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PREFACE

The pitch canker fungus, Fusarium circinatum, presents a major threat to exotic Pinus
seedlings in South Africa. As Pinus spp. have a very long life cycle, it is not feasible to breed
for resistance against the fungus. However, little knowledge exists regarding the molecular
responses of Pinus trees to infection by the pitch canker fungus. Furthermore, the biology of

F. circinatum is also not well characterised at the molecular level.

The major research objective of this thesis was to study the interaction of P. patula and F.
circinatum at the molecular level. This was achieved through analyses of the induction of
known resistance linked enzymes. A further attempt was made to identify genes linked to the
defence response in Pinus patula after infection by the fungus has taken place. The next
objective was to study the molecular biology of F. circinatum in comparison to other
Fusarium spp. The study was to identify factors that might be linked to pathogenicity in
Pinus. It was postulated that the nucleotide binding site leucine rich repeat (NBS-LRR) genes
in plants are involved in defence responses. Thus, another research objective was to isolate
and study the structure and relationships of Pinus NBS-LRR with previously reported NBS-
LRR analogues. To accomplish these objectives a compilation of chapters that each deals
with different approaches and techniques to answer specific questions relating to this

interaction, are presented in this thesis.

Several reviews have been published that compare different techniques for gene discovery.
These reviews include several of the newest techniques available and focus on high
throughput. This leaves a void about information regarding less expensive technologies that
can be applied to specific questions. Furthermore, only a few of these reviews focus
specifically on PCR-based techniques and link them with the field of molecular plant
pathology. A literature review that deals with this issue is, therefore, presented in Chapter

One.
Several enzymes are linked with the broad defence response in plants. The first defence

responses that are usually identified in many plant-pathogen interactions are the increase of

chitinase and glucanase enzymes. These enzymes have been linked to the breakdown of

XV



fungal cell walls. Therefore, the aim of Chapter Two was td isolate and study two chitinase

homologues after inoculation with F. circinatum. This was achieved under three objectives.
Firstly, enzyme activities of both chitinase and glucanase were assessed. Secondly, two
chitinase homologues were studied with regard to their induction after infection by F.
circinatum. Thirdly, partial fragments of the chitinase homologues were amplified from P.

patula and compared to known chitinase genes from several plant species.

Several studies between the early responses of plants to pathogens have been reported. These
studies most often focus on genes that are expressed during the hypersensitive response (HR)
in plants. In the interaction between P. patula and F. circinatum there is no detectable HR,
and only a general defence response is observed. This creates the need to study the response
in conifers to pathogen interaction in a non-HR environment. The aim of Chapter Three was
to further increase this knowledge on basic plant-pathogen interactions in Pinus, and also to
characterise the specific response to the pitch canker fungus. This was accomplished by
isolating several transcripts that are up-regulated after infection of P. patula with F.

circinatum.

During serial sub-culturing of several fungal species, culture degeneration is observed. This is
also evident in Fusarium species as an alteration in their morphology and a loss in
pathogenicity. Several studies have been reported about the morphological aspects that are
linked to cultural degeneration. No molecular study has been reported for this phenomenon.
The Fusarium subglutinans sensu lato species complex accommodates several species
previously separated on host preference. Several of these species are closely related plant
pathogens. This creates the ideal opportunity to study differences under adverse culture
conditions. Therefore, the aim of Chapter Four was the isolation of differentially expressed

genes in F. circinatum compared to a degenerated version of this culture; and compared to F.

subglutinans, F. guttiforme, and F. opheodes prov. nom.

The most diverse range of R genes isolated to date, belongs to the nucleotide binding site
leucine rich repeat (NBS-LRR) group. This group of genes are considered to be a good
source for the identification of candidate resistance genes in plants. This may also be true for
conifers, as several sequences from this group have been detected from conifer ESTs.
Therefore, Chapter Five reports the isolation of homologaous sequences from a range of

Pinus species and comparison of these sequences against rep
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This thesis is a global study into the host-pathogen interaction between Pinus patula and
Fusarium circinatum. As this study was approached from both sides of the interaction, it
necessarily means that chapters with different focuses and angles have been grouped
together. Therefore, each of the chapters represents an independent unit and will be submitted

for publication to various journals in their respective fields.
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CHAPTER 1

PCR-based methods used to identify differentially expressed genes

in host-pathogen interactions



Introduction

Assigning function to genes and identifying which genes are playing a role under different

physiological conditions are of great importance. This is especially true in plant-pathogen

interactions where genes linked with pathogenicity are more readily detectable at certain
stages. Most of the plant species’ genomes will not be sequenced until sequencing becomes
less expensive. In comparison to Arabidopsis (125 Mbp [11; 73]), the large sizes and
complexities of genomes from economically viable crops make them extremely difficult to
sequence, for example, Oryza = 415 Mbp, Populus = 550 Mbp, Eucalyptus = 600 Mbp, Zea =
2700 Mbp, Hordeum = 5000 Mbp, Triticum = 16000 Mbp, Pinus genomes >28000 Mbp [80;
27; 25; 33; 58; 49; 81]. Therefore, the only option to identify genes of interest is to study the
genes that are expressed in certain interactions or stress conditions. These identified genes can
then be compared to those in plants that are being characterised at the genomic level, for
example against Arabidopsis, Oryza, and Populus. Identification of such genes will enhance

our understanding of defence and stress responses in non-model interactions.

The choice of model plant to study genomics is based on several criteria. The plant should
have a short life cycle, produce large numbers of offspring, have a small nuclear genome, and
it must be easily transformed and propagated clonally [11; 69; 66]. The plant that fits these
criteria the best is Arabidopsis, hence it has been chosen as the model dicotyledonous plant
[73]. However, extrapolations from this plant have indicated that several model systems are
needed for different classes of plants. Therefore, Oryza has been chosen as the model
monocotyledonous plant {31; 86]. Although both of these plants provide excellent models for
the study of herbaceous plant anatomy and gene expression, they are not well suited for
further analysis of woody plants. For this reason, Populus has been selected as the model for
trees [11; 69]. The choice of Populus was based on a sufficiently small genome size, and it
can be easily clonally propagated [11; 49; 69]. However, it has longer generation spans than
Arabidopsis and Oryza, and it can take several years to flower [11; 69]. In contrast with other
tree species, like Pinus, these are not severe limitations, and Populus should be an outstanding

model for the study of trees.

Several comparative studies between the annotated Arabidopsis and Oryza genomes have
been reported [31; 38; 63; 66; 81]. Data from several of these studies indicate that large

numbers of genes in Arabidopsis and Oryza differ. When comparing predicted genes longer



than 300 bp (Hzog) from Oryza, it was found that no homology in Arabidopsis exists for 3886
rice genes [31; 81]. These genes represent 6 % of the predicted number of genes in the rice
genome. The assumption is that the differences in gene content are linked to differences

between monocotyledonous and dicotyledonous plants [81].

In the absence of genome sequences, genes in non-model organisms are usually discovered
through mapping techniques. This is complicated by the reported inconsistencies in macro-
and microcolinearity mapping [27; 28; 5; 34; 81]. Completion of sequencing of the two rice
genomes provides an excellent opportunity to study microcolinearity and macrocolinearity
(synteny) within a species. Han and Xue [34], showed that there is a high level of
microcolinearity in rice, but that high numbers of rearrangements and polymorphisms exist
between the two sequenced genomes. Although few contiguous sequence data stretches exist
in other grass genomes, these data can be extrapolated to mapping between rice and grass
genomes [5]. Within the cereals conservation is seen at the syntenic level, but it is less
conserved at the microcolinearity level [81]. This makes it extremely difficult to clone genes

through a map-based approach based on maps from related species [5].

Comparisons between rice and Arabidopsis genomes indicate that there is little conservation
in colinearity. Studies indicate that there is little or no synteny between these two genomes
[26; 66]. However, small numbers of genes grouped in blocks are found that display
conservation between the two genomes [63]. This indicates that there is less synteny between
the two genomes of these two model plants than previously predicted. Most of the synteny
studies that have been undertaken are also linked with flowering in angiosperms [38]. These
data can be used in predictions when comparing plants, but care should be taken and
preferably colinearity of genes within macrocolinear stretches should be ascertained before

any similarity is assumed [5].

Several comparisons relating to wood formation in Arabidopsis and tree species have been
reported [1; 68; 88; 17; 39]. In these studies, the effective number of unidentified genes
ranged from 10 — 55 %. This indicates that there is a large amount of gene conservation
between species of seed plants, i.e. between Pinus and Arabidopsis. This indicates that
Arabidopsis could be used for comparative genomics in gymnosperms [39]. However, the
genes that could not be assigned any homology will most probably not be identified unless

specific transcriptome changes are studied in gymnosperms [6]. Furthermore, no study



comparing resistance gene expression or host-pathogen interaction between a gymnosperm

and Arabidopsis has been attempted.

Techniques to Study Gene Expression

Several different techniques exist to study and identify genes of interest in non-model plants.
These techniques includes the classical approaches such as, subtractive cloning [35]; or more
recently developed techniques such as, microarray analysis [64; 47], expressed sequence tag
(EST) sequencing, massively parallel signature sequencing (MPSS) [12], and serial analysis
of gene expression (SAGE) [78]), as well as different forms of subtractive hybridisation [36;
87; 21; 42]. With the advent of PCR, the sensitivity and throughput of gene discovery
increased. The first of these techniques that made use of PCR were differential display (DD)
and RNA arbitrarily primed PCR (RAP-PCR) [43; 82]. They were followed by cDNA
amplified fragment length polymorphism (cDNA-AFLP) [4; 53] and subtraction
hybridisations that incorporated a PCR step [36; 21; 42]. The most recent additions in |
techniques for gene discovery are the high throughput systems like microarray, SAGE, and
MPSS.

Using most high throughput systems for gene discovery is expensive [23]. This hampers
routine utilisation in laboratories that are studying specific interactions not linked to model
systems. As a high throughput technique, microarrays provide a very useful tool to study gene
expression. For example, it has been useful in studying and comparing changes taking place in
the plant transcriptome under different types of stress [65; 19]. The main disadvantage is the
cost involved to set up and make use of a microarray laboratory [60]. Similar situations exist
for SAGE and MPSS where in excess of 100 000 ESTs can be identified, albeit at high cost -
[23]. The use of these two high throughput sequencing methods is hampered by the need for
comprehensive databases against which to screen the identified tags [40; 23]. Therefore, they
are not readily available for laboratories that study non-model systems and that have relatively

small budgets.

Subtractive hybridisation is an uncomplicated and relatively inexpensive alternative to some
of the higher throughput techniques. However, subtraction hybridisation lacks the sensitivity

to identify genes that are expressed in low copy numbers, several micrograms of starting RNA



is needed for a successful subtraction, and it is more time consuming [45; 23]. This
necessitates the use of techniques that can detect slight changes in gene expression during

events such as pathogen infection.

Methods that incorporate a PCR step represent very sensitive approaches for gene expression
studies. They usually make use of smaller quantities of RNA and are less time consuming [4;
40; 23]. These methods are also straightforward to implement in most laboratories that can
perform PCR reactions on a regular basis. Furthermore, the power of enrichment through
subtractive hybridisations and PCR can be combined to enhance the sensitivity of the method
used [74]. Several caveats are associated with any PCR associated technique. The most
important of these, is the possibility of amplification of false positive fragments [87]. This

leads to issues surrounding reproducibility [71].

The most common PCR-based methods are cDNA-AFLP [4; 53], differential display (DD)
and RNA arbitrarily primed PCR (RAP-PCR) [43; 82], suppression subtractive hybridisation .
(SSH) [21], and cDNA representational difference analysis (cDNA-RDA) [36] (Fig. 1). These
four methods can be classed into two groups, those that incorporate a subtraction
hybridisation to lessen the complexity of the sample (¢cDNA-RDA and SSH), and those that
lessen the complexity directly through the PCR step (cDNA-AFLP, DD, and RAP-PCR). This
review will focus on these four methods and how they have been successfully used to study

interactions between plants and pathogens.

PCR-Based Transcriptome Analysis

Differential Display of RNA (DD and RAP-PCR)

This technique was first reported by two research groups [43; 82]. The two techniques are
quite similar and are both based on previous reports of random amplification of polymorphic
DNA [83; 84]. The technique can be divided into DD [43] or RAP-PCR [82] (Fig. 1). First
RNA is extracted from the samples that are going to be displayed against each other. It is not
necessary to separate the poly adenylated RNA from the total RNA. However, purification of
mRNA from the total RNA does enhance the performance of DD over RAP-PCR [62; 48].
Then first strand synthesis is done with either an anchored poly(dT) primer (DD), or with
random primers (RAP-PCR). The single stranded ¢cDNA is then primed in a PCR reaction



with the addition of poly(dT) primers and 10-12 mer random oligonucleotides, as found in
DD. In RAP-PCR all the PCR products are formed from priming with 18-20 mer random
oligonucleotides and there is no addition of poly(dT) oligonucleotides. Once the PCR has
been completed, the samples are compared with each other through denaturing
polyacrylamide gel electrophoreses (PAGE). These displays can be visualised using silver -
staining, radioactive or fluorescent labelling. The fluorescent and radioactive labelling can be

through incorporation of a labelled dNTP, or through end labelling of one of the primers.

As the first methods to be developed after subtraction hybridisation, use of DD and RAP-PCR
has several advantages. The most important of these, is that they allow simultaneous
comparison of several different samples on one gel and they require small quantities of RNA
for each display [9; 71]. Recent advances in reverse transcriptase enzymes have made it
possible to use lower quantities of RNA for DD [10]. Furthermore, the up- or down regulation
of transcripts can be visualised in one display reaction [9]. This can be seen in bands present
in either the sample being studied, or in the sample against which it is displayed. The
simplicity and high speed of these two techniques makes them favourites in studying multiple

samples and they have surpassed the use of subtraction hybridisation for gene discovery [71].

All PCR reactions primed through arbitrary primers have inherent problems. The first of these
is that a high number of primers is required to screen a transcriptome [71; 52]. The success of
detecting novel transcripts expressed in low copy numbers is regarded as a function of
arbitrary primer annealing. This signifies that the amplification of an individual transcript is
the function of the initial concentration of the transcript, as well as the specificity with which
the arbitrary primer can bind the transcript [51]. Therefore, it is postulated that the
amplification of a novel transcript can be outperformed by amplification of cDNAs that are in
excess, although they do not have such specificity to the primer [4]. This is manifested in both

DD and RAP-PCR as a reproducibility problem [71; 52].

Both DD and RAP-PCR have the disadvantage of producing several non-specific fragments
(false positives) [9]. These fragments can be due to co-migration of fragments in the gel or
due to incomplete amplification of fragments during the elongation step of the PCR [29].
Furthermore, as DD makes use of anchored poly(dT) oligonucleotides, the display is biased to

identify transcript derived fragments (TDF) from the 3'-untranslated region of the genes that



are expressed [4; 8; 44]. This makes it laborious to identify the fragments of interest when not

working in a model system like Arabidopsis or Oryza [48; 44].

Amplified Fragment Length Polymorphism of cDNA (¢cDNA-AFLP)

As with DD, cDNA-AFLP is a direct extension of a previously described technique. Here,
AFLP has been applied to study the differences in gene expression levels [4] (Fig. 1). First
RNA is extracted from the samples; the mRNA is purified from this total RNA and converted
into double stranded cDNA. The cDNA is then double digested with a frequent and rare cutter
restriction enzyme that leaves overhangs on the cDNA ends. The enzymes are chosen in such
a way that they provide the optimum coverage of the transcriptome {4]. Thereafter, adaptors,
specific to the overhangs produced by the restriction enzymes, are ligated onto these
fragments. These modified fragments serve as the template for a primary PCR, known as pre-
amplification, with primers that are specific to the adaptor sequences. The pre-amplification
serves to increase the amount of template that is going to be used in the subsequent
amplifications. The addition of extra bases onto the ends of the pre-amplification primers
makes them more selective and hence the cDNA pools are simplified. This lowers the number
of bands in successive amplifications and makes the detection of polymorphic bands simpler.
Using selective primers in the pre-amplification will depend on the complexity of the
transcriptome studied. Following pre-amplification, the reactions are used in secondary
amplification reactions. These reactions are all primed with primers specific to the adaptor
sequences. Here, selective bases are added to the primers to reduce the complexity of the
profile. These profiles are compared to each other on PAGE. The visualisation of the
fragments is through silver staining, radioactive, or fluorescent labelling. The fluorescent and
radioactive labelling can be through incorporation of a labelled dNTP, or through end

labelling of one of the primers.

The high throughput of cDNA-AFLP makes it an excellent technique to study several samples
concurrently [4]. These samples can be from different individuals or a few individuals with
several different treatments. The use of selective primers in the pre-amplification is
unnecessary in some cases (i.e. fungi and bacteria) as the transcriptomes are reduced when
compared to those of higher eukaryotes [2; 20]. This negates the reduction of the sample

complexity.



With ¢cDNA-AFLP, all the primer combinations will amplify only DNA that derives from
expressed genes. This makes any marker identified from cDNA-AFLP very useful in
mapping, because their map position should also be the location of the gene for which it is a

marker [15]. This can have great advantages when combining the identified markers with a

map based cloning approach or a genomic map [15].

¢DNA-AFLP is more labour intensive than differential display and requires greater technical
experience. This and the use of a high number of primers to screen for differential expression
are the greatest disadvantages of cDNA-AFLP. The choice of restriction enzymes is also
imperative, as different combinations will screen different regions of the transcriptome.
Although cDNA-AFLP does not require prior sequence knowledge, some knowledge helps in
deciding which enzymes to use. Some programs are also available for designing experiments.
For example GenEST [59] can project the coverage obtained with different enzymes based on
EST data.

Subtraction Hybridisation Techniques Combined with PCR

Representational Difference Analysis of cDNA (cDNA-RDA)

Representational difference analysis (RDA) is a technique devised by Lisitsyn ez al. [45; 46]
to detect low copy DNA, for example cancer linked genes or viruses, within complex
genomes. In 1994, Hubank and Schatz [36] adapted RDA for use with cDNA (Fig. 1). When
performing cDNA-RDA, both the target population (tester) and the non-target population
(driver) cDNA are digested by a four base recognition sequence restriction enzyme. Dpnll is
one of the most commonly used restriction enzymes for RDA, but any enzyme can be used.
Thereafter, a set of adaptors, specific to the overhangs produced by the restriction digest, is
ligated onto the ends of these fragments. Primers specific to these adaptors are used in a PCR
reaction to generate amplicons of a set size. During this PCR cycle there is a size selection for
smaller fragment sizes that are termed the ‘representation’ [45; 36]. After completion of the
PCR the adaptors are removed by enzyme digestion and a new set of adaptors is ligated onto
the ends of only cDNA from the tester pool. Then the first subtraction is performed on the
tester amplicons with the driver cDNA in excess. Primers specific to the new adaptor
sequences are used in a PCR cycle to enrich for the novel fragments. These fragments are

called the first difference product and separated on an agarose gel. They can be excised from



the gel and cloned or for added sensitivity they can be reintroduced and the RDA cycle

repeated.

¢DNA-RDA is a sensitive method to identify nominal differences in gene expression between
two sample sets [36]. This technique is several times more sensitive than previous subtraction
hybridisation methods. In the same time period required for classic subtraction hybridisation
methods, cDNA-RDA can isolate several gene transcripts that are expressed at extremely low
levels. Furthermore, the identification of false positives is extremely low when compared with
more classical techniques [36]. This level of false positives can also be regulated by the

number of repetitions of RDA [18].

Using cDNA-RDA limits researchers to search for minute differences between a restricted
number of samples. Due to the technical complexity associated with cDNA-RDA, it is not
feasible to compare several samples with each other. Furthermore, to gain a true
representation of the whole set of differentially expressed genes in a sample, several
repetitions with different enzymes may be needed. The cDNA-RDA technique is also
sensitive to differences in expression level between differentially expressed genes [18]. This
implies that highly expressed differential genes would be favoured after the first three to four
repetitions of RDA. To identify larger pools of differentially expressed genes, including those
that are nominally expressed, the RDA should only be repeated for one to two rounds.
However, this results in the co-amplification of non-specific sequences, which leads to tedious
screening of clones in the enriched library. These factors make it a tedious task to identify

several genes of interest in a specific interaction.

Suppression Subtractive Hybridisation (SSH)
In 1996 Diatchenko et al. [21] proposed a novel method that combines the power of -
suppression PCR [32] with the normalisation and enrichment of subtraction hybridisation to
enrich for low abundance mRNA transcripts (Fig. 1). Combination of these techniques
resulted in a thousand-fold enrichment system. This procedure is based on combining
enrichment for low abundance transcripts with a powerful PCR step that allows for the
suppression of background molecules. In brief, the method involves restricting cDNA from
two populations with a four base restriction enzyme, usually Rsal, which produces blunt-ends.
The cDNA population being studied (tester) is split into two subsets and two different

adaptors are selectively ligated onto these cDNAs. This is accomplished by not



phosphorylating the adaptors so that they can only be ligated onto the 5’-ends of the cDNAs.
These two subsets are then combined with an excess of the driver cDNA in two separate
hybridisation reactions. The first hybridisation serves to equalise the abundant and less
abundant transcript [21]. Then the two separate hybridisation reactions are combined in the
presence of excess digested driver and allowed to hybridise further, during which an
enrichment of the low abundance molecules occurs [21]. Since the adaptors are designed with
two conserved regions of high GC content, all sequences that have two similar adaptors at
each end will form a panhandle structure. These fragments cannot be amplified during the
PCR step due to the suppression properties of this structure [32]. This means that the only
molecules that are exponentially amplified are the ones with different adaptors at each end
[21]. The resulting fragments are separated on a normal agarose gel and visualised through

ethidium bromide staining.

SSH can identify gene transcripts that are expressed in exceptionally low amounts [41]. This
makes it an efficient method to study small changes in expression of gene transcripts between
samples that are quite similar. This is due to a predicted 1000 fold enrichment achieved after
one round of SSH [21]. This is made possible by the normalisation that takes place during the
first subtraction which proceeds according to second order hybridisation kinetics [21; 32].
Another robust feature of SSH is that no separation of the fragments of interest from the rest
of the pool is needed. This increases the sensitivity for fragments of low abundance.
Furthermore, the identification of false positives is less pronounced than for differential

display methods [41].

As with other PCR-based subtraction techniques, SSH has several limitations. The use of SSH
to identify novel transcripts is limited by the number of samples that can be processed. It has
also been reported that the complexity of the sample can influence the subtraction efficiency '
in certain samples [61]. Restriction enzyme digest of the samples can also lead to very short
fragments. This in turn leads to fragments that are inordinately short to match the fragment to
a known EST or gene sequence [54]. The pool of identified transcripts after a subtraction
leads to a banding profile with significant smearing. This necessitates a high level of

screening to identify clones in the subsequent enriched library.
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Application of Techniques to Plant-Pathogen Interactions

Since the development of these techniques to study gene expression, they have been used
extensively to study interactions among plants and fungal pathogens. These studies can be
divided into race specific resistance, and non-host studies in plants; as well as studies of
changes in gene expression of fungal pathogens. Although cDNA-RDA was developed in
1994, it has not yet been used to study the interaction between plants and pathogens.
Therefore, the following section of this review includes studies using DD, cDNA-AFLP and
SSH.

Race Specific Resistance Linked Studies

To study the mode of action and genes linked to signal transduction early (0-4 hrs) in the
interaction between Nicotiana tabacum, transgenic for Cf-9 gene, and Cladosporium fulvum,
Durrant et al. [24] made use of cDNA-AFLP analysis. In this approach they studied the
changes that occur in cell cultures, in contrast to leaves, after addition of the Avr9 protein.
This model was used, as it is easier to synchronise and reproduce the experimental conditions
under study. To disseminate induction of defence genes in reaction to the production of active
oxygen species (AOS), they first treated the cells with diphenylene-iodonium to inhibit the
production of AOS. This made it possible to isolate 260 fragments of which 37 up- and 5
down-regulated fragments shared homology to known genes. Eighteen of the up-regulated
sequences were then analysed with cDNA-AFLP over the first four hours after exposure to the
Avr-9 protein. This was possible as cDNA-AFLP can be used for semi-quantitative induction

analysis that is proportional to induction analysis by Northern blot [4].

The gene transcripts analysed in this interaction are of great interest. As the induction of
defence response genes by AQOS has been eliminated, the identification of transcripts
expressed early in the interaction can be attributed to function as regulatory elements or in
signalling. This study also identified several ACRE genes (Avr9/Cf-9 rapidly elicited genes)
that were expressed over a range of stress conditions. The results indicates that there is
significant similarity between responses over mechanical and biological stress [24]. More
importantly, the study focused on the genes active during the early stages of pathogen
infection. These identified genes should be expressed during the signal transduction pathway

and not the defence genes that are induced through this pathway.
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SSH and cDNA macroarrays have been used in a study to identify the altered gene expression
induced by six quantitative trait loci (QTL) in the Glycine max and Fusarium solani f.sp.
glycines interaction [37]. The aim of this study was to identify differences in gene expression
levels between a recombinant inbred line (RIL) and a susceptible soybean variety, 14 days
after infection of the roots with F. solanum f.sp. solani. After the SSH subtraction 259 clones
were sequenced. Of these 135 non-redundant clones were selected and spotted onto nylon
membranes. These clones were analysed by reverse Northern blot with RNA from the infected
and non-infected plant roots. Hybridisation to cDNA from the non-resistant soybean displayed
down-regulation, whereas the resistant RIL displayed a high level of up-regulated cDNAs.
The results of this study indicate that the pyramiding of genes helps with effective
maintenance of gene expression levels during pathogen infection [37]. It further shows that
there is an additive level of gene expression that is correlated to the number of QTLs found in

a specific genotype.

Recently, DD analysis has been used to study the role that mitochondria play during
senescence and pathogen attack [50]. Here, cell cultures from N. tabacum have been treated
with antimycin A, which inhibits mitochondrial electron transport [76], and gene expression
from these cells was compared with untreated cell cultures. Using this technique, seven
cDNAs were identified that are up-regulated. Six of these seven cDNAs shared homology to
genes that are involved in programmed cell death. These can be linked to either senescence or
to pathogen attack. These transcripts were also significantly induced when the cell cultures
were expressed to H,O; and salicylic acid. These two oxidative stress linked chemicals had

not previously been linked to inhibition of mitochondrial electron transport [50].

When the mitochondrial electron transport system is inhibited by antimycin A there is a
marked increase in reactive oxygen species (ROS). This increase, as well as induction of the
seven transcripts, is inhibited when pre-treating the cell cultures with an antioxidant. This
suggests that the formation of ROS species is linked to stress-induced signalling between the
mitochondria and the nucleus. These data collected using DD isolated fragments support data
reported from animal studies that the mitochondria play a sigpiﬁcant role in programmed cell

death.
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Non-Host Interaction Studies

Two elegant studies on Agrobacterium tumefaciens induced genes in plants, N. tabacum and
Ageratum conyzoides have been reported [22; 77]. Although Agrobacterium is not a fungal
plant pathogen, these two studies are included as Agrobacterium is continuously used to
generate transgenic plants through Agrobacterium-mediated transformation. Ditt et al. [22],
used cDNA-AFLP analysis to study gene expression in Ag. conyzoides by comparing
Agrobacterium- and mock-inoculated plants. The cDNA-AFLP analysis identified 75 strongly
regulated fragments after 48 hrs, of which 56 were already highly regulated after 24 hrs.
Further characterisation of subsets of these 56 fragments revealed homology to genes linked
to signal transduction and pathogen response. Analysis of the defence response genes
indicated that non-pathogenic bacteria, i.e. Escherichia coli, similarly regulate them. One of
the signal transduction-linked genes, receptor kinase Xa2l/, was only regulated upon
Agrobacterium infection. This gene was down-regulated by the presence of Agrobacterium.
Infection by Agrobacterium further induced the expression of a nodulin- and lectin-like gene.
Identification of these genes reflects the relationship between Agrobacterium and Rhizobium.
These results indicate that Agrobacterium has evolved to adapt to and counter the defence

responses launched by the plant that it is infecting [22].

Veena et al. [77], undertook a similar study by isolating differentially expressed genes in N.
tabacum. Here they used SSH, combined with macroarray screening, to further understand
plant responses upon transfer-competent and incompetent Agrobacterium strain infection. The
results were similar to those reported by Ditt et al. [22]. Defence responses in Nicotiana were
also severely down-regulated after 48 hrs. Further indications were that Agrobacterium makes
use of the host plant cellular machinery to assist in the infection progress. Together these
studies could be used to assist in developing new strategies for transformation of recalcitrant

plants [77].

Taylor and Harrier [70] used DD to study changes in expression levels of Lycopersicon
esculentum cells while they are colonised by Glomus mosseae, an arbuscular mycorrhizal
(AM) fungus. To circumvent fungal cDNA isolation from infected plants, DD was done on
cDNA isolated from the tomato leaves. This is possible as infection by AM fungi changes the
physiology of the whole plant [70]. This analysis identified 5 differentially expressed
fragments, of which four were down-regulated in leaf tissue and only one displayed up-

regulation in both the leaf and root tissues. One fragment displayed tissue-specific regulation,
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as it was up-regulated in root tissue, but down-regulated in leaf tissue. This study has led to
the identification of genes that can be used to compare pathogen and symbiotic infection in

plants.

Pathogen Derived Transcript Analyses

To study the induction of genes in Peronospora parasitica during infection of Arabidopsis
thaliana, van der Biezen et al. [75], used cDNA-AFLP analysis. Here they inoculated the eds/
strain of A. thaliana with P. parasitica. During this interaction they analysed the combined
pool of plant and fungal cDNA. From a total of 16000 fragments, sixty fragments were only
present in the infected samples. Twenty-three fragments were selected from the original
sample set and they were sequenced. This revealed that seven of the chosen fragments were of
Arabidopsis origin. Ten of the remaining sixteen fragments were further analysed. Three of
these fragments shared high homology to stress linked sequences, and the rest were linked to

housekeeping genes, as identified by database searching.

P. parasitica is a biotrophic pathogen. To study gene expression in this oomycete is extremely
difficult as isolated RNA will be from both the host and the pathogen. However, cDNA-AFLP
proved to be an effective method to identify differentially expressed transcripts from mixed

pools of cDNA [75].

Use of SSH to study gene expression in the biotrophic pathogen, Puccinia triticina, has also
been reported [72]. Study of genes expressed during the infection of Triticum aestivum by P.
triticina is extremely difficult. To enrich for genes of fungal origin, SSH was conducted with
cDNA from mock-inoculated control plants as driver, and cDNA from plants inoculated with
urediniospores as tester. The subtraction yielded 2800 cloned fragments, of which 350 were
randomly picked and sequenced. This led to the identification of 104 non-redundant clones.
Of the 104 clones, forty-four were of ribosomal origin. Most of these were from the fungus,
leading to the speculation that a heightened level of protein synthesis is occurring. This
conclusion is justified because samples were taken two days before sporulation {72]. A further
fifty-six clones were further analysed by reverse Northern blot analysis against cDNA from
Puccinia germinating spores, cDNA from inoculated wheat, as well as mock-inoculated wheat
control. Twenty-six of the cloned fragments displayed induction in the ¢cDNA from the
inoculated wheat plants. Thirteen of these fragments did not hybridise to either the control

cDNA or the germinating spores. Their fungal origin was confirmed by Southern
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hybridisation to DNA extracted from germinating spores. These results show that the thirteen

fragments have an expression specific to infection stage of the pathogen.

In the study of Thara et al. [72], several of the isolated fragments shared homology to known
genes expressed during fungal infection. The most significant of these was a fragment that -
shared homology with cyclophilin, a virulence determining protein expressed by
Magnaporthe grisea when infecting rice [79]. Three of the isolated fragments shared high
homology to genes that are expressed in other plant pathogenic fungi upon infection. This
suggests that gene expression in different pathogens during infection is similar. Furthermore,
the high level of enrichment for transcripts of fungal origin in the library supports the use of
SSH to study the induction of genes during an obligatory biotrophic interaction between a

host and pathogen.

Mufioz ef al. [55] used DD to study the induction of genes in Phytophthora capsici during
infection of Capsicum annuum. Mycelial mats of a virulent and non-virulent strain of P.
capsici were co-cultured with, and allowed to infect, three-week-old pepper seedlings. They
were then physically removed from the host, RNA was extracted and displayed against RNA
obtained from mycelial mats that were cultured in the absence of pepper seedlings. Eight
differentially induced fragments were isolated. Homology to known genes could be identified
for only one of the isolated fragments. This fragment shared homology with cutinase genes

from other fungal pathogens.

The comparison of a non-virulent strain against a virulent strain by Mufioz et al. [55],
identified a novel cutinase gene from an oomycete pathogen during infection of pepper
seedlings. The role of this gene in pathogenesis has been well characterised in ascomycetes
but has never before been reported for any oomycete [55]. This fragment was isolated after
the first two to four hours of infection, indicating that it may play a significant role during the
infection process. This result underscores the sensitivity of DD in this system to identify

differentially induced transcripts during pathogen infection.

Novel Uses Not Linked To Host-Pathogen Interactions
Brugmans et al. [15], used segregating populations of 4. thaliana and Solanum tuberosum to
derive transcriptome maps. The 214 markers from the female and 219 markers from the male

chromosome maps from Solanum were combined with previously published data to derive the
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final transcriptome maps. Data produced from this study indicate that the identified
polymorphisms in transcript fingerprints are not due to expression levels, but linked more to
single nucleotide polymorphisms (SNP) and indels (insertions or deletions) [15]. These maps
will be very useful in map-based cloning, as the markers placed on the map will be directly
linked to coding regions of the genome. Hence they predict that current BAC landing through
genomic markers will be more efficient through the use of ‘gene landing’ derived from

transcriptome maps [15].

Breyne et al. [13], reported the use of quantitative genome-wide expression analysis as a
viable alternative to microarray profiling. Here, they studied the cell cycle in synchronised N.
tabacum cells over 11 hrs, by inhibiting DNA polymerase a. To improve the ratio of transcript
identification, three changes were made to the original cDNA-AFLP protocol [4]. First,
choosing the most 3’-end fragment reduced the number restriction fragments per transcript.
Secondly, an in silico analysis was done to obtain the enzyme combination that scanned the
highest percentage of the transcriptome. These enzymes were further selected based on the
size of the fragment produced and the fact that this fragment must span across some of the
coding region of the transcript. Thirdly, the optimal number of selective nucleotides was
determined to enhance the amplification of transcripts expressed in low levels. By comparing
the expression of several histone genes, it was possible to evaluate the quality of the data
- produced using this technique. The refinements to cDNA-AFLP reported here, have revealed
that the emerging data can be applied to any biological system to study global gene expression
[13]. Furthermore, it is possible to analyse the data in a similar manner to microarray data.

Hence it provides a useful alternative to more expensive microarray analysis.

Comparison of the Methods

A preliminary literature search on the Elsevier Publishing Group’s Scirus search engine
indicates that DD and then cDNA-AFLP are the preferred techniques to study genetic
responses in plant-pathogen interactions. This indicates an obvious bias towards the use of
DD and ¢cDNA-AFLP to study plant-pathogen interactions. This bias is not dependent on the
time since these methods have been developed. The first use of cDNA-AFLP was reported
approximately four years after DD [43; 4]. During this time both RAP-PCR and cDNA-RDA
were invented [82; 36], and already the use of cDNA-AFLP has surpassed the use of these
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two methods. This biased use can be attributed to several facts. The two most prevalent are
the inherent complexity of certain procedures, and the development of commercial kits for

certain techniques.

The preference of one method over another is well illustrated by the use of cDNA-RDA and
SSH. ¢cDNA-RDA has not been used to study host-pathogen interactions. This is most
probably because of the emergence of SSH, shortly after the application of RDA to study
changes at the transcriptome level. SSH has several advantages over cDNA-RDA, of which
the difference in technical difficulty is the most apparent. SSH incorporates several steps less
than the cDNA-RDA procedure (Fig. 1). Therefore, it is technically less challenging to
perform, without any loss in sensitivity. As with cDNA-RDA, it is possible to increase the
sensitivity by re-introducing the products of the first subtraction into the driver pool and to
use this in a second hybridisation. There is no size selection before the actual subtraction
reactions in SSH. Therefore, there is no need for multiple enzymes to ‘represent’ the pool of
cDNAs. This implies that SSH is faster to accomplish than cDNA-RDA. Furthermore, no
PCR bias is introduced before the actual subtraction hybridisation steps in SSH. However, the
suppression effect of the primary PCR in SSH adds tremendous value to this technique. Here
the formation of temperature stable structure cancels out the effect of amplification from

background molecules that contain similar adaptors on either end [32].

cDNA-AFLP has several advantages over DD, and other methods. As it makes use of specific
primers that bind to the adaptor sequence, it does not suffer from any of the difficulties
encountered by arbitrarily primed reactions [4]. The semi-quantitative nature of cONA-AFLP
also increases its value as method of choice to use when analysing differential gene
expression. It has been reported in several studies that this feature of cDNA-AFLP can be
correlated to analysis by Northern blots [4; 14; 15]. This adds value to the use of this .
technique, as preliminary data obtained from the analysis can be used for prediction of the

best clones to use for further study.

A direct comparison of cDNA-AFLP and DD in identifying differential gene induction linked
to a phytopathogen has been reported [29]. These authors report on the use of both techniques
to identify genes involved in the detoxification of brassinin, an alkaloid produced by Brassica
species. They also recorded the efficacy of each method to identify genes expressed in fungi.

The fungal material used was cultured in minimal media that was supplemented with p-
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methylbenzyldithiocarbamate, an analogue of brassinin. Comparison between the two
methods indicated that cDNA-AFLP displayed an average number of 6 differential fragments
per primer pair, for DD this number was two differential fragments per primer pair. The DD
analysis displayed short fragments with a high level of background noise. This necessitated
the use of cDNA-AFLP for further analysis. From this analysis 11 of 14 fragments were
identified as being differentially expressed. In this instance, it was not possible to isolate any

differentially induced fragments using DD without extensive further screening.

Concluding Remarks

The identification and understanding of gene expression in host-pathogen interactions is of
great importance to plant pathology and ultimately global food security. Knowledge gained
from gene expression studies would be useful in developing strategies for durable resistance
in crop plants. This research is complex and requires reliable techniques to study the
interactions in plants, particularly where limited sequence data are available. PCR-based
techniques provide a rapid and reliable option when compared with the more expensive high
throughput techniques such as microarrays, SAGE, and MPSS [15]. Increasing the throughput
of techniques such as cDNA-AFLP and DD is possible. This became possible with the
increase in automatic gel analysis systems, for example, SagaMX AFLP® Analysis Software
(LI-COR), AFLP®-Quantar™ (Pro) (Keygene N.V.), GeneScan® Analysis Software (Applied
Biosystems), and CEQ™ AFLP® Dominant Scoring Software (Beckman Coulter). For high
throughput screening it is necessary to use an RNA extraction technique that is rapid, provides
pure RNA and that is repeatable. Furthermore, high throughput amplification systems, and

automatic scoring software are required [56].

Choosing between the different techniques depends on the question that needs to be answered.
The implementation of cDNA-AFLP and DD is similar, as is that between cDNA-RDA and
SSH. However, subtraction based techniques cannot achieve the throughput produced by non-
subtraction-based techniques. A further advantage of non-subtraction techniques is that they
consider both the up and down-regulated fragments in one display [9]. This negates the need
for the reverse repetition of the experiment. Therefore, when several samples have to be
compared over time or treatments, the option would be for DD and/or cDNA-AFLP. If the

opposite is true and a low sample number is used, then cDNA-RDA or SSH can be used.
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These two techniques incorporate a high level of sensitivity that is not necessarily matched by

differential display techniques [36; 21; 41].

To increase the functionality of the different PCR-based techniques, it is possible to combine
several of these. Birch et al. [7], reported the successful use of cDNA-AFLP to test the
differential expression of fragments identified from a SSH reaction in Phytophthora-infected
potato. The quantitative nature of cDNA-AFLP makes this an efficient method to screen a
large number of clones generated by subtraction techniques. The combination of SSH with
cDNA macro- and microarray has also efficiently enhanced the throughput obtained in several
studies [85; 37; 77]. This gives the same results as with screening through cDNA-AFLP,
however, higher concentrations of RNA are needed in comparison with cDNA-AFLP. Similar
studies have been reported for cDNA-RDA [30]. Other combinations that have also resulted
in higher sensitivity were reported by Nakata et al. [57], who used subtraction hybridisation
and differential screening of an SSH generated library; and Uhl and Wang [74], who screened
a subtraction hybridisation library through DD.

The strength of gene discovery techniques that are based on PCR is their sensitivity. However,
this sensitivity can also be a disadvantage as existing methods, such as Northern blot analysis,
may not have adequate sensitivity to verify expression levels of the identified transcripts [21].
This is because the expression level is below the sensitivity level of conventional Northern
blots or reverse Northern blots [21; 67]. However, the use of quantitative real-time RT-PCR
can alleviate this problem. This technique combines the speed and sensitivity of PCR with the
strength of Northern blots (For review see [16]). This is reflected in a recent report by Avrova
et al. [3], where the sensitivity of real-time RT-PCR detected up-regulation of genes during
the biotrophic phase of the oomycete pathogen P. infestans. These genes were previously only

detected in the necrotrophic phase using Northern blot analysis.

Detection of molecular signalling during early phases of host-pathogen or biotrophic plant-
fungus interactions is important. This will aid in understanding the pathogenicity of pathogens
and the resistance response in plants. To understand these early interactions, sensitive
techniques for gene discovery will become increasingly necessary. These studies can then be
compared with host-pathogen interactions studied in model systems. This is most probably
where techniques such as microarray and large-scale sequencing will predominate [44].

However, several projects with lower levels of financial support will focus on more specific
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questions. Here, PCR-based techniques will most likely remain the methods of choice, as they

are reliable, sensitive and relatively affordable.
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Abstract

Although plants lack chitin, several chitinase genes have been isolated from them. Chitinases
hydrolyse the B-1,3 bonds in glucosamine polymers. It has been suggested that these enzymes
are linked to early responses to invasion by fungal pathogens, and that they act by breaking
down the pathogen cell walls that contain chitin. We have studied the induction of chitinase
and B-1,3 glucanase in Pinus patula after the infection with the pine pathogen Fusarium
circinatum. The studies of chitinase induction were done by enzyme activity assays, Western
blot assays and quantitative real time RT-PCR. The 8-1,3 glucanase enzyme induction was
also assayed in conjunction with the chitinase assays. Our results showed that the 8-1,3
glucanase followed the same trends as those seen in other plant-pathogen and pest
interactions. There was an induction of the B-1,3 glucanase in the inoculated plants after 24
hrs, whereas the controls showed a response that peaked at 5 days after inoculation. In
contrast, the enzyme assays, RT-PCR and Western blot analysis showed no detectable
induction of chitinases after exposure to the pathogen. We amplified fragments of the LP6
and PSCHI4 homologues from P. patula proving that these chitinase genes are present in P.
patula. These homologues displayed high degrees of similarity to homologues that have been
identified in P. taeda and P. strobus. The lack of detectable levels of chitinase induction in P.
patula might explain the high levels of susceptibility to the pitch canker fungus observed in

seedlings of this tree.

Keywords

Chitinase, Patula pine, pitch canker fungus, quantitative real time RT-PCR, stress response

Nucleotide and/or amino acid sequence data are to be found at GenBank as Accession No.
CF660335 & CF660336.
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Introduction

The South African forestry industry relies heavily on Pinus patula as one of its dominant soft
wood species. Studies on this species have shown that it shows a high degree of susceptibility
to the pitch canker fungus, Fusarium circinatum. Thus, it is considered to be one of the most
important pathogens of plantation tree species in South Africa [26]. F. circinatum causes

severe losses in nurseries and also hampers the establishment of trees on new sites.

The pitch canker fungus F. circinatum [19; 8] was first associated with serious canker
diseases in the South Eastern United States [17; 15]. In recent years, this important pine
pathogen has been introduced into California where it has devastated native P. radiata. It has
also been found in other parts of the world including Mexico, where it is considered to be
native, and Chile [7; 27]. The pitch canker fungus was first detected in South African
nurseries in the early 1990’s [25]. Since then it has spread to all pine seedling nurseries in the

country, but there have been no reports of the fungus infecting mature trees.

On P. patula and P. radiata seedlings in South Africa F. circinatum behaves as a cambial
canker pathogen [26]. The seedlings show severe wilting three weeks after inoculation and
they die within six weeks. Studies on mature trees have shown that the fungus stimulates pine

trees to exude resin to reduce the spread of the pathogen [17].

F. circinatum is a necrotrophic pathogen that thrives on dead cells and this negates the effect
of pitch formation [3; 14]. This forces the tree to rely on other measures of defence against
infection. One of these strategies used by plants is to produce chitinases [13]. Chitinases are a
group of enzymes that hydrolyse chitin, which is a major component of the cell walls of
many fungal plant pathogens, but is not found in plants. Chitinases reside in four sub-classes
I, II, III, and IV separated on their function and localisation in the plant cell [13]. The
chitinases in groups I, II, and IV have similar structures and can be found either in the
vacuoles or as extracellular enzymes. The chitinases in group III are generally characterised

as being lysozymes, which have an added chitinase activity.
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Production of chitinases in plants has been recognised as an early response to pathogen
infection. These enzymes can be induced by a wide variety of environmental factors,
including pathogens and pests. For example, Botha et al. [5] reported that in wheat, Russian
wheat aphid (Diuraphis noxia) feeding, exogenous ethylene, and wounding induces chitinase
enzymes. Likewise, in dicotyledonous Arabidopsis thaliana and Nicotiana tabacum [20]
chitinases have been isolated and shown to respond to pathogen infection [18; 20; 21]. In
pines it has been shown that chitinases can be induced by elicitors [28], wounding [29], and
pathogens [14]. Chitinase expression is also down-regulated by environmental stresses [12].
The widespread induction of chitinases in angiosperms and gymnosperms suggests that this

response is conserved throughout the plant kingdom.

The aim of this study was to investigate the expression of chitinase in P. patula after
infection with the pitch canker fungus F. circinatum. Chitinase enzyme assays and Western
blot analysis were done to determine the level of P. patula response to infection by F.
circinatum. Expression of two known chitinase homologues (a Class I chitinase, LP6, and a

Class II chitinase, PSCHI4) from pine trees were also characterised for P. patula.

Materials and Methods

Plant Materials

The plants used in this study were seedlings obtained from open-pollinated Pinus patula trees
propagated by Komatiland Forests Research, Sabie, South Africa. These seedlings were
cloned so that they could be used in multiple inoculation trials. Clones were planted in clonal

hedges under shade netting on the research farm of the University of Pretoria.

Fungal Isolate and Inoculation Trials

An isolate of Fusarium circinatum (CMW13229) previously shown to be highly pathogenic
[25] was used in this study. It is maintained in the Forestry and Agricultural Biotechnology
Institute culture collection (FABI, University of Pretoria, Pretoria, South Africa). Spores
were collected from cultures of the test isolate and stored at — 70°C to maintain pathogenicity

of the isolate. For inoculations, spores were plated on Y; strength potato dextrose agar (PDA)
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(NT-Merck) plates and the fungus was allowed to grow for one week. Fungal plugs were then
inserted into manually created wounds (5 x 2 mm in size) on the stem or side branches of the
seedlings. These wounds and agar blocks were sealed with laboratory film to prevent
contamination and desiccation of the inoculums. Control plants were mock inoculated

(wounding control) with sterile agar plugs.

Protein Extraction

Total cellular and extracellular protein was extracted at time zero and at 24 hour intervals for
seven days. The phloem tissue surrounding the inoculation point was ground to a fine powder
in liquid nitrogen. Then, 10 ml extraction buffer (50 mM Tris-HC] pH 7.8, 0.5 mM PMSF, 5
mM 2-mercaptoethanol, 10 % (w/v) insoluble polyvinylpyrrolidone) was added and the
material was further ground. The suspension was centrifuged for 10 minutes at 10000 x g at
4°C. Total protein concentration was determined following the method of Bradford [6] using
bovine y-globulin as a standard. The protein extracts were divided into aliquots and stored at

-20°C.

Enzyme Activity Assays and Protein Blot Analysis

Chitinase activity was assayed using a modification of the method of Boller et al.[4].
Controls with serial dilutions (0, 0.01, 0.02, 0.03, 0.04, 0.05, 1, 3, and 5 U) of commercial
chitinase from Serratia marcescens (Sigma) were also performed to verify the assay
conditions used (not shown). The reaction mixture contained 10 pl total cellular protein (1
pg), 490 ul 50 mM Sodium-acetate (pH 6.5), and 1.5 mg colloidal chitin. This was mixed and
incubated at 37°C for 30 minutes. After incubation it was centrifuged at 1000 x g for 1 minute
to precipitate the chitin. Three hundred microlitres of supernatant was then addedto 20 pl 1.5
% (w/v) cytohelicase (Sigma) and 30 pl 1 M phosphate buffer (pH 7.1) and incubated at 37°C
for 30 minutes. Then 250 pl was added to 50 pl 800 mM tetraborate buffer (pH 9.1), heated
in boiling water for 3 minutes, cooled and 1500 ul 1 % (m/v) 4-dimethylaminobenzaldehyde
added. This mixture was incubated at 37°C for 20 minutes and cooled under tap water. The

absorbance was immediately read at 585 nm.

This enzyme assay was confirmed in a separate inoculation trial. In this trial, protein

extraction and the chitinase assay were performed under standard conditions with chitin
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Azure (Sigma) as substrate following standard protocols. The viability of the proteins in the

samples were determined by a 8-1,3-glucanase assay (0.5 pg per assay) [9].

The extracted proteins were separated on 12 % polyacrylamide gels with a 6 % stacking gel
(ratio acrylamide N,N'-methylene-bisacrylamide 100:1), transferred to PVDF membranes
(Micron Separation Inc.) with a Bio-Rad Trans-Blot SD cell and probed using antibodies
directed against tobacco chitinase (PR-Q) [22]. Detection was done with the ECL-Plus
system (Amersham Life Science). The time trial experiment was done over seven days
because results of other studies have shown that levels of chitinase accumulated after seven
days [14]. Wheat protein from Triticum aestivum cultivar ‘Tugela DN’ (Dnl,
SA1684/Tugela*5) infested by the Russian wheat aphid was used as positive control for

chitinase induction [5].

PCR Detection of Chitinase Homologues

PCR was used to detect genes homologous to chitinase in the P. patula genome. Specific
primers were designed from the chitinase homologues of P. taeda and P. strobus sequences
from GenBank (Accession no U31309 and U57410) that amplified fragments smaller than
200 base pairs (bp). These primers (pschi4F 5-TTCTGCACAACAAGGAGTCG, pschi4R 5-
GTAACCCCACGCATATGGAC; tchit 5-ATCAAGTGATGGTGGGGAAG, tchit3 5-
TTGTCACCAGCATTTTCTCG) were then used to amplify potential homologues using the
following reaction conditions: 94°C for 1 min, 54°C for 30 seconds, and 72°C for 1 min, for
30 cycles. The reaction had an initial denaturing step at 94°C for 3 min and a final elongation
step at 72°C for 5 min. The PCR consisted of 1X Expand reaction buffer with 1.5 mM MgCls,
5 uM of each primer, 200 pM of each dNTP, and 1 U Expand polymerase mix (Roche).

Chitinase mRNA Induction Analysis

The PCR primers designed to amplify the short fragment were also used in reverse
transcription PCR (RT-PCR) and real time PCR analysis of RNA extracted from two P.
patula seedlings that display different levels of tolerance after pathogen inoculation. RNA
was extracted at the time of inoculation, and after 1, 3, 6, 12, 24, and 48 hrs, using the CTAB
method of Chang et al. [10]. The resulting RNA was treated with DNase I and converted to
cDNA with AMV reverse transcriptase (Promega). Equal concentrations of template cDNA
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were used in the RT-PCR and Lightcycler reactions using conditions, previously described.
To ensure equal loading of template cDNA, RT-PCR was performed with Rubisco specific
primers (rubiscoF 5- AATGTCTCCGTGGTGGACTC, rubiscoR 5- TAATTTCACCCGTC-
TCAGCCQC).

Genomic Chitinase Gene Isolation and Computational Analysis

To verify the identity of the two chitinase homologues, longer sequences of the chitinase
genes were obtained through PCR. Primers were designed from the ends of the PSCHI4
(pscgen 5-CCCGCAATCATAAATGTGTG, pscgenR 5-GTCTGGCGTTTCTTCATATC,
pscFull 5-ATGGCGTACACGAATATGAAG, pscFullR 5-TCGAGGTTGGATCCCAC,
pschgenF 5-CCCGCAATCATAAATGTGTG, pschgenR  5-GTCTGGCGTTTCT-
TCATATC) and LP6 (chitlarge S-GGCACGAGTTTACAAAAG, chitlargeR 5-
CATCGAAACATTGTATGTC) homologues and used for amplification in a PCR reaction
containing 5 uM of each primer, 1X PCR reaction buffer with 1.5 mM MgCl,, 200 uM of
each dNTP, and 1 U Expand polymerase mix (Roche). The PCR conditions were: 94°C for 1
min, 54°C for 30 seconds, and 72°C for 2 min, for 30 cycles. The reaction had an initial
denaturing step at 94°C for 3 min and a final elongation step at 72°C for 5 min. The PCR
products were cleaned by ethanol precipitation and subjected to cycle sequencing with
BigDye™ Dye Terminator v3.0 and run on an ABI™ 3100 (Applied Biosystems). The
sequences were aligned to P. taeda and P. strobus chitinase sequences in GenBank through

the BLAST two sequences option (Accession No. U31309 and U57410) [1].

To investigate the grouping of the LP6 and PSCHI4 genes, the amino acid sequences were
used in a phylogenetic analysis. These séquences were combined with data from available
amino acid sequences used by Araki and Torikata [2], comprising the class I and II chitinases
from several organisms. The sequences were downloaded from GenBank (Table 1) and then
aligned with ClustalX [24]. The resulting alignments were used to derive protein genealogies
by neighbour-joining analysis using PAUP* 4.0b10 [23].
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Results

Enzyme Activity Assay and Protein Level Detection

B-1,3-glucanase activity was induced 24 hrs after inoculation. This was followed by a
decrease in activity and a second increase after 4 days (Fig. 1). In the control, wounding
alone also induced the B-1,3-glucanase activity. This induction reached its highest level after
5 days. Wounding alone resulted in a higher enzyme activity than wounding together with

fungal inoculation.

The enzyme activity assay for the induction of chitinase was negative for all samples tested.
No chitinase activity was detected, even in the presence of chitin azure as substrate (Fig. 1)

[16].

Western blot analysis failed to detect any chitinase subunits in the P. patula samples, whereas
the wheat control showed detection of the chitinase subunits. This was true for both the

seedlings inoculated with the pitch canker fungus and the wounded control plants (Figl).

Chitinase mRNA Induction Analysis

Constitutive low levels of transcripts of the two chitinase homologues were present even at
the time of inoculation (Fig. 2). The levels of the LP6 transcripts decreased sharply after
wounding, but after 5 hrs no significant differences were detected between the wounded
control and inoculated tissue. The concentration of the PSCHI4 homologue increased after
one hour, followed by a decrease and thereafter, it reached much higher levels in both the
inoculated and wounded samples. The levels of the LP6 homologue showed much higher

steady state transcript levels than those found for PSCHIA4.

Genomic Chitinase Gene Isolation and Computational Analysis

These PCRs amplified several retrotransposable elements and we used internal primers to
amplify segments only from the open reading frames (ORF). For the PSCHI4 homologue we
were able to amplify 469 bp, and a 520 bp fragment for the LP6 homologue. The P. patula
fragment was homologous to PSCHI4 from 798 — 1265 bp, and for the LP6 homologue from
929 — 1448 bp. The homologues displayed high homology to the known PSCHI4 and LP6
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gene homologues (Fig. 3). The LP6 alignment displayed only differences in the sequences,
where the primers had annealed. In the PSCHI4 homologue there was a 50 bp insertion that

was not evident in the P. strobus gene.

The phylogenetic analysis showed seven distinct clades (Fig. 4). The two clades referred to as
clade A and clade B are the class I low molecular weight (I-L) and class II low molecular
weight (II-L) chitinases. All the class II chitinases are indicated by a closed square. The class
II chitinases was dispersed throughout the phylogenetic tree and only the subclass II-L had a
distinct phylogenetic clade. This group included the known pathogenesis related chitinases
PR-P and PR-Q [18]. The PSCHI4 gene is basal to this group. The only members of the class
I chitinases that shows a phylogenetic clade was the subclass I-L. The LP6 gene displayed
higher similarity to the Urtica dioica class I chitinase than with the Picea glauca class 1

chitinase.

Discussion

In this study we examined the primary defence response of P. patula after inoculation with
the pitch canker fungus. This was done in an effort to understand the early responses after
pathogen infection in P. patula. To this end, we studied the levels of enzyme activity for both

chitinases and B-1,3-glucanase. No chitinase activity was detected over a period of 7 days.

We were not able to detect chitinase activity at any level using enzyme assays and Western
blot analysis in P. patula. This is in contrast to the findings of Davis et al. [14] who observed
an induction of PSCHI4 protein when P. elliottii var. elliottii and P. taeda were challenged
with F. circinatum. This response was more pronounced in susceptible as opposed to resistant
plants. Our studies considered chitinase levels at different time intervals up to 7 days after
inoculation and we were unable to detect any chitinase activity at any time. In the resistant
reaction examined by Davis et al. [14], the response was lower but highest accumulation of

PSCHI4 occurred three days after inoculation.
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Real time RT-PCR assays of the chitinase homologues displayed different levels of induction
for the LP6 and PSCHI4 homologues after wounding or inoculation. The LP6 transcripts in
P. patula followed the same trend after wounding, as those reported by Chang ef al. [11].

This is in contrast to the expected accumulation in transcripts that would be expected after

inoculation with F. circinatum.

We were able to detect levels of the PSCHI4 transcripts very early in the experiments by
using real time RT-PCR. Davis et al. [14] and Wu et al. [29] report the induction of the
PSCHI4 transcripts by Northern blots at around 3 days and for the wounding study at 21
hours after wounding. However, there is no difference in P. patula’s response upon wounding
or pathogen attack in the first 24 hours. This could indicate that the induction of PSCHI4 in

response to F. circinatum infection only takes place after 24 hrs.

The lack of any detectable chitinase activity in P. patula is an unusual and interesting result
of this study. This is particularly because production of chitinase is generally recognised as
one of the early responses by plants to pathogen infection [13]. Our results have shown that
P. patula PSCHI4 and LP6 homologues and those in their P. taeda and P. strobus
counterparts share a sequence similarity of 80 % and 99 % respectively, for the sections that
the P. strobus PSCHI4 shows

a distinct insertion into the first intron of the P. patula homologue [28]. The other nucleotide

we have sequenced. Comparison of the P. patula homologue

substitutions result in the change of 9 amino acids (not shown). Thus, the lack of chitinase
activity is not due to the absence of the genes but possibly a deficiency in chitinase

expression or up-regulation.

In the phylogenetic analysis several different class I and II chitinases were studied to identify
the groups that should accommodate the LP6 and PSCHI4 homologues. The PSCHI4 gene
grouped basal to the subclass II-L clade. This is congruent with the placing of this chitinase
as a class II based on its domain structures [28]). The LP6 homologue had an unusual
grouping with a flowering plant, Urtica dioica (stinging nettle). The relationship between
chitinases in U. dioica and P. patula is closer than that between the chitinases in P. taeda and

Picea glauca chitinases. This could be due to differences in genera, but one would expect that

the chitinases in conifers would be most closely related.
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Results of this study have shown that chitinase is apparently not induced to detectable levels

in P. patula challenged by F. circinatum. These low levels of chitinase activity could be

linked to the susceptibility to pathogen attack seen in P.

patula. This apparent lack of

induction is interesting as the chitinase group is considered to be part of a general defence

response to pathogen attack [13]. If chitinases are not induced in P. patula after wounding or

pathogen attack, this would imply that the trees rely more on

other defence responses, such as

B-1,3- glucanase induction, after challenge. Enhancing the induction of the chitinase genes in

P. patula might increase resistance to pathogen attack. This could be achieved by placing the

PSCHI4 homologue under control of a pathogen-induced prc

levels upon pathogen infection.
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Figure 3: Pairwise alignment between the P. patula homologues and (A) P. strobus PSCHI4

gene, and (B) P. taeda LP6 gene. The boxed-in area represents an intron and differences

between sequences are shaded. Underlined text indicates primer-binding sites.
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Figure 4: Neighbour-joining analysis of class I and class II chitinases. Class I-L chitinases
(A) and class II-L chitinases (B) are boxed. (m) Designates all class II chitinases. The
PSCHI4 gene groups basal to the class II-L clade, whereas the LP6 gene groups with U.
dioica. Both the pine chitinases are by association of the high molecular weight subclass of

chitinase. Bootstrap values are indicated above the branches.
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Table 1: Chitinases used in the phylogenetic analysis.

Accession Number*  Organism Name as used in Analysis
AAA32641 Allium sativum Allium sativum 1
AAA32640 “ Allium sativum 2
AAA32769 Arabidopsis thaliana Arabidopsis thaliana
AAA32986 Brassica napus Brassica napus 1
CAA43708 * Brassica napus 2

A44039 Dioscorea japonica Dioscorea japonica
AAA32941 Hordeum vulgare Hordeum vulgare
CAA78845 Lycopersicon esculentum  Lycopersicon esculentum 1
CAA78843 h Lycopersicon esculentum 2
CAA78846 Lycopersicon esculentum 3
CAAT8844 Lycopersicon esculentum 4
AAB23374 Nicotiana tabacum Nicotiana tabacum 1
CAA34812 “ Nicotiana tabacum 2
CAA45821 Nicotiana tabacum 3
CAA35945 Nicotiana tabacum 4
CAA35789 Nicotiana tabacum 5 PR-Q
CAA35790 Nicotiana tabacum 6 PR-P
S15997 Oryza sativa Oryza sativa 1

CAA39535 h Oryza sativa 2

CAA38249 Oryza sativa 3

CAA35791 Petunia hybrida Petunia hybrida
AAA33756 Phaseolus vulgaris Phaseolus vulgaris 1
CAA40474 “ Phaseolus vulgaris 2
AAC49718 Picea glauca Picea glauca

CF660335 Pinus patula Pinus patula pschi4
CF660336 h Pinus patula Ip6
AAARB5364 Pinus strobus Pinus strobus pschi4
AAA75101 Pinus taeda Pinus taeda Ip6
CAA45359 Pisum sativum Pisum sativum

AAA96702 Populus trichocarpa Populus trichocarpa 1
AAA96701 ) Populus trichocarpa 2
JC2071 Secale cereale Secale cereale 1

JN0884 “ Secale cereale 2
CAA32351 Solanum tuberosum Solanum tuberosum 1
CAA30142 h Solanum tuberosum 2
CAA47921 Solanum tuberosum 3
AAA34219 Urtica dioica Urtica dioica

AAA62421 v Zea mays 1

AAA33445 Zea mays 2

AAA33444 Zea mays 3

*Class II chitinases are underlined and designated with a solid square in the Fig. 3
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CHAPTER 3

Transcript derived fragments from a compatible interaction
between Pinus patula and the pitch canker pathogen, Fusarium

circinatum.

Prepared for submission to Molecular Plant Pathology as:
Transcript derived fragments from a compatible interaction between Pinus patula and the

pitch canker pathogen, Fusarium circinatum.



Abstract

The pitch canker pathogen, Fusarium circinatum, represents one the most important threats to
exotic plantation forestry in the southern hemisphere. In South Africa, Pinus patula, which is
the most widely planted species, is highly susceptible to infection by this pathogen. Despite
its importance, very little is known regarding the molecular responses of trees to infection by
F. circinatum. In this study we considered the interaction between F. circinatum and P.
patula using suppression subtractive hybridisation (SSH) to enrich for genes expressed 24 hrs
after inoculation. The induction profiles of some of the transcript derived fragments (TDF)
were followed through real time quantitative RT-PCR. The TDFs from pine had homology to
several stress linked genes. One fragment with homology to phytocyanin proteins, that are
associated with primary defence responses in plants, was selected for further characterisation.
The induction profiles for this sequence were faster and reached higher levels when
compared to plants mock inoculated as controls. There were also significant differences in
plants that were more susceptible to infection than the more tolerant plants. Several of the
isolated TDFs were of fungal origin and one of these shared homology with GRG1, a fungal
gene known to be up-regulated under conditions of carbon starvation and when a pathogen is
infecting its host. Although all of the sequences identified in this study have been previously
linked to stress, most have not been linked with specific plant-pathogen interactions. The
interaction between the susceptible P. patula and the pitch canker fungus provides a unique

opportunity to study both the fungal infection and the host responses.

Keywords

Suppression subtractive hybridisation, pitch canker fungus, stress response

Nucleotide and/or amino acid sequence data are to be found at GenBank as Accession No.
CB074804- CB074822, CF660355.
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Introduction

Pitch canker is the most important disease of Pinus spp. in South African seedling nurseries
[42]. Fusarium circinatum was first detected in South Africa in the early 1990s [39]. The
origin of the pitch canker fungus is unknown, but it is well known in the south eastern United
States and is possibly native to Mexico [18]. The disease is found on several pine species, but
seems to be the most severe on P. elliottii, P. patula and P. radiata, which forms the basis of

the South African forestry industry [4; 39; 19; 34].

The most distinctive symptoms of pitch canker on mature trees are sunken resinous cankers
found on branches and stems [21]. Infection results in copious resin exudation and the so-
called pitch penetrate and stain the wood surrounding the canker. Cankers can girdle and kill
branches and when these occur on the main stems whole trees are killed [34]. Fusarium
circinatum can also infect and destroy the flowers, seeds and mature cones [13; 34]. Pitch
production is stimulated by the pathogen and this appears not to be detrimental to the survival
of the fungus [21; 4; 11]. On seedlings the symptoms are wilting within four weeks and these

seedlings usually die within six weeks.

Genetic responses of conifers to infection by pathogens in endemic forest pathosystems
appears to be quantitative [41]. To identify quantitative resistance usually requires the use of
inbred lines. This has been extremely difficult to achieve in conifers due to the long life
cycles and the high genetic load carried by their genomes [41; 12]. However, naturally
occurring pitch canker infections suggests that the response to this disease is under genetic

control [4; 14; 5].

Artificial inoculations with F. circinatum in the field and greenhouse reflect those of natural
infections [5]. This suggests that selection for disease resistant material could be achieved at
the seedling stage [4]. However, studies have also shown that there is a correlation between
the size of the seedling and the tree’s ability to tolerate the pathogen [22; 18]. Therefore, the
interaction between F. circinatum and Pinus spp. could be used as a model to study the

interaction between conifers and pathogens [6].

Repeated inoculations of trees with the pitch canker fungus results in increased disease

tolerance for P. radiata [17; 6]. This tolerance appears not to be due to systemic acquired

50



resistance (SAR) but more likely through systemic induced resistance (SIR) [6]. Systemic
induced resistance differs from the SAR in that no chemical has been associated with this
induction [1]. In Picea abies similar results were observed after infection with Ceratocystis
polonica, but the acquired resistance appeared localised and due to anatomical changes [26].
The responses to pitch canker in pines seem to follow known routes of host responses in other

plants and could provide an opportunity to study these interactions at the molecular level.

The most important pine species grown in South Africa is P. patula. This species is also
amongst the most susceptible to F. circinatum. Almost nothing is known regarding the
interaction between the fungus and P. patula, particularly at the molecular level. Therefore,
the responses by P. patula 24-hrs post inoculation with F. circinatum were studied using
suppression subtractive hybridisation (SSH). Some of the isolated transcript derived

fragments (TDF) were further evaluated in P. patula plants with different tolerance levels.

Materials and Methods

Plant Material and Fungal Inoculations

The plants used in this study were seedlings obtained from open-pollinated P. patula trees
supplied by Komatiland Forests Research, Sabie, South Africa. These seedlings were cloned
for multiple inoculation trials and the clones were planted in clonal hedges under shade

netting on the research farm of the University of Pretoria.

An isolate of F. circinatum (CMW13229), previously shown to be highly pathogenic to pine
trees [39], was chosen for this study. This isolate is maintained in the culture collection of the
Forestry and Agricultural Biotechnology Institute (FABI, University of Pretoria, Pretoria,
South Africa). It was maintained on half strength (20 g/l) Potato Dextrose Agar (PDA) (NT-
Merck) during this study. Conidia were collected from cultures of the test isolate and aliquots
were stored at — 70°C to maintain pathogenicity of the isolate for successive inoculation
experiments. The three P. patula clones displaying highest, and the three displaying the
lowest tolerance levels in an initial inoculation trial performed for Komatiland Forestry
Research, were selected for RNA extractions (Fig. 1). The highest level of tolerance was
designated tolerant and the lowest tolerance level designated susceptible for this study. For

inoculations, the fungus was cultured for one week on half strength PDA plates. Fungal plugs
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(5 x 2 mm) taken from the actively growing margins of the isolate were then inserted into
wounds of equal size on stems or side branches of seedlings. The inoculated wounds were
sealed with laboratory film to prevent contamination and desiccation of the inoculum.

Control plants were inoculated with sterile PDA plugs.

RNA Extraction

Directly before infection RNA was isolated from all plants, this was repeated 24-hrs post
inoculation. RNA was isolated with a modified method of Hughes and Galau [23]. Phloem
tissue was ground in liquid nitrogen and transferred into a 50 ml Oakridge tube containing 10
ml cold extraction buffer (200 mM Tris-HCI pH 8.5, 300 mM LiCl, 10 mM Na,EDTA, 5 mM
Thiourea, 1 mM Aurintricarboxylic acid, 10 mM DTT, 1.5 % (w/v) N-Lauroylsarcosine, 1.0
% (v/v) Nonidet P-40, 1.0 % (w/v) Sodium deoxycholic acid). This was homogenised using a
vortex mixer and rapidly frozen at —80°C. The extraction mixture was then thawed to 4°C in a
37°C water bath and 1/3 (w/v) 8.5 M KAc was added and mixed. After 15 min on ice, the
extraction mixtures were centrifuged and the supernatant passed through 1 layer PES 40/22
membrane (Polymon). After addition of 3.3 M NaAc to 1/9 of the total volume, the RNA was
precipitated with 0.5 volumes acetone for 2 hrs at —20°C, centrifuged at 14 000 rpm and the
supernatant discarded. The pellets were dried under reduced pressure, resuspended in TE
buffer (10 mM Tris-HCI pH 7.6, 1 mM EDTA), and precipitated overnight with 2 M LiCl at
4°C. After centrifugation the pellet was dried and dissolved in 400 pl TE. To this was added
1.5 volumes of 5 M KAc, incubated for 3 hours on ice and centrifuged. The pellet was
resuspended in 400 ul TE and extracted with chloroform: butanol (4:1). The upper phase was
precipitated for 2 hrs with 1/9 volume 3..3 M NaAc (pH 6.1) and two volumes ethanol. This
was centrifuged and the pellet resuspended in 60 pul of ddH,O and stored at —80°C.

The mRNA fraction was separated from the total RNA with Oligotex™ beads (Qiagen) and
cDNA synthesised using the cDNA Synthesis System (Roche). For real time quantitative RT-
PCR, RNA was isolated at 0, 1, 3, 6, 12, and 24 hrs post inoculation with the method of
Chang and co-workers [7]. RNA from F. circinatum used in the SSH reactions was extracted

with TRIzol™ reagent (GibcoBRL) following the manufacturer’s specifications.
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Suppression Subtractive Hybridisation

Suppression subtractive hybridisation (SSH) was performed with the PCR-Select™ cDNA
Subtraction Kit (Clontech). cDNA from the samples was designated as tester and the cDNA
that was used for subtraction, the driver. Four subtractions were performed. In the first of
these the cDNA from the inoculated susceptible individuals was used as driver against cDNA
from the inoculated tolerant trees. In the second subtraction, cDNA from the un-inoculated
- susceptible trees was used as driver against cDNA from the inoculated tolerant individuals.
For the third subtraction cDNA from the un-inoculated tolerant trees were used as driver
against cDNA from the inoculated tolerant trees and in the fourth subtraction, cDNA from the
un-inoculated susceptible trees was used as driver against cDNA from the inoculated
susceptible trees. Pools of cDNA from F. circinatum grown in culture were added to all the
driver samples to eliminate excess fungal sequences. After subtraction and two successive
rounds of PCR, the amplicons were size fractionated on a 2 % agarose gel containing 0.5
pg/ml ethidium bromide, extracted with the MinElute™ Reaction Cleanup kit (Qiagen), and
cloned into pGEM-T Easy vector (Stratagene). The efficiency of the subtractions was tested
through Southern blot analysis with DIG label (Roche) [38].

Screening and analyses of fragments

All colonies containing inserts were amplified by PCR. These products were dried in the 96-
well plates and resuspended in 50 % (v/v) dimethyl sulfoxide (DMSO) [20]. The denatured
products were blotted in duplicate onto nylon membranes with a 96-pin replicator (Nunc).
One set of membranes was hybridised with DIG-labelled (Roche) cDNA from F. circinatum
and the other with probes consisting of different combinations of the cDNA from the
different trees. Clones that hybridised with cDNA from F. circinatum and the susceptible
pools of cDNA were discarded. All clones that displayed differential hybridisation were
selected, sequenced and analysed using the BLAST algorithm at GenBank
(http://www.ncbi.nlm.nih.gov) [2]. These transcript-derived fragments (TDFs) were further
analysed with PCR and Southern blots to determine whether they were of fungal or plant
origin. The TDFs were analysed using real time quantitative RT-PCR, as the amounts of
RNA sampled were insufficient to make use of Northern blots. Primers were designed (Table
1) to amplify the different fragments with the LightCycler® using the LightCycler-DNA
FastStart Master SYBRGreen I kit (Roche). These PCRs were conducted on first strand

cDNA from RNA that was reverse transcribed with AMV reverse transcriptase (Promega).
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Three sample sets were analysed over time and sample extraction. These sample sets were
inoculated tolerant and susceptible trees, and the control inoculations. A PCR with primers
specific for the large subunit of coniferous Rubisco were also run to prove equal loading of

sample cDNA.

Results

Suppression Subtractive Hybridisation

The SSH reaction yielded several well-defined PCR amplicons (Fig. 2). The negative control
contained some smearing, but no dilution was done on this sample after the primary PCR,
and included 58 consecutive PCR cycles. The efficiency of the subtractions was verified
through Southern blot analysis and a difference in intensity between the lanes containing
tester and driver cDNA was observed (Not shown). The cloned PCR products that displayed
induction were selected for further study after differential screening. The 16 transcript
derived fragments obtained from this study are summarized in Tables 2 and 3. From the 16
different sequences identified most could not be assigned a putative function. Six of these
fragments shared homology with retrotransposable elements and were discarded from the
study. One TDF appeared to be a chimeric sequence composed of an unknown sequence
linked to 114 bp of a 25S ribosomal fragment. This fragment was not used in further analysis
as the unknown part of the sequence only contained remnants of the Rsal restriction site on

one side.

Analyses of TDFs

Several TDFs (CB074810, CB074811, CB(074820, and CB074823) had significant homology
to unknown Pinus ESTs (E-values in excess of ¢™*?), but a putative function could not be
assigned to them. These TDFs were highly homologous to ESTs that fall under the
‘Molecular Basis of Wood Formation in the Pine Megagenome’-project undertaken by the

Forest Biotechnology group at North Carolina State University.
Fragment CF660355 shared homology to UDP-glucose pyrophosphorylase at the genomic

and amino acid level. This fragment was isolated from an SSH subtraction (Chapter 4) to

enrich for fungal transcripts expressed during the infection process. In the study from Chapter
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4 we were interested in the isolation of fungal transcripts and therefore, the Pinus fragments

were included in this study. No induction analysis was performed on this fragment.

Fragment CB074822 had homology to a blue copper protein precursor (AAF18529) (E-value
= 4¢'*) and also displayed high similarity to a P. taeda EST from dbEST at GenBank. This
protein resides in the phytocyanin protein family. The induction of this TDF was studied
through real time quantitative RT-PCR and induction was evident after inoculation (Fig. 4).
This induction differed between the control plants, susceptible inoculated plants, and tolerant
inoculated plants. The tolerant individuals displayed an induction between 1-3 hrs, whereas
the susceptible individuals and control display an induction only between 3-6 hrs (Fig. 4A).
Induction of this TDF in the tolerant individuals reached a maximum after 12 hrs, whereas, in
the other two samples there was a decrease in the expression of the TDF. Differences of

expression between the wounding control and the susceptible plant were evident between 6- |
12 hrs after inoculation with the fungus. In the control inoculation there was a decrease in the
expression of the TDF that was not evident in the two inoculated samples. At 24 hrs there

was no difference between the levels of the TDF in the three samples.

Equal loading of cDNA template was confirmed by amplification of a segment from the
Rubisco gene (Fig. 4B). Rubisco was chosen for amplification over the ribosomal internal
transcribed spacer (ITS) region, as these primers also amplified cDNA that was of fungal
origin and these primers are therefore not suitable for quantification of pine cDNA

concentrations. This was also reported by Saar ef al. [36].

One TDF (CB078409) was isolated through both the subtractions between the un-inoculated
and inoculated susceptible as opposed to the inoculated tolerant plants. This TDF shared
homology with phytochelatin synthase from Typhia latifolia at the genomic level (E-value =
9¢>"). With the quantitative RT-PCR, levels of the TDF were detected only in the tolerant
inoculated and control inoculations samples. However, this TDF was not detected at all the
time intervals. In the tolerant individual it was detected at 1 and 6 hrs after inoculation, and
for the control inoculation at 1 and 24 hrs after inoculation. There was no difference between

the levels detected in the samples.

Two TDFs (CB074812 and CB074818), were detected only in F. circinatum genomic DNA

(Fig. 5). These fragments were isolated from the F. circinatum isolate used for the

55



inoculations. These sequences shared homology with folic acid synthase from Neurospora
crassa (E = 2¢%) and the glucose repressible gene (GRGI) from Xanthophyllomyces
dendrorhous (E = 3e'®), respectively. The time of induction of these sequences could not be
determined as fungal cDNA was not present at all times of sampling. These sequences could
be linked to genes that are expressed in the host-pathogen interaction as the subtraction

reactions were fortified with pooled RNA samples from cultures of F. circinatum.

Discussion

In this study we used SSH to gain understanding of the interaction between P. patula and F.
circinatum after infection has taken place. We were able to identify 16 TDFs that are up-
regulated after pathogen infection. Of these fragments, two originated from the pathogen and
the remaining from the host. Six of these fragments were of unknown function and had no
homology to known proteins, although they displayed homology to unidentified ESTs from
cDNA libraries that have been developed to study wood formation in P. taeda. Only one
fragment was linked with glucose and carbon metabolism. Of the 16 TDFs, two were further
analysed using quantitative RT-PCR to determine the differences in induction levels for the

susceptible and tolerant individuals.

The fact that several TDFs identified in this study shared homology with ESTs identified in
P. taeda libraries developed to study wood formation was of interest. The detection of these
TDFs through SSH indicates that they are differentially expressed between the susceptible
and tolerant individuals 24 hrs after inoculation. This could indicate that tolerant trees
respond more rapidly to pathogen ingress than more susceptible trees. Wood formation has
been linked to resistance of conifers to fungal invasion where lignification and shedding of
infected parenchyma cells contribute to resistance [4; 26]. Histological studies on P. taeda, P.
elliottii, P. virginiana, and P. serotina seedlings have likewise shown that several layers of
parenchyma cells are produced and lignified in response to F. circinatum infection [4]. These
observations were the same as those that occur in early wound reactions, where
differentiation of the parenchyma cells is visible at an early stage [31]. In Picea abies this
differentiation is visible after infection with Ceratocystis polonica between 6-9 days [31]. In
P. taeda the formation of compression wood to bending stress was found to be visible after

three days [44]. Transcript derived fragments linked to wood formation isolated in this study,
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indicates that this process is detectable within 24 hrs after inoculation with a pathogen and
might represent one of the mechanisms of pathogen resistance in P. patula. However, the true

function of these ESTs in this interaction remains to be discovered.

The UDP-glucose pyrophosphorylase (CF660355) isolated in this study plays a role in cell
metabolism under normal and cold stress conditions [9]. UDP-glucose pyrophosphorylase has
been implicated in the synthesis of cellulose [25; 3; 9]. The role that this gene plays in the
synthesis of cellulose can be in the formation of the new parenchyma cells in response to
wounding. This gives an indication that UDP-glucose pyrophosphorylase is not only a part of
the metabolic pathways under normal conditions, but also provides the plant with a means to
respond to a plethora of stress situations. We were able to isolate this gene at a very early
stage in the infection process. Several studies have shown that wood formation is linked to
resistance responses in trees. However, these studies reported this formation after time
intervals of days [31; 44]. In the present study we were able to isolate a putative gene that is

linked with cellulose production and stress responses 24 hours after inoculation.

The identification of genes linked to deposition of lignin and new parenchyma cells in this
study, might indicate that this is one of the major defence responses of P. patula to infection
by the pitch canker fungus. This conclusion is supported by previous studies of the
morphological changes that take place in several pine species (P. elliottii, P. taeda, P.
serotina, and P. virginiana) after infection with F. circinatum [4]. This pathogen response is
also consistent with responses of Picea abies to pathogens, pests and mechanical wounding
by changes in the anatomical structure [26; 16; 31; 15]. This might be part of constitutive

defence responses in conifers in response to environmental stress and pathogen attack.

The blue copper protein precursor (BCB) isolated in this study displays clear induction after
artificial inoculation of P. patula with F. circinatum. This induction differed from that
observed in the wounded control and was more pronounced in the tolerant clone than in the
susceptible P. patula clone. This family of proteins is believed to represent redox-active
proteins and they have been found only in plants [32]. They have been linked to the primary
plant defence response [8; 32], oxidative stress responses [35], and in lignin formation in the
cell wall [44]. The induction of BCB has also been observed in a susceptible and resistant
Arabidopsis pathogen response to infection by Xanthomonas campestris pv. campestris [33].

Two previous studies on P. taeda subjected to stress conditions have resulted in the isolation
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of members of this protein family [8; 44]. It seems likely that this gene homologue is also

active in the defence reaction of P. patula after infection by F. circinatum.

Two separate subtraction reactions identified the same transcript (CB078409). This transcript
potentially encodes for a protein which is homologous to a protein functioning as a light-
dependent plastocyanin-ferredoxin oxidoreductase that transfers electrons from plastocyanin
to ferredoxin [37]. This transcript also displayed homology at the nucleotide level to
phytochelatin synthase. Phytochelatin synthases are responsible for the detoxification of
heavy metals, especially cadmium [10]. There are two types of heavy metal detoxification
proteins in plants. They are the phytochelatin synthases, which have not been found in
animals, and the metallothioneins that are found in animals [10]. Kim et al. [24] identified
metallothioneins as the most abundant genes identified in Oryza sativa after infection with
Magnaporthe grisea. Therefore, it was interesting that two putative genes linked to metal
stress were identified in P. patula after infection with F. circinatum and that they could be

linked with other host-pathogen interactions.

The two fungal genes isolated in this study are necessary to the fungus for survival in the host
plant. Folic acid is necessary for the production of purine nucleotides, methionine, and for
other enzyme catalysed reactions involving the transfer, oxidation and reduction of single
carbon units [27]. The GRGI gene is induced upon carbon starvation in Neurospora crassa
[28]. GRGI is responsible for switching on many other genes that are necessary for the
survival of the fungus in the host. The kinetics of induction for this gene has been studied for
fungal isolates grown in culture. However, this has not been done for levels of the gene
expressed during the host-pathogen interaction. Further analysis of GRGI1 in the host-
pathogen interaction may provide a target gene for fungicides that can assist in the

containment of fungal spread [28].

In this study we discarded the sequence that appears to be a chimeric cDNA clone because its
formation and origin could not be determined. The formation of chimeric sequences during
SSH has previously been documented and is expected to be quite low [43; 29]. These
sequences are formed during the first subtraction reaction when a fragment from the driver
cDNA pool link end to end with adaptor ligated cDNA from the tester pool. During the
second subtraction reaction, the driver fragment can anneal to a complementary sequence

from the tester cDNA that contains the second adaptor. After filling of the ends, this fragment
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will be exponentially amplified during the suppression PCR. To screen for chimeric clones it
is assumed that the Rsal restriction site is restored. However, in this clone there was no
restored Rsal site. This could indicate that the origin of the unknown fragment is either from
a non-full-length cDNA, or it is derived from the 5’ end of a full-length cDNA. In both cases,

these clones should not contain an Rsal site to the 5’ end.

In this study SSH was useful in detecting sequences early in the interaction between P. patula
and F. circinatum. As expected, there were no transcripts linked to a definitive hypersensitive
response (HR), as HR is not evident in this interaction as described by other researchers [19;
6]. All of the identified fragments were linked to stress responses except for UDP-glucose
pyrophosporylase, which was associated with cell metabolism. Making use of the interaction
between a susceptible Pinus sp. and the pitch canker fungus provided a unique opportunity to
study both the fungal infection and the host response. To further identify genes of interest the
use of other techniques such as cDNA-AFLP should complement SSH very well as additional

time and sampling points can be accommodated.
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Table 1: Primers used in this study.

Name

TDF

RubiscoF
RubiscoR
A85-1
A85-2
B12-1
B12-2
B51-1
B51-2
ITS3
ITS4

CB078409

CB074818

CB074822

Sequence (5°-37)

Tm (°C)

" AATGTCTCCGTGGTGGACTC

TAATTTCACCCGTCTCAGCC
CATCTTGGATTTGGTCTCCC
GGTGAATCTCGACCCATCTC
CAGGCTACCTCTGGTGCTTC
TCTTGTCGTGAGTGGTCTCG
CATACACCAGTGGCAACGAC
GAGTGGTGGATGGTGGAGAG
GCATCGATGAAGAACGCAGC
TCCTCCGCTTATTGATATGC

55

60

59

60

54

Amplicon length (bp) Reference

134

152

133

243

355-450

‘ This StUdy

[40]
[40]
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Table 2: Summary of subtractions performed.

Subtraction 1 Subtraction 2 Subtraction 3 Subtraction 4
Driver cDNA Inoculated susceptible Un-inoculated susceptible ~ Un-inoculated tolerant ~ Un-inoculated susceptible
Tester cDNA Inoculated tolerant Inoculated tolerant Inoculated tolerant Inoculated susceptible
Identified transcript derived CB074809 CB074804 CB074817 CB074818
fragments CB074812 CB074806 CB074822
CB074814 CB074809
CB074816 CB074810
CB074811
CB074815
CB074819
CB074820
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Table 3: Sequences identified through SSH from pines after infection with F. circinatum.

™FNe.  _ Database match’ o .
BLASTN homology E- BLASTX homology E-
value value
CB074823  No hit; xylem side wood EST (Pinus taeda) 0.0 No hit --
CB074821  AE012082, complete genome sequence (Xanthomonas axonopodis) 1¢'®  No hit --
CB074812  No hit; BE60493, unknown EST (Sorghum bicolor) 0.0 CAB91336, folic acid synthase (Neurospora crassa) 2e
CB074816  AY103740, mRNA sequence (Zea mauys) 8¢ BABI17749, coatmer B-subunit (Oryza sativa) 3¢
CB074817  L47672, embryo abundant protein (Picea glauca) 2¢?”  AABO01567, embryo abundant protein (Picea glauca) 3¢®
CB074818  AJ291824, glucose repressible gene (Xanthophyllomyces CAC24572, glucose repressible gene (Xanthophyllomyces
dendrorhous) 1" dendrorhous) 3¢
CB074822  No hit; AW290812, xylem wood EST (Pinus taeda) 2¢®  AAF18529, blue copper protein (Arabidopsis thaliana) 4™
CB074811  No hit, BQ654489, xylem wood EST (Pinus taeda) 3¢*  Nohit -
CB074819  AF216198, retrotransposon-like fragment (Pinus taeda) 2¢”  AAKS52561, retroelement pol protein (Oryza sativa) 4e"’
CB074820  No hit, BQ290639, xylem root wood EST 1e'®  No hit -
CB074804  AJ489202, tyl-copia-like pol pseudogene (Beta nana) 1e®  No hit -
CB074809  AF308658, phytochelatin synthase (Typha latifolia) 9¢*'  No hit -
CB074814  No hit -- No hit --
CB074810  No hit, BQ290639 xylem root wood EST (Pinus taeda) 1e'*  No hit -
CB074807  No hit, CD424352, salicylic acid treated EST (Sorghum bicolor) 2¢*®*  No hit --
CF660355° AF425969, UDP-glucose pyrophosphorylase (Amorpha fructicosa) 7' AAL33919, UDP-glucose pyrophosphorylase (4dmorpha
Sfructicosa) 8e™

*Where no similarity (designated No hit;) was found on the non-redundant nucleic acid database, BLASTN was performed on EST database.

®This sequence was isolated in Chapter 4.
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CHAPTER 4

Transcript derived fragments from Fusarium circinatum
subtracted against other species in the Gibberella fujikuroi species

complex.



Abstract

The production of mycotoxins by fungi can aid in plant pathogenesis. In some cases these
toxins pose serious health risks for humans and animals. However, in certain Fusarium spp.
mutating the genes linked to toxin production does not lessen the pathogenicity of the fungus.
In this study we investigated the molecular characteristics that underlie pathogenicity in
Fusarium circinatum using suppression subtractive hybridisation (SSH). F. circinatum was
subtracted against a degenerate culture of the same fungus as well as, F. guttiforme, F.
subglutinans, and Fusarium opheodes prov. nom. The transcripts that were identified were
linked to several known stress and pathogen related genes. Several ESTs from plant cDNA
libraries (Triticum aestivum, Hordeum vulgare, Sorghum bicolor, Zea mays, Gossypium
hirsutum) were also identified as being of fungal origin, possibly from Fusarium spp. One
transcript had high homology to a polyketide synthase gene (PKSI) found in Gibberella
fujikuroi. This prompted us to study fumonisin production in F. circinatum using RT-PCR
analysis with degenerate primers that detects FUMS, a polyketide synthase associated with
fumonisin production. This transcript was detected in F. circinatum under a variety of
conditions. However, an ELISA detected no fumonisin production. This indicates that FUMS
plays another role in F. circinatum. The identification of these transcripts should provide a

foundation for more intensive gene discovery studies in F. circinatum and other Fusarium

spp.

Keywords

Polyketide synthase, fumonisin, culture degeneration

Nucleotide and/or amino acid sequence data are to be found at GenBank as Accession No. CF660337 -
CF660355.
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Introduction

Fusarium circinatum Nirenberg & O’Donnell (=Fusarium subglutinans (Wollenweb. &
Reinking) Nelson, Toussoun & Marasas f. sp. pini) is the causal agent of pitch canker that
damages several Pinus spp. Hepting first observed the occurrence of this fungus on P.
virginia in the southern United States in 1946 [20]. Since then, this disease has spread to
many parts of the world and has reached epidemic levels in several parts of the United States,
where it is annihilating native, susceptible pine species [1; 17; 33; 44]. The pitch canker
fungus was first detected in South African nurseries by the early 1990’s and is now one of the

most serious pathogens of pine seedlings in the country [46].

The Fusarium subglutinans sensu lato species complex accommodates a number of species
that have previously been separated based on host preferences. Nirenberg and O’Donnell [31]
elevated several of these formae speciales to species level. They included F. guttiiforme
Nirenberg and O’Donnell (formerly F. subglutinans f. sp. ananas), the causal agent of disease
in pineapple, and F. circinatum, which causes pitch canker on pines [38; 18]. An unknown
saprophytic Fusarium sp. has recently been isolated from natural ecosystems in South Africa.
The fungus belongs to the F. subglutinans complex and the name F. opheodes has been
proposed for it (A. Jacobs, unpublished data). The close relatedness of these three species

provides a unique opportunity to identify underlying pathogenicity factors in Fusarium.

Production of secondary metabolites or mycotoxins contributes to pathogenicity in various
fungi [24; 28]. These mycotoxins can either be host-selective or non-selective. The host-
selective toxins are produced primarily by species of two genera, Alternaria and
Cochliobolus, whereas, several genera of fungi have been shown to produce the non-selective
toxins [26; 47; 28]. In Fusarium spp. (section Liseola) the most important toxins are the
fumonisins [16; 26]. Several other toxins are also produced by Fusarium spp. and have been

linked to pathogenicity in plants [24].

73



The genes that encode for the production of secondary metabolites in fungi are usually found
in clusters reminiscent of bacterial pathogenicity islands [48]. This implies that these gene
clusters could be acquired and transferred via horizontal gene transfer, between different
fungal species within and between genera. In Fusarium, this introduction could be simplified
as this fungal genus is known for its promiscuous uptake of DNA in culture [35]. If this were
to occur in nature, it would be important to identify and track the genes in various pathogenic
Fusarium spp. Identification of these genes would also contribute to a better understanding of

the plant-pathogen interactions that takes place after infection.

Fusarium spp. are known to be relatively unstable in culture with morphological,
pathogenicity, and toxigenicity changes being observed [45; 49; 42; 8; 25; 14; 6; 50]. So-
called degenerate cultures have also been reported for other fungi, specifically for Aspergillus
species [7; 21]. The loss of toxigenicity in Aspergillus flavus was postulated to be as a lack of
competition when the fungus is grown in pure culture [7]. However, Horn and Dorner [21]
found that this is not so and adverse cultural and environmental conditions tends to stabilise
this degeneration. This could be indicative of underlying change in gene expression linked
with pathogenicity. If this were true, it would be less time consuming to study the genes that
are changed due to serial transfers, than by making targeted mutants through gene knockout
methods. However, mutating genes linked to toxin production in Fusarium has not resulted in

reduced pathogenicity as demonstrated in other fungi (For review see [24]).

Identification of the underlying factors that play a role in pathogenicity of Fusarium
circinatum and other species are important. Therefore, the aim of this study was to extend
existing knowledge regarding the underlying differences between F. circinatum and other
pathogenic and non-pathogenic Fusarium species. This was achieved by comparisons of
transcripts between F. circinatum and a degenerate culture of the same fungus, as well as
three other related Fusarium spp. including F. guttiforme, F. subglutinans, and Fusarium
opheodes prov. nom. As it is known that degenerate cultures of Fusarium can have reduced
pathogenicity, we studied the differences between a degenerated culture and the wild type
isolate to enrich for any changes taking place in gene expression levels. This was done to

ascertain if degeneration of these cultures could be detected at the molecular level. We further
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studied the induction of F. circinatum genes early in the infection process by inoculating the

fungus into Pinus patula and isolating transcripts that are expressed in planta.

Materials and Methods

Fungal Isolates, Culture Degeneration and Inoculations

The Fusarium circinatum strain used in this experiment was isolated from diseased Pinus
radiata seedlings found in forestry nurseries in South Africa [46]. Spores were collected from
cultures of the test isolate and stored at — 70°C to maintain pathogenicity. The other Fusarium
spp. used in this study were Fusarium guttiforme from pineapple; F. opheodes prov. nom,
commonly isolated from grass and reeds, Fusarium subglutinans from maize, and a serially

sub-cultured strain of F. circinatum (Table 1).

In order to produce a degenerated of F. circinatum isolate, isolate CMW13229 was subjected
to 15 rounds of sub-culturing, performed on malt extract agar (18 g/l, MEA) (NT-Merck),
until the culture displayed morphological dissimilarities to the parent strain. These differences
were observed on MEA, potato dextrose agar (18 g/l, PDA) (NT-Merck), and complete
medium [11]. All strains are maintained in the Fusarium collection of the Forestry and

Agricultural Biotechnology Institute (FABI, University of Pretoria, Pretoria, South Africa).

For inoculations, conidia of F. circinatum and the degenerate isolate were plated out onto half
strength PDA and incubated at room temperature in the dark for 7 days. Mycelial plugs were
removed from the edges of the cultures and inoculated into Pinus patula seedlings. Three
plants were inoculated by making holes through the bark (5 x 2 mm) to expose the cambium.
Mycelial plugs were then placed in contact with the cambium and the wounds were closed
with Parafilm (American National Can™). Sampling point for RNA extraction was at 24 hrs

post inoculation.
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RNA extraction

For fungal subtractions, RNA was isolated from cultures grown in liquid malt extract for 48
hrs. Mycelium was collected by centrifugation and total RNA was extracted with TRIzol®
reagent (GibcoBRL). Total RNA was extracted from the pine seedlings surrounding the
inoculation point using a modified version of the method of Hughes and Galau [22] as in
X

Chapter 3. All the mRNA fractions were separated from the total RNA with Oligote
(Qiagen) and cDNA synthesised using the cDNA Synthesis System (Roche).

Suppression Subtractive Hybridisation to Identify Novel Transcripts

Suppression subtractive hybridisation (SSH) was performed with the PCR-Select™ cDNA
Subtraction Kit (Clontech). Three separate subtractions were performed with the fungal
cultures. In the first subtraction, the low copy mRNAs were enriched for in the F. circinatum
strain by subtracting against the degenerated culture. This subtraction was also done in
reverse. In the second subtraction, enrichment was done against either one of the F.
subglutinans (a), F. guttiforme (b), F. opheodes prov. nom (c), or all three combined (d). F.
opheodes prov. nom was iﬁcluded in this study as it is occasionally isolated from F.
circinatum-infected pine seedlings in nurseries. It is believed that its host in nature is grass or
reeds and that it is not pathogenic (A. Jacobs, unpublished data). In the third subtraction, the
expression of fungal genes in planta was evaluated by enriching for fungal mRNA from the
infected trees at 24 hrs after inoculation. This was done against a combined RNA pool of
mRNA from F. circinatum grown on half strength PDA and mRNA from the same pine
seedlings that were inoculated into prior to inoculation and after 24 hrs. After subtraction two
successive rounds of PCR amplified the novel fragments. All transcript-derived fragments
(TDF) were separated on a 2 % agarose gel, extracted with the MinElute™ Reaction Cleanup
kit (Qiagen), and cloned into pPGEM-T Easy (Promega) for transformation to competent cells.
The efficiency of the subtractions was verified through Southern blot analysis with either

radioactive or DIG label (Roche) [40].
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Screening and Analyses of Differentially Induced Fragments

All colonies containing inserts were amplified using PCR, dried and resuspended in 50 % \ZA%
dimethyl sulfoxide (DMSO) [19], and spotted onto Nylon membranes with a 96 well plate
replicator (Nunc). The membranes were hybridised, according to standard protocols, to [oL3 2p)
dCTP labelied or DIG labelled (Roche) subtraction products, cDNA from the other Fusarium
spp. and from Pinus patula [40]. All colonies that contained fragments linked to F.
circinatum-induced sequences were sequenced and analysed with BLAST against the EST,
nucleic non-redundant, and translated databases at GenBank (http://www .ncbi.nlm.nih.gov)
[2]. All sequences were also searched against the EST database at the Phytopathogenic Fungi
and Oomycete EST Database (COGEME: http://cogeme.ex.ac.uk/) [43] and the F.
graminearum  full genome sequence found at the Whitehead  Institute

(http://www.genome.wi.mit.edu/annotation/fungi/fusarium/ index.html).

Detection of Fumonisin Production by F. circinatum

The one TDF identified through the subtraction between F. circinatum and its degenerated
analogue displayed significant similarity with the polyketide synthase type 1 gene (PKSI)
(AJ315370) from Gibberella fujikuroi. Polyketide synthase genes have been linked with
fumonisin production and this fragment was further analysed [35]. Fumonisin production by
F. circinatum, F. guttiforme, F. subglutinans, the degenerate culture, and F. opheodes prov.
nom were assayed for on GYAM media (0.24 M glucose, 0.05% w/v yeast extract, 8.0 mM L-
asparagine, 5.0 mM malic acid, 1.7 mM NaCl, 4.4 mM K;HPO,, 2.0 mM MgSOs,, and 8.8
mM CaCl,, pH 3 with phosphoric acid) [35]. The cultures were grown for four days in
Erlenmeyer flasks shaken at 200 rpm in the dark at 25°C. RNA was sampled at 24 hr intervals
after inoculation according to previously described method. After 96 hrs the cultures were
filtered through Whatman 1 paper (Merck) to harvest fungal biomass and then through Cameo
25GSS 0.45 um filters (Separations) to obtain a pure culture filtrate. The fungal biomass was
ground to a fine powder in liquid nitrogen and resuspended in 70 % methanol. The culture
filtrate and ground samples were analysed for presence of fumonisins by the Ridascreen®
Fumonisin EXPRESS kit (Biopharm GmBH). This kit detects the presence of fumonisin B1,
B2, and B3 through ELISA. The colorimetric changes were determined on a Multiskan
Ascent v1.24 plate reader (Thermo Labsystems) at an absorbance of 620 nm with a 5s slow

shaking step before the measurements were taken. Measurements were taken in duplicate for
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the culture filtrates and single measurements for the ground samples. The standards included

in the kit were 1, 2, 5 mg/kg.

To detect expression of the PKSI gene in F. circinatum, the previously reported KS primer
set (KS-1: 5’-GGRTCNCCIARYTGIGTICCIGTICCRTGIGC, KS-2: 5’-
MGIGARGCIYTIGCIAT-GGAYCCICARCARMG; M = A/C, N = A/C/G/T, I = Inosine, R
= A/G, Y = C/T) was used in a RT-PCR reaction [35]. These reactions consisted of 100 ng
cDNA and 5uM of each of the KS primers as previously described [35]. The PCR was
conducted as 25 cycles of 20 s at 94°C, 20 s at 53°C, and 60 s at 72°C with an initial
denaturation of 30 s at 94°C and a final elongation step of 60 s at 72°C. All products were
separated as for the SSH subtractions.

Results

Morphology of Cultures

Cultural degeneration was visible as morphological changes after fifteen cycles of sub-
culturing (Fig. 1). The colour of the wild type F. circinatum was white through salmon (9'd)
[36] on all MEA, PDA and complete media. This closely resembled the morphology as
previously described for F. subgiutinans [30]. The degenerated culture displayed significant

differences in culture morphology and colour when compared to the wild type F. circinatum |
isolate. The degenerated culture had a vinaceous (1°’d) centre and the rest of the colony was
white on MEA. On PDA it was pale vinaceous grey (59°"’’°d) in the centre becoming
vinaceous (1°’d), with a white margin [36]. On complete medium it was buff (19’f) with a
white margin [36]. This culture also produced less aerial mycelium than the wild type on all
three media used (Fig. 1). Cultures transferred from those with abundant aerial mycelium
displayed the most variation. Once a culture exhibited suppressed mycelial growth, there was
less variation in subsequent sub-cultures. The degenerate cultures displayed several sectors
that reverted to wild type morphology when grown on PDA plates (Fig. 1). This was not

commonly observed on MEA and was never observed on complete medium.
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SSH Analysis of F. circinatum

Several transcript-derived fragments (TDFs) were obtained after the three rounds of SSH
(Fig. 2, Tables 2, 3, and 4). The efficiency of the subtractions was verified with Southern blot
analysis and the differential induction of the TDFs was evaluated through reverse Northern
blots with first strand cDNA (Fig. 3 and 4). The similarities between the TDFs and known
fungal sequences from GenBank are given in Table 3, and the COGEME database in Table 4.

The subtraction between F. circinatum and the other Fusarium spp. gave rise to profiles that
contained more bands than the subtraction reactions between the degenerate isolate, F.
circinatum, and from the inoculated pine tree. The most TDFs were identified in the
subtraction between F. circinatum and F. opheodes prov. nom, 10 out of the 16 identified
TDFs (Table 2). The remaining three subtractions between the Fusarium spp. gave only six
differentially induced fragments. Most of these sequences were either unknown or linked to
stress responses by fungi (Tables 3 and 4). The in planta subtraction identified only one
predominant sequence that has homology to the UDP-glucose pyrophosporylase (E=8¢) of
Amorpha fructicosa. Screening of the subtracted cDNA library only yielded clones with pine
inserts. All the sequenced clones shared homology to the UDP-glucose pyrophosphorylase.
This fragment (CF660355) was used in a study presented in Chapter 3 as the plant and fungal
material used in both experiments were the same. The subtraction between F. circinatum and
its degenerate analogue identified a TDF with significant homology (E = 5¢* and E = 5¢°)
to a polyketide synthase (PKS) gene (FUMS) that has been linked to fumonisin production in

G. fujikuroi [35].

Homology to proteins with known function could only be discerned for seven of the TDFs
(CF660342, CF660344, CF660343, CF660339, CF660337, CF660348, CF660349) after
searching both the NCBI and COGEME databases. Two TDFs shared (CF660348,
CF660343) homology with stress response proteins expressed in Fusarium and Gibberella,
one of the teleomorphs associated with Fusarium. CF660342 shared significant homology
with a thioredoxin (E = 3e??) from Triticum. E17 shared significant homology (E = 2¢%)
with flavohemoglobin identified from the databases at NCBI and COGEME. CF660337

shared homology (E = 3e®) with an EST expressed under nitrogen starvation conditions and
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with a glucanase precursor (E = 3e”). Homology with the glucanase precursor was rather
weak as the cut-off expectancy considered significant is any E-value that is smaller than e
CF660339 could only be identified from the COGEME database where it shared homology
(2¢°%%) with ribulokinase. CF660349 shared significant homology (E = 2¢™*) to the polyketide

synthase gene (PKS/) identified in G. fujikuroi.

Several of the TDFs had significant homology to Triticum, Sorghum, Hordeum, Zea, and
Gossypium sequences at the NCBI EST database (Table 5). A cut-off point of 90 % was used
for the similarity analysis between the F. circinatum sequences and the NCBI ESTs. The
sequence lengths and the matches between them were also taken into account. The sequences

in question detected only fungal ESTs in conjunction with those mentioned in Table 5.

FUMS5 Analysis

Identification of the PKS/ homologue prompted the identification and analyses of a FUMS5
homologue with RT-PCR. With the fumonisin assay, no levels of fumonisin B1, B2, and B3
were detected in the culture filtrate or in the ground mycelia (Not shown). This was expected
as F. circinatum is not known to produce fumonisin B1, B2, or B3 [15]. However, with the
KS primer set, two fragments were detected in all the samples (Fig. 5). In the RT-PCR
reactions the expected band of ca. 650 bp was observed together with a slightly larger
fragment that co-amplified with the FUMS5 homologue. Sequencing of the two fragments
confirmed that the 650 bp fragment is homologous to the FUMS5 gene. However, the larger
fragment had homology to fungal type I polyketide synthase, but did not match the FUMS5

homologue.
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Discussion

In this study we made use of SSH for the identification of TDFs from F. circinatum to gain an
improved understanding of gene expression from this fungus. The isolates used in the
subtraction reactions were chosen to identify TDFs that can be linked to differences in known
pathogens from the section Liseola. The reed isolate, F. opheodes prov. nom., was included in
the study as it is sometimes isolated from Pinus seedlings that are infected with F. circinatum.
This fungus is also closely related to the pitch canker fungus, but not pathogenic to pines (A.
Jacobs, unpublished data). Nineteen TDFs from different subtraction events were isolated in
this study. These TDFs shared significant homology to several stress-linked ESTs and
unidentified proteins in different databases (Tables 3 and 4). The two best results from these
subtractions were the homology to thioredoxin (CF660342) and flavohemoglobin
(CF660344). These two proteins have been well studied in several organisms [41; 4; 27].

Flavohemoglobins in fungi are associated with denitrifying conditions and nitrosative stress
[41; 27]. It would seem that flavohemoglobins do not reduce nitrate for energy gain, but
rather as a detoxifying pathway [27]. In Saccharomyces cerevisae the expression of Yhbl, a
flavohemoglobin, protein protects against nitrosylation of proteins by detoxifying nitric oxide
(NO) under both anaerobic and aerobic conditions. It would seem likely that during culturing
of F. circinatum on MEA that flavohemoglobin expression is up-regulated to protect against

nitrosative stress (stress caused by excess nitrogen).

Thioredoxin is found in all organisms [4]. This group of proteins are ubiquitous and,
therefore, have many functions. These can include DNA synthesis, stress responses, and
regulation of apoptosis in mammals ([4] and references therein). It is to be expected that a
protein with such diverse function would be up regulated during stress and can thus be
identified when F. circinatum was experiencing stress during this study. The main stress in
which thioredoxin is detected is oxidative stress [4]. Here it plays a role in the neutralisation
of H,0,. It is clear that F. circinatum is under stress when cultivated on MEA (Table 3), this
could be the reason that the thioredoxin is induced. However, it would seem that the stress

experienced by F. circinatum is not oxidative, but rather linked with nitrogen and carbon
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starvation as two fragments (CF660337 and CF660345) shared homology to proteins

expressed under these conditions.

Several TDFs gave BLAST results against ESTs submitted as plant cDNA sequences. The
high levels of homology displayed (Table 5), suggest that these cDNA libraries are potentially
contaminated with cDNA originating from Fusarium species. Species of the genus Fusarium
are known to be non-obligate pathogens or endophytes of grass species [12; 37; 51].
Endophytes interfere with cDNA sequencing projects, as it is difficult to ensure that the
cDNA library is devoid of fungal or bacterial sequences until sequencing analysis has
commenced [39]. High sequence homology of the resulting clones to fungal genes may result

from this type of contamination.

Morphological degeneration of F. circinatum was easily achieved through sub-culturing. The
morphological changes that occurred were consistent with those reported previously [49; 42;
8; 25; 14; 6; 50]. Previous studies have attempted to characterise degenerate cultures based on
morphology and not at the molecular level. In this study the only gene expression difference
identified was the polyketide synthase gene (PKS/). This may be due to the high similarity
between the two cDNA populations produced for the subtraction, or that the screening of the
subsequent screening of the clones failed to identify the mRNAs that are differentially

regulated.

The isolation of the PKSI gene homologue from F. circinatum and the similarly identified
FUMS homologue found in G. fujikuroi [35], might indicate fumonisin production. However,
we did not detect any fumonisin with an ELISA that screened specifically for the three forms
of fumonisins. This result is consistent with those of a study conducted to detect mycotoxins
from 15 different Fusarium spp., where no fumonisin production was detected from F.
circinatum grown on maize kernels [15]. The results obtained in this study, combined with

those of Proctor et al. [35], support the view that F. circinatum does not produce fumonisin.
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Detection of the FUMS5 homologue using RT-PCR in F. circinatum grown on GYAM
medium was interesting. This gene is linked to fumonisin production in G. fujikuroi and can
be detected after both 64 and 88 hrs of growth on GYAM medium [35]. Our results are
similar to those of Proctor ef al. [35] in that we also detected the transcripts of FUMS5 at 64
and 88 hrs of growth on GYAM. However, no fumonisin production was detected at 88 hrs.
This would indicate the FUMS5 homologue in F. circinatum plays a role in other polyketide
biosynthesis reactions. Polyketide synthases are enzymes that polymerise simple fatty acids
into small molecules known as polyketides [23; 34]. These molecules are produced by
prokaryotes and eukaryotes as secondary metabolites that have a myriad of functions [23; 34].
To detect the function of this homologue in F. circinatum, disruption of the FUMS
homologue would have to be performed and the subsequent mutant strains investigated for

loss of function.

Failure to detect any fungal expressed transcripts through the in planta subtraction is not
unexpected. Several previous studies, using different techniques and studying different
interactions, have been reported where low numbers of fungal transcripts have been
encountered when studying an in planta interaction [29; 5]. We postulate that the level of
fungal expressed genes was moderately low at our sampling point (24 hrs). This problem
might be rectified by allowing for the interaction between the fungus and host to continue for
a prolonged time. However, it would then not be possible to study key genes that are

expressed early on in the pathogen during the infection process.

The differences observed in transcript levels isolated in the subtractions were unexpected. It
can be argued that the subtractions between F. circinatum and F. subglutinans or F.
guttiforme yielded fewer transcripts as these fungi are very similar to each other [31]. All
three of these fungi were previously classified as F. subglutinans and only separated into
forma specialis based on host specificity. They were described as different species based on
phylogenetic differences [32]. However, F opheodes prov. nom is morphologically,
pathogenetically, and phylogenetically different from F. circinatum (A. Jacobs, unpublished
data).
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In these experiments we attempted to identify the differences between several pathogens
residing in the section Liseola. None of the fragments isolated were linked with known
pathogenicity factors, although several of them were homologous to ESTs of unknown
function found at the Phytopathogenic Fungi and Oomycete EST Database (COGEME).
These sequences could not be identified for either one of two reasons. They could be from
other parts of genes or ESTs for which the full-length sequences have not been isolated to
date. The other explanation can be that they are from novel gene transcripts and no
homologous sequences exist in any of the public databases. These fragments should therefore

be studied to ascertain their role in pathogenicity of F. circinatum.
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Table 1: Fusarium isolates used in this study.

Isolate® Host Accession number Reference
F. circinatum (H) Pinus radiata CMW13229 (9]

F. circinatum (H)° Pinus radiata CMW13232 Present study
F. subglutinans (E) Zea mays CMW13231 (31]

F. guttiforme Ananas comosus MRC7539 h

(31]

F. opheodes prov. nom  Grass andreeds ~CMW13230
F. verticillioides (B) Zea mays PPRI 6525

3L etters in brackets indicates the mating population of the fungus. "The degenerated culture of F. circinatum
CMW13229. “CMW indicates the culture collection of the Forestry and Agricultural Biotechnology Institute
(FABI, University of Pretoria, Pretoria, South Africa). MRC denotes the culture collection of the Medical

Research Council (MRC, Cape Town, South Africa). PPRI denotes the culture collection of the Agricultural
Research Council Plant Protection Research Institute (ARC-PPRI, Pretoria, South Africa).
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Table 2: Summary of subtractions performed and the fragments identified in each.

Subtraction 1 Subtraction 2 Subtraction 3

Driver cDNA MDegenerate culture F, Subgldtinans F. guttiforme F. opheodesy Combination F. circinatum and Ppatula ~

Tester cDNA F. circinatum F. circinatum F. circinatum F. circinatum F. circinatum F. circinatum

Identified transcript CF660349 CF660337 CF660339 CF660342 CF660351 CF660355
derived fragments CF660338 CF660340 CF660343 CF660354

CF660344

CF660345

CF660346

CF660347

CF660348

CF660350

CF660352

CF660353
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Table 3: Sequences identified after SSH of F. circinatum with several Fusarium species. These sequences were analysed against the GenBank

databases.
TDF No.  Database match’ ; e R
BLASTN homology E-value BLASTX homology E-value
CF660342  AJ005840, thioredoxin (Triticum aestivum) 3¢ AJ005840, thioredoxin ( Triticum aestivum) 3e™
CF660351°  No hit; BI949398, Fusarium infected - EST (Hordeum vulgare) 2¢® No hit -
CF660343° No hit; BM351682, maize - EST (Zea mays) 1¢% No hit -
CF660337  No hit; BU066029, nitrogen starved mycelia - EST (Gibberella zeae) 3e® No hit -
CF660341  No hit; CD460565, unknown - EST (Fusarium graminearum) 3¢6 No hit -
CF660344 ABO016807, flavohemoglobin (Fusarium oxysporum) 4¢% AB016807, flavohemoglobin (Fusarium oxysporum) 2¢”
CF660340 Unknown EST 1e*? EAA27671, hypothetical protein (Neurospora crassa) 6e*’
CF660345"  No hit; CD456222, unknown — EST (Fusarium graminearum) 4e° AL112087, unknown C and N deprivation (Botrytis cinerea) 4e?
CF660339  No hit; CD460858, unknown — EST (Fusarium graminearum) 2¢™ CAD11374, hypothetical protein (Neurospora crassa) 5¢%
CF660346° No hit; BU808671, unknown - EST (Triticum aestivum) 1e't No hit -
CF660349  AJ315370, PKS! gene (Gibberella fujikuroi) 2¢” PKS1 protein (Gibberella fujikuroi) 3¢
CF660354°  No hit; BI201466, unknown — EST (Fusarium sporotrichioides) 3¢® EAA31224, predicted protein (Neurospora crassa) 2¢™
CF660338"  No hit; CD456222, unknown — EST (Fusarium graminearum) l1e? EAA31224, predicted protein (Neurospora crassa) 3e™
CF660350  No hit - EAA31111, hypothetical protein (Neurospora crassa) 3¢
CF660347" No hit; BU808671, unknown - EST (Triticum aestivum) 1e'® No hit -
CF660352  No hit - EAA26662, predicted protein (Neurospora crassa) 4e”
CF660348  No hit; BI200866, unknown EST (Fusarium sporotrichicides) - No hit -
CF660353  No hit - EAA31111, hypothetical protein (Neurospora crassa) 4e

®For species complexes, the forma specialis were not added to the name. Where no similarity (designated No hit;) was found on the non-redundant nucleic acid database,

BLASTN was performed on EST database. "The BLAST gave highest similarity to Hordeum, Gossypium, Triticum, and Zea ESTs found at GenBank.
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Table 4: Sequence similarity search (TBLASTX) against the EST COGEME database for phytopathogenic fungi.

TDF No.
CF660341
CF660346
CF660342
CF660345
CF660344
CF660343
CF660337
CF660339
CF660351
CF660354
CF660349
CF660338
CF660350
CF660347
CF660352
CF660348
CF660353

Database match®

No hit

No hit

No hit

GzCon[1165],unknown protein (Gibberella zeae)
GzCon[0025], flavohemoglobin (Gibberella zeae)
GzCon[0238], stress response protein (Gibberella zeae)
MagCon[0071], glucanase precursor (Magnaporthe grisea)
GzCon[3853], ribulokinase (Gibberella zeae)
MagCon[7351], unknown protein (Magnaporthe grisea)
GzCon[1165], unknown protein (Gibberella zeae)

No hit |
GzCon[1165], unknown protein (Gibberella zeae)
WOAAO030ZHO05C1, unknown (Botryotinia fuckeliana)

No hit

Ct1907410, unknown

FsCon[0216], stress response protein (Fusarium sporotrichioides)

Mgc04g03f, unknown (Mycosphaerella gramini)

E-value

2e-49

16736
3¢
3e”
Det8
2e 2
269

3 e-40

5e-12

1 e-28

3e®

le-IS

®Accession numbers are unisequence identifiers for COGEME database.
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Table 5: Obtained sequences believed to be of fungal origin and designated as plant ESTs in GenBank.

TDF No. EST Similarity® % similarity Length’ E-value Reference®

CF660346 * BUS08671, Triticum aestivum 97 225/230 1™ " Unpublished

" BJ235436, Triticum aestivum 93 216/230 2¢? A
BQ60800S, Triticum aestivum 92 208/226 4e’®! [10]
BE402448, Triticum aestivum 92 208/226 4e [3]
BU984347, Hordeum vulgare 91 205/223 le® Unpublished

CF660345 CD427543, Sorghum bicolor 96 377/390 0.0

CF660343 BM351682, Zea mays 93 233/249 1e%

‘ CD485852, Gossypium hirsutum 90 139/154 2eY

CF660351 BI949398, Hordeum vulgare 85 191/224 2™

CF660354 CD427543, Sorghum bicolor 96 377/390 0.0

CF660348 BM351682, Zea mays 93 234/249 5¢%

" CD485852, Gossypium hirsutum 90 139/154 2¢” [13]

CF660338 CD427543, Sorghum bicolor 94 361/382 le-153 Unpublished

" CD427646, Sorghum bicolor 98 115/117 1e”!

*Only the first five hits are shown when there were more than five hits. Similarity cut-off was selected at 90 % homology, except for E65, which was 85 %. "Indicates the

amount of matching base pairs between the fungal ESTs and ESTs deposited in GenBank. “References as cited on GenBank.
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CHAPTER 5

Comparison of nucleotide binding site leucine rich repeat genes in

Pinus.

Prepared for submission to Theoretical and Applied Genetics as:

Comparison of nucleotide binding site leucine rich repeat genes in Pinus.



Abstract

Resistance gene analogues have been reported from a diverse set of plant species. These sequences
are being used in comparative and evolutionary analyses to identify their relationships with each
other. This knowledge will contribute towards isolating the genes that code for resistance linked
proteins. In Pinus both classes of NBS-LRR genes (Toll/Interleuken-1-receptor like nucleotide
binding site leucine rich repeats, TNL; and coiled-coil nucleotide binding site leucine rich repeats,
CNL) have been detected. To further our understanding of these classes of resistance gene
analogues, degenerate PCR was used to isolate TIR-NBS-LRR like resistance gene analogues from
several Pinus spp. The sequences derived from the analogues were further characterised by
comparing them with resistance gene analogues previously reported from Pinus. The DNA
fragments sequenced in this study grouped with the previously identified TNL class TNL genes.
Through motif analysis several of the known conserved motifs found in NBS domains were
identified. The P-loop and GLPL motifs displayed a high level of conservation at the amino acid
level with other plant NBS motifs. However, slight differences in several of the conserved regions
were observed when the Pinus analogues were compared with Arabidopsis thaliana analogues. The
most notable of these was a conserved motif identified in the same position as the RNBS-B motif
but the amino acid sequence of this motif differed significantly from that found in other plants. This

is the first study of resistance gene analogues in Pinus.
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TIR-NBS-LRR, TNL, CNL, kinase-3, P-loop, pines
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Introduction

Several resistance (R) genes have been cloned [9; 15]. These R genes can be classified into six
distinct classes, the largest of which contain nucleotide binding site leucine-rich repeat domains
(NBS-LRR) [14; 9]. These NBS-LRR homologues encode for structural proteins and they play a
role in signal transduction pathways during recognition of pathogens [27]. They are also believed to
recognise several different pathogens such as viruses, bacteria, fungi, nematodes, as well as insects,
through very specific interactions [34]. Hundreds of NBS-LRR homologues or resistance gene
analogues (RGA) have been identified based on sequence data. Although the exact function of
these genes has not been identified, they are related to R genes. This is based on the fact that they
cluster together with known R genes in phylogenetic analyses, and several have also been mapped

to functional R gene loci [16; 42; 23].

Known NBS-LRR genes can be divided into two classes based on the amino terminal domains.
They are the Drosophila Toll and mammalian Interleuken-1-receptor like (Toll/Interleuken-1-
receptor or TIR) and the coiled-coil (CC) motifs [40; 21; 11; 23; 26; 29; 28]. In monocotyledonous
plants the CC-NBS-LRR genes (CNL) are the dominant class of genes with only a few TX and TN
like sequences identified. No TIR-NBS-LRR genes (7NL) have been found for this group of plants
[28; 2; 25]. In dicotyledonous plants the TNL genes are encountered in higher numbers than the
CNL genes [23; 8; 25; 7; 24]. Both classes of these genes have been detected in conifers, mainly in

Pinus taeda, but the only described members are TNL [25].

The TNL genes encode the TIR domain at the N terminus. This domain differs from the animal
TIR, where it is found at the carboxyl end [13]. The TIR plays an essential role in pathogen
triggered signal transduction [40]. In flax it has also been shown that polymorphisms in the TIR
region can alter resistance specificity of the L resistance gene [12]. This, combined with the
multiple TIR domains found in the Arabidopsis genome that are not linked with an NBS or LRR
region [25; 24], would indicate that the TIR domain has several functions in pathogen recognition

and defence response.

CC-NBS-LRR genes (CNL) contains a coiled-coil domain (CC) that is the prevalent domain linked
to the NBS domains in monocotyledonous cereals [28]. This domain comprises 2-5 helices with
amino acids packed into a ‘knob-hole’ conformation, where the side chain of one amino acid fits

into a hole arising from four other side chains on the other helix [21]. The true function of CC
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domains is not yet understood. It is believed that they may function similarly to the TIR domain
[13]. However, they are also found at the carboxyl terminus of a transmembrane domain of the
RPWS gene [41]. Here, it is suspected that they are directly involved in pathogen recognition or that

they act as helper molecules for another recognition protein or molecule [13; 41].

The cores of NBS-LRR R genes encode a nucleotide binding domain [39; 16]. The NBS domain is
characterised by several short conserved regions [33; 39]. These regions can be conserved among
NBS family members and different between the different NBS family members [24]. The most
common of these regions is the phosphate-binding loop or P-loop [33]. This region is found in both
the ATP- and GTP- binding families of NBS genes [39]. Other conserved regions are the kinase-2,
kinase-3, and GLPL regions. These regions are sufficiently conserved to be used for classifying
sequences into the NBS class [39; 22]. They are also exploited to design degenerate primers to

detect a wide range of NBS homologues [16; 19; 42].

Leucine rich repeat (LRR) domains are found in proteins with different functions. They are located
mainly at the carboxyl terminus of the protein. However, all of these proteins interact with other
proteins and several function in signal transduction pathways [17; 27]. The LRRs are characterised
by serially repeated leucine residues (xxLxLxx), or other aliphatic amino acids [10; 14]. The only
LRR-containing protein that has been described through crystallography is the porcine ribonuclease
A inhibitor [18]. From this structure, it is inferred that the leucine residues are buried and do not
take part in protein interactions, but impart conformational structure to the protein [17; 18]. Most
LRR regions do not match a consensus sequence and this would indicate that they do not have a
highly regular structure of the xxLxLxx conserved repeats [6]. This might be due to the fact that
many conformational structures are needed to recognise a diverse set of pathogen-derived

molecules.

The rearrangement of the leucine residues in LRR regions indicates that they are involved in the
recognition of different pathogens [37; 10]. This was shown experimentally using the ten alleles of
the L gene in flax that imparts rust resistance [12; 20]. Functional analysis on different
combinations of the LRR repeats for the ten alleles, conferred different resistance specificities to
susceptible isolates when they were transformed. The combination of more than one allele in these
experiments conferred new specificities to the transformants that differed from those from which

the combined constructs were derived [12].
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The best defined relationships in the TNL and CNL genes are from studies on Arabidopsis and
Medicago truncatula [8; 25; 43; 24]. These studies have shown that the TIR and non-TIR
sequences group into different clades in phylogenetic analyses [43; 24]. However, these genes are
intermingled when the mapping data are analysed for Arabidopsis [24]. Preliminary data suggest
that this is not the case in the M. truncatula and Glycine max genomes, where non-TIR sequences
and TIR sequences are found on separate chromosomes [42; 43]. It is suspected that larger genomes
with more retrotransposons and higher ploidy levels, i.e. Pinus and Triticum, might have more
complex clusters of CNL and TNL genes [24]. Phylogenetic analysis between RGA of M.
truncatula and M. sativa; and between Lycopersicon esculentum and Solanum tuberosum have
shown that RGAs from different species group to similar branches [27; 43]. This indicates that
orthologous genes exist or that these genes are derived from an orthologous ancestor [43].
However, the TIR and non-TIR are always separated into different clades (43; 24]. Therefore, they

represent two very distinct classes of genes.

Meyers et al. [25] have identified new combinations of TIR sequences that are related to the TNL
genes (Table 1). This analysis has identified TIR domains that are not linked to either the NBS or
the LRR. These TIR domains could be necessary adaptor proteins that link with other TNL proteins
to facilitate in the signal transduction pathway [25] Through an updated annotation of the
Arabidopsis genome, they have also found that TNL genes can have multiple TIR and NBS
sequences [24]. It is suspected that the TIR, CC, NBS, and LRR domains may have evolved
separately, but at some stage they combined to form multi-domain proteins that have an

evolutionary advantage over the separate domains [24].

Determining the evolutionary relationships between the TN/TNL and CN/CNL genes is
complicated. An analysis of the introns and exons in these genes shows that there are considerable
differences between them. The TN/TNL genes contain on average four exons and the CN/CNL class
usually only has one [24]. The assortment and positions (phases as 0, +1 and +2) of these introns in
the CN/CNL genes suggest that they are the more ancient of the two gene types [24]. The branch
lengths on the phylogenetic trees of the CNL genes are much longer than those derived from TNL
sequences [8]. This also indicates a more ancient origin for the former gene type [24]. Based oﬁ
molecular dating, the split between the TNL and CNL predates the split between gymnosperms and
angiosperms [24]. This makes it difficult to deduce evolutionary relationships of these genes based

on the data from sequenced genomes of angiosperms {24].
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Several studies have been done on TNL and CNL genes in dicotyledonous and monocotyledonous
plants [27; 28; 2; 8; 25; 24]. However, only two studies have included conifer species [8; 25]. The
current understanding of 7NL and CNL genes is thus limited in conifers. To further the
understanding of the structure and relationships of TNL genes in the genus Pinus, we amplified and
sequenced segments of the NBS regions of these genes with degenerate primers. These sequences
were used in a phylogenetic analysis to assign these RGAs to a specific class of TNL genes. These

sequences were also analysed for known motifs to elucidate the structure of Pinus T. NL genes.

Materials and Methods

Plant Material and DNA Extraction

The pine isolates used in this study were P. elliottii, P. engelmannii, P. greggii, P. patula, P.
radiata, and P. taeda. Needle material for DNA extraction was obtained from Komatiland Forest
Products (P. patula, P. radiata, P. elliottii), Global Forest Products (P. taeda), and Mondi Ltd. (P.
greggii, P. engelmannii), South Africa.

DNA was extracted using a modification of the CTAB method [35]. Needle material from the
different pine isolates was ground in liquid nitrogen. This powder was added to 750 upl of hot
extraction buffer (5 % w/v CTAB, 1.4 M NaCl, 0.1 M Tris-HCl1 pH 8, 1 % w/vkpolyvinyll
pyrrolidinone, 0.2 % v/v 2-mercaptoethanol). This was mixed thoroughly and incubated at 60°C for
one hour. One volume of chloroform: isoamyl alcohol (24:1) was added, homogenised with a
vortex mixer and centrifuged for 10 min at 10000 rpm. The upper phase was transferred to a new
tube and the step repeated until the interface was clean. The volume of the upper phase was
determined and a tenth volume 3 M NaOAc (pH 4.6) and twice the total volume of ethanol were
added. DNA that precipitated immediately was spooled out, washed with 70 % ethanol and
resuspended in 100 pl water. All DNA samples were further cleaned through polyethylene glycol
(PEG) precipitation, as no PCR amplification was successful unless this step was performed. A
volume of 20 pl from each of the DNA samples was added to 20 ul 3M NaCl and 120 ul 14 % PEG
8000. This was incubated on ice for 30 min and then centrifuged for 30 min at 14000 rpm at 4°C.
The pellet was washed with 70 % ethanol, dried and resuspended in 20 pl water. Concentration of
the samples was determined spectrophotometrically and all sample concentrations were adjusted to
5 ng/ul for use in subsequent PCR reactions. All samples were stored at —20°C for the duration of

the study.
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Primer Design, PCR Amplification and Sequencing

Pinus taeda NBS-LRR amino acid sequences deposited by Meyers ef al. [25] were obtained from
GenBank. These sequences were aligned to each other with ClustalX [38]. The conserved domain
database (CDD) at GenBank was used to identify conserved domains for primer design. Two
domains similar to the KTTL (P-loop) (+55 aa) and GLPL (+245 aa) regions of the NBS consensus
sequence at CDD were identified. These regions were selected for design of degenerate primers as
consensus-degenerate hybrid oligonucleotide primers (CODEHOP) (http://blocks.fhcrc.org/
codehop.html) [31].

Degenerate primers and primers designed by Yu et al. [42] were used to amplify putative NBS-
LRR homologues using the following reaction conditions on a GeneAmp® 9700 (Perkin Elmer):
94°C for 1min, 60°C for 40 s — 1°C/cycle, 72°C for 1 min for 6 cycles. This was followed by 30
cycles of the same conditions except for an annealing temperature of 55°C and 1 second was added
to the extension step after each cycle. The reaction had an initial denaturation of three minutes and
a final elongation period of five minutes. The ramp speed of the GeneAmp® was set to 50 %
between the annealing step and the amplification step for amplification of the target region as no
amplicons were observed in the absence of this adjustment. The reaction conditions were 1X
Reaction buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1 % Triton® X-100), 1.5 U Taq
polymerase (Promega), 1.5 mM MgCl,, 200 pM each dNTP, 25 uM each forward and reverse
primer. All PCR amplicons were separated on 2 % agarose gels. Amplicons of approximately 570
bp and 340 bp were expected after amplification. Fragments of this size were punched from the gel
and extracted with the MinElute Reaction Cleanup kit (Qiagen). The amplicons were cloned into
pGEM-T Easy vector (Promega) for transformation to competent JM109 E. coli cells according to

the manufacturer’s instructions.

Positive  colonies  were screened using colony PCR  with the T7 (5-
TAATACGACTCACTATAGGG) and Sp6 (5-ATTTAGGTGACACTATAG) primer sets and
amplicons of the expected size range were purified through ethanol precipitation. The PCR
conditions were 30 s at 94°C, 30 s at 50°C, and 30 s at 72°C, with an initial denaturation and
breaking of the cells at 94°C for 1 minute, and a final extension at 72°C for 5 min. The reaction
conditions were 1X Reaction buffer, 0.5 U Tag polymerase (Promega), 0.3 mM MgCl,, 40 uM
each dNTP, 1 pM of each primer. The amplicons were subjected to cycle sequencing of both
strands with the BigDye™ Dye Terminator v3.0 using the same primer sets as before. The

sequencing reactions were run on an ABI™ 3100 (Applied Biosystems).
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Computational Analyses

The different classes of NBS sequences were abbreviated using the descriptions reported by
Meyers et al. [25] (Table 1). Homology of the sequenced fragments to known NBS regions were
determined by screening against the database at GenBank through the BLASTX algorithm
(http://www.ncbi.nlm.nih.gov) [1]. The NBS-like sequences were translated to amino acid
sequences by the European Molecular Biology Open Software Suite (EMBOSS) [30], and aligned
to each other and previously identified NBS homologues with ClustalX (Table 2). Sequences that
were not homologous to NBS were included in a tree derived from nucleotide alignments to

determine their relationship with each other.

DNA and amino acid sequence data were analysed using the neighbour joining programme in
PAUP* 4.4b10 [36]. In the analyses all uninformative characters were excluded and a 1000 pseudo-
replicate bootstrap analysis was performed to determine the confidence in branching points. Groups
with a bootstrap value higher than 70 % were retained. The trees containing NBS homologues were
rooted to NBS homologues from Physcomitrella patens (BJ59673, BJ198288) [25], and the tree
containing the nucleotide sequences was rooted to NBS homologues from Cryptomeria Jjaponica

(AU084676).

To further our understanding of the grouping and structure of the isolated NBS homologues a motif
analysis was performed on these sequences. The sequences were analysed using Multiple
Expectation of Maximisation for Motif Elicitation (MEME) and the Motif Alignment and Search
Tool (MAST) (http://meme.ucsd.edu/) [3; 4; 5]. The parameters were set to identify ten conserved
regions. In the MEME analysis, motifs are identified and their specific position recorded on each of
the sequences that were analysed. The MAST program then makes use of these motifs and arranges
them on each of the sequences. The sequences are ordered according to the E-values that are

allocated accordingly to the strength of the match of the sequence to the motif pattern.

Results

Primer Design and PCR Amplification
The alignment between the P. faeda NBS sequences and the NBS domain found at the CDD
indicated that the P-loop (KTTL) and the LPL region found in the NBS of other plants were also

conserved in Pinus (Fig. 1). These conserved regions allowed for the design of degenerate primers
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(Table 3) that would potentially allow for the amplification of a range of NBS homologues in
conifers. The degenerate primers were designed to contain a degenerate core and a consensus
clamp region that should stabilise the binding of the primer [31]. The primers that were designed in
this study included approximately 60 amino acids more in the amplicons than the NBS-set. They

were effective in amplifying NBS homologues from several Pinus species.

The primers designed for this study were different to those reported by Yu et al. [42]. Their primers
targeted smaller fragments of the NBS region, which stretched from the 180™ amino acid to the
LPL region (Fig. 1). The forward primer of the NBS set was designed to bind to the amino acid
sequence SRIIITTR. This sequence was not conserved in the Pinus sequences that were amplified
in this study or obtained from the web. The use of this primer set did not result in the amplification
of any resistance gene analogues (RGA) and all the detected fragments were from retrotransposable

elements.

PCR with the degenerate primers produced multiple bands in both reaction sets. Fragments that
were larger than the expected 570 bp proved to be retrotransposable elements when sequenced. The
KTTL-F and LPL2 primers gave less smearing and less non-specific amplicons than the NBS-set,
which did not amplify any RGAs. Several of the fragments isolated by the CODEHOP-designed
degenerate primers, which fell in the expected size range, were not NBS homologues. These
fragments gave no significant homology to any identified protein when searched against the
GenBank database. Not all of the sequences generated in this study contained open reading frames

(ORF) as they were interspersed with stop codons.

Phylogenetic Analyses

Three phylogenetic analyses were performed in this study. The first included only the sequences
identified by Meyers et al. [25] from P. taeda and C. japonica. This provided a basis for
comparison to the full dataset (Fig. 2). The second analysis contained all the NBS homologue data
points (Fig. 3), and the last data set contained the sequences that displayed little or no homology to
NBS regions or any identified proteins (Fig. 4). The first two data sets were constructed from
alignments between amino acid sequences of the NBS homologues, and the last tree between
nucleotide alignments of the NBS homologues and the remaining sequences. Nucleotide sequences

were used, as some of them contained several stop codons.

107



The different classes of NBS homologues grouped into two distinct clades (Fig. 2). The division of
these clades was supported by confidence intervals of 70 % and 100 % for clade I and II,
respectively. Clade I included the TNL, TX, TPL, and TN classes of NBS homologues. The NBS
homologue from C. japonica was also included in this clade. The grouping of one of the TNL
(AAM28917) and the TN (AAM28913) class was supported by a 93 % confidence interval. Clade
1 included three separate sub-groups supported by high confidence intervals (98 %, 89 %, and 100
% respectively). The two TNL homologues (AAM28908, AY091556) in this clade grouped
together with an NL (AAM28909). This sub-clade was separated from the rest of the NL
homologues (AAM28912, AAM28911, AAM28915, AAM?28916). Although all the NL
homologues grouped into this clade, they were not equally related (Fig. 2). The TNL class appeared
polyphyletic as it was found in both the major clades of the phylogram.

The relationships between the different NBS homologues that were obtained in this study with
known gymnosperm NBS homologues are shown in Figure 3. The topography of this tree was
similar to the first tree (Fig. 1), which was generated by aligning previously published NBS
homologues (Fig. 2). Three well-separated clades with strong bootstrap support emerged (Fig. 3).
Clade I included the NL homologues and two of the TNL homologues as in Fig. 2. The two P.
pinaster sequences (BX249943, BX251712) also resided in this clade. However, they were further
removed from the other sequences and resided in a discrete sub-group. Clade II contained the TNL,
TX, TPL, and TN classes of NBS homologues. The resolution in this clade was better than that
observed in the tree produced from the first dataset (Fig. 2). However, the TNL (AAM28917) and
TN (AAM28913) class sequences were not present in clade III as would have been expected from
the first dataset. These two sequences shared greater homology with sequences obtained in this
study and grouped in clade II. The NBS homologue from P. radiata, isolated with the KTTL-F and

LPL2 primer set, grouped separately from the other sequences isolated with this primer set.

The relationship between the NBS homologues and the unidentified sequences obtained in this
study are shown in Figure 4. These relationships were based on nucleotide alignments of the
sequences generated with the KTTL-F and LPL primer set. This analysis was based on nucleotide
alignments, as several fragments could not be translated to uninterrupted amino acid sequences.
The groups observed in this analysis were not well resolved. The NBS homologues included in this

tree had the same designations as those in Fig. 3.
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The NBS homologues grouped into two sub-clades (clades I
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(LPDPFGNLKNLRHINMSFCPKLKQLPDSFGNLTHLQHIDMH) not previously reported for
this region. The two most conserved motifs were the kinase-2 (LIILDDVD) and GLPL (GLPL)

regions (Fig. 6 and Table 4). In TNL genes the kinase-2 motif encodes a D at the end and for the
CNL genes a W [24].

Based on the sequence of the kinase-2 regions all the sequences isolated in this study were
considered to be TNL and not CNL homologues. Placing NBS homologues into either the CNL or
TNL genes can be based on the last amino acid found in the kinase-2 motif [23; 25]. In these studies
it was reported that in most CNL genes the last amino acid found in the kinase-2 domain is a

tryptophan. For TNL genes, this amino acid is an aspartic acid.

The MEME analysis was also performed on the non-NBS homologues (Fig. 7 and Table 5). Several
motifs were found in the NBS homologues as well as the non-NBS sequences. The two motifs
numbered one (GLPL) and three (P-loop) could not be used in this analysis as they encoded for the
primer sequences used and were found in all the sequences. The P-loop motif (motif three) was
duplicated in several of the sequences (Fig. 7). Translation of motifs five and nine indicated
homology with the RNBS-B and RNBS-A motifs found in Pinus NBS amino acid sequences. Motif
two indicated homology with the kinase-2 motif found in Pinus NBS amino acid sequences. These

were the only motifs that shared significant homology with known NBS conserved motifs.

Several other motifs were identified in the non-NBS sequences. When translated, they had
homology to amino acid sequences that were highly conserved in all the Pinus NBS sequences
analysed. However, these sequences are not conserved motifs found in NBS sequences. For
example, motif four shared homology to the GIEDSSIYNLTGLNTAQ stretch between the RNBS-B
and GLPL regions of the NBS homologues. It was situated between the kinase-2 region and the
RNBS-B region. These two motifs were inverted in the non-NBS homologues in comparison with

the NBS homologues included in this analysis.

Two motifs (eight and ten) were identified that shared no homology to any of the included NBS
sequences. However, motif eight was conserved in the non-NBS sequences (Fig. 7). The motif
order in these sequences also differed from that found for the NBS sequences. Translations to
identify homology of these motifs to the NBS amino acid sequences introduced up to three stop

codons into the sequence.
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Discussion

In this study degenerate primers were used to amplify NBS-LRR homologues from several Pinus
spp. commonly grown in plantations. Based on the conserved aspartic acid found in the kinase-2
domain (Table 4), the sequences were assigned as TNL homologues. These homologues were used
in several analyses to determine the relationship between them at amino acid level, and to
determine the structural differences in the repeats that they contain. As the TNL genes comprise a
super family of RGA genes that contains various subgroups [8; 25; 7, 24], the sequences were

further analysed and compared with known NBS-LRR regions from P. taeda.

Primer Design and NBS Sequence Analysis

The two most conserved regions of the NBS are the P-loop and GLPL regions. Of these two, the
Pinus P-loop shares the highest homology to the known consensus sequence (GGxGKTTLAK for
Pinus) that is found at GenBank. The GLPL region of Pinus (CxGLPLXLKYV) is also highly
homologous to the consensus found at GenBank (CKGLPLALKVLGGLL). This makes it possible
to design degenerate primers that will detect NBS domains in a host of plant species. The other
region that has been used previously, the NBS primer set used in this study (Table 3), is designed
around the RNBS-B domain [42; 24]. This domain’s position is conserved in Pinus but the
sequence differs completely from that of the reported consensus sequence. In the CDD consensus
sequence it is encoded by SRVIVTTR and in Arabidopsis by SRIIVTTE. The identified
Arabidopsis and G. max NBS domains correspond closely to the consensus. In Pinus the consensus
sequence from the isolated sequences were DSLILITSR (Fig. 6 and Table 4). The degenerate
primer designed by Yu et al. [42] targets the RNBS-B domain with the reverse primer. We were
not able to amplify any RGA sequences from Pinus with this primer, as this specific amino acid

sequence is not conserved in Pinus.

The sequences that were detected in this study all group in one cluster. This suggests that the
degenerate primers might be biased. This is also reflected in the grouping of sequences into one
cluster in the motif analysis (clade II in Fig. 2, Fig. 5 and 7). In future, primers could be redesigned
from published data to isolate more NBS-like sequences [24]. However, designing primers more
specific for NBS homologues found in gymnosperms is currently not feasible from the existing
databases on gymnosperms. The kinase-2 domain in Pinus serves as a good example. In our
MEME analysis we identified the consensus sequence as LIILDDVD. Only two of the Pinus

sequences used has the same sequence as the Arabidopsis kinase-2 consensus (LIVLDDVD).
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Compensating for the codon differences for these two amino acids would raise the degeneracy of a
primer eight times. A preferable option would be to design several primers for this region that have

a lower level of degeneracy.

No gymnosperm genome sequence data are available to enable the identification of all possible
NBS analogues. To understand the full range of these analogues in gymnosperms, it is therefore
necessary to supplement the available sequences that are found in public databases. Several
degenerate primers have been designed to amplify NBS homologues from diverse species [16; 19;
42). In this study, we have made use of primers designed specifically from known Pinus sequences.
Analysis of the resulting amplified fragments can now be used further in comparative analyses to
design several primer sets that will be able to target all the known NBS variants from
gymnosperms. While this will result in a more complete understanding in gymnosperms, the full
spectrum of RGAs present in the genome will only emerge when a full genome sequence is

available.

Comparative Analysis of NBS Homologues

Phylogenetic analysis for the Pinus NBS homologues was performed on putative amino acid
sequences. The region stretching between the P-loop and the GLPL region of the NBS was used to
infer the genetic relationship of these sequences to R genes. It is feasible to make use of the NBS
region for a phylogenetic analysis as they are related to known TIR, CC and LRR regions. It can,
therefore, be assumed that they represent components of R genes [27]. They also contain several
conserved domains that can be utilised to optimise alignment between different sequences. The
genetic relationships were based on a neighbour joining distance analysis of the P-loop to the
GLPL region. Neighbour joining analysis was used as it is comparable to more computational

intensive analysis when used on smaller datasets [32].

Phylogenetic analysis grouped the different classes of TVL genes into three distinct clades (Fig. 3).
Clade I contained all the sequences that were isolated in this study. In this clade the observed
sequence divergence was less than expected (Fig. 6). This was also seen in the short branch lengths
that are evident when this clade is compared with clades I and I In these two clades the observed
sequence divergence, was much more apparent. This is similar to other studies where the branch

lengths reflect the TNL and CNL sequence diversity [23; 8; 24].
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Clade III grouped away from clades I and II (Fig. 3). This is also obvious from the motif analysis of
the TNL genes (Fig. 5). Clade III contained the sequences designated by Meyers et al. [25] as the
TX and TL. None of these sequences contained any NBS or LRR motifs and were comprised of
only the TIR regions. The only exception to this clade is the sequence previously designated as
TPL (P. taeda AAM28914). This sequence contains the two TIR motifs that are followed by P-loop
and the LRR motifs (Fig. 5 and Table 4). This sequence contained none of the other NBS motifs.
The P-loop was not detected in our dataset during the MEME analysis. This could be due to
specifying that the maximum number of motifs to identify should be ten. As the P-loop motif was
not present in several of the sequences that were analysed, the preset number was reached before it

was called.

The P. taeda AAM?28907 sequence was previously designated as being of the TNL class. However,
we could not find any of the NBS motifs prevalent in this sequence (Fig. 4). It contained only the
two TIR motifs in series as TIR-1, TIR-2, and again TIR-1. Therefore, based on the assembled
information there is insufficient evidence to class it into the TNL group and it would be preferable

to refer to i1t as TX.

A vast difference was observed between the conservation of the RNBS-B of Pinus compared with
several other plant species. However, the changes in amino acid sequence observed did not have a
great effect on the polarity of this region. The conserved sequence for other plant species is
effectively neutral over the whole motif, with a double negative charge (ED) to the carboxyl side.
In Pinus, the amino acids also code for a neutral motif. The only difference observed here is that
there is one positively charged amino acid (R) followed by a negatively charged amino acid (D).
Upon analysis of the several types of NBS genes that have been described and compared, it is
interesting that the kinase domains contribute to the nucleotide binding capacity of the domain. We
believe that the slight change in the RNBS-B domain in Pinus would not be detrimental to the

function of this domain.

The non-NBS homologue sequences obtained in this study shared several similarities to the NBS
homologues (Fig. 7). These sequences were isolated from the Pinus genome as they had sufficient
shared similarity to the P-loop and GLPL regions for the degenerate primers to detect them. Several
of these sequences contained the known kinase-2 and RNBS-B motifs, and shared homology to the
regions between the RNBS-B and GLPL region. Several other motifs present in the NBS

homologues were also found in these sequences in different combinations. Although several of
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them are interspersed with stop codons it could be that they are remnants of NBS homologues, as
this has been previously reported [8; 24]. To further understand these sequences it would be
feasible to assemble the motifs present in them into a hidden Markov model (HMM) to identify
similar sequences from public databases. This might prove useful in identifying older versions of

the TNL that might differ significantly from the current consensus for NBS genes.

NBS homologues are common in Pinus. Several sequences were isolated from different Pinus
species through the use of degenerate primers. Several NBS homologues have also been isolated in
different studies by different groups. When comparing these NBS homologues to those in
Arabidopsis, it was found that they formed a separate monophyletic group closely related to the
Physcomitrella patens homologues [25]. Therefore, it is assumed that in conifers, these analogues
have developed independently [25]. Thus, a study on Pinus homologues would be valuable in the
search for TNL and CNL ancestors found in older plants. Unfortunately, the current drive for
sequencing of a specific genome is determined by economic benefit. This, coupled with the costs
involved in sequencing a conifer genome, has meant that a full genome sequence for conifer is not
yet available. This makes the identification of conserved regions in ancient plants, and degenerate
primer design from these, the only current option to study these genes. However, the need exists to
extend the primer design to the conserved regions found in the TIR as well as the MHD.
Amplification of the sequence between these two domains would enable better analysis of the NBS
region and heighten the inferences that can be drawn from this domain that is found in several
identified R genes. This might also accelerate gene discovery and contribute towards breeding for

disease tolerance in conifers.

There are several opportunities to study the TNL and CNL genes that are present in the Pinus
genome. To further our understanding of Pinus and more ancient TNL and CNL genes it will be
necessary to obtain additional full length sequences. If this is achieved, it would be possible to
analyse the full complement of TNL and CNL genes as has been done for the Arabidopsis Col-0
genome [24]. It is evident that the division between the TNL and CNL genes occurred before the
divergence of gymnosperms and angiosperms [8]. Therefore, the isolation of TVL and CNL genes
from the Pinus genome will further assist in inferring evolutionary relationships of these genes.
This also implies that the need exists to find and study these homologues in more ancient plants
than the gymnosperms. Knowledge gained from these plants will heighten our understanding of the

evolution of R genes in economically important plants.
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gi 689495 406

gi 2258317 364 KCKGLPLALKTLAGMLRSKS-EV-EEWKCILRSEIWELR--=----- DNDILPALMLSYN 413
gi 1931650 332 CCGGLPLAVKVLGGLLATKH-TV-PEWKRVYDNIGPHLAgrss1ddNLNSIYRVLSLSYE 389

310 320 330 340
R I S L R I A

consensus 263 NLPM-HLKRCFLYLALFPEDYDIPVKQLISLWIAEGFVEAENE 304

Pinus 447 SLGK-IEKQIFLDIVCFFIGED--KDTAIRIWDGtewggslrf 486

gi 2258315 429 DLPA-HLKQCFAYCAIYPKDYQFRKEQVIHLWIANGLVHQFHS 470

gi 862904 481 ALNP-EAKEIFLDIACFFIGON--KEEPYYMWTDCNFYPASNI 520

gi 548086 398 NLESALLRSCFLYCALFPEEHSIEIEQLVEYWVGEGFLTSSHG 440

gi 2443884 398 SLGDeHIKSCFLYCALFPEDGEIYNEKLIDYWICEGFIGEDQV 440

gi 1513144 1337 NLPH-YLKPCFLYFGGFLQGKDIHVSKMTKLWVAEGFVQANNE 1378

gi 699495 462 ELPS-HLKSCILTLSLYPEDCVIPKQQLVHGWIGEGFVMWRNG 503

gi 2258317 414 DLPA-HLKRCFSFCAIFPKDYPFRKEQVIHLWIANGLVPVEDE 455

gi 1931650 390 NLPM-CLKHCFLYLAHFPEYYEIHVKRLENYLAAEGIITSSDD 431

KCKGLPLTIKAVGGLLLCKD—HVyHEWRRIAEHFQDELRgn-——tsETDNVMSSLQLSYD 461

Figure 1: Amino acid alignment of P. radiata NBS region to the conserved NB-ARC sequence
(pfam00931.8) at GenBank’s Conserved Domain Database (CDD). Bold text represents the
conserved P-loop (KTTL) and GLPL regions found in most NBS-sequences. The consensus
sequence is derived from deposited data found at CDD. Pinus is the P. radiata NBS sequence.

Cursive bold text indicates the region (SRIIITTR) that the reverse primer (NBS-R1) binds to [42].
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P. patens Bj159673
0.1 changes

P. taeda-NL AAM28911

P. taeda-N AAM28915

P taeda-NL AAM28916

Figure 2: Tree resulting from the first analysis, using the neighbour joining algorithm, of amino

acid sequences from previously classified TNL genes [25]. Bootstrap values are calculated from

1000 replicates and values higher than 70 % were retained. Abbreviations used for the different

classes can be found in Table 1. The tree is rooted to the Physcomitrella patens NBS homologue.
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Figure 3: Distance tree produced from a neighbour joining analysis of the aligned Pinus amino
acid sequences. The tree includes sequences from Cryptomeria japonica and Physcomitrella patens
as they were identified by Meyers et al. [25] to be closely related. Bootstrap values are calculated
from 1000 replicates and values higher than 70 % were retained. Abbreviations used for the

different classes can be found in Table 1. The tree is rooted to Ph. patens NBS homologues.
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Figure 4: Distance tree produced from the analysis of DNA sequences of the different fragments
amplified in this study. Several of these sequences displayed no homology to known sequences.
Bootstrap values are calculated from 1000 replicates where only branches that had values higher
than 70 % were kept. The letter N followed by a number indicates the sequences with no known

homology and the number of sequences identified from a specific species. The tree is rooted to C.
japonica (AU084676).
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Figure 6: Amino acid alignment of sequences in clade II as presented in Figure 3. The Ph. patens sequence was also included in this alignment, as

it had the same motifs as found in this clade.
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Table 1: Classes of NBS genes as described by Meyers et al. [25].

Abbreviation Class

NL Nucleotide binding site Leucine rich repeat

TNL Toll/Interleukin-1 receptor Nucleotide binding site Leucine rich repeat
TN Toll/Interleukin-1 receptor Nucleotide binding site

TPL Toll/Interleukin-1 receptor P-loop Leucine rich repeat

TX Toll/Interleukin-1 receptor
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Table 2: NBS sequences used in the phylogenetic analysis.

Accession No. Identity Species Reference
BX249943 -- Pinus pinaster --
BX251712 -- --
AAM28908 TNL P. taeda [25]
AY091556 TNL h
AAM28912 NL
AAM28911 NL
AAM28915 NL
AAM28909 NL
AAM28916 NL
Putative TNL P.elliottii Present study
P. patula
P. patula
P. elliottii
P. greggii
P. patula
P. engelmannii
AAB92505 Kinase —P-loop P. radiata --
TO08068 N-gene-homologue --
BJ198288 - Physcomitrella patens [25]
-- P. radiata Present study
AAM28913 TN P. taeda [25]
AAM28917 TNL h
-- P. patula Present study
AAM28907 TNL P. taeda [25]
AAM28910 TX A
AAM28914 TPL
AU084676 -- Cryptomeria japonica
BJ159673 -- Ph. patens
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Table 3: Degenerate primers designed to amplify NBS homologues. The primers in this study were
designed from the P-loop (KTTL) and GLPL region of the Pinus NBS homologous region. This
primer design incorporates a 5° GC-rich consensus clamp that stabilises the binding of the primer,

with a more degenerate core to allow for better stringency during amplification [31].

Name Region Sequence™ Reference
KTTL-F GGAGKTTLAK 5'-cggcgecgecaaraciaciaciytige Present study
LPL2 VKLSLPLGACA 5'-cctcagagacagaggcagtceiccreaige h
NBS-F1  GMGGVKT 5'-ggaatgggnggngtnggnaarac [42]
NBS-R1  SRIIITTR 5'-yctagttgtraydatdayyytrc N

*D = A/G/T, I = A/C/T,N = A/C/G/T,R=A/G,Y =C/T
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Table 4: Amino acid motifs aligned and displayed in Figure 5 using MAST analysis. Putative names assigned to the different motifs. Amino

acids that are similar to the annotation provided for the Arabidopsis consensus sequences [24] are underlined.

Motifno. Motif width Motif similarity Best possible match
(amino acids)
1 50 RNBS-B PIRNVLHPDSLILITSRDRDVLRRSGIEDSSTYNLTGLNTQHSTELFCCH
2 41 Kinase-2 TQLDERIESVGEGIEVLKEQLSSFHALIILDDVDHVNQLEA
3 29 GLPL FRQPHPLPGFEYLVEKFVEACGGLPLSLK
4 50 RNBS-D IQKRLQISYYALQMDEKQIFLDVACFFIGEKRDTAIRIWDGSGWKGSLGF
5 50 TIR-2 GEYIWPQIEAAIRTAWVHIAIFSPGY AESMWCLDELL WMFKSGGTIIPVF
6 29 RNBS-A YRKSYFLSDVRENAARSSLPSLQKKILLG
7 29 MHDV LQNRCLVEVDTENEIRMHHHLRDMGRDLA
8 41 LRR (end) LPDPFGNLKNLRHINMSFCPKLKOQLPDSFGNLTHLQHIDMH
9 29 LRR CWQLKYLPDAFGNLNNLQHINMSGCPGLE
10 29 TIR-1 FINHRGPDTKKTFAKHLYRRLREHGLRVF
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Table 5: Nucleotide motifs aligned and displayed in Figure 7 using MAST analysis.

Motif Motif width (bp) Best possible match

O 00 N &N v kR W N -

o
()

46
50
29
50
50
50
50
50
50
50

TCAGAGACAGAGGCAGTCCGCCACAGGCTGCCGCAAACTCATAAGC
ATTATCTACATCATCTAAAATTATTAAAGCATGAAAGGATGAGAGTTGTT
TTCAGCCAACGTCGTCGTCTTGCCGGCGC
AGGCCTGTTAGATTGTGAATTGATGAATGCCGGATTCCTGA
CAAAACATTGCTGTCCCGAGATGTAATCAAGATTACAATATCGGAGTTGA
TCTATGCCTTCACCAACGCTCTCTATTCGAAGATCCAATTGAGTCAAACC
TCGAACCCTTGAAGTGCGAGGGGTTGTCTGAAGGCATGCAAGCAAAAGAG
TTCGGTAGGTTTGACGGTCAACAAACCCGGCGTGCAGCCCAACTCATAGT
AAGAATTTTTTTTTGCAGGGAACGTAGAGAGCTTCTTGCAGCATTTTCTC
ACGGCTCTCCAGCGCCACCTGCACCGCGTCTTCCTTGCTGGTCACGGTTT
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Summary

The main objective of this thesis was the elucidation of the host-pathogen interaction between
Pinus patula and Fusarium circinatum. This was accomplished by studying differential gene
expression at the molecular level. Therefore, the first chapter reports the use of PCR-based
methods in gene discovery and transcriptome analysis. The use of these techniques in the
identification of novel transcripts in host-pathogen interactions is addressed. These examples

illustrate the differences and strong features of each technique.

Chitinases are linked to defence responses in plants. In chapter two, the induction of chitinases in
P. patula was assessed at both the protein and genetic level. Western blot analysis and enzyme
activity assays indicate that chitinase enzyme is not detected as part of the defence response by
P. patula after infection by F. circinatum. This was further confirmed by the lack of significant
induction of two Pinus chitinase genes, LP6 and PSCHI4, as determined by RT-PCR analysis.
Partial DNA sequence homologues for the LP6 and PSCHI4 genes were determined and
compared with a variety of plant chitinases. The low levels of detectable chitinase induction in P.
patula might explain the high levels of susceptibility to the pitch canker fungus observed in

seedlings of this tree.

Pinus patula, the most widely planted species in South Africa, is highly susceptible to infection
by F. circinatum. In chapter three, suppression subtractive hybridisation was used to elucidate
the changes taking place at the molecular level early on in this interaction. Most of the identified
transcripts shared homology to both biotic and abiotic stress in plants. The induction of one
fragment, displaying homology to phytocyanin proteins, was followed through RT-PCR.
Induction levels for this fragment differed significantly between less and more susceptible plants.
Although most of the sequences isolated in this study can be linked to stress, most have not been
linked with specific plant-pathogen interactions. This raises questions in regard to the function of
these genes in host-pathogen interactions. Further research to identify the function of these
sequences in the defence response will be needed. These sequences can also be tested against a .

family of Pinus trees to ascertain if they will be useful in marker assisted selection.
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A molecular analysis of culture degeneration and pathogenicity of F. circinatum was attempted
in chapter four. In this chapter, the differential induction of transcripts in F. circinatum was
determined against several other Fusarium spp. Several of the identified fragments shared
homology with stress related proteins. One transcript shared homology to a polyketide synthase,
FUMS, that could be linked to fumonisin production in other Fusarium spp. ELISA detected no
fumonisin production, although the FUMS5 transcripts were detected. The identification of all the
transcripts could provide a basis for more intensive gene discovery studies in F. circinatum and
other Fusarium spp. The induction of these sequences in different isolates needs to be studied to
prove their function in F. circinatum. This study also complements several other studies that

studied the morphological characteristics of culture degeneration.

Resistance gene analogues have been reported from a diverge set of plant species. In chapter
five, degenerate PCR amplification was used to isolate TIR-NBS-LRR like resistance gene
analogues from a range of Pinus species. These sequences were further characterised through
comparative analysis with previously reported Pinus resistance gene analogues. Through motif
analysis, several of the known conserved motifs found in NBS domains were identified and
conservation with other plant NBS motifs is indicated. The P-loop and GLPL motifs displayed a
high level of conservation on amino acid level with other plant NBS motifs. However, slight
differences in several of the conserved regions were observed when the Pinus analogues were

compared with Arabidopsis thaliana. The identification of differences between angiosperm and |
gymnosperm NBS sequences indicates that design of new degenerate probes and primers for the
isolation of more ancient NBS sequences is needed. Further, phylogenetic and structural analyses
of these sequences will also aid in understanding the relationship between angiosperm and
gymnosperm NBS sequences. The knowledge gained from such a study will highlight the
similarities between angiosperm and gymnosperm defence responses. This study represents the

first detailed report on RGA in Pinus.
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