S,) to generate the N401
population. The S,-RNase was characterized and is known to be a
functional allele (Wright, 2004; Czyzyk, 2010). A total of 18 plants were
raised and tested for their self-compatibility and self-incompatibility

phenotype. The results are summarised in Table 3.2.

Table 3.2 Pollination data for N401 family

Number of Pollinated Number of Seed Set SC/SI
Flowers (Capsule)

m _“-
-:mn _—_

N401.7

N401.8 —_——
| N401.10 | -——
| N401.11 | 5 4 sC
| N401.12 | ——-~
| N401.14 | 5
| N401.15 | —_-
———

v n

*N401.22 3
mm—_—
*N401.24 2

Plants exhibiting pseudo-self-compatibility are marked with an asterisk (*). These plants
have pod or capsule sizes that are intermediate between SI and fully SC.
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It was observed that the majority of the plants are either SC or SI.
Moreover it was also observed that, some of the plants have variable
levels of seed set, a phenomenon termed pseudo self-compatibility
(PSC). From the whole family of 18 individuals, 8 plants (44.4%) were
found to be SC, 6 (33.3%) were found to be SI and 4 (22.2%) were

found to be exhibiting PSC.

3.3.2.2 Cloning and sequencing of Mitchell S,~-RNase

The Sn-RNase was an uncharacterised allele prior to this study, although
it was observed to have RNase activity (Ajiboye and Sonneveld,
unpublished). Therefore an attempt was made to clone and sequence it.
The 3'RACE technique was used to obtain the partial sequence of a pistil
expressed S-RNase. Following successful transformation, resulting in
large numbers of colonies growing on the plates, M13 universal primers
were used to screen the colonies. The PCR results showed that, most of
the colonies have the expected insert size. Figure 3.4 shows an example
of the PCR from the screening of the colonies resulting from the 3'RACE
cloning. Three such colonies having the expected insert size were
selected and plasmid DNA was extracted from them and sequenced. The
sequencing results were edited using DNAstar (DNAstar, Inc.) to remove
all vector sequences. All the three resultant putative S-RNase sequences
were observed to be identical and were submitted to NCBI blast

searches.
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M. 2 2 .3 59 ol 8910 :1% 12 13 14

~900 bp

Figure 3.4 Colony PCR using M13 universal primers for 3'RACE clones of
putative S,-RNase. Lanes M represent Hyperladder II, lanes 1-14 represent
possible transformed colonies. Colonies which are ~900 bp (e.g. colonies 5 & 6)

seems to have the expected insert size and were therefore selected for

sequencing.

Database searches with the partial sequence obtained showed that, the
closest matches of S,-allele were S,-, S,- and S;-protein from P. hybrida
and S;-protein from P. integrifolia with database accession numbers
M81686.1, FJ490180.1, U07362.1 and AF301180.1 respectively.
However, the partial amino acid sequence alignment of S,, together with
the other closely matching S-alleles as revealed by BLAST search showed
that S,, is a novel S-allele (data not shown). Figure 3.6 shows that, the

HV region is quite unique for this novel allele.

Following the confirmation that S,-RNase is indeed a novel allele, an
attempt was made to clone the full length sequence of this gene. Three
antisense gene specific primers (SmR-GSP1, SmR-GSP2 and SmR-GSP3)
(section 2.2.3; Table 2.2) were designed from the partial sequence

obtained through the 3'RACE cloning and used in 5'RACE for the full
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length gene sequence. Subsequent to successful transformation, M13
universal primers were used to screen the colonies growing on the plates.
The PCR results showed that, most of the colonies have the expected
insert size (~600 bp) and three such colonies were selected and plasmid
DNA extracted and sequenced. Figure 3.5 shows an example of the PCR

from the screening of the colonies resulting from the 5'RACE cloning.

M1 2 3 4 5 6 7 8 910 11 12 13 14

3

-

e e L Lol R ¢ ~600bp
e -
-

Figure 3.5 Colony PCR using M13 universal primers for 5'RACE clones of
putative S,-RNase. Lane M represents Hyperladder II, lanes 1-14 represent
possible transformed colonies. Colonies which are ~600 bp (e.g. colonies 2 & 3)
seem to have the expected insert size and were therefore selected for

sequencing.

The sequencing results were edited using DNAstar (DNAstar, Inc.) to
remove all vector sequences. The 5'RACE cloning was found to be
successful following the complete generation of the full length gene
sequence by the addition of the C1 and C2 domains to the 5" region of
the S,,-RNase. The C1 and C2 domains were not part of the initial partial
sequence alignment of the S,-RNase. The amino acid sequence

alignment of the full length of the S,-RNase with its most closely
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matching S-RNases from the database search is shown in Figure 3.6. The
two hypervariable regions (HVa and HVb) and the five conserved
domains (C1, C2, C3, C4 and C5) found in all solanaceous S-RNases are
indicated. From the alignment, it could be observed that, the HV regions
(HVa and HVb) of the S,-RNase are quite distinct from S,-, S,- and S;-

RNases, which are the most similar alleles from the NCBI database.

40
A O [tk oo s
Sm-RNase GFCKIKNCPIKPIPNNFTIHGLW
Sx-RNase oy S e I
So-RNase Yeoeols
S1-RNase Y. V.G: «RPV
C3
110 1po 130
) (BRG] (5 T (PP s via=ilis suens
Sm-RNase 'WKYEYBKHGLCCEDVYSQSEYFEFAME
Sx-RNase v s Qe aloreils P BRPP e o oD Lslosis Rasinie
So-RNase ves@ssls oie T..LPF A..D
S1-RNase ReQe oo 5o TR A..D
200 210 220
i e darat Pre st Ravslid il e s ol <5
Sm-RNase TTERMMSCPRISTSCKFGTNAGIMFR
8x-RNase ..K....eccecofosce. N oo wissvams oineaeens T..Q
So-RNase ..K...ccsocfosss VA (e 4l o5 sislle s e aie sinial g sl T.+Q
S1l-RNase KsssaoosoviPscs VA o 5l aiee /o 0B el ue) o ol R.T..Q

Figure 3.6 Alignment of the deduced amino acid sequence of S,,-RNase
with three other most closely matching S-RNases, Sx, S, and S; from P.
hybrida. The hypervariable regions and conserved regions are boxed. The dots
in the alignment indicate amino acid identities among the four sequences with
reference to the S,-RNase. The two conserved histidine residues known to be
involved in the ribonuclease activity of S-RNases are marked with an arrowhead.
Database accession numbers for the S,-, S,- and S;-RNases are M81686.1,
FJ490180.1 and U07362.1 respectively. See Apendix A7 for the nucleotide

sequence of S,,-RNase.
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3.3.2.3 S-genotype determination of N401 using PCR technique

Genomic DNA was extracted from plants in the N401 family and the
segregation of S-alleles in the family was analysed using PCR with allele
specific primers (section 2.1; Table 2.1). The family was initially
genotyped using S, and S, allele specific primers. The S, and S, allele
specific primers were already available (Robbins et al., 2000; Wright,
2004) because they are previously characterized alleles unlike the Sp-
allele which was uncharacterised at the beginning of this study, hence the

need to design new primers in order to amplify it.

The partial sequence obtained through the sequencing of the S,-allele
(see section 2.2) enabled us to design allele specific primers for the S,-
allele specific genotyping as well. Results from the PCR showed that,
100% of the plants are positive for the S,-allele, 55.6% are positive for
S,-allele and 44.4% are positive for Sp-allele (Table 3.3). An example of

the PCR profiles for the S,,-allele specific primer is shown in Figure 3.7.
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M 1 4 6 7 8 9 10 11 12 14 15 16 17 19

<«— 450 bp

M 20 22 23 24 A B C D E F G H 1

<— 450 bp

Figure 3.7 S,-genotyping using S,-allele specific primers. Lane M
represents Hyperladder II, lanes labelled 1-24 represent the 18 plants in the
N401 family, lanes A-F represent negative controls to test allele specificity (A
and B indicate S,S,, C and D indicate S,S,, E and F indicate S;S3), G and H

represent positive controls (S,,S,,) and I represents water control.

3.3.2.4 Confirmation of the segregation of S,-allele with self-
compatibility

The N401 family pollination results (section 3.3.2.1) were compared with
the S-genotyping results (section 3.3.2.3) in order to ascertain the
possible linkage between the S,-allele and self-compatibility (Table 3.3).
From the pooled results, it was observed that all the plants that were
fully self-compatible (SC) were also amplified by the S,-allele specific
primers indicating a possible linkage of the S,,-allele to self-compatibility.
However, those plants showing variable levels of seed set (pseudo self-
compatible plants) could not be amplified successfully by the S,,-primer.
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From the results, the plants that are fully SC have a deduced S-genotype
of SpSy, and those that are either SI or PSC have deduced S-genotype of
S»Sv. The segregation of modifier loci which is possibly unlinked to the S-
locus could perhaps account for the PSC feature of these S,S, plants

which otherwise should have been SI.

Table 3.3 S-genotype and pollination data for N401 family

mﬁ-mm
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[ waota |

N401.16

-———
w0119 |
m-————

*N401.22

BLED 5,8,

The presence of an unambiguous PCR product is indicated by (+), absence of a product is
indicated by (-), plants exhibiting variable levels of seed set are indicated by (*), self-
compatibility is indicated by (SC), self-incompatibility is indicated by (SI), (PSC) indicates
pseudo self-compatibility as shown in Table 3.2.
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3.4 DISCUSSION

3.4.1 Petunia inflata S-allele characterization

3.4.1.1 Pollination and S-phenotype determination for Petunia
inflata

S-allele characterization can be carried out phenotypically by pollination
tests and/or genotypically using PCR based techniques. The
characterization of S-alleles using pollination tests can be very laborious
and time consuming and may not reveal the identity of the S-alleles
harboured by these plants (especially in previously un-genotyped plant
populations). However, this method can help to identify plants that are
cross and self-incompatible in a large plant population. This enables us to
put the plant population into incompatibility groups thereby cutting down
on the number of plants (with unknown S-alleles) whose identity have to

be determined using molecular-based genotyping techniques.

A diallel cross design was used to characterize P. inflata plants of
unknown S-genotypes growing under controlled glasshouse conditions in
this study. Following the results obtained from the various crosses, those
plants showing SC or PSC features were selected out and the remaining
SI plants were later grouped into two incompatibility groups (Table 3.1).
Plants belonging to the same group are self-incompatible and can only
set seed with crosses with plants in the other group. This implies that,
plants in the same group harbour the same S-alleles hence crosses
among them are expected to result in the arrest of pollen tube growth

leading to the eventual failure of fertilization occurring. A compatible
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reaction will only occur resulting in successful pollination and the ultimate
growth of pollen tube when the haplotypes expressed in the pollen and

styles do not match.

3.4.1.2 Cloning and sequencing of P. inflata S-alleles

In Petunia, cDNA sequences coding for S-proteins were first reported in
P. hybrida (Clark et al., 1990) and in P. inflata (Ai et al., 1990). The
isolated cDNA sequences in Petunia were found to share similarity with
the first S-RNase sequence that was isolated from Nicotiana (Anderson et
al., 1986). Following the identification of the first S-protein sequence, a
large number of S-RNase sequences have been isolated in other species
of the Solanaceae. These S-RNases were found to share regular patterns
of five interspersed highly conserved amino acid domains (C1-C5) and

two highly variable domains (HVa and HVb) (Ioerger et al., 1991).

The grouping of the four P. inflata plants into two incompatibility groups
(Table 3.1) in this study enabled us to select one plant per group in order
to clone and sequence their S-alleles. The sequencing results revealed
that these P. inflata plants harbour three different S-alleles with one of
them (provisionally called S;-RNase) found to be novel. This allele shares
homology with two Nicotiana alata S-alleles (S,-RNase and Scio-RNase)
and one tomato (S,;s from Solanum peruvianum) from the database
rather than Petunia S-alleles. This observation is typical for Solanaceae
where inter-specific similarity among S-RNases is a commonly observed

feature (Ioerger et al., 1990). One of the other two identified S-RNases
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(S;.) was found to be already present in the NCBI database. The last
identified allele (provisionally called Si;-) could be a potential new allele,
since it shares only 98% homology with S,; from database searches and
not 100% homology unlike S3;-RNase. A number of S-RNase sequences
have been identified in natural populations of Petunia; however, this has
not been exhaustively performed at population genetics level (Sims and
Robbins, 2009). In P. inflata, quite a number of S-RNase sequences have
been identified. For instance, in one study, 19 different S-haplotypes
were identified in a population comprising 100 individuals (Wang et al.,

2001).

3.4.2 Characterization of S-alleles in N401 family

In other to ascertain whether the self-compatibility phenotype observed
in Petunia hybrida cv Mitchell is linked to the S-locus, a series of
pollinations were performed on plant populations derived from crosses
between Mitchell and lines with a functional SI background. This plant
population called the N401 family is made up of plants segregating for
known S-alleles which include the S,-, S,- and S,-RNases (see Figure
3.3). This was followed by the cloning of the S,-allele (as discussed in
section 3.4.2.2) and the design of allele specific primers for PCR

genotyping (discussed below).
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3.4.2.1 Pollination and S-genotype determination for N401 family

Results from the pollination data showed that, the majority of the crosses
resulted in plants that are either SC or SI. It was also observed that
some of the plants set variable levels of seeds (PSC), a feature which
could be result of the effect of a modifier. Overall, 44.4% were observed
to be SC, 33.3% were SI and 22.2% were exhibiting PSC. Similar results
were obtained from a previous study involving segregation of Mitchell Sp,-
allele in a distinct population by a previous student (Ajiboye, 2008). To
confirm these observations, S-allele specific PCR genotyping was carried
out on these plants. Results from the PCR genotyping using the allele
specific primers designed showed that, all plants harbouring the Mitchell
Sm-allele are indeed self-compatible and are of S,S