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Abstract

Banana is the most important fruit crop in the world but ironically one of the
crops least studied. This fruit constitutes a major staple food for millions of
people in developing countries and also it is considered the highest selling
fruit in the world market making this crop a very important export commodity
for the producing countries. At the present time, one of the most significant
constraints of banana production that causes significant economical losses
are fungal diseases. Among these, Panama disease, also known as
Fusarium wilt has been the most catastrophic. Panama disease is caused by
the soil-borne fungus Fusarium oxysporum formae specialis (f.sp) cubense
(FOC), which infects susceptible bananas through the roots causing a lethal
vascular wilt. To date, the race 4 of this pathogen represents the most
serious threat to banana production worldwide since most of the commercial
cultivars are highly susceptible to this pathogen. Introduction of FOC
resistance into commercial cultivars by conventional breeding has been
difficult because edible bananas are sterile polyploids without seeds. Genetic
transformation of banana, which has already been established in various
laboratories around the world has the potential to solve this problem by
transferring a FOC race 4 resistance gene into susceptible banana cultivars
(eg. Cavendish cultivars). However, a FOC resistant (R) gene has not been
isolated. Genes that confer resistance to Fusarium oxysporum have been
isolated from tomato and melon using a map-based positional cloning
approach. The tomato 12 and melon Fom-2 genes belong to the non-
Toll/interleukin like receptors (TIR) subclass of nucleotide-binding site and
leucine-rich repeat (NBS-LRR) R genes. These genes confer resistance only
to certain races of F. oxysporum in their corresponding plant families limiting
their use in other plant families. The fact that these two Fusarium resistance
genes share the same basic non-TIR-NBS-LRR structure suggests a similar
Fusarium resistance mechanism is shared between the families Solanaceae
and Cucurbitaceae. This observation opens the possibility to find similar

Fusarium resistance genes in other plant families including the Musaceae.



A remarkable discovery of a population of the wild banana Musa acuminata
subspecies (ssp.) malaccensis segregating for FOC race 4 resistance was
made by Dr. lvan Buddenhagen (University of California, Davis) in Southeast
Asia. Research carried out at Queensland Department of Primary Industries
(Australia) using this plant material has demonstrated that a single dominant
gene is involved in FOC race 4 resistance (Dr. Mike Smith, unpublished
results). Tissue-culture plantlets of this FOC race 4 segregating population
were kindly provided to the Plant Biotechnology Program (Queensland
University of Technology) by Dr. Mike Smith to be used in our research. This
population holds the potential to assist in the isolation of a FOC race 4
resistance gene and other potential Fusarium resistance genes. The overall
aims of this research were to isolate and characterise resistance gene
candidates of the NBS-type from M. acuminata ssp. malaccensis and to
identify and characterise potential Fusarium resistance genes using a

combination of bioinformatics and gene expression analysis.

Chapter 4 describes the isolation by degenerate PCR of five different classes
of NBS sequences from banana (Musa acuminata ssp malaccensis)
designated as resistance gene candidates (RGCs). Deduced amino acid
sequences of the RGCs revealed the typical motifs present in the majority of
known plant NBS-LRR resistance genes. Structural and phylogenetic
analyses showed that the banana RGCs are related to non-TIR subclass of
NBS sequences. The copy number of each class was estimated by Southern
hybridisation and each RGC was found to be in low copy number. The
expression of the RGCs was assessed by RT-PCR in leaf and root tissues of
plants resistant or susceptible to Fusarium oxysporum f. sp. cubense (FOC)
race 4. Four classes showed a constitutive expression profile whereas no
expression was detected for one class in either tissue. Interestingly, a
transcriptional polymorphism was found for RGC2 whose expression
correlated with resistance to FOC race 4 suggesting a possible role of this
gene in resistance to this devastating FOC race. Moreover, RGC2 along with
RGC5 showed significant sequence similarity to the Fusarium resistance
gene 12 from tomato and were chosen for further characterisation. The NBS



sequences isolated in this study represent a valuable source of information

that could be used to assist the cloning of functional R genes in banana.

Chapter 5 describes the isolation and characterisation of the full open
reading frame (ORF) of RGC2 and RGC5 cDNAs. The ORFs of these two
banana RGCs were predicted to encode proteins that showed the typical
structure of non-TIR-NBS-LRR resistance proteins. Homology searches
using the entire ORF of RGC2 and RGC5 revealed significant sequence
similarity to the Fusarium resistance gene I2 from tomato. Interestingly, the
phylogenetic analysis showed that RGC2 and RGC5 were grouped within the
same phylogenetic clade, along with the Fusarium resistance genes I2 and
Fom-2. These findings suggest that the banana RGC2 and RGC5 are
potential resistance gene candidates that could be associated with Fusarium
resistance. The case of RGC2 is more remarkable because its expression
was correlated to FOC race 4 resistance (Chapter 4). As a first step to test
whether RGC2 has a role in FOC race 4 resistance, different expression
constructs were made with the ORF of this sequence. One of the constructs
contains a RGC2 putative promoter region that was successfully cloned in
this work. These constructs will be used to transform susceptible banana
plants that can then be challenged with FOC race 4 to assess whether

resistance has been acquired by genetic complementation.

The results of this thesis provide interesting insights about the structure,
expression and phylogeny of two potential Fusarium resistance genes in
banana, and provide a rational starting point for their functional
characterisation. The information generated in this thesis may lead to the
identification of a Fusarium resistance gene in banana in further studies and
may also assist the cloning of Fusarium resistance genes in other plant

species.
Key words: banana, Musa acuminata ssp. malaccensis, Fusarium

oxysporum f. sp. cubense race 4, Panama disease, disease resistance gene

candidates, nucleotide binding site.
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Chapter 1

Literature Review

1.1 Importance of banana

Banana is the most important tropical fruit crop in the world. It is a giant
monocotyledonous herb that belongs to the Musaceae family and is
cultivated in approximately 120 countries (Jones 2000). World banana
production is around 100 million tonnes annually (FAO 2005), of which
bananas cultivated for export trade account for only 10%. Hence, fruit
harvested from bananas are important components of food security in the
tropical world, and provide income to the farming community through local
and international trade (Crouch et al. 1998). Banana is an attractive
perennial crop for farmers in developing countries. The fruit can be produced
all year round, thus providing a steady cash income or supply of nutritious
food (Jones 2000). It has been estimated that the highest consumption rates
are on the island of New Guinea and in the Great Lakes region of East
Africa, where banana per capita consumption is approximately 200-250 kg
per year. This contrasts to North America and Europe where the banana per

capita consumption is approximately 15-16 kg per year (Jones 2000).

Although bananas are best known as a food crop, almost every part of the
plant can be used in one way or another. Indeed in India it is popularly
known as “kalpatharu”, meaning “herb with all imaginable uses” (Sharrock
1996). In Central and East Africa, the juice from the ripe banana known as
“beer bananas” is drunk fresh or fermented to make a beer with a low alcohol
content. Ripe bananas can also be used to feed cattle and pigs and the
unripe fruit can be dried and made into a meal which can be used to
substitute up to 70-80% of the grain in pig and dairy diets with little change in
performance. Bananas are the source of a fibre used extensively in the
manufacture of certain papers, particularly where great strength is required.
The paper is used for making tea bags and bank notes amongst other things.

The fibre has numerous other uses, including textile manufacture, for making



ropes, string and thread, and for the production of various handicrafts. The
large leaves of banana make ideal green umbrellas and they are frequently
used as disposable “biological” plates. They can also be used for thatching,
for wrapping food during cooking, as bowl covers and tablecloths, as
temporary mats and for the covering of earth ovens to hold in the heat
(Sharrock 1996). All cultivated bananas are propagated vegetatively either
from suckers, division of the corm or increasingly by micropropagation in
vitro (Dale 1999).

1.1.1 Classification, origin and distribution of bananas

The family Musaceae belongs to the order Zingiberales and contains three
genera, Musa, Ensete and Musella (Constantine and Rossel 1999). The
Musaceae are distributed from West Africa to the Pacific, but are
predominantly of Southeast Asian origin (Stover and Simmonds 1997).
Characteristics of the Musaceae that differentiate this family from others in
the same order are that the leaves and bracts are spirally arranged, male
and female or hermaphrodite flowers are separated within one inflorescence
and the fruit is a many-seeded berry (Stover and Simmonds 1997). In Musa,
the bracts and flowers are inserted independently on the inflorescence axis,
the bracts are usually female. In Ensete, the bracts and flowers, which are
integral with each other and with the axis are persistent and the basal flowers

are often hermaphrodite (Stover and Simmonds 1997).

The genus Musa is divided into four sections according to Horry et al. (1997)
(Table 1.1), two of which contain species with a chromosome number of 10
(2n=20) (Callimusa and Australimusa) while the species in the other two
sections (Eumusa and Rhodochlamys) have a basic chromosome number of
11 (2n=22). The species in the sections Callimusa and Rhodochlamys are of
ornamental interest only, as the characteristic of parthenocarpy is absent and
they do not produce edible fruit. The section Australimusa contains Musa
textilis (Abaca) from which Manila hemp is produced and it is within this
section that the edible Fe’i bananas found mainly in the Pacific islands have

evolved (Horry et al. 1997).



Virtually all banana and plantain cultivars arose from the Eumusa group of
species. This section is the biggest in the genus and the most geographically
widespread, with species being found throughout Southeast Asia from India
to the Pacific (Sharrock 1997). The section contains 11 species (Table 1.1).
Most cultivars are derived from two species: Musa acuminata (A genome)
with a genome size ranging from 591 to 615 megabase pairs (Mbp) and
Musa balbisiana (B genome) with average genome size of 537 Mbp (Lysak
et al. 1999; Jones 2000). Edibility of mature fruits of diploid Musa acuminata
(AA) arose as a consequence of two mutational events, female sterility and
parthenocarpy (Sharrock 1997; Jones 2000). Triploid AAA cultivars arose
from these diploids, perhaps as a result of crosses between edible diploids
and wild M. acuminata subspecies, resulting in a wide range of AAA
phenotypes (Table 1.2). The diploid and triploid acuminata cultivars were
taken by man to areas where M. balbisiana is native and natural
hybridisations resulted in the formation of hybrid progeny with the genomes
AB, AAB, ABB, AAAB, etc (Table 1.2). It is thought that the subsequent
dispersal of edible bananas outside Asia was brought about solely by man
(Stover and Simmonds 1987). Secondary diversification within the major
groups of cultivated bananas has been the result of somatic mutations rather

than sexual reproduction (Stover and Simmonds 1987).

The history of many popular banana cultivars is relatively simple according to
De Langhe (1996). From about the 5" to the 15™ century, and perhaps
earlier, the Indian Ocean was navigated by traders from Arabia, Persia, India
and Indonesia. Banana varieties from Southeast Asia, including Indonesia
and India were, by this means, distributed over the coastal regions of the
Indian Ocean (De Langhe 1995). From the 16™ to the 19™ century the
Portuguese and the Spaniards carried bananas all over tropical America.
Dutch, British, French and German traders also played a role in the
distribution of the popular banana cultivars ‘Gros Michel’ and the Cavendish

group to West Africa, Latin America and the Caribbean (De Langhe 1995).



Table 1.1 Systematics of the family Musaceae (Horry et al. 1997)
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Table 1.2 Classification of cultivated varieties in the Eumusa section (Daniells et al. 2001).
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1.1.2 Pathogens affecting banana production

Commercial banana growing for export has always been a monoculture
based on genetically similar members of the Cavendish subgroup (AAA)
(Jones 2000). This lack of genetic diversity makes banana vulnerable to a
range of fungal, viral, bacterial and nematode pathogens that cause
significant economical losses every year to the export industry (Jones 2000).
At the global level, the most serious constraint to the banana production is
considered to be black Sigatoka leaf spot disease caused by the air-borne
fungus Mycosphaerella fijiensis. Leaf necrosis caused by this fungus results
in yield losses estimated at 30-76% (Agrios 1997; Carlier et al. 2000; Marin
et al. 2003). M. fijiensis is spread mainly by wind and water. Petroleum oils
and fungicides of the benzimidazole, morpholine, and triazole groups are at
the basis of most successful control programs (Swennen and Rosales 1994).
This method of control, however, is becoming unsatisfactory as up to 40
applications per year are required to control fungal outbreaks leading to
considerable risk of environmental damage and there are now reports of
resistant strains of the fungus arising (Dale 1999). In addition, smallholder
and subsistence farmers are unlikely to have access to fungicides. Another
leaf spot disease of banana is yellow Sigatoka, which is caused by the
closely related species Mycosphaerella musicola. Although this disease has
been largely replaced by black Sigatoka in many banana-producing areas, it
remains a significant problem at higher altitudes and cooler temperatures
(Carlier et al. 2000). There are sources of resistance to both these diseases
in Musa germplasm and most breeding programmes include resistance to
these diseases as essential characteristic for any new cultivar (Dale 1999).
Considerable losses are also caused by Panama disease (also known as
Fusarium wilt) caused by the soil-borne fungus Fusarium oxysporum f. sp.
cubense (FOC) which affects many important cultivars of banana (see
section 1.4). Current control of FOC is only through resistant cultivars and

sources of resistance have been identified in Musa germplasm (Dale 1999).

Banana plants also suffer from nematodes, which damage the root system,
impeding nutrient and water uptake and consequently impact on yields



(Sarah 2000). The most damaging nematodes are Radopholus similis,
Pratylenchus spp., Helicotylenchus multicinctus and Meloidogyne incognita.
Control has been through the use of nematicides. Again, sources of

resistance in Musa germplasm have been identified (Dale 1999).

The most important bacterial disease of banana is Moko disease caused by
Ralstonia solanacearum, which is transmitted from plant to plant by man or
tools used for pruning, root to root, and by insects when visiting the flowers
(Thwaites et al. 2000). External symptoms can be confused with those of
Panama disease on mature plants. However, two key features help
distinguish Panama disease from Moko. External symptoms of Panama
disease do not usually develop on plants and suckers that are less than
about four months old, whereas plants that are affected by Moko disease will
wilt and become chlorotic at a very early stage of development. In addition,
internal portions of fruit are discoloured brown by Moko disease, but not by
Panama disease. (Ploetz and Pegg 2000). Moko can be controlled by early
detection and elimination of infected plants, through a rigorous disinfection of
tools, and removal of male buds to prevent dissemination (Swennen and
Rosales 1994). Bananas are also affected by a number of viral diseases of
which banana bunchy top, caused by the nanovirus Banana bunchy top virus
(BBTV) is the most important (Dale 1987). BBTV is transmitted by the black
banana aphid, Pentaolonia nigronervosa, and through vegetative planting
material. Infected plants do not produce fruit and the disease can rapidly
destroy a plantation unless controlled. The only control at present is through
the use of virus-free planting material and sources of resistance have not
been identified (Dale 1999).

1.1.3 Developing disease resistance in banana through Biotechnology

Breeding for disease resistance involves the identification of resistance
genes in traditional cultivars or related wild species and the incorporation of
this resistance into commercially acceptable varieties. The latter can be
achieved through conventional breeding using hybridisation techniques or
through molecular biotechnology using genetic transformation (Hammond-
Kosack and Jones 2000). In the case of banana, traditional breeding



approaches are particularly difficult as almost all of the cultivated varieties
are sterile and do not produce seeds (Stover and Simmonds 1987; Jones
2000). Resistant high yielding bananas have been bred and supplied to
smallholders in the 1990s after nearly 70 years of traditional breeding
(Swennen et al. 2002). This extremely slow progress is due to high sterility,
poor seed germination rate, the need for interploidy crosses and the long
generation cycle. Consequently, a breeding program can supply only a few
promising hybrids per year for further evaluation. Only 0.1% of the selected
hybrids are high yielding and resistant to some diseases but they have lost
other desired characteristics such as pulp texture and shelf life (Swennen et
al. 2002). Hence, genetic transformation offers an opportunity for plant
breeders to overcome the constraints imposed by the sterility of the most
popular cultivars by transferring specific resistant traits without compromising
other important agronomic traits such as pulp texture or flavour. As a result
of this feature molecular biotechnology offers great hope for improving
commercial banana cultivars in the near future. Protocols have been
developed that enable banana plants to be regenerated from cell
suspensions (Dhed’a et al. 1991) and somatic embryos (Escalant et al. 1994)
that makes genetic transformation of the whole plant possible. Reports of the
genetic transformation of banana using biolistics (Sagi et al. 1995; Becker et
al. 2000) or Agrobacterium (May et al. 1995, Khanna et al. 2004) show that it
is possible to express foreign proteins in banana such as p—glucuronidase
(GUS), green fluorescent protein (GFP), neomycin phosphotransferase |II
(NPT, antifungal proteins and others (Sagi et al. 1995; May et al. 1995;
Becker et al. 2000; Swennen et al. 2002). Furthermore, different constitutive
or tissue specific promoters such as the cauliflower mosaic virus 35S
(CaMV35S), maize ubiquitin, banana actin-1, BBTV 1-6 promoters and
others have been tested in banana with great success (Sagi et al. 1995; May
et al. 1995; Becker et al. 2000; Hermann et al. 2001; Swennen et al. 2002).
These results open the possibility that many desirable agronomic traits such
as pathogen resistance could be incorporated into the banana genome.

Although the transformation technology in banana is ready, to date, no



resistance genes to the most destructive banana diseases have been cloned

and transferred to susceptible banana cultivars.

1.2 Fusarium oxysporum f. sp. cubense: causal agent of Panama disease

Panama disease or Fusarium wilt was the first serious disease to affect
bananas produced for the export trade and it ranks as one of the most
destructive plant diseases of all time (O’'Donnell et al. 1998). By 1960,
Panama disease had destroyed an estimated of 40,000 ha of the cultivar
‘Gros Michel’ (AAA), causing the export industry to convert to cultivars of the
Cavendish subgroup (AAA) (Stover 1962). Panama disease is caused by the
soil-borne hyphomycete, Fusarium oxysporum formae specialis (f. sp.)
cubense (FOC). It is one of more than 120 formae speciales (special forms)
of F. oxysporum that cause vascular wilts in flowering plants (Di Pietro et al.
2003). Each formae specialis consists of strains with ability to cause wilt on a

unique host or set of plant host species.

1.2.1 Morphology

Fusarium oxysporum species contains pathogenic and saprophytic strains
that cannot be distinguished morphologically (Ploetz and Pegg 2000). In
culture, colonies are fast-growing on potato dextrose agar at 24°C, with
sparse to abundant aerial mycelium, and white, pink, salmon or purple
pigmentation. When formed, sporodochia are tan to orange and sclerotia are
blue. Some strains of F. oxysporum produce strong odours in culture and
these have used to classify isolates of FOC (Moore et al. 1991). Microscopic
features of the species include the production of micro- and macroconidia on
branched and unbranched monophialides. Microconidia are one- or two-
celled and oval to kidney-shaped and are borne in false heads. Macroconidia
are four- to eight-celled, sickle-shaped, thin-walled and delicate, with foot-
shaped basal and attenuated apical cells. Dimensions of the micro- and
macroconidia typically are in the range of 5-16 um x 2.4-3.5 um and 27-55
um x 3.3-5.5 um, respectively. Terminal and intercalary chlamydospores are
usually globose and are formed singly (7-11 um) or in pair in hyphae or

conidia. Although chlamydospore production is a diagnostic character for the



species, they are not produced by isolates of FOC in VCG 01214 (Ploetz and
Pegg 2000).

1.2.2 Process of vascular infection and symptoms

As a soil inhabitant, F. oxysporum can remain dormant for extended periods
in the absence of the host, mainly in the form of thick-walled
chlamydospores. Once an area becomes infected with F. oxysporum, it
usually remains so for many years (Agrios 1997). The proximity of roots
induces the dormant propagules to germinate and initiate infection. The
ultrastructure of the infection process has been well documented by a series
of light and electron microscopy studies (Rodriguez-Galvez and Mendgen
1995) and most recently using green fluorescent protein (GFP) as a marker
system (Di Pietro et al. 2001; Lagopodi et al. 2002). After germination,
infection hyphae adhere to the host roots and penetrate the epidermis
directly. The mycelium then advances intercellularly through the root cortex
until it reaches the xylem vessels entering through the pits. At this point, the
fungus switches to a highly peculiar mode of infection, during which it
remains exclusively within the xylem vessels, using them as avenues to
rapidly colonize the host. This is mainly accomplished by the production of
microconidia, which are detached and carried upward in the sap stream. The
microconidia eventually germinate and the mycelium penetrates the upper
wall of the vessels, producing more microconidia in the next vessel. The
characteristic wilt symptoms appear as a result of severe water stress,
mainly due to clogging of the vessels. Wilting is most likely caused by a
combination of pathogen activities, such as the accumulation of fungal
mycelium and/or toxin production and host defence responses, including
production of gels, gums and tyloses and vessel crushing by proliferation of
adjacent parenchyma cells (Beckman 1987). As long as the plant is alive, the
vascular wilt fungus remains strictly limited to the xylem tissues and a few
surrounding cells. Only when the infected plant is killed by the disease does
the fungus invade the parenchymatous tissue and sporulate profusely on the
plant surface (Ploetz and Pegg 2000). Thus, successful infection by F.
oxysporum is a complex phenomenon that requires a series of highly
regulated processes: (1) recognition of roots through unknown host signals,
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(2) root surface attachment and differentiation of penetration hyphae, (3)
penetration of the root cortex and degradation of physical host barriers such
as the endodermis in order to reach the vascular tissue, (4) adaptation to the
hostile plant environment, including tolerance to plant antifungal compounds,
(5) hyphal proliferation and production of microconidia within the xylem
vessels, and (6) secretion of virulence determinants such as small peptides
or phytotoxins (Di Pietro et al. 2003).

The characteristic internal symptom of Fusarium wilt is reddish to dark brown
discoloration of the host’s vascular system. The first internal symptoms occur
in the roots, which are the initial sites of infection. These symptoms progress
to the rhizome and are most pronounced where the stele joins the cortex
(Stover 1962). Eventually, the pseudostem is colonized. In the latter organ,
symptoms are often evident as faint brown streaks and/or flecks when outer
portions of older leaf sheaths are examined (Ploetz 2000). The first external
symptoms of Fusarium wilt in banana are a yellowing of the oldest leaves or
a longitudinal splitting of the lower portion of the outer leaf sheaths on the
pseudostem. This is followed by a wilt and collapse of leaves at the petiole
base. In some cases, these leaves remain green. As the disease progresses,
younger and younger leaves collapse, until the entire canopy consists of
dead or dying leaves. At this stage, a pronounced, red-brown discoloration of
the vascular tissue is usually evident if the pseudostem is cut. After the plant
dies, they usually remain standing for 1-2 months before they decay and

topple (Ploetz and Pegg 2000).

1.2.3 Host range and distribution

FOC affects the following species in the Order Zingiberales: in the family
Musaceae, Musa acuminata colla, Musa balbisiana Colla, Musa schizocarpa
and Musa textilis; and in the family Heliconeaceae, Heliconia caribaea,
Heliconia chartaceae, Heliconia crassa, Heliconia collinsiana, Heliconia
latispatha, Heliconia mariae, Heliconia rostrate and Heliconia vellerigera.
Additional hosts include hybrids between M. acuminata and M. balbisiana,
and between M. auminata and M. schizocarpa (Ploetz and Pegg 2000). FOC
has been classified into four physiological races based on pathogenicity to
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host cultivars in the field. Race 1 was responsible for the epidemics on ‘Gros
Michel' (1890-1960) and also affects ‘Maqueno’ (AAB, Maia Maoli-Popoulu
subgroup), ‘Silk’ (AAB), ‘Pome’ (AAB), ‘Pisang Awak’ (ABB) and ‘l.C.2’
(AAAA); race 2 affects ABB cooking bananas, such as ‘Bluggoe’ (ABB) and
some AAAA tetraploids; race 3 was reported to affect Heliconia spp. and was
weakly pathogenic on ‘Gros Michel and seedlings of Musa balbisiana.
Finally, race 4 affects race 1 and race 2 susceptible clones in addition to the
Cavendish cultivars (Ploetz and Pegg 2000; Ploetz 2005). Subtropical race 4
(STR4) has been reported to cause serious crop losses in the subtropical
regions of Australia (Queensland and New South Wales), South Africa (Natal
and Transvaal) and the Canary Islands. Cold winter temperatures in the
subtropics are thought to predispose Cavendish cultivars to subtropical race
4. Another genetically distinct form of FOC race 4 that affects Cavendish but
in the tropics was designated as tropical race 4 (TR4) (Ploetz 2005). TR4 is
found in Taiwan, Australia (Northern Territory), islands in Indonesia
(Sumatra, Halmahera,lrian Jaya, Java and Sulawesi), where no predisposing
factors have been identified (Ploetz 2005). If race 4 was to become
established in the Americas, the world export industries could be severely
affected, as there is no widely accepted replacement for the Cavendish

cultivars.

1.2.4 Origins and genetic diversity

It is believe that FOC co-evolved with banana in Southeast Asia and was
subsequently dispersed to other regions by humans (Stover 1962). The
presence in this region of humerous Musa acuminata subspecies such as
malaccensis, burmannica, microcarpa and siamea which are highly
resistance to Panama disease indicate that these subspecies had been

exposed to selection pressures exerted by FOC (Vakili 1965).

A teleomorph (sexual stage) for F. oxysporum has not been found, the
pathogen appears to rely solely on asexual reproduction. Genetic variation
that occurs in the species is assumed to arise by neutral mutations that are
maintained by mitosis (Kistler and Miao 1992). Vegetative or somatic
compatibility (VCGs) has been used extensively to characterize worldwide
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populations of FOC (Ploetz and Corell 1988; Brake et al. 1990; Moore et al.
1993). Usually, genetic complementation (heterokaryon formation) between
nitrate-non-utilizing auxotrophic (nit) mutants is used to identify compatible
isolates (Ploetz and Pegg 2000). To date, 16 VCGs or VCG complexes have
been reported in FOC (Ploetz and Pegg 2000). Boehm et al. (1994)
determined the chromosome number and genome size for 118 isolates in 12
VCGs complexes. Two major groups of isolates were distinguished by the
karyotype data, those with large genome (40-50 Mbp) and high chromosome
numbers (11-14) and those with smaller genomes (32-45 Mbp) and fewer
chromosomes (9-12). Interestingly, the VCGs 0124-0125-0128-01220 were
found in the former and 0120-01215 in the latter major group. Subsequent
phylogenetic studies have recognized the same major groups that were
identified by Boehm et al. (1994). Group 1 contained isolates in VCGs 0120-
01215, 0121, 0122, 0126, 0129, 01210, 01211, 01213-01216 (TR4) and
01219, whereas group 2 contained isolates in VCGs 0123, 0124-0125-0128-
012120, 01212, 01214, 01217 and 01218 (Koening et al. 1997; Bently et al.
1998; O’Donnell et al. 1998). These matched, respectively, the odoratum and
inodoratum groups of Moore et al. (1991), which were determined by
whether or not isolates formed volatile aldehydes in culture. These studies
have relevant implications for understanding this important plant pathogen,

and for the deployment of resistant genotypes (Ploetz 2005).
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1.2.5 Control of Panama disease

In general, effective chemical control measures for panama disease do not
exist (Ploetz and Pegg 2000). The only methods of controlling panama
disease are by quarantine or by planting resistant varieties (Stover and
Simmonds 1987). Panama disease susceptible clones can be grown if
pathogen-free propagation material is used in uninfected soils.
Micropropagated plantlets are the most reliable source of clean material.
Since they are also free of bacterial, nematode and other fungal pathogens,
plantlets are used whenever possible. It should be noted, however, that
plants grown from tissue-cultured plantlets have been shown to be more
susceptible to Panama disease than those grown from conventional planting
material (Smith et al. 1998). The expense of plantlets, however, may make
their use in subsistence agriculture impractical. Clearly, the use of resistant
genotypes is the best way to combat this disease in infested soils (Ploetz
and Pegg 2000).

1.2.6 Identification of genes that confer resistance to Fusarium wilt.

Two genes that confer resistance to Fusarium wilt have been identified in
tomato (Lycopersicon esculentum) and melon (Cucumis melo) (Simons et al.
1998; Joobeur et al. 2004). In tomato, three races of F. oxysporum f.sp.
lycopersici (FOL) are known, races 1, 2 and 3 (Sela-Buurlage et al. 2001). A
map-based positional cloning strategy was used to identify the gene 12 that
confers resistance to FOL race 2. The 12 gene does not confer resistance to
the other two FOL races, race 1 and 3, whose resistance is located at
different loci of the tomato genome (Sela-Buurlage et al. 2001). The 12 gene
is a dominant gene that belongs to the NBS-LRR class of disease resistance
genes (see section 1.3). In the case of melon, three races (0, 1 and 2) of F.
oxysporum f. sp. melonis are known. Resistance to race 1 and race 2 is
conferred by a single dominant gene Fom-2 and Fom-1, respectively. Both
genes also confer resistance to race 0 (Zink and Thomas 1990; Schreuder et
al. 2000). Recently, the Fom-2 was isolated by a map-based positional
cloning strategy (Joobeur et al. 2004). This gene also belongs to the NBS-
LRR class of disease resistance genes (see section 1.3). Introduction of the
I2 gene into a FOL race 2 susceptible tomato genotype using genetic
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transformation has demonstrated the success of this technology to develop
Fusarium resistance in a susceptible genotype (Simons et al. 1998).
However, the race specificity that these R genes have shown in their
corresponding plant families imposes a serious limitation for their use in
other plant families. The fact that both Fusarium resistance genes belong to
the same class of disease resistance genes suggest that similar genes may
be responsible for resistance in other plant families, including the Musaceae.
Therefore, cloning these types of genes in the Musaceae could ultimately
assist the development of resistance in banana to Panama disease.

1.3 Plant disease resistance genes

In the 1940s, using flax (Linum usitatissimum) and its fungal rust pathogen
Melampsora lini, H.H. Flor studied the inheritance of plant resistance and
pathogen virulence (Flor 1971). Based on this work, he developed the classic
“gene-for-gene” model that proposes that for resistance to occur,
complementary pairs of dominant genes, one in the host and the other in the
pathogen, are required. A loss or alteration to either the plant resistance (R)
gene or the pathogen avirulence (Avr) gene leads to disease. This simple
model holds true for most biotrophic pathogens, including viruses, bacteria,
fungi and nematodes (Hammond-Kosack and Jones 1997). This gene-for-
gene type resistance is generally interpreted as an elicitor-receptor model:
the plant R protein recognizes directly or indirectly the pathogen-derived Avr
product. Once this recognition has occurred, defense responses are
triggered (Staskawicz et al. 1995). Most R gene-triggered resistance is
associated with a rapid defense response, termed the hypersensitive
response (HR). The HR results in a localized cell and tissue death at the site
of infection, which constrains further spread of the infection (Hammond-
Kosack and Jones 1997). This local response often triggers non-specific
resistance throughout the plant, a phenomenon known as systemic acquired
resistance (SAR). Once triggered, SAR provides resistance to a wide range
of pathogens for days. The plant-pathogen interactions are divided into
“compatible interactions” in which a susceptible plant becomes diseased
upon attack by a virulent pathogen and “incompatible interactions” in which a
resistant plant does not develop disease upon attack by an avirulent
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pathogen (Hammond-Kosack and Jones 2000). These interactions are

illustrated in figure 1.1.

Until 1992, no plant R gene had been cloned and characterized at the
molecular level. Since then, R genes from several plant species have been
cloned using either transposon-based gene tagging or a map-based
positional cloning approach. The majority of R gene products have domains
involved in protein recognition such as the leucine-rich repeat (LRR) or
coiled-coil (CC) domains, and signal transduction such as the nucleotide-
binding site (NBS) or protein kinase (PK) domains. Some R genes are
predicted to be cytoplasmic proteins while others span the cell membrane via
a transmembrane domain (TM). These domains are combined in several
arrangements to give rise to different classes of R proteins. At least six
different classes of R-genes have been identified according to structural
characteristics: 1) NBS-LRR, 2) LRR-TM-PK, 3) LRR-TM, 4) CC-TM, 5) PK
and 6) PK-PK (Dangl and Jones 2001; Brueggeman et al. 2002) (Figure 1.2).

Pathogen Host plant genotype
genotype R1 "
Avrl Avrl R1 protein Avrl rl protein
No disease Disease
Plant and pathogen are Plant and pathogen are
incompatible compatible
avrl avrl R1 protein avrl rl protein
Disease Disease
Plant and pathogen are Plant and pathogen are
compatible compatible
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Figure 1.1 Flor’s gene-for-gene model. For resistance (incompatibility) to occur,
complementary pairs of dominant genes, one in the host and one in the pathogen, are
required. An alteration or loss of the plant resistance gene (R changing to r) or of the
pathogen avirulence gene (Avr changing to avr) leads to disease
(compatibility)(Hammond-Kosack and Jones 2000). R1 and AVR1, dominant genes from
the plant and pathogen respectively. r1 and avrl, recessive genes from the plant and
pathogen respectively.
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Figure 1.2 Schematic representation of the predicted structure of disease resistance
proteins in plants.

1.3.1 Structure and function of NBS-LRR disease resistance genes

The NBS-LRR class of disease resistance genes is by far the largest group
of characterized R genes with more than 30 cloned genes to date from
different plant species (Table 1.3). The NBS-LRR proteins are predicted to
be located in the cytoplasm and they confer resistance to a diverse array of
pathogens such as virus, bacteria, fungi, nematodes and pests (Hulbert et al.
2001) (Table 1.3). Three different domains form the basic structure of this
class: the TIR or non-TIR domains are found at the N-terminus along with the
NBS, and the LRR domain which is located at the C-terminus of the protein
(Hammond-Kosack and Jones 2000). Most of the NBS-LRR genes identified

to date have been isolated by a map-based positional cloning approach.
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Table 1.3 Plant disease NBS-LRR resistance genes cloned from 1994 to 2006.

PLANT (R)
R PROTEIN
Host Pathogen PROTEIN REFERENCE
NAME
STRUCTURE
Flax Melampsora lini TIR-NBS-LRR L Lawrence et al. 1995
Tobacco Tobacco mosaic virus TIR-NBS-LRR N Whitman et al. 1996
Flax Melampsora lini TIR-NBS-LRR M Anderson et al. 1997
Arabidopsis Peronospora parasitica TIR-NBS-LRR RPP 5 Parker et al. 1997
Arabidopsis Pseudomonas syringae TIR-NBS-LRR RPS4 Gassmann et al. 1999
Flax Melampsora lini TIR-NBS-LRR P Dodds et al. 2000
Arabidopsis Ralstonia solanacearum TIR-NES-LRR- RRS1-R Deslandes et al. 2002
WRKY
Arabidopsis Leptosphaeria maculans TIR-NBS-LRR RLM Staal et al. 2006
Arabidopsis Pseudomonas syringae non-TIR-NBS-LRR RPS2 Mindrinos et al. 1994
Tomato Pseudomonas syringae non-TIR-NBS-LRR Prf Salmeron et al. 1996
Arabidopsis Pseudomonas syringae non-TIR-NBS-LRR RPM1 Grant et al. 1996
Tomato Fusarium oxysporum non-TIR-NBS-LRR 12 Simons et al. 1998
Tomato Meloidogyne sp non-TIR-NBS-LRR Mi Milligan et al. 1998
Tomato Macrosiphum euphorbie non-TIR-NBS-LRR Mi Milligan et al. 1998
Arabidopsis Peronospora parasitica non-TIR-NBS-LRR RPP1 Botella et al. 1998
Rice Xanthomonas oryzae non-TIR-NBS-LRR Xal Yoshimura et al. 1998
Arabidopsis Pseudomonas syringae non-TIR-NBS-LRR RPS5 Warren et al. 1998
Maize Puccinia sorghi non-TIR-NBS-LRR Rp1-D Collins et al. 1999
Pepper Xanthomonas campestris non-TIR-NBS-LRR Bs2 Tai et al. 1999
Rice Magnaporthe grisea non-TIR-NBS-LRR Pib Wang et al. 1999
Potato Potato virus X non-TIR-NBS-LRR Rx2 Bendahmane et al.
1999
Rice Magnaporthe grisea non-TIR-NBS-LRR Pi-ta Bryan et al. 2000
Arabidopsis Peronospora parasitica non-TIR-NBS-LRR RPP 13 Bittner-Eddy et al.
2000
Barley Blumeria graminis non-TIR-NBS-LRR Mla Zhou et al. 2001
Tomato Tospovirus non-TIR-NBS-LRR Sw-5 Brommonschenkel et
al. 2002
Lettuce Bremia lactucae non-TIR-NBS-LRR Dm3 Shen et al. 2002
Potato Globodera pallida non-TIR-NBS-LRR Gpa 2 Van der Vossen et al.
2000
Potato Phytophtora infestans non-TIR-NBS-LRR R1 Ballvora etal. 2002
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Tomato Globodera rostochiensis non-TIR-NBS-LRR Hero Ernst et al. 2002

Potato Phytophthora infestans non-TIR-NBS-LRR RB Song et al. 2003
Potato Phytophthora infestans non-TIR-NBS-LRR Rpi-blb1 Van der Vossen et al.
2003
Melon Fusarium oxysporum non-TIR-NBS-LRR Fom-2 Joobeur et al. 2004
Soybean Pseudomonas syringae non-TIR-NBS-LRR Rpgl-b Ashfield et al. 2004
Potato Phytophthora infestans non-TIR-NBS-LRR R3a Huang et al. 2005
Maize Xanthomonas oryzae non-TIR-NBS-LRR Rxo1l Zhao et al. 2005

1.3.1.1 TIR and non-TIR domains

The NBS-LRR class of R genes can be divided into two distinct subclasses
based on the presence or absence of an N-terminal domain with homology to
the Drosophila Toll and human Interleukin-1 receptors (TIR) (Meyers et al.
1999; Pan et al. 2000), the TIR and non-TIR subclasses, respectively. The
non-TIR subclass commonly has a predicted coiled-coil (CC) structure,
sometimes in the form of a leucine zipper (Meyers et al. 1999; Pan et al.
2000; Hulbert et al. 2001). By analogy to the animal TIR proteins, plant TIR
proteins are thought to function in signal transduction. However, the plant
TIR domain may contribute to determining R gene specificity as swapping
the TIR domains of L® and L’ R genes in flax switches their specificity in rust
resistance (Luck et al. 2000). This, together with evidence for diversifying
selection in the TIR region of the flax rust R genes (Ellis et al. 1999), may
also indicate that pattern recognition operates as a complex. Thus, it appears
that both the TIR and LRR domains play a role in pathogen recognition (Luck
et al. 2000). In the case of the non-TIR domain, a CC predicted structure is
usually found. A typical CC structure shows a heptad repeat where the seven
positions are labelled a through g. Residues a and d tend to be hydrophobic,
and the residues at the e and g positions are charged or polar (Fluhr et al.
2001). A large subset of dicot and cereal NBS-LRR genes contain CC-like
structures in their non-TIR domain with over 95% probability (Pan et al.

2000). In this context, they may serve the function of adapter TIR-like motifs.
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1.3.1.2 Nucleotide Binding Site (NBS) domain

The NBS domain comprises three motifs predicted to bind ATP or GTP, and
several conserved motifs whose functions are not known (Hammond-Kosack
and Jones, 1997). This region has homology to two activators of apoptosis in
animal cells: APAF-1 and CED. By analogy to these well-characterized
regulators of programmed cell death, the corresponding domain in NBS-LRR
proteins might operate as an intramolecular signal transducer (Van der
Biezen and Jones, 1998; Aravind et al. 1999). Biochemical evidence has
revealed that the NBS of the tomato Mi-1 and 12 non-TIR-NBS-LRR
resistance proteins can bind and hydrolase ATP in vitro (Tameling et al.
2002) which reinforces the idea that the NBS domain functions in signal
transduction. The TIR and non-TIR subclasses of NBS-LRR genes can also
be distinguished by the motifs found within the NBS domain or by a single
amino acid residue in the final portion of the NBS kinase-2 (Kin-2) motif,
which in most cases is an aspartic acid for the TIR subclass and a
tryptophan for the non-TIR subclass (Meyers et al. 1999). The non-TIR
subclass is widely distributed in both monocotyledonous and dicotyledonous
species, whereas the TIR subclass appears to be restricted to
dicotyledonous species (Meyers et al. 1999; Pan et al. 2000; Cannon et al.
2002). Using PCR with degenerate primers targeting the conserved
GVGKTT (P-loop), GSRIINITTRD or GLPLA motifs of the NBS domain of R
genes (Figure 1.3) has resulted in the isolation of numerous NBS-containing
genes from a variety of plant species such as soybean (Kanazin et al. 1996;
Yu et al. 1996; Graham et al. 2000), potato (Leister et al. 1996), lettuce
(Shen et al. 1998), rice and barley (Leister et al. 1998), wheat (Seah et al.
2000), common bean (Rivkin et al. 1999; Lépez et al. 2003) and other plant
species (Meyers et al. 1999). Significantly, the genetic position of these
sequences is frequently at or near R-gene loci, indicating that these NBS
sequences may form part of R-genes (Meyers et al. 1999). In summary, the
NBS domain of NBS-LRR genes has been used extensively to identify and to
classify these genes. The popular use of this domain stems from a number of
reasons: The NBS domain has some conserved amino acid motifs that assist
in cloning these genes via PCR amplification and recognizing them in
databases; the conserved motifs assist in aligning the sequences for
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phylogenetic analyses, and classification of NBS-LRR genes by their NBS
region sequences accurately predicts whether they belong to the TIR or non-
TIR subclass (Bai et al. 2002).

Gpaz
Brf

Hero
REM1
Fomz

)
)

Brf 65 IR ' S 3 e

Hero A3 JRVA H-. GEMMT - -ACHPEVER] SrilE m;mm i
REML 71 WvEYHOCTINES m DR E v GTesTRERE
Fomz 65

RE =]

I2 &6

Gpaz D 5 Iy LRSI K KA ) cH decLp
Prf D ST SRy eYe - el o T, o I” -
Hero SRS T F RN e iR HE T

REM1 m] ORI T BRI

FomZ DD@HLE

Eb e r@nﬂL F

Figure 1.3 Alignment of the NBS domain of multiple NBS-LRR disease resistance
proteins. The conserved NBS motifs as determined by Meyers et al. (1999) are indicated.
Identical amino acids are shaded in black and conservative substitutions are shaded in

grey

1.3.1.3 Leucine Rich Repeat (LRR) domain

The C-terminal comprises a LRR domain with the consensus sequence
xXLxLxx (where x is any residue), which is thought to be involved in ligand
binding and pathogen recognition (Hammond-Kosack and Jones 1997).
Genetic evidence indicates that the B-strand/p-turn of the LRR is a key
region in the R protein and appears to determine its pathogen specificity
(Hammond-Kosack and Jones 1997; Jones and Jones 1997). Given the
crystal structure determined for porcine ribonuclease inhibitor protein, the
conserved leucines (L) in the plant R proteins within this consensus are
predicted to occupy the hydrophobic protein core, whereas the other
residues (x) form a solvent-exposed surface that can participate in binding
other proteins (Hammond-Kosack and Jones 1997; Jones and Jones 1997).

R gene sequence comparisons reveal that the x residues in this region are
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hypervariable. These data suggest the xxLxLxx region creates a surface that
has evolved to detect variations in the multitude of pathogen-derived ligands.
Parts of the LRR motif in plant R proteins may also participate in relaying
downstream signalling through interactions with effector proteins. The large
size of the LRR domain in most R proteins could even permit both the
recognition and the effector functions to be accommodated by different
binding specificities within different LRR subdomains or by interactions with
more than one pathogen-derived ligand (Hammond-Kosack and Jones
2000). Direct evidence for interaction of LRR domain with avirulence factors
is based on the finding that a single amino acid difference in the LRR domain
distinguished susceptible and resistance alleles of the rice Pi-ta R-gene that
confers resistance to Magnaporthe grisea (Bryan et al. 2000). In this case, by
using the yeast two-hybrid system, the recombinant LRR domain of the
resistance allele could be shown to directly interact with its avirulence factor
while the susceptible allele displayed a much weaker interaction (Jia et al.
2000).

1.3.2 Organization of NBS-LRR genes in the plant genome.

In different plants, NBS-LRR loci are found both as isolated genes
(singletons) and as tightly linked arrays of related genes (gene clusters)
(Holub 2001). In some cases, gene clusters contain copies of NBS-LRR
genes from different phylogenetic clades (Hulbert et al. 2001; Leister 2004).
The complete Arabidopsis sequence of 125 Mb has allowed a
comprehensive analysis of the diversity and organization of NBS-LRR R
gene sequences in a single plant genome. Annotation has revealed ~150
sequence with homology to the NBS-LRR class of R genes (The Arabidopsis
genome Initiative 2000). R gene homologues are unevenly distributed
between chromosomes, with 49 on chromosome I, two on chromosome I, 16
on chromosome Ill, 28 on chromosome IV, and 55 on chromosome V.
Despite the fact that many previously isolated R genes seem to reside in
local multigene families, there are 46 singleton Arabidopsis R-gene
homologues, 25 doublets, seven loci with three copies, and individual loci

with four, five, seven, eight and nine NBS-LRR-encoding genes. There are
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more TIR-NBS-LRR genes (94) than non-TIR-NB-LRR genes (55) (Meyers
et al. 2003). In the case of the Oryza sativa L. (var. Nipponbare) genome
sequence of 420 Mbp there are ~535 NBS-coding sequences, including 480
non-TIR-NBS-LRR genes (Goff et al. 2002; Zhou et al. 2004). The other
NBS-coding sequences are totally different in their structures from the
majority, or are simply truncated (Zhou et al. 2004). The 480 non-TIR-NBS-
LRR genes identified represent about 1% of all the predicted ORFs in the
rice genome (Goff et al. 2002), while the A. thaliana genome non-TIR and
TIR-NBS-LRR represent 0.43% of the total predicted ORFs. Thus both the
absolute number and relative representation of NBS-LRR genes in the rice
genome are clearly higher than in the Arabidopsis genome. A few genes with
a TIR-like domain have been identified in rice, but these did not encode any
obvious LRR domain, and were otherwise divergent from NBS-LRR genes
(Bai et al. 2002; Zhou et al. 2004). The chromosomal distribution of NBS-
coding genes in rice vary from 20 on chromosome 9 to 133 on chromosome
11. 263 NBS-coding genes resided in 44 gene clusters and the average
number of genes in a cluster was six. There are 15 clusters with four copies,
13 with five, 4 with six, 4 with seven, 3 with eight, 3 with ten and 1 each with
15 or 17 NBS-coding genes (Zhou et al. 2004). Besides these clusters, there
were 40 tightly linked doublets and 17 triplets. Therefore a total of 394 genes
resided either in a gene cluster or in tandem array. In all, 125 NBS singletons
were dispersed over the entire chromosome (Zhou et al. 2004). The ratio of
singletons to the total number of NBS genes in the rice genome (24.1%) was
similar to that in Arabidopsis (26.8%; Meyers et al. 2003).

1.3.3 Evolution of NBS-LRR genes

1.3.3.1.Diversification

For an increasing number of R genes, including the NBS-LRR genes,
evidence of the selection for diversity of residues in the LRR region that are
predicted to be solvent exposed, and hence may constitute ligand contact
points, has been observed (Parniske et al. 1997; Wang et al. 1998; Meyers

et al. 1998; Botella et al. 1998). Protein variation can be assessed by
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comparing base-pair changes in nucleotide sequence from numerous
variants of the same gene (orthologues or paralogues) that either alter the
encoded amino acid (non-synonymous substitutions) or leave the amino acid
unaltered (synonymous substitutions). The ratio of non-synonymous (Ka) to
synonymous (Ks) amino-acid changes provides a measure of diversifying
selection; a Ka/Ks value less than 1 indicates conservation of the sequence,
whereas a value greater than 1 indicates positive selection to diversify
(Krietman and Akashi 1995). Parniske et al. (1997) were the first to use this
comparative method to analyse sequence variation in R genes, in an
examination of tandemly repeated genes at the Cf4/Cf9 locus from different
subspecies of tomato. They and others (Meyers et al. 1998; Botella et al.
1998) reached the conclusion that the LRR domain shows much higher
levels of diversity, particularly at solvent-exposed faces in the repeats, than
other domains within the genes. These changes have occurred in addition to
changes in the number of LRR repeats. Modification of the length of the LRR
appears to be an important contributor to R-gene diversification. For
example, whereas the genes at the Cf4/Cf9 locus of tomato vary principally
because of multiple nucleotide substitutions, the related genes at the Cf2/5
locus have additionally undergone deletion/expansion events involving
individual LRR repeat units (Dixon et al. 1998). Furthermore, these events
have been restricted to the amino-terminal LRR region of the protein, a
region of Cf proteins that determines specificity differences between
paralogues (Thomas et al. 1997). In flax L alleles, the LRR repeats are more
degenerate and the DNA sequences encoding the repeats are probably not
sufficiently related for inter-repeat recombination. Nevertheless, examples
occur in which blocks of sequence encoding LRR units within flax and
Arabidopsis NBS-LRR R genes have undergone duplication (Ellis et al. 1999;
Noel et al. 1999). These direct repeats are able to undergo unequal
exchange events that can give rise to cycles of repeat expansion and
reduction. For example, although most L alleles in flax contain two direct
repeats of 450 base pairs comprising six individual LRR repeat units,
functional alleles with either one or four copies of the 450 base pair repeat
occur (Ellis et al. 1999). Another example is provided by the RPP5 locus

where more complex arrangements of direct repeats consisting of sets of
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four individual LRR units exist (Noel et al. 1999). Exchange events giving rise
to paralogues with 8, 13, 21, and 25 LRR units have taken place during the
evolution of the locus. The combined effect of point mutations and changes
in the number of LRR repeats indicate that variation in the LRR domain might
be important for determining the specificity of a given R gene. However,
recent evidence from flax indicates that the more highly conserved TIR

domain can also determine resistance specificity (Luck et al. 2000).

1.3.3.2 Ancient origins of disease resistance

Phylogenetic analysis of NBS-LRR clearly shows an ancestry dating to the
emergence of higher plants (Holub 2001). The coupling of NBS-LRR genes
to different defence responses provides an alternative means of containing
parasites, and presumably was an important selective factor in divergence of
the two main NBS-LRR types (TIR and non-TIR). Interestingly, TIR-NBS-
LRR genes have not been identified so far in cereals, even though they
represent two-thirds of the NBS-LRR genes in Arabidopsis. As examples of
this subclass have been found in pine, Meyers et al. (1999) and Pan et al.
(2000) speculate that the two main NBS-LRR types are older than the
divergence of angiosperms and gymnosperms, which occurred at least 200
million years ago (Figure 1.4). This suggests that TIR-NBS-LRR genes were
lost during the evolution of monocotyledons, such as the cereals (Figure 1.4).
Stahl et al. (1999) provided the first attempt to estimate the age of a
functional R gene using a comparative analysis of DNA sequence variation in
regions flanking the RPM1 locus. They compared variation in sequence
among accessions of two Arabidopsis species, and concluded that the
functional resistance allele and the null deletion allele have coexisted at this
locus for ~ 10 million years. This estimate coincides with the predicted
divergence of Brassica and Arabidopsis lineages, in which deletions of
RPM1 seem to have occurred independently (Grant et al. 1998). Vision et al.
(2000) has provided estimates for the age of large duplicated regions
distributed throughout most of the Arabidopsis genome. These regions seem
to have remained intact with respect to gene order for the estimated age of
each region. It is interesting that all of the known functional NBS-LRR genes
are located in regions estimated to be at least 50 million years old. For
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instance, three of the single gene loci shown (RPM1, RPS2 and RPP8) lie in
regions that date to ~100 million years ago, an important period for

speciation in the angiosperms.

This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 1.4 Model for the evolution of NBS-LRR disease resistance genes and their
homologues. The evolution of NBS-LRR genes involved at least two stages. Stage | was
characterized by the presence of a few NBS-LRRs with a broad spectrum of specificity. In
stage Il, after the monocot/dicot separation, the disease resistance genes evolved by
divergent gene duplication followed by gene diversification. During this stage, TIR-NBS-
LRR group degenerated in monocot genomes (Pan et al. 2000).

1.3.3.3 Behaviour of NBS-LRR genes in natural plant populations: the ‘arms
race’ and ‘trench warfare’ models.

In nature, the ongoing battle between plants that develop novel resistance
specificities and pathogens that try to circumvent recognition by these plants
can be seen as an arms race (Dawkins and Krebs 1979). Such an arms race
implies a transient polymorphism of R genes, which means that high disease

pressure causes the replacement of old R genes by new ones, resulting in
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relatively young R genes and monomorphic R gene loci (Bergelson et al.
2001).

The debate surrounding how polymorphisms are maintained in natural
populations revolves around the issue of whether ‘defeated’ R-gene alleles
are driven to extinction and are therefore transient in host population, or
instead simply become rare until they are recycled, increasing in frequency
as the corresponding avirulence re-emerges in the pathogen population. In
an attempt to determine whether R genes are transient or recycled in plants
Stahl et al. (1999) used a collection of 26 ecotypes of Arabidopsis to
investigate allelic variation at the single gene locus RPM1. The transient
polymorphism model, according to which R alleles are replaced in each cycle
by new ones, and that Stahl et al. (1999) referred to in a restrictive sense as
an ‘arms race’, was rejected on the basis that RPML1 is an old resistance
specificity without alternative functional alleles. The apparent lack of
functional alternatives at this locus might actually support a transient model if
the contemporary functional allele represents an adaptive optimum. A major
constraint in testing a transient model with only one example of a single gene
locus is that the crucial evidence, namely extinct alleles, are not available.
Conversely, Stahl et al. (1999) provide a strong argument in favour of
recycling polymorphism, which they prefer to call ‘trench warfare’, in which
advances and retreats of resistance-allele frequency maintain variation for
disease resistance as a dynamic polymorphism. This argument is supported
by evidence from many other loci of Arabidopsis (RPP1, RPP8, RPP13) in
which alternative alleles are common, showing that polymorphism has been
generated, has accumulated and is apparently maintained at these loci for
millions of years. The trench warfare model can explain many recent
observations but does not provide an explanation for the generation of new R
genes with novel specificities. Therefore, R gene dynamics in a natural plant
population probably reflect a combination of trench warfare and an arms

race, the latter perhaps being relatively slow (Van der Hoorn et al. 2002).
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1.3.4 Expression of NBS-LRR genes.

Resistance genes are typically expressed at low levels, they are usually
unaffected by pathogen inoculation and transcripts can be difficult to detect
by gel blot analysis (Hulbert et al. 2001). RT-PCR or Northern blot analysis
performed on several NBS-LRR genes such as RPM1, Prf, RPP5, Mi, L6,
Rpl-D, Pib, RPP8 and 12 have revealed the presence of low levels of
transcripts in unchallenged plants (Grant et al. 1995; Salmeron et al. 1996;
Parker et al. 1997; Milligan et al. 1998; Ayliffe et al. 1999; Collins et al. 1999;
Wang et al. 1999; Cooley et al. 2000; Mes et al. 2000). On the other hand,
transcription of the rice Xal resistance gene appears to increase following
pathogen inoculation (Yoshimura et al. 1998). Infection by pathogens has
also been demonstrated to affect turnover of Rpm1 protein in Arabidopsis
and splicing of N gene transcripts in tobacco (Dinesh-Kumar and Baker
2000).

1.3.5 NBS-LRR signal transduction

A logical prediction of the gene-for-gene model is that R genes encode
receptors that interact physically with products of matching Avr gene,
enabling recognition of the pathogen and subsequent elicitation of an array
of plant defense responses that eventually lead to resistance (Keen 1990)
(Figure 1.5A). The structure and predicted location of R and Avr proteins are
usually consistent with this model (Takken et al. 2000). For example, most R
proteins carry leucine rich repeats (LRRs), which are thought to form a
versatile binding domain that could fulfil the receptor role of the R protein. In
addition, membrane-anchored R proteins mediate the perception of Avr
factors that are produced in or injected into the host cytoplasm by the
pathogen. Although these observations agree with the ligand-receptor model,
a direct physical interaction between Avr and R proteins has only been
shown for the AvrPto-Pto and AvrPita-Pi-ta pairs (Tang et al. 1996; Jia et al.
2000). In most other cases, in spite of extensive and detailed studies, no
evidence for a direct interaction between the two gene products has been
found (Van der Hoorn et al. 2002). Lack of evidence for direct Avr-R
interactions led to the formulation of new models for Avr perception by
resistant plants. One interesting model is that R proteins confer recognition
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of Avr factors only when these Avr factors are complexed with their host
avirulence targets. This model was initially proposed to explain the role of Prf
in AvrPto-Pto signalling (Van der Biezen and Jones 1998) and was later
referred to as the guard model (Dangl and Jones 2001) (Figure 1.5B). In this
model, Pto is considered to be the avirulence target of AvrPto, which is
guarded by the NBS-LRR resistance protein, Prf. In general, three
observations support the guard model. First, no direct interaction is found
between Avr factors and R proteins, Second, recognition of the Avr factor
requires and additional host protein that is specific for each Avr-R pair. Third
the structure and predicted function of this host protein suggests that it might
be an avirulence target for the pathogen. The available data suggest that
resistance based on guarding is prevalent in gene-for-gene interactions (Van
der Hoorn et al. 2002).

There are various additional observations that might be explained by the
guard model. For example, the dual recognition shown by some NBS-LRR R
genes. For example, RPM1 recognizes two non-homologous avr gene
products of Pseudomonas syringae (Grant et al. 1995) while the tomato Mi
gene confers not only nematode resistance but also aphid resistance (Rossi
et al. 1998). Furthermore alleles of the RPP8/HRT gene recognize an
oomycete parasite and a virus (Cooley et al. 2000). Similarly, the closely
related potato Rx and Gpa2 genes confer virus and nematode resistance,
respectively (Van der Vossen et al. 2000). These findings suggest that there
are different Avr proteins that recognize the same avirulence target protected
by the R protein. Alternatively, it is possible that different Avr-avirulence
target interactions are detected by the same R protein (Van del Hoorn et al.
2002). This type of combinatorial interactions may explain how plants are
capable of coping with different kind of pathogens with a limited set of R

genes.

Pathogen recognition by NBS-LRR proteins causes the rapid activation of
appropriate defenses. Activation of the hypersensitive response (HR) triggers
a systemic resistance response known as systemic acquired resistance

(SAR). This response includes the accumulation of the signal molecule
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salicylic acid (SA) throughout the plant and the consequent expression of a
characteristic set of defense genes, including pathogenesis-related proteins
(PRs). Plants expressing SAR are more resistant to subsequent attack by a
variety of otherwise virulent pathogens (Glazebrook 2001). Some defense
responses are activated by signal transduction networks that require
jasmonic acid (JA) and ethylene (ET) as signal molecules. Different
pathogens are limited to different extents by SA-dependent responses and
by JA/ET-dependent responses. There appears to be considerable cross-talk
between these signal transduction networks, with at least some SA-
dependent responses limited by JA/ET-dependent responses and vice versa
(Glazebrook 2001). The discovery of genes or mutants allows further
dissection of local (HR) and systemic signalling networks and begins to
highlight the complex interplay between defense molecules such as SA, JA,
ET, nitric oxide (NO) and reactive oxygen intermediates (ROI) (Hammond-
Kosack and Parker 2003).

Mutational analyses, almost exclusively conducted using Arabidopsis, have
led to the identification of genes that are essential for the function of NBS-
LRR proteins providing an important first step in the elucidation of defence
signalling (Feys and Parker 2000). In Arabidopsis, the ndrl and edsl
mutants were defined in screens for loss of race-specific resistance to strains
of the bacterium Pseudomonas syringae or the oomycete Peronospora
parasitica. EDS1 and NDR1, which encode a lipase-like protein and a
membrane associated protein respectively, are each required for the function
of different NBS-LRR genes (Century et al. 1997; Falk et al. 1999). The R
genes suppressed by the ndrl mutation are not affected by edsl mutants,
and vice versa. edsl suppresses TIR-NBS-LRR R genes, whereas ndrl
suppresses a subset of non-TIR-NBS-LRR resistance proteins. Although
these observations suggest a model in which EDS1 and NDR1 mediate
distinct R gene-dependent signalling pathways (Aarts et al. 1998), there are
several examples of non-TIR-NB-LRR R proteins which function
independently of both EDS1 and NDR1 (Glazebrook 2001). RAR1, was
identified in mutational screens for suppressors of Mlal2 resistance in barley
to the powdery mildew fungus. This gene encodes Cys-and His-rich
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(CHORD) Zn** binding domains that are conserved in sequence and tandem
organization in all eukaryotic phyla examined (Shirasu et al. 1999). RARL1 is
required by multiple barley Mla genes as well as other unlinked powdery
mildew resistance loci. Barley rarl mutant plants are impaired in whole cell
reactive oxygen intermediates accumulation and in the hypersensitive
response of attacked host epidermal cells in Mlal2-specified resistance,
suggesting that RAR1 acts early in the plant resistance cascade. In
Arabidopsis, RAR1 is also an early component of R gene-triggered
resistance against avirulent Peronospora and Pseudomonas syringae,
exerting rate-limiting control of defence signal fluxes leading to
hypersensitive plant cell death and is used by both TIR- and non-TIR-NBS-
LRR proteins, indicating that its recruitment is not conditioned by a particular
R protein structural type in contrast to EDS1 and NDR1 (Muskett et al. 2002;
Tornero et al. 2002). Other important defense regulators to emerge are
components of mitogen-activated protein kinase (MAPK) cascades that
constitute functionally conserved eukaryotic signal relay systems in response
to various environmental stresses (Asai et al. 2002; Romeis 2001).
Importantly, the MAPK kinase kinase, EDR1, negatively regulates SA-
inducible defenses (Frye et al. 2001), whereas MAPK4 appears to
differentially regulate SA and JA signals (Petersen 2000). These findings
strongly implicate MAPK modules in molecular communication between
different plant defense pathways. Another key element of systemic signalling
is the Arabidopsis NPR1 gene (non-expressor of PR1), which encodes an
ankyrin repeat protein, initially identified as an SA response regulator. The
addition of SA to Arabidopsis seedlings promotes movement of NPR1 to the
nucleus (Kinkema et al. 2000) where it is able to bind several TGA (TGACG
DNA motif) class transcription factors, conferring a possible direct route to
defense gene induction (Fan et al. 2002). Identification of an apoplastic lipid
transfer protein, DIR1, as an inducer of long distance defense signalling in
SAR suggests that lipid-derived molecules may have a role (Maldonado et al.
2002). An overview of the local signalling networks controlling activation of

local defense responses is presented in figure 1.6.

31



This figure is not available online.
Please consult the hardcopy thesis
available from the QUT Library

Figure 1.5 Incompatible interaction conferred by a resistant host plant can arise in two
ways. (A) The R protein directly recognises the Avr protein itself. This situation is now
considered to occur only rarely. (B) The R protein is a guard protein, recognising the
modified plant avirulence target caused by the earlier binding of the Avr factor (Hammond-
Kosack and Parker 2003).
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Figure 1.6 Activation of local defense responses mediated by NBS-LRR resistance
proteins. Most non-TIR-NBS-LRR resistance proteins require NDR1, whereas TIR-NBS-
LRR proteins are dependent on EDS1. A convergence point of the TIR and non-TIR-
NBS-LRR proteins is at RAR1/SGT1, both operating upstream of the hypersensitive
response (HR) and oxidative burst (OB). Another early defense signal generated is nitric
oxide (NO), which can potentiate both the HR and OB. Activation of later potentiating
defense responses by TIR-NBS-LRR proteins involves the combined actions of EDS1
and PAD4, EDS5, SA and NPR1. EDR1, MAPK4 and SSI2 can each repress activation
of the SA pathway, while various SA-binding proteins (SABP) located in distinct cellular
compartments may modulate the local concentrations of available SA signal. The OB
can potentiate SA-mediated signalling directly and via the induction of various MAPK
cascades, for example, SIPK. NPR1 is required downstream of SA, which also
stimulates NPR1 translocation into the nucleus where it interacts with TGA transcription
factors and induces the expression of PR genes (Hammond-Kosack and Parker 2003).
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1.3.6 Engineering pathogen resistance in crop plants using NBS-LRR genes
To control diseases in elite commercial cultivars, plant breeders traditionally
have used lengthy breeding programs to introgress new R genes from wild
relatives of crop species (Figure 1.7). Currently, the availability of cloned R
genes for genetic transformation is opening the possibility of direct transfer
into elite lines within a single generation (Figure 1.8) (Hammond-Kosack and
Jones 2000). The introduction of R genes by plant transformation also
removes the barriers presented when interspecies infertility prevents gene
introduction by traditional plant breeding (Hammond-Kosack and Jones
2000; Campbell et al. 2002). For example, in the Solanaceae family several
NBS-LRR resistance genes have been isolated and transferred from one
species to other species of the same family with successful results (Whitham
et al. 1996; Tai et al. 1999; Van der Vossen et al. 2003). Attempts to
demonstrate function in species outside of the family from which the R gene
was isolated have, however, been unsuccessful. For example, the
Arabidopsis RPS2 gene that confers resistance to Pseudomonas syringae is
non-functional in transgenic tomato and this phenomenon has been referred
to as “restricted taxonomic functionality” (RTF) (Tai et al. 1999). The
molecular basis of RTF is unknown but might reflect an inability of the R
protein to interact with signal transduction components that have diverged in
the heterologous host (Hulbert et al. 2001). It remains to be seen whether
RTF is a general attribute of R genes. Nevertheless, the transfer of
resistance genes even between related species will be a great step forward
for plant breeders (Rommens and Kishore 2000). Plant transformation also
offers the immediate possibility of introducing simultaneously several
different R gene alleles that are effective against a single pathogen species.
In theory, this should slow the process of microbe evolution, because the
various R genes should be overcome only if all the corresponding Avr gene
products mutate simultaneously within a single pathogen isolate (Hammond-
Kosack and Jones 2000; McDowell and Woffenden 2003).

The rapid activated and localized defense response that frequently
culminates in the hypersensitive response is one of the most prevalent and

effective mechanisms deployed by plants to minimize pathogen attack.
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Through the combined expression of both an R gene and the complementary
Avr gene in a single plant genotype, an engineered “trigger” for HR is
possible (Hammond-Kosack and Jones 2000). However, if both components
are expressed continuously in a single transgenic plant, the HR induced is
devastating, destroying not only the pathogen but also the entire plant.
Therefore, the expression of either one component or both must be tightly
regulated (Hammond-Kosack and Jones 2000). The desired resistance
phenotype may be obtained by a pathogen-inducible promoter (a two-
component system) (Figure 1.9A). An ideal pathogen-inducible promoter
would be activated rapidly in response to a wide range of pathogens and
therefore be effective in providing broad-spectrum resistance. In reality,
pathogens have different infection biologies (biotrophs, hemibiotrophs and
necrotrophs) (Gurr and Rushton 2005a) and it might be that a pathogen-
inducible promoter will only be activated by a subset of possible interactions.
The promoter must also be inactive under disease-free conditions to ensure
that there are no spurious defense responses triggered by leaky expression
of the transgene (McDowell and Woffenden 2003). Furthermore, the
promoter should not be autoactivatable by the transgene. This could lead to
an uncontrolled spread of gene expression; so-called ‘runaway cell death’
(Gurr and Rushton 2005b). Alternatively, the desired resistance phenotype
may be obtained by a limited restoration of R gene function through the
somatic excision of a transposable element from an R gene, in combination
with constitutive Avr expression; this approach is known as the genetically
engineered acquired resistance (GEAR) system (Figure 1.9B). These two
approaches have the advantage that the entire multifactorial defense
response would be activated, thereby potentially achieving broad-spectrum

pathogen control (Hammond-Kosack and Jones 2000).
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Figure 1.7 Traditional breeding method. In a traditional breeding program,
as much as 0.4% of the genome complement from each donor parent can
reside in the seventh backcross generation along with the R gene of interest
(originally from parent 1) (Hammond-Kosack and Jones 2000).
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Figure 1.8 Transgenic method. In a transgenic approach, multiple R genes from several
initial sources are first assembled into a single Ti plasmid. After T-DNA integration into the
plant genome, these R genes cosegregate in all subsequent breeding steps, greatly
simplifying the subsequent backcrossing program for introducing multiple new traits into a
cultivar. When the transgenic transformation approach is used, the entire sequence of the
introduced DNA is known, whereas in traditional breeding program, neither the total extent of
the DNA introgressed nor its sequence identity is known. LB and RB represent the left and
right T-DNA borders, respectively. NOS T represents the nopaline synthase terminator; the
neomycin phosphotransferase gene (NPTII) that confers resistance to kanamycin and the
cauliflower mosaic virus 35S (CaMV35S) promoter (caMV35S pro) are indicated (Hammond-
Kosack and Jones 2000).
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Figure 1.9 Two plant biotechnology approaches have been devised that enable plants to
activate the entire multifactorial defense response and thereby achieve broad-spectrum
resistance. (A) The two-component sensor system includes in one plant the sensor, an Avr
gene under the control of a pathogen-inducible promoter, and an effector, an R gene. The
promoter fused to the Avr gene is activated by nonspecific elicitors from the attacking
pathogen. The Avr gene product then interacts with the resistance gene product, leading to
activation of the defense response (HR). (B) Genetically engineered acquired resistance
(GEAR) operates through limited restoration of the R gene function, in combination with
constitutive Avr expression. R gene function is regulated by inserting a transposable element
in the R gene coding sequence, which results in low frequency of somatic excision of this
transposon coincident with plant cell division. In the plant cells where R protein function is
restored, recognition of the cognate Avr protein occurs, which triggers activation of the plant
defense responses. Subsequent defense signals emanating from the cell responding to R-
Avr induce resistance responses in the surrounding plant cells, in which the R gene is still
nonfunctional. The GEAR technology creates a plant that is a genetic mosaic for cells with
and without restored R protein function; in most cells, however, defense responses are
active and give the plant improved protection against pathogen attack (Hammond-Kosack
and Jones 2000).
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Chapter 2
Aims of the Study

2.1 Aims

Fifty years ago the banana export industry based on the cultivar ‘Gros
Michel' was wiped out by the soil-borne fungus Fusarium oxysporum f. sp.
cubense race 1 (Ploetz and Pegg 2000). The plantations were replaced by
natural resistant triploids of the Cavendish group and the cultivar ‘Gros
Michel’ was rapidly abandoned. Over the past few years the FOC race 4 has
emerged as the most serious threat to the banana production worldwide
since cultivars of the Cavendish group are highly susceptible to this race.
Unlike fifty years ago, today there are no naturally resistant substitutes that
possess the fruit attributes (flavour, aroma and pulp texture) that the world
market demands and that make current commercial cultivars so attractive for
consumers. Efforts to develop FOC race 4 resistant varieties through
conventional breeding have resulted in the development of a promising
tetraploid hybrid called FHIA-01® (‘Goldfinger’) (Rowe and Rosales 2000).
Although this new variety is resistant to FOC race 4, it does not have the
attractive flavour attributes of the Cavendish cultivars and thus the broad
acceptance of this variety in the world banana market is unlikely. The
technology of genetic engineering in banana is already established in
numerous laboratories around the world (Sagi et al. 1995; May et al. 1995;
Becker et al. 2000; Khanna et al. 2004). This technology holds the promise
to introduce FOC resistance (R) genes in the current commercial susceptible
cultivars by genetic transformation without compromising the valuable traits
of the fruit and also holds the promise to bring back on the market the once
popular banana cultivar, ‘Gros Michel’. In order to develop FOC resistance in
banana through the use of R genes and genetic engineering, the
corresponding R gene (s) need to be identified, which is one of the major
goals of the Plant Biotechnology Program (Queensland University of

Technology, Australia). So far, cloning of genes that confer resistance to F.
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oxysporum has been achieved only in tomato and melon. In tomato, the 12
gene confers resistance to F. oxysporum f. sp. licopercisi (FOL) race 2
(Simons et al. 1998); and in melon, the Fom-2 gene confers resistance to F.
oxysporum f.sp. melonis (FOM) races 0 and 1 (Joobeur et al. 2004).
Interestingly, both genes belong to the same non-TIR subclass of the largest
class of plant disease resistance genes, the NBS-LRR. The fact that both
genes belong to same class of disease resistance genes suggests a similar
Fusarium resistance mechanism shared by two different plant families
(Solanaceae and Cucurbitaceae), such type of Fusarium R genes may be
extended in other plant families including the Musaceae. The 12 and Fom-2
genes represent a valuable resource to develop Fusarium resistance in
tomato and melon, respectively. However, the race specificity of these R
genes imposes a serious limitation for their use in other crops such as
banana. Consequently, other potential sources of FOC resistance must be
considered. One potential source of Fusarium resistance genes for
developing resistance in banana is the wild, progenitor banana species,
Musa acuminata ssp. malaccensis which is a diploid subspecies that
produces small fruits with seeds that have no commercial value. This
subspecies is, however, highly resistant to most banana pathogens including
FOC race 4. In field trials using a population of healthy Musa acuminata ssp.
malaccensis originating from a FOC tropical race 4-infected site on Sumatra,
the population segregated for resistance in an Australian FOC subtropical
race 4-infected site in an Mendelian ratio of 3:1 suggesting a single dominant
gene was involved in conferring resistance to the fungal pathogen (Smith
and Hamill 1999). Tissue-culture plantlets from this segregating population
were kindly provided to the Plant Biotechnology Program (Queensland
University of Technology) by Dr. Mike Smith (Queensland Department of
Primary Industries and Fisheries, Nambour, Australia) to be used in our
research. This population holds the potential to assist in the isolation of a
FOC race 4 resistance gene and other potential Fusarium resistance genes

in banana.

This project aims to characterise resistance gene candidates (RGCs) of the
NBS-type from the wild banana Musa acuminata ssp. malaccensis and to
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identify potential Fusarium resistance genes using a combination of

bioinformatics and gene expression analysis.

Specifically, the aims of this project are:

() To isolate and characterise the structure, phylogeny and expression of
disease resistance gene candidates of the NBS-type from Musa acuminata

ssp. malaccensis.

(i) To isolate and characterise the structure and phylogeny of potential
Fusarium resistance genes.

2.2 References

Becker, D., Dugdale, B., Smith, M., Harding, R. and Dale, J. (2000). Genetic
transformation of Cavendish banana (Musa spp. AAA group) cv ‘Grand
Nain’ via microprojectile bombardment. Plant Cell Reports 19: 229-234.

Joobeur, T., King, J., Nolin, S., Thomas, C., and Dean, R. (2004). The
Fusarium wilt resistance locus Fom-2 of melon contains a single
resistance gene with complex features. The Plant Journal 39: 283-297.

Khanna, H., Becker, D., Kleidon, J. and Dale, J. (2004). Centrifugation
assisted Agrobacterium-mediated transformation (CAAT) of embryogenic
cell suspensions of banana (Musa spp. Cavendish AAA and Lady finger
AAB). Molecular Breeding 14: 239-252.

May, G., Afza, R., Mason, H., Wiecko, A., Novak, F. and Arntzen, C. (1995).
Generation of transgenic banana (Musa acuminata) plants via
Agrobacterium-mediated transformation. Bio/Technology 13: 486-492.

Ploetz, R. and Pegg, K. (2000). Fungal disease of the root, corm and
pseudosteam. pp. 143-171. In Diseases of banana, abaca and enset.
Jones, D.R. (Ed.). CABI. Wallingford, UK.

Rowe, P.R. and Rosales, F.E. (2000). Conventional banana breeding in
Honduras. pp. 435-449. In Diseases of banana, abaca and enset. Jones,
D.R. (Ed.). CABI. Wallingford, UK.

Sagi, L., Panis, B., Remy, S., Schoofs, H., De Smet, K., Swennen, R. and

Cammue, P. (1995). Genetic transformation of banana and plantain (Musa
spp) via particle bombardment. Bio/Techniques 13: 481-485.

56



Simons, G., Groenendijk, J., Wijbrandi, J., Reijans, M., Groenen, J.,
Diergaarde, P., Van der Lee, T., Bleeker, M., Onstenk, J., Both, M.,
Haring, M., Mes, J., Cornelisse, B., Zabeau, M., and Vos, P. (1998).
Dissection of the Fusarium 12 gene cluster in tomato reveals six homologs
and one active gene copy. Plant Cell 10: 1055-1068.

Smith MK, Hamill SD (1999) Banana tissue culture for clean, sustainable
production. In: Final Report (FR96013), Horticultural Research &
Development Corporation, Gordon, NSW, Australia.

57



CHAPTER 3

General Materials and Methods

3.1 Plant material

Musa acuminata ssp. malaccensis (genotype AA) plantlets, resistant
(accessions 850 and 852) or susceptible (accessions 845 and 846) to FOC
subtropical race 4 (Smith et al. 1998) were kindly provided by Dr. Mike Smith
(Queensland Department of Primary Industries, Nambour, Australia). They
were grown in pots in an incubator chamber and used as the source for the
harvested tissues, leaves and roots of 4-month-old plants. Harvested tissues
were frozen in liquid nitrogen and stored at —80°C until DNA or RNA

extraction.

3.2 Nucleic acid extraction

3.2.1 DNA extraction

Genomic DNA was extracted from 2 g of leaf tissue using the protocol of
Dellaporta et al. (1983). Leaves frozen in liquid nitrogen were ground into a
fine powder using a mortar and pestle. Immediately, the powder was
transferred to a 50 ml Falcon tube with 15 ml of extraction buffer (100 mM
Tris-HCI pH 8, 50 mM EDTA pH 8.0, 500 mM NaCl, 10 mM
mercaptoethanol) preheated at 65°C. After vortexing, 2 ml of 10% SDS was
added to the mixture. The tube was vortexed again and incubated at 65°C for
15 min. A 5 ml aliquot of 5 M potassium acetate was added, mixed
thoroughly, and the homogenate incubated on ice for 20 min. The tube was
centrifuged at 3,700 rpm for 20 min and the supernatant transferred to a new
50 ml Falcon tube. An equal volume of chloroform and isoamyl alcohol
(CHCIs:llIAA) 24:1 was added and mixed thoroughly to form an emulsion.
After centrifugation at 3,700 rpm for 10 min, the supernatant was transferred
to a new 50 ml Falcon tube and 0.7 volume of isopropanol added. The tube
was inverted several times and incubated for 20 min at -20°C to precipitate
the nucleic acids. DNA was pelleted by centrifugation for 15 min at 3,700 rpm
and the pellet resuspended in 750 pl of TE buffer (10 mM Tris-HCI, pH 8.0, 1
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mM EDTA pH 8.0). The DNA solution was further extracted with an equal
volume of CHCI3:IAA (24:1) and the DNA precipitated by addition of 0.1
volume of 3 M sodium acetate pH 7.0 and 0.7 volume of isopropanol. DNA
was pelleted by centrifugation at 14,000 rpm for 5 min, then the pellet was
washed twice with 70% ethanol and dried at room temperature for 20 min.
The DNA was resuspended in TE buffer by heating at 65°C for 5 min. The
RNA was digested with RNase A (1 mg/ml, Sigma) and the DNA was stored
at 4°C.

3.2.2 RNA extraction.

RNA was extracted from 2 g of leaf or root tissues according to Schuler and
Raymond (1989) with minor modifications. Frozen tissue was ground into a
fine powder using a mortar and pestle, and immediately the powder was
transferred to a 50 ml Falcon tube containing 15 ml of RNA extraction buffer
(100 mM Tris-HCI pH 8.0, 50 mM EDTA pH 8.0, 500 mM NacCl, 10 mM
mercaptoethanol) preheated at 65°C. The tube was vortexed thoroughly and
incubated at 65°C for 15 min. The lysate was extracted with an equal volume
of CHCIs:IAA (24:1) and centrifuged at 3,700 rpm for 10 min. The
supernatant was collected and nucleic acids precipitated by addition of an
equal volume of isopropanol. Pelleted nucleic acids were resuspended in
900 ul of TE buffer, transferred to a 2 ml microcentrifuge tube and extracted
with an equal volume of CHCI3:IAA (24:1). The supernatant was transferred
to a new 2 ml microfuge tube and 0.25 volume 8 M urea and 0.25 volume of
10 mM LICl added. The solution was mixed by inverting the tube several
times and incubated overnight on ice at 4°C. Nucleic acids were pelleted by
centrifugation at 14,000 rpm for 20 min and resuspended in 600 ul of TE
buffer. The RNA was precipitated by addition of 0.1 volume of 3 M sodium
acetate pH 7.0 and one volume of isopropanol. Pelleted RNA was washed
twice with 70% ethanol and dried at room temperature for 20 min. Finally the
pellet was resuspended in 40 ul of sterile distilled water (dH,O) and stored at
-80°C.
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3.3 Polymerase chain reaction (PCR)

PCR reactions were carried out according to Sambrook et al. (2000) with
minor modifications using a Peltier Thermal Cycler-200 (MJ Research) and
the Expand™ Long Template PCR system (Roche). Except where otherwise
stated, reactions contained 300 uM dNTPs (Roche), 0.2 uM of each primer,
1x Expand™ buffer No. 1, 1 U of Expand™ DNA polymerase blend. All
template nucleic acids were first denatured at 95°C for 5 min before cycling
under the conditions described followed by a final extension at 68°C for 5

min.

3.4 Reverse transcription PCR (RT-PCR)

Prior to cDNA synthesis, total RNA was treated with RNase-free DNase
(Promega) in a total volume of 20 ul following the manufacturer’s
instructions. Briefly, the reaction contained: ~20 ug of total RNA, 3 U of
DNase (Promega), 1x DNase reaction buffer and 40 U of RNase inhibitor
(Roche). The reaction was incubated at 37°C for 20 min and then purified.
Subsequent cDNA synthesis involved addition of 1 ul of 50 uM oligo-dT
primer to ~20 ug of treated total RNA in a total volume of 10 ul. This mixture
was heated at 80°C for 5 min and then chilled on ice. After annealing, other
reaction components were added in a total volume of 20 ul with the following
final concentrations: 10 mM DTT, 1 mM dNTPs, 1 x RT buffer, 40 U RNase
inhibitor (Roche) and 200 U of SUPERSCRIPT Il polymerase (Invitrogen™).
The mixture was incubated at 50°C for 90 min and then diluted to 100 pl with
sterile dH,O. The PCR reactions were performed in a total volume of 50 pl
containing 300 uM of dNTPs, 0.2 uM of each primer, 5 ul of diluted cDNA, 1x
PCR buffer and 1 U of Expand™ DNA polymerase blend (Roche). PCR
conditions used were 95°C for 3 min, followed by 35 cycles of 95°C for 30 s,
50°C-55°C for 30 s and 72°C for 1 min; and additional 5 min extension at

72°C.
3.5 RNA Ligase Mediated-Rapid Amplification of cDNA ends (RLM-RACE)

RNA ligase-mediated rapid amplification of 5 and 3’ cDNA ends (RLM-
RACE) was carried out using the GeneRacer™ Kit (Invitrogen™) following
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the directions of the manufacturer. Dephosphorylation of 15 pg of total RNA
was carried in 1x CIP buffer, 40 U RNaseOut™, 10 U CIP and DEPC-treated
water to a final volume of 10 ul, incubated at 50°C for 1 hr and then chilled
on ice. After addition of 750 ul of TE, the reaction was extracted with
CHCI3:1AA (24:1) and the cDNA precipitated by addition of 0.1 volume of 3 M
NaOAC pH 7.0 and 1 volume of isopropanol. DNA was pelleted by
centrifugation and the pellet washed once with 70% ethanol. After air-drying,
the pellet was resuspended in 7 ul of DEPC-treated water. The
dephosphorylated RNA was decapped by addition of 1x TAP buffer, 40 U
RNaseOut™ and 0.5 U TAP in a final volume of 10 pl and incubation at 37°C
for 1 hr. After incubation, RNA was precipitated as described previously and
resuspended in 7 pl of DEPC-treated water. The lyophilised GeneRacer™
RNA oligo (5CGACUGGAGCACGAGGACACUGACAUGGACUGAAGGAG

UAGAAA-3’) (0.25 ng) was added to the decapped RNA, heated to 65°C for
5 min to relax RNA secondary structure and cooled on ice for 2 min. For
ligation the reaction included 1x Ligase buffer, 1 mM ATP, 40 U
RNaseOut™ and 5 U T4 RNA ligase in a final volume of 10 pl. Incubation
was performed at 37°C for 1 hr. RNA was precipitated as described
previously, resuspended in 10 ul DEPC-treated water and 1 ul of the
GeneRacer™ Oligo dT primer (5'-GCTGTCAACGATACGCTACGTAACGGC
ATGACAGTG(T) 15-3") (50 uM) plus 1 ul of dNTP mix (10 mM each) were
added to the ligated RNA, incubated at 65°C for 5 min to remove RNA
secondary structure and then cooled on ice. For the RT the reaction
included, 1x First strand buffer, 10 mM DTT, 40 U RNaseOut™, 15 U
Thermoscript™ RT and DEPC-treated water plus 12 pl ligated RNA/primer
mixture in a final volume of 20 pl. Incubation was carried out at 50°C for 50
min and then cooled on ice. Two units of RNase H were added and the
reaction mix incubated at 37°C for 20 min. After incubation, the reaction tube
was stored at —20°C for later use. For the 3’'RACE or 5’RACE steps, primary
PCR reactions contained 1 ul of cDNA obtained from the previous step, 1x
Expand™ buffer No. 1, 300 uM of dNTPs (Roche), 0.2 uM of the appropriate
specific primer (see chapter 5), GeneRacer primers (Figure 3.5.1), 3.5 U of

Expand™ Long Template polymerase (Roche) and dH,O in a final volume of
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50 ul. PCR conditions were 95°C for 3 min, followed by 35 cycles of 95°C for
30 s, 50-60°C for 30 s and 72°C for 1-3 min; and additional 5 min extension
at 68°C was included. A secondary PCR reaction was conducted with 1 ul of
the primary PCR using a nested gene-specific primer (see chapter 5) and the
GeneRacer nested primer (Figure 3.5.1). The same reaction composition

and cycle parameters were used as before.

GeneRacer 5’ primer: 5-CGACTGGAGCACGAGGACACTGA-3
GeneRacer 5’ nested primer: 5-GGACACTGACATGGACTGAAGGAGTA-3’
GeneRacer 3’ primer: 5-GCTGTCAACGATACGCTACGTAACG-3
GeneRacer 3’ nested primer: 5’-CGCTACGTAACGGCATGACAGTG-3

Figure 3.1 GeneRacer™ primers (Invitrogen™).

3.6 Genome walking by PCR

The protocol of Siebert et al. (1995) was used for walking along uncloned
genomic DNA. Genomic DNA (5 pug) from M. acuminata ssp. malaccensis
was digested in 100 pl reaction volumes with 80 U of Pvull or EcoR V
restriction enzymes. The digested DNA was extracted once with
phenol:CHCI3:IAA (25:24:1) and once with chloroform, then precipitated by
addition of 0.1 volume of 3 M sodium acetate pH 7.0 and 2 volumes of 95%
ethanol. After mixing, the tubes were immediately centrifuged at 14,000 rpm
for 10 min. The pellets were washed with 70% ethanol, centrifuged for 5 min,
air dried and dissolved in 20 ul of TE buffer. Ten ul of DNA was then ligated
to an excess of adaptor (Figure 3.6.1) overnight at 16°C under the following
conditions: 1x T4 DNA ligase, 5 mM adaptor and 10 U T4 DNA ligase (New
England Biolabs) in a total volume of 20 ul. The ligation reaction was
terminated by incubation at 70°C for 5 min, then diluted 10-fold by addition of
180 ul of TE buffer and stored at —20°C. PCR amplifications were performed
with the Expand™ polymerase (Roche). Primary PCR reactions were
conducted in 50 ul volumes containing 1 ul of ligated, diluted DNA, 300 uM of
dNTPs (Roche), 0.2 uM of specific primer (see chapter 5) and adaptor primer
(AP1) (Fig. 3.6.1) respectively, 1x Expand™ buffer No. 1 and 3.5 U of
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Expand™ DNA polymerase blend (Roche). PCR conditions were 95°C for 3
min, followed by 35 cycles of 95°C for 30 s, 50-60°C for 30 s and 72°C for 1-
3 min; and an additional 5 min extension at 72°C. A secondary PCR reaction
was conducted with 1 ul of a 50-fold dilution of the primary PCR using
adaptor primer 2 (AP2) (Figure 3.6.1) and the nested gene-specific primer
(see chapter 5). The same reaction composition and cycle parameters were
used as before.

Adaptor

T7 promoter Not |
5-CTAATACGACTCACTATAGGGCTCGAGCGGCCGCCCGGGCAGGT-3'

3’-H,N-CCCGTCCA-PO,-5

Adaptor primer 1 (AP1)
5'-CCATCCTAATACGACTCACTATAGGGC-3’

Adaptor primer 2 (AP2)
5-ACTCACTATAGGGCTCGAGCGGC-3’

Figure 3.2 Adaptor and primer sequences used in PCR genome walking (Siebert et al.
1995).

3.7 Gene cloning

3.7.1 Purification of PCR product.

The QIAquick gel extraction kit (QIAGEN) was used to extract and purify
PCR products from agarose gels as per the manufacturer’s instructions. In
brief, the DNA fragment was excised from the agarose gel, weighed and
three volumes of QG buffer was added per volume of gel (where 100 mg
approximately equals 100 pl). Gel slices were incubated at 50°C for 10 min
with vortexing every 2-3 min. After the slice was completely dissolved, the
sample was applied to a QIAquick spin column and centrifuged for 1 min.
Flow-through was discarded and the column was washed with 0.75 ml of PE
buffer. DNA was eluted upon addition of 30 ul of 20 mM Tris-HCI pH 7.5 and

centrifugation for 3 min.
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3.7.2 Ligation of PCR fragments in pGEM-T Easy.

For all ligation reactions PCR products were cloned into pGEMT-Easy
(Promega) as per the manufacturer’s instructions. In general, ligations were
performed at 16°C overnight in a 15 pl reaction volume containing 2 U of T4
DNA ligase (New England Biolabs), 1x ligation buffer, 10 ul aliquot of the
purified PCR product and 50 ng of vector.

3.7.3 Preparation of competent cells.

The protocol of Inoue et al. (1990) was used to obtain XL1-blue E. coli ultra-
competent cells for transformation. An aliquot of XL1-blue cells was streaked
on an LB (appendix 1) plate. The plate was incubated at 37°C overnight. One
colony was picked next day and incubated in LB liquid medium at 37°C
overnight with shaking (225 rpm). An aliquot from the overnight culture was
inoculated in 250 ml SOB media (see appendix 2) and shaken at 18°C until
ODggo = 0.6. After incubation, the culture was placed on ice for 10 min, then
divided in four Falcon tubes of 50 ml volume and centrifuged at 2,500 g for
10 min at 4°C. Pelleted cells were resuspended in 16 ml of ice-cold TB buffer
(see appendix 2) and incubated on ice for 10 min. Cells were then
centrifuged at 2,500 g for 10 min at 4°C. Pellets were resuspended in a mix
of 4 ml of ice cold TB plus 280 ul DMSO (Sigma), then incubated on ice for
10 min. After incubation, 100 ul and 200 pl aliquots were dispensed and

frozen in liquid nitrogen, and immediately stored at —80 °C.

3.7.4 Transformation of competent cells.

100 ul of XL1-blue competent cells (cc) was transferred either to 2 ml sterile
microcentrifuge tubes or Falcon tubes (No. 2059) previously chilled on ice.
Ligation was added (5 ul), gently swirled to mix well and immediately
incubated on ice for 30 min. After incubation, sample was given a heat pulse
at 42°C for 45 sec, then placed on ice for 2 min. Then, 600 pl of SOC media
(appendix 1) was added and the tube was incubated at 37°C for 1 hr with
shaking at 225 rpm. After incubation, 100 ul of transformation sample (up to

200 pl) were plated on LB agar plates containing 100 pug/ml of ampicillin, 0.5
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mM IPTG and 80 ug/ml of X-Gal. Plates were incubated overnight (16 hr) at
37°C.

3.7.5 Plasmid purification.

For plasmid purification, a modified protocol of Sambrook et al. (2000) was
used. Bacterial colonies were picked, transferred to 5 ml tubes containing LB
liquid medium with 100 pg/ml ampicilin  and incubated overnight
(approximately 16 hours) with shaking at 225 rpm. After incubation, 1.5 ml of
cell culture was centrifuged at 14,000 rpm for 1 min. Pelleted cells were
resuspended in 500 pl of ice cold STE buffer (10 mM Tris HCI pH 8.0, 1 mM
EDTA pH 8.0, 0.1 M NaCl) to remove culture media. Cells were pelleted by
centrifugation, resuspended by vigorous vortexing in 100 ul of ice cold
solution 1 (50 mM glucose, 25 mM Tris HCI pH 8.0, 10 mM EDTA pH 8.0)
and incubated for 5 min on ice. Then the cells were lysed by addition of 200
ul of freshly prepared solution 2 (0.2 N NaOH, 1% SDS) and incubated for 5
min on ice. The solution was neutralised by addition of 150 ul of ice cold
solution 3 (3 M sodium acetate pH 4.7) and incubated on ice for 5 min. After
incubation, the lysate was centrifuged at 14,000 rpm for 5 min. The
supernatant was transferred to 900 ul absolute ethanol, mixed and incubated
at room temperature for 3 min. DNA was pelleted by centrifugation at 14,000
rom for 5 min and the pellet washed with 70 % ethanol. The pellet was air
dried and resuspended in sterile dH,O (generally 30 ul) containing 1 ug/ml
RNase A (Sigma).

3.8 Sequencing

The protocol of the Australian Genome Research Facility (AGRF,
www.agrf.org.au) was used for sequencing. The sequencing reaction
contained 2 pl of plasmid miniprep, 1 ul of 3.2 uM universal primer, forward
(5-CACGACGTTGTAAAACGAC-3 or reverse (5-
GAAACAGCTATGACCATG-3), 1 ul of Big Dye terminator (BDT) version
3.1, 3.5 ul of BDT buffer, and sterile dH,O to a final volume of 20 ul. The
PCR amplification program consisted in one cycle of 95°C for 3 min, then 35
cycles of 95°C for 30 s, 50°C for 30 s and 60°C for 4 min. After PCR, DNA
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samples were transferred to fresh 1.5 ml microfuge tubes and DNA
precipitated by addition of 2 ul of 3 M sodium acetate pH 5.2 and 50 pl of
96% ethanol. DNA was pelleted by centrifugation at 14,000 rpm for 20
minutes, washed with 200 pl of 70 % ethanol and then air dried for
approximately 10 minutes at room temperature. Samples were sent for gel

separation to the AGRF at University of Queensland, Brisbane, Australia.
3.9 Southern blotting

3.9.1 Agarose gel electrophoresis

Unless stated otherwise, gels were prepared as 1% agarose in Tris-Acetate-
EDTA (TAE) buffer containing 1 ug/mL ethidium bromide. Gels were run at
100V for approximately 1 h and visualised and photographed using a
SYNGENE GelDock system.

3.9.2 Southern transfer of DNA

For Southern blotting genomic DNA samples were electrophoresed on 1.1%
TAE gels at 55V for 3 h. DNA was depurinated by soaking in 0.25 M HCI for
10 min and denatured in 0.5 M NaOH, 1.5 M NaCl for 30 min. Then the gel
was neutralised for 30 min in 0.5 M Tris-HCI, 3 M NaCl pH 7.5. DNA was
transferred to pre-cut  positively charged nylon membranes (Roche)
overnight using the capillary method described in Sambrook et al. (2000).
Following Southern transfer, DNA was fixed to the membranes by baking at
80°C for 2 h.

3.9.3 Preparation of digoxigenin (DIG) labelled probes

Probes were PCR-labelled with DIG-dUTP (Roche) following the directions of
the manufacturer. Labelling reactions contained 100 pg of plasmid DNA, 1 ul
of 10 uM forward and reverse primer, 2 ul PCR DIG labelling mix (2 mM
dATP, dCTP, dGTP, 1.5 mM dTTP and 0.5 mM DIG-11-dUTP labile), 2 ul of
10 X Expand™ Buffer No. 1 (Roche), 1 U Expand™ DNA polymerase blend
(Roche) and sterile dH,O in a final volume of 20 pl. PCR mix was denatured
at 95°C for 3 min followed by 30 cycles of 95°C for 30 s, 50°C for 30 s and
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68°C for 1 min followed by 1 cycle of 68°C for 10 min. The PCR amplified
product was electrophoresed in a 1% agarose gel and purified as described
before. The purified product was resuspended in 50 ul of sterile dH,O and
stored at -20 °C.

3.9.4 DNA detection using digoxigenin

Membranes were prehybridised for 1 h at 42°C in DIG-Easy Hyb Solution
(Roche). A DIG-labelled probe (25 pl) (see section 3.9.3) was denatured by
boiling for 5 min and quenched on ice before adding to pre-warmed
hybridisation solution and hybridising at 42°C overnight. The membranes
were subjected to 2 x 5 min low stringency washes (2 x SSC, 0.1% SDS) at
room temperature and 2 x 15 min high stringency washes (0.1 x SSC, 0.1%
SDS) at 68°C, and then washed in wash solution (0.3% (v/v) Tween-20 in
maleic acid buffer, pH 7.5). Membranes were blocked for 1 h in 1 x Blocking
solution (Blocking reagent diluted in maleic acid buffer) (Roche) and then
incubated for 30 min in an anti-DIG antibody/alkaline phosphatase conjugate
(Roche) diluted to 1:10,000 in 1 x Bloking solution. Membranes were washed
twice for 15 min in wash solution before equilibration in detection buffer (0.1
M Tris HCI, 0.1 M NaCl, pH 9.5). Detection with CDP-star (Roche) was
carried out as per manufacturer’s instructions. Exposure times to X-ray film

ranged from 30 s to 3 min.

3.10. Bioinformatic analysis

All sequences were assembled and edited using the Lasergene software
package version 4.03 (DNASTAR, Madison, WI). Homology searches were
performed using the the BLASTX and BLASTP algorithms (Altschul et al.
1997) through the National Center for Biotechnology Information (NCBI)
GenBank database (www.ncbi.nim.nih.gov). Percentages of identity and

similarity between sequences were determined by the ALIGN program

through the European Bioinformatic Institute server (www.ebi.ac.uk) and

potential coiled-coil structures were predicted by the COILS program (Lupas

1996)(www.ch.embnet.org). Motif searches were performed by the PROSITE

program (Hulo et al. 2006) and the hydropathy plot was performed according
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to Kyte and Doolittle (1982) using the ExXPASy proteomics server
(www.us.expasy.org). Protein sequences were aligned with the CLUSTALX
program version 1.81 (Thompson et al. 1997) with the default settings and
the phylogenetic tree was constructed by the neighbour-joining (NJ) method
(Saitou and Nei 1987) using the NJ algorithm implemented in the Molecular
Evolutionary Genetics Analysis (MEGA) software package version 2.1 with
the Poisson correction (Kumar et al. 2001). Bootstrapping was used to
evaluate the degree of support for a particular grouping pattern in the
phylogenetic tree. Putative cis-acting regulatory elements on the putative
promoter region of RGC2 were predicted using the signal scan program
(Higo et al, 1999) at the plant cis-acting regulatory DNA elements (PLACE)
database (www.dna.affrc.go.jp/htdocs/PLACE).
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3.12 Appendix 1

The composition of buffers and solutions for E. coli competent cell

transformation

IPTG stock solution (0.1M)
1.2 g IPTG (Promega)

Add sterile dH,O to 50 ml final volume. Sterilize by filtration and store at 4 °C.

X-Gal (2 ml)

100 mg 5-bromo-4-chloro-3-indolyl-3-D -galactoside (Promega)

Dissolve in 2 ml N,N’-dimethyl-formamide. Cover with aluminium foil and
store at —20 °C.

LB media (1 L)
10 g Bacto-tryptone
5 g Bacto-yeast extract
5 g NaCl
Adjust pH to 7.0 with NaOH. Autoclave and store at 4 °C.

LB plates with ampicillin

Prepare 1 L of LB media and prior autoclaving add 15 g agar. Autoclave.
Allow the media to cool to 50 °C before adding ampicilin to a final
concentration of 100 ug/ml. Pour approximately 25 ml of media into 85 mm

Petri dishes. Let the agar harden. Store at 4 °C for up to 1 month.

LB plates with ampicillin/IPTG/X-Gal
Make the LB plates with ampicillin as above; then supplement with 0.5 mM

IPTG and 80 pug/ml X-Gal and pour the plates.
SOC media (100 ml)

2.0g Bacto-tryptone
0.5g Bacto-yeast extract
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1ml 1M NaCl
0.25ml 1M KCI

1ml 2 M Mg* stock, filter sterilized (as prepared below)

1 ml 2 M glucose, filter sterilize
Add Bacto-tryptone, Bacto-yeast extract, NaCl and KCI to 97 ml dH,0O. Stir to
dissolve. Autoclave and cool to room temperature. Add 2 M Mg** stock and 2
M glucose, each to a final concentration of 20 mM. Bring to 100 ml with
sterile dH,0. Filter the complete medium through a 0.2 um filter unit. The
final pH should be 7.0.

2M Mg?* stock

20.33 g MgCl, - 6H,0

24.65 g MgSO4 - 7TH20

Add sterile dH,O to 100 ml. Sterilize by filtration.

The Inoue method solutions (Inoue et al. 1990)

SOB media

2 % (w/v) bacto tryptone

0.5 % (w/v) yeast extract

10 mM NaCl

2.5 mM KCI

10 mM MgCl,

10 mM MgSO,

Adjust pH to 7.0. Sterilize by autoclaving.

TB solution

10 mM Pipes

55 mM MnCl;

15 mM CacCl,

250 mM KClI

Adjust pH to 6.7 with 5N KOH prior adding the MnCl,. Sterilize by filtration.
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Chapter 4

Structure, Phylogeny and Expression Analysis of Disease
Resistance Gene Candidates of the Nucleotide Binding Site
(NBS) Type from Banana (Musa acuminata ssp. malaccensis)

4.1 Abstract

The majority of known plant disease resistance (R) genes encode proteins
with a nucleotide-binding site and leucine-rich repeat (NBS-LRR) structure.
In this study, degenerate primers deduced from conserved motifs in the NBS
domain of NBS-LRR resistance proteins were used to amplify genomic NBS-
type sequences from the wild banana Musa acuminata ssp. malaccensis. At
least five different classes of NBS sequences were identified and named as
resistance gene candidates (RGCs). Deduced amino acid sequences of the
banana RGCs showed the typical motifs (P-loop/kinase-1a, kinase-2, RNBS-
B and GLPLA) present in the majority of known plant NBS-LRR resistance
genes. Structural and phylogenetic analyses grouped the banana RGCs
within the non-TIR (homology to Toll/interleukin-1 receptors) subclass of
NBS sequences. The copy number of each class was estimated by Southern
hybridisation and each RGC was found to be in low copy number. The
expression of the RGCs was assessed by RT-PCR in leaf and root tissues of
plants resistant or susceptible to Fusarium oxysporum f. sp. cubense (FOC)
race 4. Four classes showed a constitutive expression profile whereas no
expression was detected for one class in either roots or leaves. Interestingly,
a transcriptional polymorphism was found for one of the RGCs, whose
expression was associated with FOC race 4 resistance. The banana RGC
sequences isolated in this study represent a valuable source of information

that could be used to assist the cloning of functional R genes in this crop.
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4.2 Introduction

Banana is one of the most important fruit crops in the world, with an annual
production of more than 100 million metric tons (FAO 2005). This fruit
represents both a staple food for millions of people in developing countries
and an important export commodity for numerous agricultural-based
economies. Several diseases threaten world banana production causing
significant yield losses every year and, among these, fungal diseases are the
major concern. The foliar fungal disease black Sigatoka caused by the air-
borne Mycosphaerella fijiensis is considered the most economically
important leaf disease of banana (Pasberg-Gauhl et al. 2000). For example,
in Southern Mexico and throughout Central America has been estimated that
the cost of fungicide sprays to control M. fijiensis accounts for 27-30% of
productions costs (Stover and Simmonds 1987; Agrios 1997). The intensive
fungicide applications are not only expensive for many farmers but also
represent a serious health risk to plantation workers and threatens the
environment. Another devastating fungal disease is Panama disease caused
by the soil-borne Fusarium oxysporum formae specialis (f. sp.) cubense
(FOC), which causes a lethal vascular wilt (Ploetz and Pegg 2000). FOC
race 4 is a major concern to banana production since an effective chemical
control does not exist. Therefore, the development of FOC race 4 resistance
in banana cultivars is a matter of urgency. Sources of natural resistance for
these two fungal diseases exist in wild banana species, however, resistance
has been difficult to introgress into edible cultivars by conventional breeding
techniques due to sterility problems (Roux et al. 2004). Genetic
transformation could overcome this obstacle (Becker et al. 2000; Khanna et
al. 2004) by introducing fungal resistance genes into susceptible cultivars.
However, no resistance (R) gene capable of conferring resistance to these

fungal diseases has been reported.

Most R genes identified to date are members of the cytoplasmic nucleotide-
binding site and leucine-rich repeat (NBS-LRR) class. This class of R genes
confers resistance to a wide variety of pathogens and pests including
viruses, bacteria, fungi, nematodes and insects (Dangl and Jones 2001). The
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NBS-LRR proteins are thought to recognize pathogens and respond by
activating signal transduction pathways leading to disease resistance
(Belkhadir et al. 2004). The C-terminal LRR has been considered the
candidate pathogen recognition domain and the N-terminal region, including
the NBS, the major signalling domain (Belkhadir et al. 2004). The LRR
domain is the most variable region in closely related NBS-LRR proteins and
is under diversifying selection (Michelmore and Meyers 1998; Richter and
Ronald 2000). NBS-LRR genes are abundant in plant genomes with 149
found in Arabidopsis and 480 found in rice (Meyers et al. 2003; Zhou et al.
2004) that are often organized in clusters (Hulbert et al. 2001). The NBS-
LRR genes present in a given cluster can confer resistance to different
strains of the same pathogen or to diverse pathogens (Van der Vossen et al.
2000). This clustered genomic organization may provide a reservoir of
genetic variation from which new specificities can evolve (Michelmore and
Meyers 1998). The NBS-LRR class of R genes is divided into two distinct
subclasses based on the presence or absence of an N-terminal domain with
homology to the Drosophila Toll and human Interleukin-1 receptors (TIR)
(Meyers et al. 1999; Pan et al. 2000), the TIR and non-TIR subclasses,
respectively. The non-TIR subclass commonly has a predicted coiled-coil
structure, sometimes in the form of a leucine zipper (Meyers et al. 1999; Pan
et al. 2000; Hulbert et al. 2001). The non-TIR subclass is widely distributed in
both monocotyledonous and dicotyledonous species, whereas the TIR
subclass appears to be restricted to dicotyledonous species (Meyers et al.
1999; Pan et al. 2000; Cannon et al. 2002). The TIR and non-TIR subclasses
of NBS-LRR genes can also be distinguished by the motifs found within the
NBS domain or by a single amino acid residue in the final portion of the NBS
kinase-2 motif, which in most cases is an aspartic acid for the TIR subclass

and a tryptophan for the non-TIR subclass (Meyers et al. 1999).

The well conserved motifs of the NBS domain have been used to isolate
NBS-type sequences using a PCR-based strategy with degenerate primers.
Sequences obtained with this approach, called resistance gene candidates
(RGCs), have been isolated from soybean (Kanazin et al. 1996; Yu et al.
1996; Graham et al. 2000), potato (Leister et al. 1996), lettuce (Shen et al.
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1998), rice and barley (Leister et al. 1998), wheat (Seah et al. 2000),
sunflower (Ayele-Gedil et al. 2001), common bean (Rivkin et al. 1999; Lopez
et al. 2003), strawberry (Martinez-Zamora et al. 2004), apple (Calenge et al.
2005) and other plant species. Significantly, numerous RGCs are arranged in
clusters in the same way as the R genes and show close genetic linkage with
known R gene loci. Consequently, degenerate PCR represents an attractive

approach that may facilitate the isolation of resistance genes from banana.

The aim of this study was to isolate and characterize RGCs of the NBS-type
from the wild banana Musa acuminata ssp. malaccensis, which is resistant to

black Sigatoka and Panama disease.

4.3 Materials and methods

4.3.1 Plant material

Musa acuminata ssp. malaccensis (genotype AA) plantlets which were
resistant (accessions 850 and 852) or susceptible (accessions 845 and 846)
to FOC subtropical race 4 (Smith et al. 1998) were kindly provided by Dr.
Mike Smith (Queensland Department of Primary Industries, Nambour,
Australia). They were grown in pots in an incubator chamber and used as the
source for the harvested tissues, leaves and roots of 4-month-old plants.
Harvested tissues were frozen in liquid nitrogen and stored at —80°C until
DNA or RNA extraction.

4.3.2 Degenerate PCR and cloning

DNA was extracted from leaf tissue (line 850) as described by Dellaporta et
al. (1983). A pair of degenerate primers designed by Kanazin et al. (1996)
[forward 5-GGiGGIGTIGGIAAIACIAC-3, reverse 5'-
A(A/G)IGCTA(A/G)IGGIA(A/G)ICC] was used to amplify the NBS of R genes
from the GGVGKTT kinase motif to the GLPLA motif. The degenerate PCR
reaction was performed in a total volume of 50 pl containing 300 uM of
dNTPs, 2 uM of each degenerate primer, approximately 200 ng of DNA, 1x
PCR buffer and 1 U of Tag DNA polymerase (Roche). PCR conditions were
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95°C for 3 min, followed by 35 cycles of 95°C for 30 s, 45°C for 30 s and
72°C for 1 min; and an additional 10 min extension at 72°C was included.
Purified PCR products were cloned into pGEM-T easy vector (Promega) and
transformed by heat-shock in Escherichia coli JM109 competent cells
following Promega instructions. Plasmids were extracted using the High Pure

Plasmid Isolation Kit (Roche).

4.3.3 Sequence analysis

All sequence reactions were carried out with the BigDye terminator
sequencing kit version 3.1 and separated on an ABI 3730 automatic
sequencer (Applied Biosystems) through the capillary separation service of
the Australian Genome Research Facility (www.agrf.org.au). All sequences
were assembled and edited using the Lasergene software package version
4.03 (DNASTAR, Madison, WI). Homology searches were performed with
the BLASTX program (Altschul et al. 1997) through the National Center for
Biotechnology Information GenBank database (www.ncbi.nlm.nih.gov).

Percentages of identity between sequences were determined by the ALIGN

program through the European Bioinformatic Institute server (www.ebi.ac.uk)

and potential coiled-coil structures were predicted by the COILS program
(Lupas 1996). Finally, the similarity plot was determined by
PLOTSIMILARITY program using the EGCG extension of the Wisconsin
package (ver. 8.1.0) through the Australian National Genomic Information

Service (www.angis.orq).

4.3.4 RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE)

RNA was extracted from leaf tissue (line 850), as described by Schuler and
Zielinski (1989). Isolation of 5° ¢cDNA ends of RGC1, RGC2, RGC3 and
RGC5 was carried out using the GeneRacer™ Kit (Invitrogen™ Life
Technologies) according to the manufacturer’s protocol. Briefly, the RNA was
treated with alkaline phosphatase and tobacco acid pyrophosphatase (TAP),
then the GeneRacer™ RNA oligo was ligated to the 5 RNA end using RNA
ligase followed by the synthesis of cDNA with reverse transcriptase. The 5’
RACE was performed with the reverse specific primers GSP1 (5'-
CAAGTCTTGTCGAATCGAAC-3) for RGC1, GSP2 (5'-
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ACGCTTCCCCGTCCTCCGGCATC-3) for RGC2, GSP3 (5'-
ACCCGCGATTACCATGTGG-3) for RGC3, and GSP5 (5-
TCCACCTTGGTAGCAGACTC-3') for RGC5 in combination with the
GeneRacer™ 5 primer, respectively. PCR products were subject to a
second round of PCR, using the nested specific primers nGSP1 (5'-
CTTCGCATCGAATGTTCGATTCG-3) for RGC1, nGSP2 (5-
ACACACACCCACATTCTCAATGG-3) for RGC2, nGSP3 (5'-
CTGCATATCGACCACGTTGAGCG-3) for RGC3, and nGSP5 (5-
TCTTTGGTCAGTCTCTTCAC-3) for RGC5 in combination with the
GeneRacer™ nested 5’ primer. The PCR products were cloned into pGEM-

T Easy vector (Promega) and sequenced.
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4.3.5 Genome walking by PCR

The sequence of the 5’ genomic region of RGC4 and the sequence of the 3’
genomic region (corresponding to the GLPLA motif) of all banana RGCs
were determined by genome walking (Siebert et al. 1995). Briefly, genomic
DNA from M. acuminata ssp. malaccensis was digested with Pvull and EcoR
V blunt-cutting restriction enzymes. GenomeWalker adapters were ligated
and PCR reactions were carried out on each genomewalker “library” using
the adapter primer (AP1l) and a reverse gene specific primer (5'-
GTTGGACTTCATGGATGTG-3) for RGC4, and forward specific primers for

RGC1 (5-CAAGTCTTGTCGAATCGAAC-3)), RGC2 (5-
AGCCTGTTAGCCCCATTAGATGC-3), RGC3 (5-
ACCCGCGATTACCATGTGG-3)), RGC4 (5'-
GCCGTGTCACAATCTTACAAGG-3)) and RGC5 (5-

CTGCTACCAAGGTGGAACAATC-3). PCR products were subject to a
second round of PCR, using the nested adapter primer (AP2) and nested
reverse gene specific primer for RGC4 (5’-TACCTCTTGTCCTGGAGATGG-
3), and nested forward gene specific primers for RGC1 (5

AGCTTCGACATCAGAAGAGAGGC-3), RGC2 (5'-
GTCACCGGCACGATGGAGCCATAC-3), RGC3 (5-
CCTCGCGGTCGAACCAGGTGTGC-3), RGC4 (5-
TCATAGGCCATCTCCAGGACAAGAG-3), and RGC5 (5-

ACTCGAGACACAAAGATTGCCAGC-3). The PCR products were cloned

into pGEM-T Easy vector (Promega) and sequenced.

4.3.6 Protein sequence alignment and phylogenetic analysis

Protein sequences were aligned using the ClustalX program version 1.81
(Thompson et al. 1997) with the default settings. Phylogenetic tree was
constructed by the neighbour-joining method (Saitou and Nei, 1987)
implemented in the Molecular Evolutionary Genetics Analysis (MEGA)
software version 2.1 (Kumar et al. 2001) with the Poisson correction.
Bootstrapping (1000 replicates) was used to evaluate the degree of support
for particular grouping patterns in the phylogenetic tree. The NBS sequence
of the TIR-NBS-LRR R proteins N (A54810), L6 (T185460), RPP5
(AAF08790), P2 (AAK28806) and the non-TIR-NBS-LRR proteins [2
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(AAD27815), Mi-1.2 (AAC67238), Pi-ta (AAK00132), Bs2 (AAF09256), Rx
(CAB50786) were used in BLASTP searches to retrieve RGCs for the

phylogenetic tree construction.

4.3.7 Southern hybridisation

Genomic DNA (5 ug) was digested independently with EcoR |, EcoR V, Hind
lll, Bgl Il, and Sac I. Digests were electrophoresed on a 1.2% agarose gel,
capillary-blotted onto a nylon membrane (Roche) and baked for 2 h at 80°C.
Prior to hybridisation, the membrane was blocked for 60 min at 42°C with
DIG Easy Hyb (Roche). DIG-labelled probes were PCR-amplified for each
RGC using a mixture of DIG-labelled and standard dNTPs (1:3 ratio). The
membrane was hybridised with DIG-labelled probes for at least 12 h at 42°C
followed by two washes at room temperature (10 min) in 2X SSC/0.1% SDS
and two washes at 65°C (15 min) in 0.1X SSC/0.1% SDS. Detection of the
hybridised probe using CDP-STAR (Roche) was carried out according to the

manufacturer’s instructions.

4.3.8 RT-PCR

Total RNA of leaf or root tissues was extracted from line 850 and 845,
respectively according to Schuler and Zielinski (1989). Prior to cDNA
synthesis, total RNA was treated with RNase-free DNase (Promega)
following the manufacturer’s instructions. Synthesis of cDNA was carried out
with SUPERSCRIPT 11 (Invitrogen) according to the manufacturer’s protocol.
Briefly, 1 ul of 50 uM oligo-dT primer was added to total RNA (20 ug) treated
with RNase-free DNase (Promega) in a total volume of 10 ul. This mixture
was heated at 80°C for 5 min and then chilled on ice. After annealing, other
reaction components were added in a total volume of 20 ul with the following
final concentrations: 10 mM DTT, 1 mM dNTP, 1x RT buffer, 40 U RNase
inhibitor (Roche) and 200 U of SUPERSCRIPT Il (Invitrogen). The mixture
was incubated at 42°C for 90 min and then diluted to 1:20 with sterile water.
PCR reactions were performed in a total volume of 50 ul containing 300 uM
of dNTP, 0.2 uM of each primer forward and reverse, 5 ul of diluted cDNA,
1X PCR buffer and 1 U of Taq polymerase (Roche). The following forward
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and reverse primers, respectively, were used: for RGC1l, 5'-
CAAGTCTTGTCGAATCGAAC-3 and 5-TCGTCGGCATGCCAGAATAC-3’;
for RGC2, 5-CCATTGAGAATGTGGGTGTG-3' and 5'-ACTCCTCGAGAAC

GTATGG-3’; for RGC3, 5-ACCCGCGATTACCATGTGG-3' and 5'-
GCGCTTCTTCTCATGTCGC-3’; for RGC4, 5-GCCGTGTCACAATCTTACA
AGG-3' and 5-GTTGGACTTCATGGATGTG-3; for RGC5, 5'-
CTGCTACCAAGGTGGAACAATC-3 and 5-GCACAATTCTTGAACAGCTC

C-3'. PCR conditions were 95°C for 3 min, followed by 35 cycles of 95°C for
30 s, 50°C-55 °C for 30 s and 72°C for 1 min; and additional 10 min
extension at 72°C was included. Twenty microliters of the PCR reaction were
separated on a 1.2% TAE agarose gel stained with ethidium bromide. The
PCR products were cloned into pGEM-T easy vector (Promega) and
sequenced for verification. In RT-PCR experiments, primers specific for the
banana Actin 1 gene (Hermann et al. 2001), and spanning an intron (~100
bp) were included as a control to detect any genomic DNA contamination in
the RNA samples. The Actin 1 forward primer 5'-
GATGCCCGGAGGTTCTCTTCC-3' was anchored in exon 3 while the
reverse primer 5’ AGTACAGGTACAACTCGAGC-3 was anchored in the 3’

untranslated region (UTR).
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4.4 Results

4.4.1 Amplification, cloning and sequence analysis of resistance gene
candidates of the NBS-type in banana

Degenerate primers designed to amplify the NBS sequence (the region
between the P-loop and GLPLA motifs) of the NBS-LRR class of R genes
are predicted to amplify DNA fragments of around 530 bp due to the absence
of introns in this region (Aarts et al. 1998). In agreement with this
observation, a single PCR fragment of approximately 520 bp from banana
genomic DNA was amplified, cloned and a total of 88 clones were
sequenced. BLASTX searches revealed that all the clones were related to
RGCs of the NBS-type. A 75% identity threshold value was used to
determine those sequences that belong to the same class (Bai et al. 2002). A
total of three distinct classes of RGCs of the NBS-type were identified. Each
one of these classes contained redundant or highly similar clones (>97%
nucleotide identity). A representative clone of each class, designated RGC1,
RGC2 and RGC3, was chosen for further analysis. The class represented by
RGC1 was the most abundant with 77 clones, whereas the classes
represented to a lesser degree were RGC2 and RGC3 with four and seven
clones, respectively. Two other classes of RGCs were previously isolated
from M. acuminata ssp. burmannicoides in our laboratory also using the
degenerate primers of Kanazin et al. (1996) (Taylor 2005). Based on the
sequence of the M. acuminata ssp. burmannicoides RGCs, specific primers
were used to isolate two more classes of RGCs from the genome of M.
acuminata ssp. malaccensis (designated RGC4 and RGC5). In total, five
different classes of NBS sequences that presented uninterrupted ORFs were
identified in the genome of this M. acuminata subspecies. The 5’ ends of
RGC1, RGC2, RGC3 and RGC5 were isolated from leaf tissue by 5’RACE,
while the 5’ end of RGC4 and the sequences corresponding to the GLPLA
motif of all banana RGCs were isolated using PCR genome walking. The
nucleotide sequences and the conceptual translations of each class of RGC
isolated from M. acuminata ssp. malaccensis are presented in Figures 4.1 to
4.5. Three of the banana RGCs (RGC2, RGC3 and RGC5) showed a
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potential coiled-coil (CC) structure in the non-TIR domain, whereas RGC1

and RGC4 did not show this predicted structure.
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atggagtcttttctcatcctcgttgccgaaaagattgccgtggeccatggecggegaaget
M E S F L I LV AEZ KI AV A MAGTE A

atacaggcagctatgggcttcaatttaggagccgaagaatcgctgaagacggaagttaag
I Q AAMGEFNULGAEES L KTE V K

gagacgatcagacggatcagaagcgagttcgagcacatgcaaatatttttaagctccgtg
E T I R R I R S F EHMQI1 F L S SV

gacatgcagaagtataacaccaccattgagccatggctgaaacgagcgagggagatagca
DM Q K Y NTT1 EPWILKIRARETI A

gattccatggaagacgtgatcgacgagtacttgcatattaccgtagagcggtcacagggt
bsSs MM EDV 1 DEYLWHI TV EI RS QG

ggactcagatccttttttaatcaagctgtgagaagtcacaaaaagagtagcgcctggaat
G L RSFFNIQAVRSHI KK S S AWN

ctcatagctaatcggctgaaaagttatagaagctggcctatccatctcgaagccatgaag
L 1 ANRLIKSYRSWWPI HULEAWMEK

gatcgctatgacatcaggaagaatgagtccgaagtagatgatgatgacgccgaaggcgag
DRY D1 RKNESEV DDTUDDAE G E

aatgcaaacggccttgtcggaagagtgttcaattcgtcgagatcaaaccctgtcagggaa
NANGLV G RV FNSSIRSNUP VR E

gaagacgacaatatttacagagaacaaaggaaaattttgtttcagctgctaacagatgaa
E DDNIYREA QR K1 L F QL L T D E

acgtctacacgcacggtgatatcggtttggggcatggggggtgtaggtaagaccaccatg
T S TR T V S M K T T M

gttgacaaagtttacgggaaccaggagatcgagaatcgcttcgactgcaaaatctgggtc
V D K VY GNIQE1T ENIRIFDTZ CIK 1 WV

accgtttccaagtcttgtcgaatcgaacattcgatgcgaagaattctcaaggaactgctg
T VvVsSsS KSCRI1T EHSMRRILKETLL

gacgcagatcaatcggatcatgatagtaatgggtcgtcggaccttaatcgtttacaggag
DA DQSDHDSNGS S DULNIRIL Q E

gacgtttgcagcattctacaggagaagaggtacttgctgattctcgatgatgtgtggagc
D v C S I L Q K R Y L L I L D D W S

ggagagttgtcttcctatgtgcaacgtgctcttcccgataacaatcgtggaagcagaata
G EL SSYVQRALUPUDNNRTGSRI

gtgatcacgacacggctaaacgaggtagcttcgacatcagaagagaggcaccggttgaag
v 1 TT RLNZEVASTSEZEIRUHRIL K

cttcggaaaattgaagatgaaggccaagcgttcgatctgttctgtcgagaggtattctgg
L R K 1 EDEGQAZFIDULFTCREV F W

catgccgacgacaggcgttgccccaaacacttggagacggtggggagaaatattgtcagg
H A D DR RCP K H L G N 1 R

aagtgccaaggcctgccactggcc 1164
K C Q G L P L A 388

Figure 4.1 Nucleotide sequence and conceptual translation of the
N-terminal region of banana RGC1. The NBS motifs defined by
Mevyers et al. (1999) are underlined.
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atggctggtgtcacatcacaggcagcggcggtgttctccctggtgaatgaaatctttaac
M A GV TS QAAAVFSLVNZETILFN

cggtccatcaatttgatcgtcgcggaactccggttgcagttgaatgcgagagecgagetg
R S 1 N L I VA ELIRULIGQLNAIRATEIL

aacaatctgcagagaacactattgaggactcactctctgctcgaggaggcaaaggcgagg
N NL QR TULULIRTWH S L L E E K R

cggatgactgacaagtctctcgtgctgtggctgatggagctcaaggaatgggcctacgac
M T D K S L V L W L M L K W A Y D

gccgacgacatcctcgacgagtacgaggccgcagcaatccgactgaaggtaacacgeteg
ADD 1 LD EY EAAAI R L KV TR S

accttcaaacgtcttatcgatcatgtgattataaatgttccattagcgcacaaagtagca
T F KR L I DHV I I NV P L A H K V A

gacatcaggaaaaggttgaacggggtcactcttgagagggagctaaatctgggtgcgctg
D I R K R G VvV T L R E N L G

gaagggtcgcagccgcttgattccacgaaaagaggtgtgaccacttctcttctgactgaa
E S Q PLDST KRGV TTSLL TE

tcttgtattgtcgggcgagctcaagataaggagaatttgattcggttgectgttggagecce
s ¢C1 VvV G6GRAQDIKENLIRULUWLULEP

agcgatggggcggttectgttgttecctatagttggattaggaggggcagggaagacgact
s bDbG6G AV PV YV PI1 VGLGGAGIKTT

ctgtctcagcttatctttaatgacaagagagtggaggagcatttcccattgagaatgtgg
L s QL I FND KW RVEIEHIFZPLIRMW

gtgtgtgtgtctgacgattttgatgtgaagagaattactagagagatcacagagtacgcc
v ¢V s DbDUJFDVKRI TREITEY A

accaacggaaggttcatggatctcaccaacttgaatatgcttcaagttaatctgaaagag
T N GRFMDULTNILNMMLQV N L K E

gagataagggggacgacatttttgcttgtgctggatgatgtgtggaacgaagaccccgty
E 1 R 6T TV FULL VL DDVWNETDPV

aagtgggaaagcctgttagccccattagatgccggaggacggggaagcgtggtcattgty
K WESLLAPLUDAGG GRS GSVVI1V

acgacacagagcaaaaaggtcgccgatgtcaccggcacgatggagccatacgttctcegag
T T Q S K K V A DV TSGTMMEPY V L E

gagttaacggaggatgacagttggtcactcatcgagagtcactccttcagggaggcgagc
E L TEUDD S WS L I E S HSFIRE A S

tgctctagtacaaatcctagaatggaagagatcgggaggaagatagccaagaagatcagt
c S S TNWPWRWMEIETIDI GRK T A KK I S

ggcctaccttacgga 1095
G L P Y G 365

Figure 4.2 Nucleotide sequence and conceptual translation of the N-
terminal region of banana RGC2. The NBS motifs defined by Meyers
et al. (1999) are underlined.

85



1
1

61
21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

atgtgcgatctcgtctcccttgecatgccaagectcacaacctttatgcacagectgectg
M C DL V SLACO QASIQ®PLTCTA AT CL

attcctgtacatgatgagattaaggaaactttgaccgcgtgctttcaactccgeccggaac
Il PV HDEI K ETULTATCUFQUL R RN

cggagctctctcacggaagcgctaagcgacctacgggccaccgcacagaaagtgaaggac
R S S L TEA AL SDULIRATAZQQKV KD

aaggtcgaggaagaggaggctcaccagcggatctgcaatcctgatgtcagacggtggcag
K v E E EEAHOQWRTITCNWPDVRRWAOQ

aagaaggtcgaggagatactccgggaatgcgacgccgaccaggagcacgaggaaccaaag
K K Il L R ECDADGQEHEE P K

agatgcgcctgcctgtgtggctgcgacatggatctgctccaccgtcgccgagtcgccagg
R C A C L C C M D L L H R R R R

aaagtcgtccagaatctgcaggacgtgaacaagctgaagtcagatggcgatgcattcact
K vV QNULIQDVNIKULIKSDGDATFT

ccccccttcacccacgagccgecaccggagecggtggaggaactgecgtttgaaacgcag
PPFTHTETPPPETPVETETLTFPTFTETNQ

accatcgggatggagtcggccctaagccagctcctatcccggtttgacgacgcggagaag
T 1 M S L S Q L L S R F DD K

agcatcatcggcgtccacgggctagggggcatgggcaagacgacgctcctcaaaacgctce
s 11 G VHGLGGWMGI K TTLL K T L

aacaacgagctcaaggagaatacccgcgattaccatgtggtgatcatgatcgaggttgec
N NEL KENTIRDYHV V I M1 E V A

aactccgagacgctcaacgtggtcgatatgcagaagatcatcgccaatcggetgggtctg
NS ETLNVV DMOQIK T I A NIRULGL

ccgtggaacgagagcgagacggagagggagcgatccacatttctgcgcagggccctgagg
P S T F L R R L

aggaagaagttcgttgtcctgctcgacgacgtctggaaaaagttccagttggcggacgtg
R K K F V VL L DDVWIKKF QL

ggaatccccacgccaagctccgacaacgggtggaagctgatcctegectcegeggtegaac
G 1 P TP S SDNGWI KILT L ASI RSN

caggtgtgcgtcgagatgggcgacaaggagcccatggagatgccctgettgggcgacaat
Q v_CcVEMGDIKEWPWMEWMZPTCTULGDN

gaatcgctgaggttgttccggagcaacttgatggccgaggtcagtgeccgecatcgaccat
E S LRLFRSNULMAEVSAAI DH

gacagcgacatgagaagaagcgccatggatatcatacagagctgcggcggccttccacta
b S DMRRSAMUDTII1IQSCGSG L P L

gca 1083
A 361

Figure 4.3 Nucleotide sequence and conceptual translation of the
N-terminal region of banana RGC3. The NBS motifs defined by
Mevyers et al. (1999) are underlined.
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atgggcggggatgagctccctgggtggctaatggatgcgaagcagcctcagcttcaggtt
P M AK QP QL Q V

agggtagttgcccccgatgacattgcaggtgcgactcttgccagagaaatccaccacagce
R vv AP DU DI A GATULARET HH S

ttggctattcccggcggcecatttccgagcccacgctatggtgacggecgtcagagtegeac
L A1l PG GHFRAHAMVYVYTASE S H

gacacggaggagcttctccgaaccatgattcgacagctgtccttcagtggtgagatgatt
b T EELWLWRTMIROQL SF S G EMI

ccgcaggttctcggggatctggcgttgcattcggataaaacgggagtggagcaatgtctg
P Q V L L H S K T Q L

gataacctgggagaggtggatctagtgacgacgatcgtaaactatcttcaagataagagg
D NL G E V L T T 1 V NY L Q D K R

tatttagttgtcctagatgatataccgatcaattctgcctgggactgcctcaaagatgeca
Y L vvL DU DI PI NS AWDTCTULKDA

ttacccgataaaaggaatgggagtaggatcataatgataaccgctgatgaggcggtggcc
L P D K R N S R 1 I M 1 T ADEA AV A

ggcgcttggttttcccataactatcgttctgtgtcggaggaaggtgggctcgtcggtatc
AW F S HNY R SV 1

aagccgcagagggacgatctcatcaaacggattacgaaggagggccaggaccagtttggt
K P Q R D DL 1T KR 1 T KEGQD Q F G

gtaattgcaatcataggtttcggtggcctgggcaagacgactctagccatgcaagtcttc
v 1 A1 I 6GF 6GG6GL G KTTLAMOQVF

gagagcctgaaggtaaccggtagccactttcatgcctacgcttggattgccgtgtcacaa
E S L KV TGS SHUFHAYAWTI AV S Q

tcttacaaggtggaggtgcttctgcgaagcatcattcgacaactctccatcagecgtgcag
S YKV EVLLRST1T I ROQL S 1T S VAQ

cagattcaacatgtcctacaactttctgcttcgaatcaagatatagaggtcgtggagcaa
QI QHV LOQLSASNOTDTIEVVEDQ

cttctagataagatgcgagaggaagatctgagaaggacgatcataggccatctccaggac
L L DKMWREIET DI LR RRTTIT 1T GH L QD

aagaggtatttgattgttcttgatgatacatgggaaattagtgcctgggatagcttcaaa
K R Y L I v L DDTWETINI S A WD S F K

gctgcattaccttataatagaaatggtagtaggatcatagtcacaactcgaaatatgact
AAALPYNIRNGSRII1IVTTRNWMT

gtggcacacacttgctgttctcataacagcttttgtaatcacatccatgaagtccaacct
VAHTT CT CSHNSI FT CNHIHEVQP

ctctccactcggcagtccatgaagctgttttgcaacagagtctttggegaatctgcatge
L S TRQSMIKULIFIT CNWIRVFGE S ATUC

cctggaaatttgataatgctcacggaagacatactgagaaaatgtgatggactaccactg

P 6GNL I ML TEU DI L RKT CDGL P L
gcc 1203
A 401

Figure 4.4 Nucleotide sequence and conceptual translation of the
N-terminal region of banana RGC4. The NBS motifs defined by
Mevers et al. (1999) are underlined.
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atgtcgacggcgctagtaatcggaggatggttcgcgcaaagcttcatccagacgttgcetce
M S TALV 1 G GWFAQS F I Q T L L

gacaaggccagcaactgcgcgatccaacaactcgcgcggtgccgeggecttcacgatgac
DK ASNTCAIQQL ARZCRGLUHTDTD

ctgaggcggctgcggacgtctctgctccggatccatgccatcctcgacaaggcagagacg
R LR TSULULIRTIHATILUDIKATET

aggtggaaccataaaaacacgagcttggtggagctggtgaggcagctcaaggatgectgec
R W NMHKNT S LV EL VR QL KDAA

tatgacgccgaggacttactggaggagttggagtaccaagccgcgaagcaaaaggtcgag
Y DA EDULULEETLEY Q AAIKOQ K V E

caccggggagaccagataagcgacctcttttctttttcccctagtactgcgagcgagtgg
H R GDOQ11 SDULZFSFSPSTASTEW

ttgggtgccgatggtgatgatgctgggactcgattgagggagatccaggagaagctgtgc
L G ADGUDUDAGT L R Q K L C

aacattgctgccgatatgatggatgtcatgcagctattggcacccgatgatggggggaga
N 1T AAADMMDVMOQULULAZPUDUDGGR

caattcgactggaaggtggtgggaagagaaacgagctctttcttgaccgaaaccgtcegtg
Q F DWIKVV G6GRETSSFLTETV YV

tttggtcggggccaagaaagggagaaagtagtagaattgctgttggattcaggatctggt
F 6GR 6GQ EREIKVV EULWLULUDSGS G

aacagtagcttctctgtcttacccctcgtcggaatcggaggggttgggaagacgactctg
NS S F SV L P L V G I K T L

gctcagctcgtgtacaacgacaatcgtgtcggcaactatttccacctcaaggtttgggtce
A QL VY NDNIRVGNYFHLKVWYV

tgtgtatccgacaatttcaatgtgaagagactgaccaaagagataatcgagtctgctacc
CcC VSDNJFNVIKRLTI KETILI 1 ESAT

aaggtggaacaatctgacgaattgaacttggacaccctgcaacagatcctcaaggagaag
K v E Q S D ELNWLUIDTULOQQ 1T L K E K

attgcttcagagaggtttctgctagtcctcgatgatgtgtggagcgaaaacagggatgac
Il AS ERF L L VL DDV WS N R D D

tgggaaaggctgtgcgcgccactaaggtttgcagcaagaggcagcaaggttatagtcaca
W L C P L RFAARSG GSIKWV I VT

actcgagacacaaagattgccagcatcattggcacaatgaaggaaatttcgctcgatggt
T RDTIKI AST1T 1 GTMIKET1T S L DG

ctccaggatgatgcttactgggagctgttcaagaaatgtgcatttggttctgtgaaccec
L Q DDAYWEULU FIK KT CAFSGS VNP

caggagcatctagagctcgaggttatcggtagaaagattgctggtaagttgaagggctca
Q EHL ELEV I GRIK1T AGKIULK G S

ccgctagca 1149
P L A 383

Figure 4.5 Nucleotide sequence and conceptual translation of the
N-terminal region of banana RGC5. The NBS motifs defined by
Meyers et al. (1999) are underlined.
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Sequence comparisons with other plant resistance gene candidates of the
NBS-type and the characterised NBS-LRR resistance genes were performed
using the region between the P-loop and GLPLA maotifs (~170 aa) of the NBS
domain. The highest level of identity among the deduced amino acid
sequences of banana RGCs was found between RGC2 and RGC5 with 50%
and the lowest level between RGC2 and RGC3 with 21% (Table 4.1).
Overall, identities between the five banana RGCs were equivalent to those
observed between other RGCs (Shen et al. 1998; Ayele-Gedil et al. 2001;
Lépez et al. 2003) or the NBS-LRR resistance genes of other plant species
(Table 4.1). Homology searches of the GenBank database revealed that
three of the isolated banana RGCs were identical or highly similar to NBS
sequences of Musa acuminata already in GenBank. RGC1 was 100%
identical to entry AAM97903, RGC3 was 96% identical to entry ABB96971
and finally RGC5 was 93% identical to entry AAM97908. Three partial Musa
NBS sequences spanning the region between the P-loop and RNBS-B motifs
(~100 amino acids) appear in GenBank (AAM97909, AAM97910 and
AAM9711) and were considered as three novel classes of NBS-type
sequences since they have no counterparts to any reported Musa sequences
(they share <50% amino acid identity with malaccensis RGCs). Further
research is required to isolate the GLPLA region for each one of them.
Homology searches also revealed that each banana RGC showed a
significant similarity to RGCs isolated from other monocots such as Oryza
sativa, Saccharum officinarum and Avena sativa (Table 4.2); and also to
known non-TIR-NBS-LRR resistance genes (Table 4.3).
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Table 4.1 Percentage identity derived from pairwise comparisons between isolated banana
RGCs and between the NBS domain of NBS-LRR resistance genes®.

Class RGC1 RGC2 RGC3 RGC4 RGC5 Rx HERO Fom-2
27 24 34 33 33 34 28

RGC2 ... 21 26 50 26 34 36
RGC3 ... ... 25 24 24 28 24
RGC4 ... .. 30 32 34 31

RGC5 ... .o L 35 37 36

Rx .. L 38 31

HERO ... .. L 33

Fom-2 ... e

% The region between the P-loop and the GLPLA motifs (~170 aa) of the NBS domain was
considered for the pairwise comparisons. Rx (CAB50786), confers resistance to Potato virus
X (PVX) in Solanum tuberosum; HERO (CAD29729), confers resistance to Globodera
rostochiensis in Lycopersicon esculentum; Fom-2 (AAS80152), confers resistance to
Fusarium oxysporum f.sp.melonis in Cucumis melo.

90



Table 4.2 Best BLASTX hits of isolated banana RGCs with respect to RGCs from other plant

species ®.
Class Aﬁﬁfﬁsgn Plant Ideor/10tity Sim;/loarity Expect (E) value
RGC1 BAC79938 Oryza sativa 41 63 9e-35
RGC2 AAQ16581 ig;ﬁ;‘;{l‘jm 49 72 le-44
RGC3 AAC31552 Avena sativa 54 69 2e-36
RGC4 BAC15497 Oryza sativa 41 59 4e-34
RGC5 AAT47022 Oryza sativa 49 67 7e-44

% The region between the P-loop and the GLPLA motifs (~170 aa) of each banana RGC was
used as a query in BLASTX searches.
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Table 4.3 Two best BLASTX hits of isolated banana RGCs with respect to characterised
resistance genes®.

Accession

Identity

Similarity

b
Class R gene number Plant % % E-value
RGC1 Rxol AAX31149 Zea mays 39 63 6e-31
RPM1 Q39214 Arabidospsis 37 55 1e-22
thaliana
RGC2 Rpgl-b AAR19097 Glycine max 49 65 9e-37
12 AAD27815  L-ycopersicon 45 61 1e-32
esculentum
RGC3  RPS5 O6ag73  Arabidospsis 38 56 4e-20
thaliana
RPS2 Qa24ags ~ Arabidospsis 36 57 5e-19
thaliana
RGC4  MLA1  AAG37354 Hordeum 35 56 1e-22
vulgare
MLAIO  AAQ55541 Hordeum 34 56 1e-22
vulgare
RGC5 12 AAD27815  Lycopersicon 47 65 46-37
esculentum
Xal BAA25068 Oryza sativa 45 66 8e-38

% The region between the P-loop and the GLPLA motifs (~170 aa) of each banana RGC was
used as a query in BLASTX searches.

® All the best hits found correspond to non-TIR-NBS-LRR resistance genes. Rxol, confers
resistance to Xanthomonas oryzae in zea mays; RPM1, RPS5 and RPS2, confer resistance
to Pseudomonas syringae in Arabidopsis thaliana; Rpgl-b, confers resistance to
Pseudomonas syringae in Glycine max; 12, confers resistance to Fusarium oxysporum f.sp.
lycopersici in Lycopersicon esculentum; MLA1 and MLA10, confer resistance to Blumeria
graminis in Hordeum vulgare; Xal, confers resistance to Xanthomonas oryzae in Oryza
sativa.

Alignment of the deduced amino acid sequences of the banana RGCs
spanning the N-terminal region showed that the RGCs contained the typical
consensus P-loop/kinase-1a, kinase-2, RNBS-B and GLPLA motifs of the
NBS domain of R genes (Meyers et al. 1999) located at similar positions
(Figure 4.6). Moreover, the NBS domain of all banana RGCs allow to predict
the absence of the TIR domain by the presence of the motif RNBS-A-non-
TIR near to the P-loop and also to the presence of a tryptophan residue (W)

at end of the kinase-2 motif which are associated with non-TIR-NBS
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sequences only (Meyers et al. 1999) (Figure 4.6). This prediction was correct
since the N-terminus of each RGC lacks a TIR domain, instead the non-TIR
(nT) motif determined by Bai et al. (2002) was found in this region for RGC1,
RGC2, RGC3 and RGC5 (Figure 4.6). RGC4 did not present this maotif,
instead a duplicated NBS-type sequence was found at its N-terminus
(RGC4-N-ter). Interestingly, the P-loop motif of this sequence was poorly
conserved and the GLPLA motif was not present (Figure 4.6). In contrast to
the NBS domain where several conserved motifs are found, the non-TIR

domain shows a less degree of conservation.
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Figure 4.6 ClustalX alignment of the deduced amino acid sequences of the N-terminal regions of
banana RGC1 to RGCS5 including the non-TIR domain. The corresponding region of known non-
TIR-NBS-LRR R genes was included in the alignment for comparison. The non-TIR (nT) motif
determined by Bai et al. 2002 and the conserved NBS motifs as determined by Meyers et al. (1999)
are indicated. Identical amino acids are shaded in black and conservative substitutions are shaded
in grey. Rp1-D (AAD47197), confers resistance to Puccinia sorghi in Zea mays; 12 (AAD27815) and
Fom-2 (AAS80152), confer resistance to Fusarium oxysporum f.sp. lycopersici and Fusarium
oxysporum f.sp. melonis in Lycopersicon esculentum and Cucumis melo, respectively; Rb
(Q7XBQ9), confers resistance to Phytophthora infestans in Solanum bulbocastanum; RPM1
(A57072), confers resistance to Pseudomonas syringae in Arabidopsis thaliana.
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Figure 4.7 A similarity plot of the banana resistance gene candidates (RGC1 to RGC5). The
conserved NBS motifs as determined by Meyers et al. (1999) are indicated. The dotted line
indicates the average similarity.

4.4.2 Phylogenetic relationships of the banana RGCs

The phylogenetic analysis was performed using the region comprising only
the NBS domain as it is present in both the TIR and non-TIR-NBS-LRR
proteins and contains numerous conserved motifs that assist proper
alignment (Meyers et al. 2003). The phylogenetic tree grouped the banana
RGCs into the non-TIR subclass of NBS sequences described by Meyers et
al. 1999 (Figure 4.8) which supports previous conclusions drawn from our
sequence analysis indicating that the banana RGCs lack a TIR domain at the
N-terminal region. The distribution of the banana RGCs in different branches

of the non-TIR-NBS cluster reflects a high level of sequence divergence for
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these sequences. In the case of RGC2 and RGCS5, they are grouped in the
same clade but separated by long branches, whereas the remaining banana
RGCs are distributed in different clades. Overall, the banana RGCs were
more closely related to NBS sequences from other species than each other.
Interestingly, all banana RGCs were clustered with NBS sequences of known
non-TIR-NBS-LRR resistance proteins suggesting they may encode

resistance gene products of as yet unknown specificity.

4.4.3 Genomic copy number

Southern hybridisation analysis performed under conditions of high
stringency revealed hybridisation patterns comprising one to three bands for
each gene (Figure 4.9), suggesting that the banana RGCs are present as a
single copy in the diploid genome of M. acuminata ssp. malaccensis or

possibly as a few copies representing a small multigene family.
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Figure 4.8 Neighbor-joining phylogenetic tree based on the ClustalX alignment of resistance
gene candidate sequences from banana (black circles), other plants and the NBS of TIR- and
non-TIR-NBS-LRR resistance proteins (in bold). Amino acid sequences from the P-loop to the
GLPLA of the NBS domain were used for the analysis. The numbers below the branches
indicate the percentage of 1000 bootstrap replications supporting the particular nodes, and only
those with >50% support are shown. The tree was constructed using MEGA 2.1 with the

Poisson correction.
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Figure 4.9 Southern blot analysis of each banana resistance gene candidate class (RGC1 to
RGC5). Genomic DNA (5 pg) was digested with restriction enzymes, separated on a 1.1%
agarose gel, and transferred to a nylon membrane by capillarity. Hybridization was done with
DIG-labelled probes under high-stringency. The restriction enzymes used in lanes A-E are
EcoR I, EcoR V, Hind Ill, Bgl I, and Sac I, respectively. Molecular weight markers are indicated
on the left of each blot.
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4.4.4 Expression profiles of the banana RGCs

To determine whether the banana RGCs were expressed, RT-PCR was
carried out in unchallenged plants of M. acuminata ssp. malaccensis
resistant or susceptible to FOC race 4 with specific primers for each of the
RGCs. Amplification products were detected in both leaf and root tissue for
RGC1, RGC2, RGC3 and RGC5 but not for RGC4 (Figure 4.10), suggesting
that at least four of the five RGCs are expressed constitutively. Interestingly,
an mMRNA encoding RGC2 was detected in the resistant plant (line 850) but
not in the susceptible plant (line 845) suggesting this transcriptional
polymorphism correlates with resistance to the FOC race 4. Identical results
were obtained when two other lines were tested, a transcript was detected in
the resistant line 852 but not in susceptible line 846 (data not shown). As a
control to ensure that the amplification products represented expressed
MRNA and did not arise from contaminating DNA, PCR amplifications were
carried out using primers targeting the gene encoding banana Actin 1 and
spanning an intron of approximately 100 bp protein (Hermann et al. 2001).
Only the expected cDNA fragment of ~ 480 bp was amplified indicating that
cDNA preparations were not contaminated with genomic DNA. Therefore,
these experiments provide qualitative evidence of gene expression for four of

five classes of RGCs in banana.
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Figure 4.10 RT-PCR analysis of the five banana resistance gene candidates (RGC1 to
RGC5) in FOC race 4 resistant (R) line 850 or susceptible (S) line 845 plants of M.
acuminata ssp. malaccensis. Total RNA was extracted from leaf or root tissues and
treated with DNase. A+ lanes (positive control), expected ~480 bp banana Actin 1 cDNA
fragment; A- lanes (negative control), no reverse transcriptase. 25 ul of PCR amplification
was loaded for each banana RGC and 5 pul for the Actin 1 gene fragment. Molecular
weight markers are indicated on the left and right of each agarose gel.
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4.5 Discussion

This study presents the isolation and characterisation of five different classes
of RGCs of the NBS-type from the wild banana Musa acuminata ssp.
malaccensis. Several features of the banana RGCs suggest they are related
to the NBS of NBS-LRR disease resistance genes. For example, the
characteristic motifs of the NBS domain of known resistance genes
described by Meyers et al. (1999) and Pan et al. (2000) are present in each
banana RGCs at similar positions (Figure 4.6). One of these motifs, the
highly conserved P-loop, has been shown to bind ATP in the NBS-LRR
resistance proteins 12 and Mi from tomato (Tameling et al. 2002) suggesting
the banana RGC proteins may also bind ATP. The non-TIR (nT) motif (Bai et
al. 2002), which is associated only with the non-TIR subclass of NBS
sequences was found in the N-terminal region of four banana RGCs (Figure
4.6). Interestingly, RGC4 showed a duplicated NBS-type sequence in the N-
terminal region. The presence of a duplicated NBS sequence at the N-
terminus of NBS-LRR proteins has been reported in the rice genome as
NBS-NBS-LRR genes (Zhou et al. 2004). Only four genes of the 480 rice
NBS-LRR genes showed this structure (Zhou et al. 2004). None of the motifs
associated with the TIR subclass were found in the corresponding region of
the banana RGCs. This feature is consistent with the structure of R genes
from monocot plants where the TIR domain appears to be absent (Meyers et
al. 1999; Pan et al. 2000; Bai et al. 2002; Zhou et al. 2004). Moreover, the
banana RGC1, RGC2 and RGC5 showed the presence of a putative coiled-
coil (CC) structure in the non-TIR domain, which is another common feature
of this region (Pan et al. 2000). For example, in the rice genome, 159 of the
480 NBS-LRR sequences found were identified as having a CC motif in the
non-TIR domain (Zhou et al. 2004). The lengths of the non-TIR domain of the
banana RGCs (Figures 4.1 to 4.6) were also similar to the lengths of the non-
TIR domain of monocot and dicot R genes which range from 200-250 amino
acids from the start of the coding region to the beginning of the NBS domain
(P-loop) (Bai et al. 2002; Meyers et al. 2003). The majority of RGCs
investigated so far, for example in soybean (Kanazin et al. 1996; Yu et al.
1996), potato (Leister et al. 1996), bean (Shen et al. 1998; Lépez et al. 2003)
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and others map to clusters of genetically defined R gene loci. Thus the
banana RGC loci may encode functional R genes although an association

with resistance to a pathogen remains to be demonstrated.

It is likely that the RGCs isolated in this study represent only a subset of the
NBS sequences present in the banana genome as only one primer
combination was used. Using PCR primers based on the conserved motifs of
the NBS region, eight and 14 different classes of NBS sequences were
isolated in Arabidopsis and rice, respectively (Aarts et al. 1998; Leister et al.
1998). This is much smaller than the numbers of NBS sequences known to
be present in the genomes of Arabidopsis (Meyers et al. 2003) and rice
(Zhou et al. 2004). These data show that the number of NBS sequences
obtained using PCR primers based on the NBS region may represent only a
small portion of the entire set present in the plant genome. The latter may be
attributable to DNA polymorphisms in the motifs where the degenerate
primers are designed which cause some sequences to be preferentially
amplified. The use of other primer combinations might help in the

identification of other NBS sequences in banana.

The phylogenetic analysis supports the classification of the banana RGCs
into the non-TIR subclass since they all cluster with other NBS sequences of
the non-TIR subclass. To date, the TIR domain has not been found in the
structure of monocot NBS-LRR R genes even in the complete rice genome
sequence (Goff et al. 2002; Bai et al. 2002; Cannon et al. 2002; Zhou et al.
2004). It has been hypothesised that the loss of the TIR domain from the
NBS-LRR genes in monocot plants may have occurred during the
divergence of the monocots and dicots early in the Cretaceous period about
100 million years ago (Pan et al. 2000). Because banana shares a common
evolutionary origin with other monocot plants, it is likely that this domain is
also absent from the structure of all banana R genes. Therefore, the fact that
only NBS sequences of the non-TIR subclass were isolated in this study is
unlikely to be an artefact of the PCR amplification process but instead the
result from the absence of the TIR domain in the Musaceae family. The
latter is supported by the study of Kanazin et al. (1996) who only found the
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TIR subclass of NBS sequences in soybean using the same pair of
degenerate primers. Indeed, the sequencing of the banana genome, which is

currently in progress, will shed light on this matter (www.musagenomics.org).

All RGC sequences hybridised to a relatively small number of restriction
fragments (one to three) (Figure 4.9), indicating that these RGCs are present
within the banana genome as single copies or as members of a small gene
family. Single copy RGCs also exist in other plants such as soybean
(Kanazin et al. 1996), potato (Leister et al. 1996), Arabidopsis (The
Arabidopsis Genome Initiative 2000; Meyers et al. 2003) and rice (Bai et al.
2002; Ramalingam et al. 2003; Zhou et al. 2004). However, most R genes so
far isolated have been found as multicopy, clustered sequences (Hulbert et
al. 2001). For example, the Fusarium |2 resistance gene from tomato is
within a 90 kb cluster of seven paralogues (Simons et al. 1998). The majority
of RGCs isolated in different plant species show a clustered genomic
organization (Aarts et al. 1998; Leister et al. 1998; Hulbert et al. 2001; Bai et
al. 2002; Ramalingam et al. 2003). Although some of the isolated banana
RGCs appear to be present in low copy number, it remains to be

demonstrated whether they are organized in gene clusters.

Previous reports have shown that NBS-LRR resistance genes are not
inducible but are expressed in a constitutive manner. Northern blot or RT-
PCR analyses on different R genes such as RPM1 (Grant et al. 1995), Prf
(Salmeron et al. 1996), RPP5 (Parker et al. 1997), Mi (Milligan et al. 1998),
I2 (Mes et al. 2000), and others have revealed the presence of low levels of
transcripts in unchallenged plants. These findings are in agreement with the
postulated role of NBS-LRR proteins acting as preformed receptors that
recognize a pathogen (Van der Biezen and Jones 1998). The lack of a
circulatory system in plants might be compensated for by a capacity to
express each R protein constitutively in every cell that potentially could be
attacked (Van der Biezen and Jones 1998). The finding of expression of
RGC1, RGC2, RGC3, and RGCS5 in both leaf and root tissue without any
pathogen challenge suggests a constitutive expression for these sequences
(Figure 4.10). The apparent absence of expression of RGC4 in both tissues
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might suggest a non-functional promoter precedes this gene. Remarkably,
RGC2 showed a transcriptional polymorphism that correlates to the FOC
race 4 resistance phenotype of M. acuminata ssp. malaccensis plants. The
RGC2 mRNA is present in two lines of resistant plants but absent in two lines
of susceptible plants. This finding suggests that RGC2 might play a role in
resistance to FOC race 4. A similar expression profile was shown by the
Fusarium 12 resistance gene from tomato where the expression of the 12
gene was only present in both leaf and root tissue of plants resistant to
Fusarium oxysporum f.sp lycopersici race 2 and absent in susceptible plants
(Mes et al. 2000).

Apart from the transcriptional correlation of RGC2 in FOC race 4 resistance,
this sequence as well as RGC5 showed a significant similarity to the
Fusarium |2 resistance gene from tomato. Since one goal of this project was
to identify banana genes that may confer resistance to FOC race 4, RGC2
and RGC5 were chosen for further characterisation and the results of this
work are presented in Chapter 5. Characterisation of the full open reading
frame (ORF) of RGC2 and RGC5 revealed the presence of leucine reach
repeats (LRR) at the C-terminal region of the predicted proteins (Chapter 5).
Although, the C-terminal encoding region of the remaining banana RGCs
was not isolated, it is highly probable that these sequences also contain a
LRR domain since most plant NBS sequences contain this domain at the C-
terminal region. For example, the Arabidopsis and rice genome sequences
have shown that the majority of their NBS encoding sequences contain
leucine reach repeats at the C-terminus. In Arabidopsis, 149 of the 178 NBS
sequences identified contain a LRR domain (Meyers et al. 2003) and in the
case of rice, 480 of the 535 NBS sequences identified contain this domain as
well (Zhou et al. 2004).

This study has shown that the isolated banana sequences are NBS
resistance gene candidates with a non-TIR domain at the N-terminus. The
identification of RGCs in banana may assist in the identification of functional
banana R genes based on sequence homology and expression analysis,
since two banana RGCs (RGC2 and RGC5) showed a significant sequence
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similarity to the Fusarium |2 resistance gene from tomato and the expression
of RGC2 correlated with FOC race 4 resistance. Cloning of the full ORF of
these sequences (chapter 5) will allow testing their role in Fusarium
resistance through genetic complementation. Alternatively, the identification
of RGCs in banana may provide markers tightly linked to R gene loci that
could be used in high-resolution genetic mapping as a tool for map-based
cloning. New technologies of the post-genomic era, such as RNA
interference (RNAI) (Waterhouse and Helliwell 2003) could facilitate testing
the function of multiple RGCs in banana plants resistant to the most
devastating pathogens. Those resistant plants that become susceptible after
pathogen challenge would assist in the identification of a particular R gene.
The RNAI technology has been recently used to determine the function of
multiple genes involved in pathogen resistance in barley epidermal cells
(Douchkov et al. 2005). Another recent technology that promises to facilitate
the identification of multiple R genes in banana is the use of Binary Bacterial
Artificial Chromosome (BIBAC) libraries, which can be used to transfer via
Agrobacterium tumefaciens large DNA fragments (up to 120 kb) into the
plant genome (He et al. 2003). Indeed, a BIBAC library has been constructed
recently for the cultivar “Tuu Gia’ (Musa acuminata) which is resistant to the
most serious diseases of banana such as black Sigatoka or Panama disease
(Ortiz-Vazquez et al. 2005) and a highly efficient Agro-transformation method
for banana is now available (Khanna et al. 2004). With these technologies, it
would be possible to transform disease-susceptible banana cultivars with
BIBAC clones harbouring RGCs organized either as singletons or clusters
from the ‘Tuu Gia’ cultivar. This approach would lead to a RGC-BIBAC
collection of banana lines ready to be used for pathogen-resistance
screenings. The application of these technologies in banana foresees a
promising future to unravel the function of RGCs in this crop and develop

pathogen resistance in the field.
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Chapter 5

Structural and Phylogenetic Analysis of Two Potential
Fusarium Resistance Genes from Banana (Musa acuminata
ssp. malaccensis)

5.1 Abstract

The previous chapter (4) presented the isolation of five different classes of
resistance gene candidates (RGCs) of the nucleotide binding site (NBS) type
from the wild banana Musa acuminata ssp. malaccensis. Two RGCs (RGC2
and RGC5) showed significant sequence similarity to the Fusarium
resistance gene 12 from tomato. Furthermore, the expression of RGC2
correlated with resistance to Fusarium oxysporum formae specialis cubense
(FOC) race 4 suggesting a possible role of RGC2 in resistance to this
agronomically important pathogen. This chapter presents the isolation and
characterisation of the full cDNA sequences of these banana RGCs. The
open reading frames (ORFs) of RGC2 and RGC5 were predicted to encode
proteins that showed the typical structure of the non-TIR (homology to
Toll/interleukin-1 receptors) NBS (nucleotide binding site) LRR (leucine rich
repeat) class of plant disease resistance proteins. Homology searches using
the entire ORF of RGC2 and RGCS5 revealed significant sequence similarity
to the Fusarium resistance gene [2 from tomato. Interestingly, the
phylogenetic analysis showed that RGC2 and RGC5 were grouped within the
same phylogenetic clade as the tomato 12 gene and the recently cloned
Fusarium resistance gene Fom-2 from melon. These findings and the
previous correlation of RGC2 in FOC race 4 resistance (Chapter 4) make
RGC2 and RGC5 a pair of very interesting resistance gene candidates that
could be associated to Fusarium resistance in banana. Finally, different
expression cassettes with the RGC2 ORF were constructed. In one of the
constructs, the expression is driven by a RGC2 putative promoter region
isolated as part of this study. These constructs will be used to test the role of
RGC2 in FOC race 4 resistance.
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5. 2 Introduction

Banana is the most important fruit crop in the tropics. Over 100 million metric
tons of fruit are produced annually and the amount that enters international
commerce is worth ~$5 billion US dollars per year (Ploetz 2005). Locally
consumed fruit are major staple foods in Africa and Latin America, and in
countries such as Rwanda and Uganda, per capita consumption approaches
lkg/day (Ploetz 2005). Diseases caused by pathogens are major constraints
in the production of this important crop and Panama disease is one of the
most devastating. This disease is caused by the soil-borne fungus Fusarium
oxysporum forma specialis (f. sp.) cubense (FOC), which systemically
colonizes the xylem of susceptible banana plants through the roots causing a
lethal vascular wilt (Ploetz and Pegg 2000). FOC is one of more than 120
formae speciales of F. oxysporum causing vascular wilts in flowering plants
and severe economical losses every year in numerous crops (Di Pietro et al.
2003). In general, effective chemical control measures do not exist for this
pathogen, therefore the use of resistant varieties is the only practical strategy
for controlling F. oxysporum in the field (Di Pietro et al. 2003; Ploetz and
Pegg 2000). Based on pathogenicity to host cultivars, four physiological
races of FOC are recognised in banana (Ploetz and Pegg 2000). Race 1
destroyed the banana export industry in the 1950s which was based on the
cultivar ‘Gros Michel'. Consequently, the banana export industry was saved
with the introduction of Cavendish cultivars which were naturally resistant
clones available at that time. Race 2 affects cooking bananas, such as
‘Bluggoe’ (ABB). Race 3 was reported to affect Heliconia spp. and was
weakly pathogenic on ‘Gros Michel’. Finally, race 4 affects cultivars resistant
to race 1 and race 2, making this race the most serious threat to the banana
production worldwide. Sources of resistance to race 4 have been found in
wild banana species (Ploetz and Pegg 2000), however it has been difficult to
transfer this resistance into commercial cultivars by conventional breeding
techniques because most banana cultivars are sterile polyploids. Genetic
transformation in banana could overcome this obstacle (Becker et al. 2000;
Khanna et al. 2004), however, a FOC resistance (R) gene has not been

isolated.
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R genes participate in gene-for-gene interactions, in which the R gene
product appears to act as a receptor that recognises a product of the
corresponding avirulence (Avr) gene from the pathogen, triggering signal
transduction cascades that lead to defence responses to halt pathogen
spread (Hammond-Kosack and Jones, 1997; Martin et al. 2003). In the
absence of either R or Avr gene, no recognition occurs and the pathogen is
able to colonize the host and cause disease (Hammond-Kosack and Jones,
1997; Hammond-Kosack and Parker, 2003). Most characterised R genes are
predicted to encode intracellular proteins that contain nucleotide-binding
sites and leucine-rich repeats domains (NBS-LRR) (Dangl and Jones, 2001;
Belkhadir et al. 2004). The NBS-LRR class can be divided in two subclasses,
the TIR and the non-TIR, depending on the presence of a domain at the N-
terminus with homology to the Drosophila Toll and mammalian Interleukin-1
receptors (TIR) (Meyers et al. 1999).

A classical gene-for-gene relationship has been proposed to mediate the
interaction between F. oxysporum races and host cultivars based on
dominant monogenic resistance traits against known races (Di Pietro et al.
2003). This has been confirmed with the cloning of the 12 gene from tomato
(Lycopersicon esculentum), which is capable to confer resistance to F.
oxysporum f.sp. lycopersici (FOL) race 2 but not to the other two races of
FOL, race 1 and 3, whose resistance is located at different loci of the tomato
genome (Sela-Buurlage et al. 2001). A map-based cloning approach was
used to identify the 12 gene, which is located within a cluster of seven
paralogues on the long arm of chromosome 11 (Simons et al. 1998). The 12
gene belongs to the non-TIR-NBS-LRR class of resistance genes. A second
Fusarium resistance gene has been isolated recently, the Fom-2 gene from
melon (Cucumis melo), which confers resistance to F. oxysporum f. sp.
melonis race 0 and 1 (Joobeur et al. 2004). This gene also belongs to the
non-TIR-NBS-LRR class of R genes, but in contrast to the tomato 12 gene,
the Fom-2 locus contains a single copy of a resistance gene and six
retroelement-like sequences. The fact that these two Fusarium resistance
genes belong to the non-TIR-NBS-LRR class of R genes suggests a similar
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Fusarium resistance mechanism shared between the families Solanaceae
and Cucurbitaceae. This observation opens the possibility to find Fusarium
resistance genes in other plant families with a similar structure to the 12 or
Fom-2 genes. Although the cloning of two Fusarium resistance genes from
different plant families has been achieved, to our knowledge there are no
published reports that explain their phylogenetic relationships or how their
Fusarium recognition specificity may have arose. This information could be

highly valuable in the quest for further Fusarium R genes in plants

The previous chapter presented the isolation and characterisation of five
resistance gene candidates (RGCs) of the NBS type from the FOC resistant
banana Musa acuminata ssp. malaccensis. Interestingly, two of these RGCs
(RGC2 and RGC5) showed a significant sequence similarity to the tomato 12
resistance gene. Moreover, the expression of RGC2 was found to correlate
with FOC race 4 resistance. These data suggest a possible role of RGC2
and RGC5 in Fusarium resistance in banana. The present chapter reports
the isolation and sequence characterisation of the full open reading frame
(ORF) of RGC2 and RGCS5.
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5.3 Materials and methods

5.3.1 Plant material

A Musa acuminata ssp. malaccensis plant (accession 850) which shows
resistance to FOC subtropical race 4 was provided by Dr. Mike Smith
(Queensland Department of Primary Industries, Nambour, Australia). The
plant was grown in an incubator chamber and used as the source for
harvesting leaves and root tissues. Harvested tissues of a 4-month-old plant
were immediately frozen in liquid nitrogen and stored at — 80°C until nucleic

acid extraction.

5.3.2 Isolation of the 3 cDNA ends of RGC2 and RGC5 using rapid
amplification of cDNA ends (RACE)

The 3’ ends of the cDNAs encoding RGC2 and RGC5 were isolated using
the GeneRacer'™ Kit (Invitrogen™ Life Technologies) according to the
manufacturer’s protocol. Briefly, the RNA was extracted from root tissue as
described by Schuler and Zielinski (1989) and the cDNA synthesis was

carried out according to the GeneRacer'™ protocol. The 3'RACE was

performed with the forward specific primers 5'-
AGCCTGTTAGCCCCATTAGATGC-3’ for RGC2 and 5'-
CTGCTACCAAGGTGGA

ACAATC-3' for RGC5 in combination with the GeneRacer™ 3’ primer,
respectively. PCR products were subjected to a second round of PCR, using
the nested specific primers 5-GTCACCGGCACGATGGAGCCATAC-3' for
RGC2, and 5-ACTCGAGACACAAAGATTGCCAGC-3' for RGC5 in
combination with the GeneRacer™ nested 3'primer. PCR products were

cloned and sequenced as described below.

5.3.3 Cloning and sequencing

PCR products were separated by electrophoresis in a 1.5% TAE agarose gel
stained with ethidium bromide. The expected bands were eluted and purified
with the High Pure PCR purification kit (Roche) according to the
manufacturer’s protocol. PCR-purified products were cloned into the pGEM-T
Easy vector (Promega) and transformed by heat-shock into Escherichia coli
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JM109 competent cells (Promega) following the manufacturer’s instructions.
Plasmids were extracted using the High Pure Plasmid Isolation Kit (Roche)
and sequenced using the BigDye terminator sequencing kit version 3.1
(Applied Biosystems). Capillary separation was carried out using an ABI
3730 automatic sequencer (Applied Biosystems) at the Australian Genome
Research Facility (University of Queensland). Selected clones were

sequenced on both strands.

5.3.4 Amplification of the entire cDNA ORF of RGC2 and RGC5 by RT-PCR

The full intact ORFs of both RGC2 and RGC5 were isolated by RT-PCR from
MRNA extracted from roots of M. acuminata ssp. malaccensis line 850 using
specific forward and reverse primers that spanned the initiation and
termination codons of each gene. For RGC2, the forward primer 5'-
ATGGCTGGTGTCACATCACAGG-3 and the reverse primer 5'-
TCAGGTGGTGCTACAGCGACATGG-3' were used. For RGC5 the forward
primer 5-ATGTCGACGGCGCTAGTAATCG-3 was used in combination with
the reverse primer 5-CTATGCATAAACTGGGTGAAATCG-3. PCR
reactions were performed in a total volume of 50 ul containing 300 uM of
dNTPs, 0.2 uM of each specific forward and reverse primer, 1 ul of cDNA, 1x
PCR buffer and 3.5 U of Expand™ Long Template polymerase (Roche).
PCR conditions were 95°C for 3 min, followed by 35 cycles of 95°C for 30 s,
55°C for 30 s and 68°C for 4 min; and included an additional 10 min
extension at 68°C. The PCR products were cloned and sequenced as

described above.

5.3.5 Isolation of a putative promoter region of RGC2 by PCR genome
walking

A putative promoter fragment of RGC2 was cloned using the genome
walking protocol of Siebert et al. (1995). Briefly, genomic DNA from M.
acuminata ssp. malaccensis (line 850) was digested with Pvull and EcoR V
restriction enzymes. Genome walker adapters (see chapter 3) were ligated to
the digested DNA and PCR reactions were carried out on each genome
walker  “library” using a gene-specific  reverse primer (5
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CACGAGAGACTTGTCAGTCATCCG-3) and the adapter primer (AP1, see
chapter 3). PCR products were subjected to a second round of PCR, using
the nested adapter primer (AP2, see chapter 3) and the nested, gene-
specific reverse primer (5-CTGCCTGTGATGTGACAC-3’). From the second
PCR reaction, an approximately 2.3 kb fragment was isolated from the EcoR
V library, cloned into pGEMT-Easy vector (designated pGEMT-RGC2PP)

and sequenced as described above.

5.3.6 Bioinformatic analysis

RGC2 and RGC5 cDNA sequences were assembled and edited using the
Lasergen software package version 4.03 (DNASTAR, Madison, WI).
Homology searches were carried out using the BLASTX program (Altschul et
al. 1997) at the National Center for Biotechnology Information
(www.ncbi.nlm.nih.gov). Percentages of identity and similarity between
sequences were determined by the ALIGN program through the European

Bioinformatic Institute server (www.ebi.ac.uk). Potential coiled-coil structures

were predicted by the COILS program (Lupas, 1996) using the EBI server.
Motif searches were performed by the PROSITE program (Hulo et al. 2006)
and the hydropathy plot was performed according to Kyte and Doolittle
(1982) using the ExPASy proteomics server (www.us.expasy.org). Protein
sequences were aligned by using the ClustalX program version 1.81
(Thompson et al. 1997) with the default settings. A phylogenetic tree was
constructed by the neighbour-joining method (Saitou and Nei, 1987) using
the NJ algorithm implemented in the Molecular Evolutionary Genetics
Analysis (MEGA) software version 2.1 with the Poisson correction (Kumar et
al. 2001). Bootstrapping (10,000 replicates) was used to evaluate the degree
of support for a particular grouping pattern in the phylogenetic tree. Putative
cis-acting regulatory elements on the putative promoter region of RGC2 were
predicted using the signal scan program (Higo et al. 1999) at the plant cis-
acting regulatory DNA elements (PLACE) database
(www.dna.affrc.go.jp/htdocs/PLACE).
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5.3.7 RGC2 constructs for banana transformation
In order to test the role of RGC2 in FOC resistance by genetic
complementation, different expression cassettes for this banana RGC were
constructed. The cDNA ORF of RGC2 was excised from pGEMT-Easy as a
BamHI/Not | fragment and cloned into the pGEM-NOST plasmid containing
the NOS 3’ untranslated region (3'UTR) from pBI121 (Clontech). This
construct was designated as pGEM-RGC20ORF-NOST. The RGC20RF-
NOST fusion was excised from the plasmid as a BamHI/Sal | fragment and
cloned into the binary transformation vector pCAMBIA 2200 designated
pCAMBIA 2200 (RGC20RF-NOST). In order to generate different
expression cassettes for RGC2, different promoters were cloned into the
pCAMBIA 2200 (RGC20ORF-NOST) plasmid. First, the putative RGC2
promoter region was amplified by PCR from the pGEMT-RGC2PP plasmid
using the forward primer 5'-
ATACGAQgtaccCATCATGTATGCATATATATGAAACATTGG-3' and reverse
primer 5’-TATTCGggatccTCTTCTTCTCTGATGGCAAATAGAG-3'. The PCR
product was then cloned into the pCAMBIA 2200 (RGC20RF-NOST)
plasmid as a Kpnl/BamHI fragment. This construct was designated as
pCAMBIA 2200 (RGC2PP-RGC20RF-NOST). Previous characterised
promoters were also amplified by PCR as Kpnl/BamHI fragments from
different pGEM-derived plasmids. These promoters were: the polyubiquitin-1
(ubi-1) promoter from maize (Christensen et al. 1996) that drives a high level
of gene expression in monocotyledonous plants, the nopaline synthase
promoter (NOS) from Agrobacterium that drives a moderate level of gene
expression in comparison to the strong Cauliflower mosaic virus 35S
promoter (CaMV 35S) (Sanders et al. 1987), and finally the Banana bunchy
top virus (BBTV) BT1 promoter that drives a low level of gene expression in
banana vascular tissues (Dugdale et al. 2000). The following primer

combinations were used to amplify each promoter:
1. for the Ubi-1 promoter (Christensen et al. 1996), the forward primer 5'-
ATACGAQggtaccCTGCAGTGCAGCGTGACC-3' and the reverse
primer 5’-ATACGAggtaccGTGCAGAAGTAACACCAAAC-3 were used
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2. for the nos promoter (Shaw et al. 1984), the forward primer 5'-
ATACGAQggtaccGGGTTTCTGGAGTTTAATGAGC-3' and the reverse
primer 5’-TATTCGggatccTGCAGATTATTTGGATTGAGAGTG-3’

3. for the BT1 promoter (Dugdale et al. 2000), the forward primer 5'-
ATACGAQggtaccACAAGTAATGACTTTACAGC-3' and the reverse
primer 5- TATTCGggatccTCTGTCGTCGATGATGATCTTG-3" were

used;

These constructs were designated as pCAMBIA 2200 (Ubi-1-RGC20RF-
NOST), pCAMBIA 2200 (BT1-RGC20RF-NOST) and pCAMBIA 2200 (NOS-
RGC20RF-NOST), respectively. PCR reactions were performed in a total
volume of 50 ul containing 300 uM of dNTP, 0.2 uM of each specific primer
forward and reverse, 1 pl of cDNA, 1x PCR buffer and 3.5 U of Expand™
Long Template polymerase (Roche). PCR conditions were 95°C for 3 min,
followed by 35 cycles of 95°C for 30 s, 55°C for 30 s and 68°C for 4 min; and
included an additional 10 min extension at 68°C.

120



5.4 Results

5.4.1 Isolation of the banana RGC2 and RGC5 cDNAs and characterization
of their predicted protein structures.

The expression of RGC2 and RGC5 was found to be constitutive in both leaf
and root tissues of M. acuminata ssp. Malaccensis (Chapter 4). Because the
roots are the primary contact site of F. oxysporum and the resistance
reaction takes place in this tissue (Mes et al. 2000; Di Pietro et al. 2003), the
cDNAs of RGC2 and RGC5 were isolated from roots. Primers specific for
RGC2 and RGC5 were used to amplify the 3’ ends of these banana RGCs
by RACE. Three clones from the 3'RACE of both RGC2 and RGC5 were
isolated and sequenced. This sequence information in combination with
sequence information previously obtained by 5’RACE (chapter 4) facilitated
isolation of the complete open reading frames (ORFs) of the cDNAs
encoding RGC2 and RGC5.

In the case of RGC2, an expected ~3.7 kb PCR product was amplified. The
band was cloned, sequenced and a large ORF of 3699 nucleotides (nt) was
determined (Figure 5.1). A second sequence highly similar to RGC2 (97.8%
identity at nucleotide level) was also identified but was not investigated
further due to the presence of a premature stop codon that disrupts the ORF
and therefore would result in a truncated polypeptide (Figure 5.1). The RGC2
ORF encoded a predicted polypeptide of 1232 amino acids (Figure 5.2) with
an estimated molecular weight and isoelectric point of 139.61 kDa and 7.1,
respectively. The putative RGC2 amino acid sequence shows the highest
level of similarity to an uncharacterised NBS-LRR sequence (accession
number NP915900) from Oryza sativa (37% identity, 59% similarity and E
value = 0) in homology searches of the Genbank database using the
BLASTX algorithm (Altschul et al. 1997). One of the most similar
characterised R genes was the Fusarium resistance gene [2 from
Lycopersicon esculentum (31% identity, 48% similarity and E value = 1e*%).
Figure 5.3 illustrates the predicted domains within RGC2, which belongs to
the non-TIR-NBS-LRR class of R proteins (Chapter 4). The C-terminal region
comprises a series of 27 leucine-rich repeats of irregular size that can be
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aligned according to the consensus sequence
LXXLXXLXXLXLXXC/N/Sx(X)LXXLPXX (where x is any residue) observed in
other cytoplasmic R proteins (Jones and Jones, 1997). As noted in Chapter
4, the N-terminal region of the predicted protein contains a potential coiled-
coil region (Figure 5.4) and six conserved motifs indicative of a nucleotide-
binding site (NBS). The C-terminal region also contains a potential coiled-coil
region between amino acids 600 and 800 (Figure 5.4). According to the
hydropathy plot analysis, RGC2 deduced protein is predicted to be a
cytoplasmic protein (Figure 5.5). PROSITE analysis identified 11 N-
glycosylation, three tyrosine sulfation, five cAMP-and cGMP-dependent
protein kinase phosphorylation, 14 protein kinase C phosphorylation, 19
casein kinase Il phosphorylation, one tyrosine kinase phosphorylation, 11 N-
myristoylation and one amidation putative sites in the predicted RGC2 amino

acid sequence.

In the case of RGC5, an expected ~4.3 kb PCR product was amplified. This
PCR product was cloned, sequenced and a large ORF of 4329 nt was
determined (Figure 5.6). A second sequence highly similar to RGC5 (99.3%
identity at nucleotide level) was also identified but was not investigated
further due to the presence of a premature stop codon that disrupts the ORF
and therefore would result in a truncated polypeptide (Figure 5.6). The RGC5
ORF encoded a predicted polypeptide of 1442 amino acids (Figure 5.7) with
an estimated molecular weight and isoelectric point of 163.73 kDa and 7.2,
respectively. The putative RGC5 protein showed the highest sequence
similarity to an uncharacterised NBS-LRR sequence (accession number
AAS49214) from Glycine max (33% identity, 49% similarity and E value = 6e
128) " One of the most similar characterised R genes was the Fusarium
resistance gene 12 from Lycopersicon esculentum (31% identity, 48%

similarity and E value = 7™

). Figure 5.8 illustrates predicted domains in
RGCS5. Like RGC2, the C-terminal region of RGC5 comprises a series of
leucine-rich repeats of irregular size; in this case 34 are predicted. As noted
in Chapter 4, the N-terminal region of the predicted protein contains a

potential coiled-coil region (Figure 5.9) and six conserved motifs indicative of
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a nucleotide-binding site (NBS). Unlike RGC2, RGC5 did not show a
potential coiled-coil region in the LRR region (Figure 5.9). According to
hydropathy plot analysis, RGC5 deduced protein is predicted to be a
cytoplasmic protein (Figure 5.10). PROSITE analysis identified seven N-
glycosylation, two tyrosine sulfation, one cAMP- and cGMP-dependent
protein kinase phosphorylation, 16 protein kinase C phosphorylation, 22
casein kinase Il phosphorylation, three tyrosine kinase phosphorylation, 16
N-myristolylation, one amidation and one RGD cell attachment sequence
putative sites in the predicted RGC5 amino acid sequence.

RGC2 1 ATGGCTGGTGTCACATCACAGGCAGCGGCGGTGTTCTCCCTGGTGAATGAAATCTTTAAC
RGC2fs 1 ATGGCTGGTGTCACATCACAGGCAGCGGCGGTGTTCTCCCTGGTGAATGAAATCTTTAAC

RGC2 61 CGGTCCATCAATTTGATCGTCGCGGAACTCCGGTTGCAGTTGAATGCGAGAGCCGAGCTG
RGC2fs 61 CGGTCCATCAATTTGATCGTCGCGGAACTCCGGTTGCAGTTGAATGCGAGAGCCGAGCTG

RGC2 121 AACAATCTGCAGAGAACACTATTGAGGACTCACTCTCTGCTCGAGGAGGCAAAGGCGAGG
RGC2fs 121 AACAATCTGCAGAGAACACTATTGAGGACTCACTCTCTGCTCGAGGAGGCAAAGGCGAGG

RGC2 181 CGGATGACTGACAAGTCTCTCGTGCTGTGGCTGATGGAGCTCAAGGAATGGGCCTACGAC
RGC2fs 181 TGGATGACTGACAAGTCTCTCGTGCTGTGGCTGATGGAGCTCAAGGAATGGGCCTACGAC

RGC2 241 GCCGACGACATCCTCGACGAGTACGAGGCCGCAGCAATCCGACTGAAGGTAACACGCTCG
RGC2fs 241 GCCGACGACATCCTCGACGAGTACGAGGCCGCAGCAATCCGACTGAAGGTAACTCGCTCG

RGC2 301 ACCTTCAAACGTCTTATCGATCATGTGATTATAAATGTTCCATTAGCGCACAAAGTAGCA
RGC2fs 301 ACCTTCAAACGTCTTATCGATCATGTGATTATAAATGTTCCATTAGCGCACAAAGTAGCA

RGC2 361 GACATCAGGAAAAGGTTGAACGGGGTCACTCTTGAGAGGGAGCTAAATCTGGGTGCGCTG
RGC2fs 361 GACGTCAGGAAAAGGTTGAACTGGGTCACTCTTGAGAGGGAGCTAAATCTGGGTGCGCTG

*kk

RGC2 421 GAAGGGTCGCAGCCGCTTGATTCCACGAAAAGAGGTGTGACCAC---TTCTCTTCTGACT
RGC2fs 421 GAAGGGTCGCAGCCGCTTGATGCCACAAAAAGAGGTGTGACCACCACTTCTCTTCTGACT

RGC2 478 GAATCTTGTATTGTCGGGCGAGCTCAAGATAAGGAGAATTTGATTCGGTTGCTGTTGGAG
RGC2fs 481 GAATCTTGTATTGTCGGGCGAGCTCAAGATAAGGAGAAATTGATTCGGTTGCTGTTGGAG

RGC2 538 CCCAGCGATGGGGCGGTTCCTGTTGTTCCTATAGTTGGATTAGGAGGGGCAGGGAAGACG
RGC2fs 541 CCCAGCGATGGGGCGGTTCCTGTTGTTCCTATAGTTGGATTAGGAGGGGCAGGGAAGACG

RGC2 598 ACTCTGTCTCAGCTTATCTTTAATGACAAGAGAGTGGAGGAGCATTTCCCATTGAGAATG
RGC2fs 601 ACTCTGTCTCAGCTTATCTTTAATGACAAGAGAGTGGAGGAGCATTTCCCATTGAGAATG

RGC2 658 TGGGTGTGTGTGTCTGACGATTTTGATGTGAAGAGAATTACTAGAGAGATCACAGAGTAC
RGC2fs 661 TGGGTGTGTGTGTCTGACGATTTTGATGTGAAGAGAATTACTAGAGAGATCACAGAGTAC

RGC2 718 GCCACCAACGGAAGGTTCATGGATCTCACCAACTTGAATATGCTTCAAGTTAATCTGAAA
RGC2fs 721 GCCACTAACGGAAGGTTGATGGATCTCACCAACTTGAATATGCTTCAAGTTAATCTGAAA
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RGC2fs
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RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

778
781

838
841

898
901

958
961

1018
1021

1078
1081

1138
1141

1198
1201

1258
1261

1318
1321

1378
1381

1438
1441

1498
1501

1558
1561

1612
1621

1672
1681

1732
1739

1792
1799

1852
1859

GAGGAGATAAGGGGGACGACATTTTTGCTTGTGCTGGATGATGTGTGGAACGAAGACCCC
GAGGAGATAAGGGGGACGACATTTTTGCTTGTGCTAGACGACGTGTGGAACGAAGACCCC

**k KKk

GTGAAGTGGGAAAGCCTGTTAGCCCCATTAGATGCCGGAGGACGGGGAAGCGTGGTCATT
GTGAAGTGGGAAAGCCTGTTAGCCCCATTAGATGCCGGAGGACGGGGAAGCGTGGTCATT

GTGACGACACAGAGCAAAAAGGTCGCCGATGTCACCGGCACGATGGAGCCATACGTTCTC
GTGACGACACAGAGCAAAAAGGTCGCCGATATCACCGGCACGATGGAGCCATACGTTCTC

GAGGAGTTAACGGAGGATGACAGTTGGTCACTCATCGAGAGTCACTCCTTCAGGGAGGCG
GAGGAGTTAACGGAGGATGACAGTTGGTCACTCATCGAGAGTCACTCCTTCAGGGAGGCG

AGCTGCTCTAGTACAAATCCTAGAATGGAAGAGATCGGGAGGAAGATAGCCAAGAAGATC
AGCTGCTCTAGTACAAATCCTAGAATGGAAGAGATCGGGAGGAAGATAGCCAAGAAGATC

AGTGGCCTACCTTACGGAGCAACAGCAATGGGGAGATATCTAAGATCTAAGCACGGAGAA
AGTGGCCTACCTTATGGAGCAACAGCAATGGGGAGATATCTAAGATCTAAGCACGGAGAA

AGCAGCTGGAGAGAAGTCTTGGAAACTGAGACTTGGGAGATGCCACCGGCTGCAAGTGAT
AGCAGCTGGAGAGAAGTCTTGGAAGCTGAGACTTGGGAGATGCCACCGGCTGCAAGTGAT

GTGTTATCCGCTCTAAGGAGAAGTTACGACAATCTACCCCCTCAGCTGAAGCTCTGTTTT
GTGTTATCCGCTCTAAAGAGAAGTTACGACAATCTAGCCCCTCAGCTGAAGCTCTGTTTT

GCCTTCTGTGCTCTGTTTACAAAGGGCTACAGGTTTCGAAAGGATACACTGATCCACATG
GCCTTCTGTGCTCTGTTTCCAAAGGGCTACAGGTTTCGAAAGGATACACTGATCCACATG

TGGATAGCTCAAAATTTGATTCAATCAACAGAGTCGAAAAGATCGGAGGACATGGCAGAA
TGGATAGCTCAAAATTTGATTCAATCAATAGAGTCGAAAAGATCGGAGGACATGGCAGAA

GAATGCTTTGATGATTTGGTGTGCAGATTCTTCTTTCGGTACTCCTGGGGCAACTATGTG
GAATGCTTTGATGATTTGGTGTGCAGATTCTTCTTTCGGTACTCCTGGGGCAACTATGTG

ATGAATGACTCAGTCCATGACCTCGCTCGATGGGTTTCATTGGATGAATATTTTCGAGCA
ATGAATGACTCAGTCCATGACCTCGCTCGATGGGTTTCATTGGATGAATATTTTCGAGCA

GATGAAGACTCACCATTGCATATTTCAAAGCCAATTCGTCATTTGTCATGGTGCAGTGAA
GATGAAGACTCACCATTGCATATTTCAAAGCCAATTCGTCATTTGTCATGGTGCAGTGAA

AGAATAACCAAT ———--- GTTCTTGAGGATAATAACACTGGTGGAGATGCTGTCAATCCG
AGTATAACCAATCTTCCTGTTCTTGAGGATAATAACACAGGTGGAGATGCTGTCAACCCG
Kk KAAAAAAAkK *kKk

CTCAGCAGTTTGCGCACTCTCCTTTTCTTAGGCCAATCTGAGTTCCGGTCGTATCATCTT
CTCAGCAGTTTGCGCACTCTCCTTTTCTTAGGCCAATCTGAGTTCCAGTCGTATCATCTT

CTTGATAGAATGTTCAGGATGTTGAGCCGAATCCGTGTTTTGGATTTCAGCAACT C
CTTGATACAATGTTCAGGATGTTGAGCCGAATCCGTGTTTTGGATTTCAGCAACT C
*%*

ATAAGAAATTTGCCTTCTTCGGTTGGAAATCTGAAACATCTGCGTTACCTGGGCCTGTCT
ATAAGAAAGTTGCCTTCTTCGGTTGGAAATCTGAAACATCTGCGTTACCTGGGCCTGTCT

AATACGAGAATTCAAAGGTTGCCGGAGTCTGTAACACGTCTTTGCCTCCTTCAGACATTG
AACACGAGAATTCAAAGGTTGCCGGAGTCTGTAACACGTCTTTGCCTCCTTCAGACATTG
*xk

CTACTAGAGGGCTGTGAACTGTGCAGGTTACCAAGAAGCATGAGCAGGCTCGTCAAACTG
CTACTAGAGGGCTGTGAACTGTGCAGGTTACCAAGAAGCATGAGCAGGCTTGTCAAACTG
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RGC2
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RGC2
RGC2fs

RGC2
RGC2fs

RGC2
RGC2fs

1912
1919

1972
1979

2032
2039

2092
2099

2152
2159

2212
2219

2272
2279

2332
2339

2392
2399

2452
2459

2512
2519

2572
2579

2632
2639

2692
2699

2752
2759

2812
2819

2872
2879

2932
2939

2992
2999

AGGCAGCTCAAAGCAAATCCAGATGTAATTGCCGACATAGCCAAAGTCGGGAGATTGATC
AGGCAGCTCAAAGCAAATCCAGATGTAGTTGCCGACATAGCCAAAATCGGGACATTGATC

GAACTTCAAGAGCTGAAAGCCTATAATGTTGACAAGAAAAAAGGACATGGGATTGCAGAG
GAACTTCAAGAGCTGAAAGCCTATAATGTTGACAAGAAAAAAGGACATGGGATTGCAGAG

CTAAGTGCAATGAATCAGCTTCACGGTGATCTTTCCATTAGAAACCTTCAAAATGTAGAG
CTAAGTGCAATGAATCAGCTTCACGGTGATCTTTCCATTAGAAACCTTCAAAATGTAGAG

AAAACGCGAGAGTCTCGGAAGGCGAGGTTGGACGAGAAACAGAAGCTTAAGCTCTTGGAT
AAAACGCGAGAGTCTCGGAAGGCGAGGTTGGACGAGAAACAGAAGCTTAAGCTCTTGGAA

CTGCGATGGGCTGACGGTAGGGGTGCCGGAGAATGTGATCGTGACAGGAAAGTTCTTAAA
CTGCGATGGGCTGAGGGTAGGGGTGCCGGAGAATGTGATCGTGACAGCAAAGTTCTTGAA
E

GGCCTCCGACCACATCCAAACCTGAGAGAATTGAGTATCAAATACTACGGAGGCACTTCA
GGCCTCCGACCACATCCAAACCTGAGAGAATTGAGTATCAAATACTACGGAGGCACTTCA

TCTCCGAGTTGGATGACGGATCAGTATCTGCCCAACATGGAAACGATTCGCCTGCGTAGC
TCTCCGAGTTGGATGACGGATCAGTATCTGCCCAACATGGAAACGATTCGCCTGCGTAGC

TGCGCAAGGTTGACGGAACTCCCATGTCTCGGTCAGCTGCATATCCTTAGACATTTGCAC
TGCGCAAGGTTGACGGAACTCCCATGTCTCGGTCAGCTGCATCTCCTTAGACATTTGCAC

ATCGATGGGATGTCCCAAGTGAGACAAATTAATCTGCAATTTTATGGCACCGGAGAAGTT
ATCGATGGGATGTCCCAAGTGAGACTAATCAATCTGCAATTTTATGGCACCGGAGAAGTT

E =

TCAGGTTTTCCATTGCTGGAGCTCCTGAACATACGTCGCATGCCCAGTCTGGAGGAATGG
TCAGGTTTTCCATTGCTGGAGCTCCTGAACATATGTCGCATGCCCAGTCTGGAGGAATGG

TCGGAACCACGGAGAAACTGTTGCTACTTCCCTCGCCTCCATAAACTGCTGATCGAGGAT
TCGGAACCACGGAGAAACTGTTGCTACTTCCCTCGCCTCCATAAGCTGCTGATCGAGGAT

TGTCCCAGGCTCAGGAATCTGCCCTCCCTCCCACCAACACTGGAAGAACTAAGGATATCA
TGTCCTAGCCTCAGGAATCTGCCCTCCCTCCCACCAACACTGGAAGAACTAAGGATATCA
**

AGAACAGGACTAGTTGATCTTCCAGGATTCCATGGAAACGGTGATGTGACGACGAATGTT
AGAACAGGACTAGTTGATCTTCCAGGATTCCATGGAAACGGTGATGTGATGACAAATGTT

*kk

TCCCTTTCTTCTTTGCATGTTTCGGAGTGTCGAGAACTGAGATCCCTAAGCGAAGGATTG
TCCCTTTCTTCTTTGCATGTTTCGGAGTGTCGAGAACTGAGATCCCTAAGCGAAGGATTG

TTGCAGCACAACCTCGTCGCCCTCAAGACAGCGGCATTTACCGATTGTGATTCTCTTGAG
TTGCAGCACCACCTCGTCGCGCTCAAGACAGCGGCATTTACCGATTGTGATTCTCTTGAA

TTTTTGCCGGCGGAAGGATTCAGAACAGCCATTTCACTTGAATCATTGATAATGACTAAT
TTTTTGCCCGCGGAAGGATTCAGAACAGCCATTTCACTTGAATCATTGATAATGACTAAT

TGTCCACTGCCTTGCAGTTTTCTTTTGCCTTCCTCTCTCGAGCATCTAAAGTTGCAGCCA
TGTCCACTGCCTTGCAGTTTTCTTTTGCCTTCCTCTCTCGAGCATCTAAAGTTGCAACCA

*kk

TGCCTCTATCCAAACAACAATGAGGATTCACTGTCAACATGCTTCGAGAACCTCACATCT
TGTCTCTATCCAAACAACAACGAGGATTCACTGTCAACATGCTTCCAGAACCTCACATCT
**

CTTTCCTTCTTGGACATCAAAGATTGTCCAAATCTGTCATCATTTCCACCGGGTCCTCTA
CTTTCCTTCTTGGACATCAAAGATTGCCCAAATCTGTCATCATTTCTTCCTGGTCCTCTA
Kk
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3299

3352
3359
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3419
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3479

3532
3539

3592
3599

3652
3659

TGTCAGCTATCAGCACTCCAACATTTGTCCCTCGTCAATTGCCAGAGGCTACAATCTATT
TGTCAGCTATCAGCACTCCAACATTTGTCTCTCGTCAATTGCCAGAGGCTACAATCTATT

GGCTTCCAGGCACTCACCTCCCTCGAAAGCTTGACAATTCAGAACTGCCCTCGCCTCACC
GGCTTCCAGGCACTCACCTCCCTCGAAAGCTTGACAATTCAGAACTGCCCTCGCCTCACC

ATGTCACACAGTTTGGTTGAGGTGAATAACTCTTCCGATACAGGGCTCGCGTTTAATATC
ATGTCACACAGTTTGGTTGAGGTGAATAACTCTTCCGATACGAGGCTCGCGTTTAATATC

ACTCGATGGATGCGCAGACGAACAGGTGACGACGGCTTGATGCTCAGACACCGAGCACAA
ACTCGATGGATGCGCAGACGAACAGGTGACGACGACTTGATGCTCAGACACCGAGTACAA

AATGATTCATTTTTCGGGGGACTTCTGCAACACCTCACCTTCCTCCAGTTTCTAAAGATC
AATGATTCATTTTTCGGGGGGCTTCTGCAACATCTCACCTTCCTCCAGTTTCTAAAGATC

TGCCAGTGTCCACAACTCGTAACCTTCACCGGCGAAGAGGAAGAGAAGTGGAGAAACCTT
TGCCAGTGTCCACAACTTGTAACCTTCACCGGCGAAGAGGAAGAGAAGTGGAGAAACCTT

ACTTCTCTTCAAATTCTGCACATCGTTGATTGTCCAAACCTGGAGGTACTGCCTGCAAAC
ACTTCTCTTCAAATTCTGCACATCGTTGATTGTCCAAACCTGGAGGTACTGCCTGCAAAC

TTGCAAAGCCTCTGCTCCCTCAGCACCTTGTACATCGTCAGATGCCCAAGAATCCATGCG
TTGCAATGCCTCTGCTCTCTCAGCACCTTGTACATCGTCAGATGCCCAAGAATCCATGCG

TTTCCTCCCGGAGGTGTCAGCATGTCCCTGGCACATTTGGTCATCCATGAATGCCCTCAG
TTTCCTCCCCGAGGTGTCAGCATGTCCCTGGCACATTTGGTCATCCATGAATGCCCTCAG

CTGTGTCAGCGATGTGATCCACCGGGAGGTGATGATTGGCCCTTAATAGCTAATGTACCA
CTGTGTCAGCGATGTCATCCACGAGGAGGTAATGATTGGCCCTTAATAGCTAATGTACCA

AGAATATGTCTTGGAAGGACTCATCCATGTCGCTGTAGCACCACCTGA 3699
AGAATATGTCTTGGAAGGACTCATCCATGACGCTGTAGCACCACCTGA 3706

Figure 5.1 ClustalX alignment of the nucleotide sequences of RGC2 cDNA
and a RGC2 cDNA homologue with a frameshift mutation (RGC2fs). The
frameshift in RGC2fs occurred at position 1737 of the nucleotide sequence
and it is indicated with an open box.
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20

61
21

121
41

181

61 R

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221 V

721
241

781
261

841
281

901
301

961
321

1021
341

1081
361

1141
381

1201
401

1261
421

1321
441

atggctggtgtcacatcacaggcagcggcggtgttctccctggtgaatgaaatctttaac
M A GV TS QAAAVFSLVNZETLFN

cggtccatcaatttgatcgtcgcggaactccggttgcagttgaatgcgagagecgagetg
R S 1 N L I VA ELIRULIGQLNAIRATEIL

aacaatctgcagagaacactattgaggactcactctctgctcgaggaggcaaaggcgagg
NNL QR TULULIRTMH S L L E E K

cggatgactgacaagtctctcgtgctgtggctgatggagctcaaggaatgggcctacgao
M T D K S L V L W L M L K W A Y D

gccgacgacatcctcgacgagtacgaggccgcagcaatccgactgaaggtaacacgetcg
ADD 1 L D EY EAAAI R L KV TR S

accttcaaacgtcttatcgatcatgtgattataaatgttccattagcgcacaaagtagca
T F KR L I DHV I I NV P L A H K V A

gacatcaggaaaaggttgaacggggtcactcttgagagggagctaaatctgggtgcgctg
Il R K R G VvV T L R E N L G

gaagggtcgcagccgcttgattccacgaaaagaggtgtgaccacttctcttctgactgaa
S Q PLDST KRGV TTSLL TE

tcttgtattgtcgggcgagctcaagataaggagaatttgattcggttgectgttggagecce
s ¢C1 V G6GRAQDIKENLIRULULULEP

agcgatggggcggttectgttgttecctatagttggattaggaggggcagggaagacgact
s DG AV PV YV PI1I VGLGGATGIKTT

ctgtctcagcttatctttaatgacaagagagtggaggagcatttcccattgagaatgtgg
L s QL I FND KW RVEIEHZFZPLIRMW

gtgtgtgtgtctgacgattttgatgtgaagagaattactagagagatcacagagtacgcc
c v s DD FDV KR 1T TRE 1T TEY A

accaacggaaggttcatggatctcaccaacttgaatatgcttcaagttaatctgaaagag
T N GRFMDULTNILNMMLQV N L K E

gagataagggggacgacatttttgcttgtgctggatgatgtgtggaacgaagaccccgty
E 1 R 6T TV FULLVLDDVWNETDPV

aagtgggaaagcctgttagccccattagatgccggaggacggggaagcgtggtcattgty
K WESLLAPLUDAGG GRS GSVVI1V

acgacacagagcaaaaaggtcgccgatgtcaccggcacgatggagccatacgttctcegag
T T Q S K K V A DV TSGTMMEPY V L E

gagttaacggaggatgacagttggtcactcatcgagagtcactccttcagggaggcgagce
E L TEUDD S WS L I E S H S FIRE A S

tgctctagtacaaatcctagaatggaagagatcgggaggaagatagccaagaagatcagt
c S S TNWPWRWMEIETI GRK T A KK I S

ggcctaccttacggagcaacagcaatggggagatatctaagatctaagcacggagaaagc
G LPYGATAMGRYULRSKHTGTE S

agctggagagaagtcttggaaactgagacttgggagatgccaccggctgcaagtgatgtg
S V L E T E P AA S D V

ttatccgctctaaggagaagttacgacaatctaccccctcagctgaagctctgttttgec
L S A LRRSYDNULW®PWPOQLIKULTZ CEA

ttctgtgctctgtttacaaagggctacaggtttcgaaaggatacactgatccacatgtgg
FCALFT KU GYRUFRIKUDTULTIHMMW

atagctcaaaatttgattcaatcaacagagtcgaaaagatcggaggacatggcagaagaa
Il AQ N L I Q S TE S KR S EDMAE E
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1981
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681
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761
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2401
801
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821
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861

2641
881

2701
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921
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941

tgctttgatgatttggtgtgcagattcttctttcggtactcctggggcaactatgtgatg
Cc F DDLUV CRFUFFIRY SWOGNY VM

aatgactcagtccatgacctcgctcgatgggtttcattggatgaatattttcgagcagat
ND SV HDLARWVSLDEYFRAD

gaagactcaccattgcatatttcaaagccaattcgtcatttgtcatggtgcagtgaaaga
E DS PLH1T S KUP 1T RHL W C S R

ataaccaatgttcttgaggataataacactggtggagatgctgtcaatccgctcagcagt
I T NV L EDNNTGGDAVNUPL S S

ttgcgcactcteccttttcttaggccaatctgagttccggtecgtatcatcttcttgataga
L R TLULUFULSG QS EFR S Y HULULTDR

atgttcaggatgttgagccgaatccgtgttttggatttcagcaactgcgtcataagaaat
M FRMULSRI1T RV L DU FSNTZ CV 1 RN

ttgccttcttcggttggaaatctgaaacatctgegttacctgggectgtctaatacgaga
L PSSV GNULIKHULRYLGL S NTR

attcaaaggttgccggagtctgtaacacgtctttgcctecttcagacattgctactagag
Il Q R L PESVTRILTCLULWOQTULULL E

ggctgtgaactgtgcaggttaccaagaagcatgagcaggctcgtcaaactgaggcagctc
G CELCRLWPRSMSIRLV KULIRIOQTL

aaagcaaatccagatgtaattgccgacatagccaaagtcgggagattgatcgaacttcaa
K ANNP DV 1 ADI A KV GRUL 1T E L Q

gagctgaaagcctataatgttgacaagaaaaaaggacatgggattgcagagctaagtgca
E L K AYNVDI K KK GHTGTI AEIL S A

atgaatcagcttcacggtgatctttccattagaaaccttcaaaatgtagagaaaacgcga
M N Q L HGDULS 1T RNULWG QNVEKTR

gagtctcggaaggcgaggttggacgagaaacagaagcttaagctcttggatctgcgatgg
E S R K AR LDUEKQ KL KLULDTULRW

gctgacggtaggggtgccggagaatgtgatcgtgacaggaaagttcttaaaggcctccga
A DGRGAGET CDI RUDIRIKVLKGTLR

ccacatccaaacctgagagaattgagtatcaaatactacggaggcacttcatctccgagt
P HPNWLWRELSI1T KY Y G GT S S P S

tggatgacggatcagtatctgcccaacatggaaacgattcgectgcgtagectgecgcaagg
w ™M T D Q YL P NWMETTI1T RLR S C AR

ttgacggaactcccatgtctcggtcagctgcatatccttagacatttgcacatcgatggg
L T ELUPTCULGO QULUHTIT L RMHULHTT DG

atgtcccaagtgagacaaattaatctgcaattttatggcaccggagaagtttcaggtttt
M S QVRQINULG QFYGTTGEVSGF

ccattgctggagctcctgaacatacgtcgcatgcccagtctggaggaatggtcggaacca
P LLELLNIRRMPSL W S P

cggagaaactgttgctacttccctcgectccataaactgctgatcgaggattgteccagg
R R NCCYFPWRULMHIKILUL 1T EDTCUPHR

ctcaggaatctgccctccctecccaccaacactggaagaactaaggatatcaagaacagga
L R NLPSLUPWPTUWLEEILWRTI SRTG

ctagttgatcttccaggattccatggaaacggtgatgtgacgacgaatgtttccctttct
L vblLPGFHGNSGTDVTTNWVS L S

tctttgcatgtttcggagtgtcgagaactgagatccctaagcgaaggattgttgcagcac
S L H V S C R L R SL S E G L L QH

aacctcgtcgccctcaagacagcggcatttaccgattgtgattctcttgagtttttgecg
N LV ALKTAAFTDTCDSLEFL P

gcggaaggattcagaacagccatttcacttgaatcattgataatgactaattgtccactg
A E G FRTAI S L ESL 1T MTNT CPL

128



2881
961

2941
981

3001
1001

3061
1021

3121
1041

3181
1061

3241

1081 M

3301
1101

3361
1121

3421
1141

3481
1161

3541
1181

3601
1201

3661
1221

Figure 5.2 Nucleotide sequence and conceptual translation of RGC2
cDNA. Conserved motifs in R proteins are underlined in the NBS
domain. Two additional NBS motifs that were not covered in chapter 4

ccttgcagttttcttttgccttcctctectcgagcatctaaagttgcagccatgcctctat
p CS FLLPS SLEWHULIKILOQ®PZCILY

ccaaacaacaatgaggattcactgtcaacatgcttcgagaacctcacatctctttccttc
P NNNEDSL STT CZFENLTSL S F

ttggacatcaaagattgtccaaatctgtcatcatttccaccgggtcctctatgtcagcta
L bl KDbCWPNULSSFUPZPGUPLCOQTL

tcagcactccaacatttgtccctcgtcaattgccagaggctacaatctattggcttccag
S ALQHLSLVNTC COQRTLZ OQSTIGTFHOQ Q

gcactcacctccctcgaaagcttgacaattcagaactgccctcgectcaccatgtcacac
A LT SULESULTTI QNZ C®PRULTMSH

agtttggttgaggtgaataactcttccgatacagggctcgcgtttaatatcactcgatgg
S LVEVNNSSDTG GLAFNITRW

atgcgcagacgaacaggtgacgacggcttgatgctcagacaccgagcacaaaatgattca
R T 6 bb6L ML RHRAZ® QND S

tttttcgggggacttctgcaacacctcaccttcectccagtttctaaagatctgecagtgt
F F G GLL QHULTFULQFULK T COQZC

ccacaactcgtaaccttcaccggcgaagaggaagagaagtggagaaaccttacttctectt
P Q LV TFTGEIEEEIKWRNLT S L

caaattctgcacatcgttgattgtccaaacctggaggtactgcctgcaaacttgcaaagc
Q 1 L HI1I VDCPNLEVLZPANILZOQS

ctctgctccctcagcaccttgtacatcgtcagatgcccaagaatccatgegtttectecce
L ¢cs L STULVY 1T VRZCPRIHATFUPP

ggaggtgtcagcatgtccctggcacatttggtcatccatgaatgccctcagetgtgtcag
G G vV S MSLAHULV I HETCUPA QTLTCNOQ

cgatgtgatccaccgggaggtgatgattggcccttaatagctaatgtaccaagaatatgt
R ¢ D PP GGDIDW®PLTI ANVPRIC

cttggaaggactcatccatgtcgctgtagcaccacctga
L G R THWPCRTZCSTT *

are shaded in gray.
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LRR

MAGVTSQAAAVFSLVNEIFNRS INL1VAELRLQLNARAELNNLQRTLLRT
HSLLEEAKARRMTDKSLVLWLMELKEWAYDADD I LDEYEAAAIRLKVTRS
TFKRLIDHV 1 INVPLAHKVAD IRKRLNGVTLERELNLGALEGSQPLDSTK
RGVTTSLLTESCIVGRAQDKENL IRLLLEP

SDGAVPVVP IVGLGGAGKTTLSQL IFNDKRVEEHFPLRMWVCVSDDFDVK
RITREITEYATNGRFMDLTNLNMLQVNLKEEIRGTTFLLVLDDVWNEDPV
KWESLLAPLDAGGRGSVVIVTTQSKKVADVTGTMEPYVLEELTEDDSWSL
IESHSFREASCSSTNPRMEE IGRKTAKKISGLPYGATAMGRYLRSKHGES
SWREVLETETWEMPPAASDVLSALRRSYDNLPPQLKLCFAFCALFTKGYR
FRKDTL IHMWIAQNL IQSTESKRSEDMAEECFDDLVCRFFFRYSWGNYVM
NDSVHDLARWVSLDEYFRADEDSP

LHISKPIRHLSWCSERITNVLEDNNTGGDA
VNPLSSLRTLLFLGQSEFRSYHLL
DRMFRMLSRIRVLDFSNCV IRNLPSS
VGNLKHLRYLGLSNTRIQRLPES
VTRLCLLQTLLLEGCELCRLPRS
MSRLVKLRQLKANPDVIADIAK

VGRL IELQELKAYNVDKKKGHG I AELSAMNQ
LHGDLS IRNLQNVEKTRESRKARLD
EKQKLKLLDLRWADGRGAGECDRDRKVLKG
LRPHPNLRELSIKYYGGTSSPSWMTDQYLPNMET IRLRSCAR 10

OCO~NOOUPNAWNE

LTELPCLGQLH I LRHLH IDGMSQVRQ INLQFYGTGE 11
VSGFPLLELLN IRRMPSLEEWSEPRRN 12
CCYFPRLHKLL IEDCPRLRNL 13
PSLPPTLEELRISRTGLVDLPGFHGNGD 14
VTTNVSLSSLHVSECRELRSLSEGLL 15
QHNLVALKTAAFTDCDSLEFLPAEG 16
FRTAISLESL IMTNCPLPCS 17
FLLPSSLEHLKLQPCLYPNNNEDSLSTC 18
FENLTSLSFLDIKDCPNLSSFPPGP 19
LCQLSALQHLSLVNCQRLQSIG 20
FOALTSLESLT IQNCPRLTMSHSLV 21
EVNNSSDTGLAFN I TRWMRRRTGDDGLMLRHRAQND 22
SFFGGLLQHLTFLQFLK I CQCPQLVTFTGEEEEK 23
WRNLTSLQILHIVDCPNLEVLPAN 24
LOSLCSLSTLY IVRCPRIHAFPP 25
GGVSMSLAHLY IHECPQLCQRCDPPGGDD 26
WPLIANVPRICLGRTHPCRCSTT 27

50
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Figure 5.3. Predicted RGC2 protein structure. The amino
acid sequence deduced from the RGC2 cDNA of roots is

divided into three domains (non-TIR, NBS and

LRR).

Conserved motifs in R proteins are underlined. Amino acids
matching the consensus of the cytoplasmic LRR are

indicated in bold in the LRR domain.
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Figure 5.4 Predicted coiled-coil (CC) regions in the RGC2
deduced protein. The CC profile (window of 21 consecutive
amino acids) was calculated according to Lupas (1996) and
plotted against the amino acid number. Values shown on the
y-axis of the graph indicates the probability to find potential
CC regions in the amino acid sequence. One potential CC
region is present in the non-TIR domain and another one in
the first portion of the LRR domain.
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Figure 5.5 Hydropathy profile of the RGC2 deduced protein.
The hydropathy profile (window of 19 consecutive amino
acids) was calculated according to Kyte and Doolittle (1982)
and plotted against the amino acid number. Peaks with
hydropathy scores greater than 1.8 (horizontal line) indicate
possible transmembrane regions.
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RGC5Fs
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RGC5Fs

RGC5
RGC5Fs
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RGC5Fs

RGC5
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RGC5
RGC5Fs

RGC5
RGC5fs
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RGC5fs
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RGC5fs

RGC5
RGC5fs

RGC5
RGC5fs

RGC5
RGC5fs

RGC5
RGC5fs

RGC5
RGC5fs

1

61
61

121
121

181
181

241
241

301
301

361
361

421
421

481
481

541
541

601
601

661
660

721
720

781
780

841
840

901
900

961
960

1021
1020

1081
1080

ATGTCGACGGCGCTAGTAATCGGAGGATGGTTCGCGCAAAGCTTCATCCAGACGTTGCTC
ATGTCGACGGCGCTAGTAATCGGAGGATGGTTCGCGCAAAGCTTCATCCAGACGTTGCTC

GACAAGGCCAGCAACTGCGCGATCCAACAACTCGCGCGGTGCCGCGGCCTTCACGATGAC
GACAAGGCCAGCAACTGCGCGATCCAACAACTCGCGCGGTGCCGCGGCCTTCACGATGGC
*

CTGAGGCGGCTGCGGACGTCTCTGCTCCGGATCCATGCCATCCTCGACAAGGCAGAGACG
CTGAGGCGGCTGCGGACGTCTCTGCTCCGGATCCATGCCATCCTCGGCAAGGCAGAGGCG
*%*

AGGTGGAACCATAAAAACACGAGCTTGGTGGAGCTGGTGAGGCAGCTCAAGGATGCTGCC
AGGTGGAACCATAAAAACACGAGCTTGGTGGAGCTGGTGAGGCAGCTCAAGGATGCTGCC

TATGACGCCGAGGACTTACTGGAGGAGTTGGAGTACCAAGCCGCGAAGCAAAAGGTCGAG
TATGACGCCGAGGACTTACTGGAGGAGTTGGAGTACCAAGCCGCGAAGCAAAAGGTCGAG

CACCGGGGAGACCAGATAAGCGACCTCTTTTCTTTTTCCCCTAGTACTGCGAGCGAGTGG
CACCGGGGAGACCAGATAAGCGACCTCTTTTCTTTTTCCCTTAGTACTGCGAGCGAGTGG

TTGGGTGCCGATGGTGATGATGCTGGGACTCGATTGAGGGAGATCCAGGAGAAGCTGTGC
TTGGGTGCCGATGGTGATGATGCTGGGACTCGATTGAGGGAGATCCAGGGGAAGCTGTGC

AACATTGCTGCCGATATGATGGATGTCATGCAGCTATTGGCACCCGATGATGGGGGGAGA
AACATTGCTGCCGATATGATGGATGTCATGCAGCTATTGGCACCCGATGATGGGGGGAGA

CAATTCGACTGGAAGGTGGTGGGAAGAGAAACGAGCTCTTTCTTGACCGAAACCGTCGTG
CAATTCGACTGGAAGGTGGTGAGAAGAGAAACGAGCTCTTTCTTGACCGAAACCGTCGTG

TTTGGTCGGGGCCAAGAAAGGGAGAAAGTAGTAGAATTGCTGTTGGATTCAGGATCTGGT
TTTGGTCGGGACCAAGAAAGGGAGAAAGTAGTAGAATTGCTGCTGGATTCAGGATCTGGT

AACAGTAGCTTCTCTGTCTTACCCCTCGTCGGAATCGGAGGGHT TGGGAAGACGACTCTG
AACAGCAGCTTCTCTGTCTTACCCCTCGTCGGAATCGGAGGG[TGGGAAGACGACTCTG

GCTCAGCTCGTGTACAACGACAATCGTGTCGGCAACTATTTCCACCTCAAGGTTTGGGTC
GCTCAGCTCGTGTACAACGACAATCGTGTCGGCAACTATTTCCACCTCAAGGTTTGGGTC

TGTGTATCCGACAATTTCAATGTGAAGAGACTGACCAAAGAGATAATCGAGTCTGCTACC
TGTGTATCCGACAATTTCAATGTGAAGAGACTGACCAAAGAGATAATCGAGTCTGCTACC

AAGGTGGAACAATCTGACGAATTGAACTTGGACACCCTGCAACAGATCCTCAAGGAGAAG
AAGGTGGAACGATCTGACAAATTGAACTTGGACACCCTGCAACAGATCCTCAAGGAGAAG

ATTGCTTCAGAGAGGTTTCTGCTAGTCCTCGATGATGTGTGGAGCGAAAACAGGGATGAC
ATTGCTTCAGAGAGGTTTCTGCTAGTCCTCGATGATGTGTGGAGCGAAAACAGGGATGAC

TGGGAAAGGCTGTGCGCGCCACTAAGGTTTGCAGCAAGAGGCAGCAAGGTTATAGTCACA
TGGGAAAGGCTGTGCGCACCACTAAGGTTTGCAGCAAGAGGCAGCAAGGTTATAGTCACA

ACTCGAGACACAAAGATTGCCAGCATCATTGGCACAATGAAGGAAATTTCGCTCGATGGT
ACTCGAGACACAAAGATTGCCAGCATCATTGGCACAATGAAGGAAATTTCGCTCGATGGT

CTCCAGGATGATGCTTACTGGGAGCTGTTCAAGAAATGTGCATTTGGTTCTGTGAACCCC
CTCCAGGATGATGCTTACTGGGAGCTGTTCAAGAAATGTGCATTTGGTTCTGTGAACCCC

CAGGAGCATCTAGAGCTCGAGGTTATCGGTAGAAAGATTGCTGGTAAGTTGAAGGGCTCA
CAGGAGCATCTAGAGCTCGAGGTTATCGGTAGAAAGATTGCTGGTAAGTTGAAGGGCTCA
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1200

1261
1260

1321
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1381
1380

1441
1440

1501
1500

1561
1560

1621
1620

1681
1680

1741
1740

1801
1800

1861
1860

1921
1920

1981
1980

2041
2040

2101
2100

2161
2160

2221
2220

CCGCTAGCAGCAAAAACACTAGGAAGCTTGTTGCGGTCGGATGTCAGCCAAGAACACTGG
CCGCTAGCAGCAAAAACACTAGGAAGCTTGTTGCGGTCGGATGTCAGCCAAGAACACTGG

AGAACTATAATGGAAAGTGAGGTATGGCAACTGCCACAAGCTGAAAATGAAATATTGCCT
AGAACTATAATGGGAAGTGAGGTATGGCAACTGCCACAAGCTGAAAATGAAATATTGCCT

GTTCTATGGCTGAGCTATCAACACCTTCCCGGACATCTTAGACAGTGTTTCGCTTTTTGC
GTTCTATGGCTGAGCTATCAACACCTTCCCGGACATCTTAGACAGTGTTTCGCTTTTTGC

GCTGTGTTTCACAAAGATTATTTATTCTATAAACATGAGTTGATCCAGACTTGGATGGCA
GCTGTGTTTCACAAAGATTATTTATTCTATAAACATGAGTTGATCCAGACTTGGATGGCA

GAAGGCTTCATTGCACCTCAAGGAAACAAGAGGGTGGAAGATGTCGGAAGCAGCTACTTC
GAAGGCTTCATTGCACCTCAAGGAAACAAGAGGGTGGAAGATGTCGGAAGCAGCTACTTC

CATGAGCTTGTTAATAGGTCTTTCTTTCAGGAATCTCAGTGGAGAGGGCGATACGTGATG
CATGAGCTTGTTAATAGGTCTTTCTTTCAGGAATCTCAGTGGAGAGGGCGATACGTGATG

CGTGACCTCATACACGATCTTGCCCAATTTATATCAGTGGGAGAGTGTCATAGGATAGAT
CATGACCTCATACACGATCTTGCCCAATTTATATCAGTGGGAGAGTGTCATAGGATAGAT
*

GATGACAAGTCCAAAGAGACCCCTAGTACGACTCGTCATCTATCAGTAGCATTAACTGAG
GATGACAAGTCCAAAGAGACCCCTAGTACGACTCGTCATCTATCAGTAGCATTAACTGAG

CAAACGAAGTTGGTGGATTTTTCAGGTTACAATAAATTGCGGACCCTTGTGATCAACAAT
CAAACGAAGTTGGTGGATTTTTCAGGTTACAATAAATTGCGGACCCTTATGATCAACAAT

CAGAGAAATCAGTATCCATATATGACTAAAGTCAACAGCTGCTTATTGCCTCAGAGCTTG
CAGAGAAATCAGTATCCATATATGACTAAAGTCAACAGCTGCTTATTGCCTCAGAGCTTG

TTCAGAAGACTGAAAAGAATCCATGTTTTAGTTTTGCAGAAGTGTGGCATGAAAGAGTTG
TTCAGAAGACTGAAAAGAATCCATGTTTTAGTTTTGCAGAAGTGTGGCATGAAAGAGTTG

CCTGATATTATCGGTGACTTGATACAACTTCGGTACCTTGACATATCCTACAATGCTCGC
CCTGATATTATCGGTGACTTGATACAACTTCGGTACCTTGACATATCCTACAATGCTCGC

ATTCAGAGGTTGCCTGAGTCATTGTGCGACCTTTACAATCTGCAAGCACTGAGGCTATGG
ATTCAGAGGTTGCCTGAGTCATTGTGCGACCTTTACAATCTGCAAGCACTGAGGCTATGG

GGCTGTCAATTACAGAGTTTCCCACAAGGCATGAGCAAGCTGATCAACTTGAGGCAACTT
GGCTGTCAATTACAGAGTTTCCCACAAGGCATGAGCAAGCTGATCAACTTGAGGCAACTT

CATGTAGAAGATGAGATAATTTCCAAGATATACGAGGTTGGGAAGCTGATTTCTCTGCAA
CATGTAGAAGATGAGATAATTTCCAAGATATACGAGGTTGGGAAGCTGATTTCTCTGCAA

GAATTGTCTGCATTCAAAGTGCTAAAGAATCATGGAAACAAACTTGCAGAACTAAGTGGT
GAATTGTCTGCATTCAAAGTGCTAAAGAATCATGGAAACAAACTTGCAGAACTAAGTGGT

TTGACACAACTCCGCGGCACTCTACGAATTACAAATCTTGAAAATGTAGGGAGTAAAGAA
TTGACACAACTCCGCGGCACTCTACGAATTACAAATCTTGAAAATGTAGGGAGTAAAGAA

GAAGCAAGCAAGGCTAAACTGCACAGAAAACAGTATCTTGAAGCATTAGAGTTAGAGTGG
GAAGCAAGCGAGGCTAAACTGCACAGAAAACAGTATCTTGAAGCATTAGAGTTAGAGTGG

GCAGCTGGCCAGGTTTCCAGCTTGGAGCATGAGTTACTTGTCTCGGAGGAAGTATTTTTA
GCAGCTGGCCAGGTTTCCAGCTTGGAGCATGAGTTACTTGTCTCGGAGGAAGTATTTTTA
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3121
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3301
3300
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GGTCTCCAACCACATCACTTCCTCAAAAGTTCGACAATCAGAGGGTACAGTGGTGCTACA
GGTCTCCAACCACATCACTTCCTCAAAAGTTTGACAACCAGAGGGTACAGTGGTGCTACA

GTACCCAGTTGGCTGGATGTGAAAATGCTACCGAACTTGGGAACTCTTAAACTAGAGAAC
GTACCCAGTTGGCTGGATGTGAAAATGCTACCGAACTTGGGAACTCTTAAACTAGAGAAC

TGTACAAGACTGGAGGGTCTTTCATATATTGGACAACTGCCACATCTCAAGGTCCTTCAT
TGTACAAGACTGGAGGGTCTTTCATATATTGGACAACTGCCACATCTCAAGGTCCTTCAT

ATAAAGAGAATGCCTGTGGTGAAACAAATGAGTCATGAATTATGTGGCTGTACGAAAAGC
ATAAAGAGAATGCCTGTGGTGAAACAAATGAGTCATGAATTATGTGGCTGTACGAAAAGC

AAGTTGTTCCCTAGGCTAGAAGAGTTGGTACTGGAGGATATGCCAACACTGAAAGAATTC
AAGTTGTTCCCTAGGCTAGAAGAGTTGGTACTGGAGGATATGCCAACACTGAAAGAATTC

CCGAATATTGCACAACTTCCTTGTCTCAAGATTATTCACATGAAGAACATGTTTTCAGTA
CCGAATATTGCACAACTTCCTTGTCTCAAGATTATTCACATGAAGAACATGTTTTCAGTA

AAACATATAGGTCGTGAATTATATGGTGATATAGAGAGCAATTGTTTTCCATCATTAGAA
AAACATATAGGTCGTGAATTATATGGTGATATAGAGAGCAATTGTTTTCCATCATTAGAA

GAGCTTGTGCTGCAGGACATGCTGACATTGGAGGAACTCCCAAATCTTGGACAACTTCCA
GAGCTTGTGCTGCAGGACATGCTGACATTGGAGGAACTCCCAAATCTTGGACAACTCCCA

E

CATCTTAAGGTTATTCACATGAAGAACATGTCTGCACTGAAACTTATAGGTCGTGAATTA
CATCTTAAGGTTATTCACATGAAGAACATGTCTGCACTGAAACTTATAGGTCGTGAATTA

TGTGGTTCTAGAGAGAAAACTTGGTTTCCTAGGCTAGAAGTGCTAGTGCTGAAGAACATG
TGTGGTTCTAGGGAGAAAATTTGGTTTCCTAGGCTAGAAGTGCTAGTGCTGAAGAACATG

CTGGCACTGGAGGAACTCCCAAGTCTTGGACAACTTCCATGTCTCAAGGTTCTTCGCATC
CTGGCACTGGAGGAACTCCCAAGTCTTGGACAACTTCCATGTCTCAAGGTTCTTCGCATC

CAGGTGTCGAAGGTAGGCCATGGACTCTTTAGTGCTACGAGGAGTAAATGGTTTCCAAGG
CAGGTGTCGAAGGTAGGCCATGGACTCTTTAGTGCTACGAGAAGTAAATGGTTTCCAAGG

CTGGAAGAGCTAGAAATCAAGGGCATGCTGACATTTGAGGAACTCCATTCTCTTGAAAAA
CTGGAAGAGCTAGAAATCAAGGGCATGCTGACATTTGAGGAACTCCATTCTCTTGAAAAA

CTGCCGTGTCTCAAGGTTTTCCGCATCAAGGGATTGCCAGCAGTGAAAAAGATAGGCCAT
CTGCCATGTCTCAAGGTTTTCCGCATCAAGGGATTGCCAGCAGTGAAAAAGATAGGCCAT

GGATTATTTGATTCTACCTGTCAGAGAGAGGGTTTTCCAAGGTTGGAAGAGCTTGTGTTA
GGATTATTTGATTCTACCTGTCAGAGAGAGGGTTTTCCAGGGTTGGAAGAGCTTGTGTTA

AGAGACATGCCAGCGTGGGAAGAGTGGCCTTGGGCTGAAAGGGAGGAGTTATTTTCCTGC
AGAGACATGCCAGCGTGGGAAGAGTGGTCTTGGGCTGAAAGGGAGGAGTTATTTTCCTGC

TTGTGTAGACTTAAAATTGAACAATGCCCCAAACTTAAATGCTTGCCTCCCGTCCCTTAT
TTGTGTAGACTTAAAATTGAACAATGCCCCAAACTTAAATGCTTGCCTCCCGTCCCTTAT

TCTCTCATAAAACTTGAATTATGGCAAGTTGGGCTGACAGGACTTCCAGGATTATGCAAA
TCTCTCATAAAACTTGAATTATGGCAAGTTGGGCTGACAGGACTTCCAGGATTATGCAAA

GGAATTGGTGGAGGTAGCAGCGCTAGAACTGCTTCTCTTTCACTCTTGCACATTATTAAA
GGAATTGGTGGAGGTAGCAGCGCTAGAACTGCTTCTCTTTCACTCTTGCACATTATTAAA
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TGCCCAAATCTGAGAAATCTGGGAGAAGGGTTGCTGTCAAACCACCTGCCACATATCAAT
TGCCCAAATCTGAGAAATCTGGGAGAAGGGTTGCTGTCAAACCACCTGCCACATATCAAT

GCTATTCGGATATGGGAATGTGCTGAACTGTTGTGGCTGCCTGTCAAGAGGTTTAGAGAA
GCTATTCGGATATGGGAATGTGCTGAACTGTTGTGGCTGCCTGTCAAGAGGTTTAGAGAA

TTCACCACCCTTGAGAACTTGTCAATAAGGAACTGCCCCAAGCTCATGAGCATGACACAG
TTCACCACCCTTGAGAACTTGTCAATAAGGAACTGCCCCAAGCTCATGAGCATGACACAG

TGTGAGGAGAATGACCTCCTCCTCCCGCCGTCAATCAAGGCGCTAGAATTGGGTGACTGT
TGTGAGGAGAATGACCTCCTCCTCCCGCCGTCAATCAAGGCGCTAGAATTGGGTGACTGT

GGAAATCTTGGGAAATCGCTGCCTGGATGCCTACACAACCTCAGCTCACTAATTCAGTTG
GGAAATCTTGGGAAATCGCTGCCTGGATGCCTACACAACCTCAGCTCACTAATTCAGTTG

GCGATATCCAATTGTCCATACATGGTTTCCTTTCCAAGGGACGTAATGCTTCACTTGAAG
GCGATATCCAATTGTCCATACATGGTTTCCTTTCCAAGGGACGTAATGCTTCACTTGAAG

GAACTTGGAGCTGTAAGGATCATGAATTGTGATGGGCTGAGATCAATAGAGGGTTTACAA
GAACTTGGAGCTGTAAGGATCATGAATTGTGATGGGCTGAGATCAATAGAGGGTTTACAA

GTTCTCAAATCACTCAAGAGATTGGAAATCATAGGATGTCCCAGGCTTTTGCTAAATGAA
GTTCTCAAATCACTCAAGAGATTGGAAATCATAGGATGTCCCAGGCTTTTGCTAAATGAA

GGGGATGAGCAAGGGGAGGTCTTGTCACTGCTTGAATTATCAGTAGATAAAACAGCCCTA
GGGGATGAGCAAGGGGAGGTCTTGTCACTGCTTGAATTATCAGTAGATAAAACAGCCCTA

CTTAAACTCTCATTTATAAAAAATACACTGCCATTCATCCAGTCTCTCAGAATCATCTTG
CTTAAACTCTCATTTATAAAAAATACACTGCCATTCATCCAGTCTCTCAGAATCATCTTG

TCTCCTCAGAAAGTGTTGTTTGACTGGGAGGAGCAGGAATTGGTGCACAGCTTCACCGCT
TCTCCTCAGAAAGTGATGTTTGACTGGGGGGAGCAGGAATTGGTGCACAGCCTCACAGCT

*kk

CTCAGGCGCCTTGAATTCCTCAGTTGCAAGAATCTCCAGTCCTTGCCAACAGAGTTGCAT
CTCAGGCGCCTTGAATTCCTCAGTTGCAAGAATCTCCAGTCCTTGCCAACAGAGTTGCAT

ACCCTTCCTTCCCTCCATGCTTTGGTTGTAAGTGACTGTCCACAGATCCAATCACTGCCA
ACCCTTCCTTCCCTCCATGCTTTGGTTGTAAGTGACTGTCCACAGATCCAATCACTGCCA

TCGAAGGGACTCCCGACACTCCTCACAGATTTAGGATTTGACCATTGCCACCCAGTGCTG
TCGAAGGGACTCCCGACACTCCTCACAGATTTAGGATTTGACCATTGCCACCCAGTGCTG

ACTGCGCAACTGGAAAAGCACCTGGCAGAGATGAAGAGCTCAGGTCGATTTCACCCAGTT
ACTGCGCAACTGGAAAAGCACCTGGCAGAGATGAAGAGCTCAGGTCGATTTCACCCAGTT

TATGCATAG-4329
TATGCATAG-4328

e e

Figure 5.6 ClustalX alignment of the nucleotide sequences of RGC5 cDNA
and a RGC5 cDNA homologue with a frameshift mutation (RGC5fs). The
frameshift in RGC5fs occurred at position 643 of the nucleotide sequence
and it is indicated with an open box.
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atgtcgacggcgctagtaatcggaggatggttcgcgcaaagcttcatccagacgttgcetce
M S TALV 1 G GWFAQS F I Q T L L

gacaaggccagcaactgcgcgatccaacaactcgcgcggtgccgeggecttcacgatgac
DK ASNTCAIQQL ARZCRGLUHTDTD

ctgaggcggctgcggacgtctctgctccggatccatgccatcctcgacaaggcagagacg
R LR TSULULIRTIHATILUDIKATET

aggtggaaccataaaaacacgagcttggtggagctggtgaggcagctcaaggatgectgec
R W NMHKNT S LV EL VR QL KDAA

tatgacgccgaggacttactggaggagttggagtaccaagccgcgaagcaaaaggtcgag
Y DA EDULULEETLEY Q AAIKOQ K V E

caccggggagaccagataagcgacctcttttctttttcccctagtactgcgagcgagtgg
H R GDOQ11 SDULZFSFSPSTASTEW

ttgggtgccgatggtgatgatgctgggactcgattgagggagatccaggagaagctgtgc
L G ADGUDUDAGT L R Q K L C

aacattgctgccgatatgatggatgtcatgcagctattggcacccgatgatggggggaga
N 1T AAADMMDVMOQULULAZPUDUDGGR

caattcgactggaaggtggtgggaagagaaacgagctctttcttgaccgaaaccgtcegtg
Q F DWIKVV G6GRETSSFLTETV YV

tttggtcggggccaagaaagggagaaagtagtagaattgctgttggattcaggatctggt
F 6GR 6GQ EREIKVV EULWLULUDSGS G

aacagtagcttctctgtcttacccctcgtcggaatcggaggggttgggaagacgactctg
NS S F SV L P L V G I K T L

gctcagctcgtgtacaacgacaatcgtgtcggcaactatttccacctcaaggtttgggtce
A QL VY NDNIRVGNYFHLKVWYV

tgtgtatccgacaatttcaatgtgaagagactgaccaaagagataatcgagtctgctacc
CcC VSDNJFNVIKRLTI KETILI 1 ESAT

aaggtggaacaatctgacgaattgaacttggacaccctgcaacagatcctcaaggagaag
K v E Q S D ELNWLUIDTULOQQ 1T L K E K

attgcttcagagaggtttctgctagtcctcgatgatgtgtggagcgaaaacagggatgac
Il AS ERF L L VL DDV WS N R D D

tgggaaaggctgtgcgcgccactaaggtttgcagcaagaggcagcaaggttatagtcaca
W L C P L RFAARSG GSIKWV I VT

actcgagacacaaagattgccagcatcattggcacaatgaaggaaatttcgctcgatggt
T RDTIKI AST1T 1 GTMIKET1T S L DG

ctccaggatgatgcttactgggagctgttcaagaaatgtgcatttggttctgtgaaccec
L Q DDAYWEULU FIK KT CAFSGS VNP

caggagcatctagagctcgaggttatcggtagaaagattgctggtaagttgaagggctca
Q EHL ELEV I GRIK1T AGKIULK G S

ccgctagcagcaaaaacactaggaagcttgttgcggtcggatgtcagccaagaacactgg
P L AAKTILGS L L S DV S Q E H W

agaactataatggaaagtgaggtatggcaactgccacaagctgaaaatgaaatattgcct
R T I M E S EV W QL P Q A ENZETT L P

gttctatggctgagctatcaacaccttcccggacatcttagacagtgtttcgetttttge
V L WL SY QHULWPGHULRQZ CEAETZC

gctgtgtttcacaaagattatttattctataaacatgagttgatccagacttggatggca
AV FHI KDY LFY KHETLTI QTWMA

gaaggcttcattgcacctcaaggaaacaagagggtggaagatgtcggaagcagctacttc
E G F I AP Q G N K R DV G S S Y F

catgagcttgttaataggtctttctttcaggaatctcagtggagagggcgatacgtgatg
H EL V NIRSFFQE S QWR G R Y VM
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cgtgacctcatacacgatcttgcccaatttatatcagtgggagagtgtcataggatagat
R bL I HDLAQZFI SV GETCHI RTI1D

gatgacaagtccaaagagacccctagtacgactcgtcatctatcagtagcattaactgag
D DK SKETWPSTTIRMHILSV ALTE

caaacgaagttggtggatttttcaggttacaataaattgcggacccttgtgatcaacaat
Q T K LV DF S G Y NKULIRTULV I NN

cagagaaatcagtatccatatatgactaaagtcaacagctgcttattgcctcagagcttg
Q R NQ Y P Y M T KV NS CULULUPOQS L

ttcagaagactgaaaagaatccatgttttagttttgcagaagtgtggcatgaaagagttg
FRRLKRIHVL VL Q K C M L

cctgatattatcggtgacttgatacaacttcggtaccttgacatatcctacaatgctcge
p D1 1 GDULT1T QL RYLDTI SYNA AR

attcagaggttgcctgagtcattgtgcgacctttacaatctgcaagcactgaggctatgg
Il Q R L P ESLCDULYNULWOQALI RIL W

ggctgtcaattacagagtttcccacaaggcatgagcaagctgatcaacttgaggcaactt
G C QL Q S FPQGM S KULTNULR RO QL

catgtagaagatgagataatttccaagatatacgaggttgggaagctgatttctctgcaa
H VvV E D E 1 1 S K 1 Y E K L I S L Q

gaattgtctgcattcaaagtgctaaagaatcatggaaacaaacttgcagaactaagtggt
E L S AF KV LKNUHGNIKILAETL S G

ttgacacaactccgcggcactctacgaattacaaatcttgaaaatgtagggagtaaagaa
L T Q LR GTULIR 1T TNWLENWVSG S K E

gaagcaagcaaggctaaactgcacagaaaacagtatcttgaagcattagagttagagtgg
E A S K A KLHIRIK QY L E AL E L W

gcagctggccaggtttccagcttggagcatgagttacttgtctcggaggaagtattttta
AAA G QV S SLEHETULLV S EEVF L

ggtctccaaccacatcacttcctcaaaagttcgacaatcagagggtacagtggtgctaca
G L QP HHFLKSSTIRGY S G AT

gtacccagttggctggatgtgaaaatgctaccgaacttgggaactcttaaactagagaac
v P S WULDVKMMLWPNILTGTULK L E N

tgtacaagactggagggtctttcatatattggacaactgccacatctcaaggtccttcat
C T L E GL SY I G QL P HUL K V L H

ataaagagaatgcctgtggtgaaacaaatgagtcatgaattatgtggctgtacgaaaagc
Il K R M P vV K Q M S HEULT CGT CT K

aagttgttccctaggctagaagagttggtactggaggatatgccaacactgaaagaattc
K L FPRLEELVLEDMMPTL K E F

ccgaatattgcacaacttccttgtctcaagattattcacatgaagaacatgttttcagta
P N1 AQLPCLIKIT I HMIKNMF SV

aaacatataggtcgtgaattatatggtgatatagagagcaattgttttccatcattagaa
K H1 GR ELY G D1 E S NITCUFUP S L E

gagcttgtgctgcaggacatgctgacattggaggaactcccaaatcttggacaacttcca
E L L Q M L T L EELPNULGAO QUL P

catcttaaggttattcacatgaagaacatgtctgcactgaaacttataggtcgtgaatta
H LKV I HMIKNMMSALIKTLI G R E L

tgtggttctagagagaaaacttggtttcctaggctagaagtgctagtgctgaagaacatg
c 6 S R EKTWZFWPRULEV LV L KNM

ctggcactggaggaactcccaagtcttggacaacttccatgtctcaaggttcttcgcatce
L AL EELWPSULGAO QLUPTCLIKV LRI

caggtgtcgaaggtaggccatggactctttagtgctacgaggagtaaatggtttccaagg
K H 66 L FS AT R S W F P R

ctggaagagctagaaatcaagggcatgctgacatttgaggaactccattctcttgaaaaa
L E ELE1T KG6GMULTFETETULWHSLE K
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ctgccgtgtctcaaggttttccgcatcaagggattgccagcagtgaaaaagataggecat
L P CLKVFRIT KGLPAV KK 1 GH

ggattatttgattctacctgtcagagagagggttttccaaggttggaagagcttgtgtta
G L FDSTZ COQRETGFWPRULETETL VL

agagacatgccagcgtgggaagagtggccttgggctgaaagggaggagttattttectge
R DMPAWEEWWPWAERETETLF S C

ttgtgtagacttaaaattgaacaatgccccaaacttaaatgcttgcectecccgteccttat
C R L K 1T EQCU?PIKULIKTCULUPUPV PY

tctctcataaaacttgaattatggcaagttgggctgacaggacttccaggattatgcaaa
s L I KL E L WQ V G L T L P G L C K

ggaattggtggaggtagcagcgctagaactgcttctctttcactcttgcacattattaaa
G I 66 6GS SARTASULSULULWUHTIIK

tgcccaaatctgagaaatctgggagaagggttgctgtcaaaccacctgccacatatcaat
CcC P NLIRNWLSGETGLULSNWHTILWPHTITN

gctattcggatatgggaatgtgctgaactgttgtggctgcctgtcaagaggtttagagaa
| E C A E L L P K R

ttcaccacccttgagaacttgtcaataaggaactgccccaagctcatgagcatgacacag
F T T L ENULS I RNICWPK L M S

tgtgaggagaatgacctcctcctcccgecgtcaatcaaggcgctagaattgggtgactgt
C EENDULULULU®PWPS 1T KALEULGTDC

ggaaatcttgggaaatcgctgcctggatgectacacaacctcagctcactaattcagttg
G NL G K SL PG CULMHNILS S LT Q L

gcgatatccaattgtccatacatggtttcctttccaagggacgtaatgcttcacttgaag
Al S NCPY WMV S FPRDVMLUHL

gaacttggagctgtaaggatcatgaattgtgatgggctgagatcaatagagggtttacaa
E L GAVRI1T MNTC L RS 1 E G L Q

gttctcaaatcactcaagagattggaaatcataggatgtcccaggcttttgctaaatgaa
vV L K S L KRULEIT 1 6GCPR L L L NE

ggggatgagcaaggggaggtcttgtcactgcttgaattatcagtagataaaacagcccta
G DEQ G EVL SLULEULSV DI KTAL

cttaaactctcatttataaaaaatacactgccattcatccagtctctcagaatcatcttg
L KL SFI1I KNTWLWZPZFI QS LRT1T 1L

tctcctcagaaagtgttgtttgactgggaggagcaggaattggtgcacagcttcaccgct
S P Q KV L F W 0 L VHSTFTA

ctcaggcgccttgaattcctcagttgcaagaatctccagtccttgccaacagagttgcat
L RRLEZFULSCIKNWLIGQSTULUPTETLH

acccttccttcccteccatgetttggttgtaagtgactgtccacagatccaatcactgeca
T L P SLHALVV SDT CPOQTI Q S L P

tcgaagggactcccgacactcctcacagatttaggatttgaccattgccacccagtgctg
K L P TLLTWDULGFDHT CMHP V L

actgcgcaactggaaaagcacctggcagagatgaagagctcaggtcgatttcacccagtt
T A Q L E K H L A M K S S R F H P V

tatgcatag
Y A *

Figure 5.7 Nucleotide sequence and conceptual translation of RGC5
cDNA. Conserved motifs in R proteins are underlined in the NBS
domain. Two additional NBS motifs that were not covered in chapter 4
are shaded in gray.
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non-TIR

NBS

LRR

MSTALVIGGWFAQSFIQTLLDKASNCAIQQLARCRGLHDDLRRLRTSLLR
ITHATLDKAETRWNHKNTSLVELVRQLKDAAYDAEDLLEELEYQAAKQKVE
HRGDQI1SDLFSFSPSTASEWLGADGDDAGTRLRE IQEKLCN I AADMMDVM
QLLAPDDGGRQFDWKVVGRETSSFLTETVVFGRGQEREKVVELLLDSGSG

NSSFSVLPLVGIGGVGKTTLAQLVYNDNRVGNYFHLKVWVCVSDNFNVKR
LTKEI'IESATKVEQSDELNLDTLQQ I LKEKIASERFLLVLDDVWSENRDD
WERLCAPLRFAARGSKVIVTTRDTKIAST IGTMKE ISLDGLQDDAYWELF
KKCAFGSVNPQEHLELEV IGRKIAGKLKGSPLAAKTLGSLLRSDVSQEHW
RTIMESEVWQLPQAENE I LPVLWLSYQHLPGHLRQCFAFCAVFHKDYLFY
KHEL 1QTWMAEGF IAPQGNKRVEDVGSSYFHELVNRSFFQESQWRGRYVM
RDL IHDLAQF ISVGECHR IDDDKSKETPSTTRHLSVALTEQTKLVD

FSGYNKLRTLVINNQRNQYPYMTKVNSCLLPQSL 1
FRRLKR IHVLVLQKCGMKELPDI 2
1GDLIQLRYLDISYNARIQRLPES 3
LCDLYNLQALRLWGCQLQSFPQG 4
MSKL INLRQLHVEDEI I1SK1YE 5
VGKL I SLQELSAFKVLKNHGNK 6
LAELSGLTQLRGTLRITNLENVGSKEEASKAK 7
LHRKQYLEALELEWAAGQVSSLEHELLVS 8
EEVFLGLQPHHFLKSSTIRGYSGATVPSWLD 9
VKMLPNLGTLKLENCTRLEGLSY 10
1GQLPHLKVLH IKRMPVVKQMSHELCGCTK 11
SKLFPRLEELVLEDMPTLKE 12
FPNIAQLPCLK I IHMKNMFSVKH IGRELYGDIE 13
SNCFPSLEELVLQD 14
MLTLEELPNLGQLPHLKVIH 15
MKNMSALKL I GRELCGSREKTWFPRLEVLVLKN 16
MLALEELPSLGQLPCLKVLR 1QVSKVGHGLFSATR 17
SKWFPRLEELE IKGMLT 18
FEELHSLEKLPCLKVFRIKGLPAVKK 1GHGLFDSTCQ 19
REGFPRLEELVLRDMPAWEEWPWAER 20
EELFSCLCRLKI1EQCPKLKCLPPVPYSLIKL 21
ELWQVGLTGLPGLCKGIGGGS 22
SARTASLSLLHI IKCPNLRNLGEGLL 23
SNHLPHINAIRIWECAELLWLPVKR 24
FREFTTLENLS IRNCPKLMSMTQCEEND 25
LLLPPSIKALELGDCGNLGKSLPGC 26
LHNLSSLIQLAISNCPYMVS 27
FPRDVMLHLKELGAVR IMNCDGLRS I1EG 28
LQVLKSLKRLE I IGCPRLLLNEGDE 29
QGEVLSLLELSVDKTALLKLSFIKNT 30
LPFIQSLRI I LSPQKVLFDWEEQEL 31
VHSFTALRRLEFLSCKNL 32
QSLPTELHTLPSLHALVVSDCPQIQSLPS 33

KGLPTLLTDLGFDHCHPVLTAQLEKHLAEMKSSGRFHPVYA 34

Figure 5.8. Predicted RGC5 protein structure. The amino acid
sequence deduced from the RGC5 cDNA of roots is divided into
three domains (non-TIR, NBS and LRR). Conserved motifs in R
proteins are underlined. Amino acids matching the consensus of
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the cytoplasmic LRR are indicated in bold in the LRR domain.
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Figure 5.9 Predicted coiled-coil (CC) regions in the RGC5
deduced protein. The CC profile (window of 21 consecutive
amino acids) was calculated according to Lupas (1996) and
plotted against the amino acid number. Values shown on the
y-axis of the graph indicates the probability to find potential
CC regions in the amino acid sequence. One potential CC
region is present in the non-TIR domain.
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Figure 5.10 Hydropathy profile of the RGC5 deduced
protein. The hydropathy profile (window of 19 consecutive
amino acids) was calculated according to Kyte and Doolittle
(1982) and plotted against the amino acid number. Peaks
with hydropathy scores greater than 1.8 (horizontal line)
indicate possible transmembrane regions.
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5.4.2 Sequence comparison of the banana RGC2 and RGCS5 predicted
proteins with the Fusarium resistance protein 12 from tomato.

Since the banana RGC2 and RGC5 showed significant sequence similarity
to the Fusarium resistance gene |12 from tomato, the level of similarity shared
between the two proteins was examined at the level of the different domains.
The Fusarium resistance gene Fom-2 from melon was also included in the
analysis as a reference to highlight the level of similarity between two known
R genes that confer resistance to F. oxysporum. Overall, RGC2 and RGC5
share a relatively low level of amino acid sequence similarity to the 12 protein
(Table 5.1). The highest levels of similarity shared by RGC2 vs 12 and RGC5
vs 12 were found in the NBS domain and the lowest levels were found in
pairwise comparisons of the LRRs (Table 1). Pairwise comparison of the
known Fusarium resistance proteins, tomato 12 and melon Fom-2 show
similar patterns and levels of sequence similarity when the full proteins or
individual domains are compared. Alignment of the four protein sequences
revealed patterns of amino acid conservation along the different domains
(Figure 5.11). A moderate level of conservation on the NBS domain and a
relatively low level of conservation on the non-TIR and LRR domains were
observed (Fig. 5.11). Notably, the difference in length of RGC5 with respect
to RGC2, 12 and Fom-2 protein sequences was not restricted to short
insertions spread at random over the sequence, but also two major insertions
of similar size were found in the LRR domain; one of 106 amino acids in
position 806-912 and the second one of 103 amino acids in position 943-
1046 of the RGC5 deduced protein (Figure 5.11). A stretch of 27 amino acids
shared by RGC2, RGC5, 12 and Fom-2 located between the two major
insertions of RGC5 was detected in the LRR domain.
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Table 5.1 Pairwise comparisons of the deduced amino acid sequences of RGC2, RGCS5, 12

and Fom-2 genes using the ALIGN program (Www.ebi.ac.uk). Percentages of amino acid
sequence identity and similarity are indicated on the left and right of the slash, respectively.

Domains®
Comparison Full protein non-TIR NBS LRR
RGC2 vs RGC5 32.6/46.9 24.6/43.4 47.7/63.2 29.3/42
RGC2 vs 12 30.7/46.7 28.1/50 42/60.6 27.2/40.9
RGC5 vs 12 30.8/45.6 27.6/48.8 45.4/65.1 26.9/38.8
12 vs Fom-2 28.8/48.5 23/38.3 34.9/55.3 27.2/48.1

®Domains analysed are defined in figures 5.3 and 5.8.
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Figure 5.11 ClustalX alignment of the deduced amino acid sequences of RGC2,
RGCS5, 12 and Fom-2. Identical amino acids are shaded in black and conservative
substitutions are shaded in grey. The non-TIR, NBS and LRR domains are
indicated.
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5.4.3 Phylogenetic relationships of the banana RGC2 and RGC5 sequences
RGC2 and RGC5 have been shown to belong to the non-TIR-NBS-LRR
group of R genes (Chapter 4). In order to assess in more detail the
phylogenetic relationships of RGC2 and RGC5 within the non-TIR group, a
phylogenetic analysis using the deduced amino acid sequence of the NBS
domain was undertaken. The NBS domain has been broadly used in
phylogenetic studies of the NBS-LRR class of R genes because it contains
numerous conserved motifs that assist proper alignment. These phylogenetic
studies have shown that the NBS domain is very useful to predict the
presence or absence of a TIR-like domain in the N-terminus of NBS-LRR
proteins (Meyers et al. 1999; Pan et al. 2000) and also to define ancient
phylogenetic clades (Cannon et al. 2000). NBS sequences from four
previously defined ancient clades of non-TIR-NBS-LRR genes (N1, N2, N3
and N4) (Cannon et al. 2002) were included in the phylogenetic analysis
along with NBS sequences from Fusarium resistance gene 12 and other
recently cloned R genes, such as the Fusarium resistance gene Fom-2 from
melon, and the other banana RGCs isolated in Chapter 4. The phylogenetic
results (Figure 5.12) indicate that RGC2 and RGC5 are clustered in the N1
clade and this is well supported by a high bootstrap value (96%). Notably,
the Fusarium resistance gene |12 and Fom-2 are also present in the N1 clade.
The N1 clade also contains other characterized R genes such as Xal that
confers resistance to Xanthomonas oryzae in rice (Yoshimura et al. 1998),
Rpl1-D that confers resistance to Puccinia sorghi in Zea mays (Collins et al.
1999), Rpgl-b that confers resistance to Pseudomonas syringae in Glycine
max (Ashfield et al. 2004), RB that confers resistance to Phytophthora
infestans in Solanum bulbocastanum (Song et al. 2003) and R3a that confers
resistance to Phytophthora infestans in Solanum tuberosum (Huang et al.
2005). Thus, in clade N1 we can find a set of highly divergent non-TIR-NBS-
LRR genes that confer resistance to a diverse range of pathogens. It was
interesting to observe that the tomato 12 and melon Fom-2 genes were not
closely related in the N1 clade although they both confer resistance to
Fusarium oxysporum (Figure 5.12). The R gene most closely related to
tomato 12 was the Solanum R3a gene, while the R gene most closely related
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to melon Fom-2 was the Solanum RB gene. These results suggest that 12
and Fom-2 are homologous in terms of structure, however due to the low
level of sequence similarity and the distant phylogenetic relationship between
these R genes it is difficult to determine whether these sequences are truly
orthologous or their pathogen specificity arose by convergent evolution.
Nevertheless, independent of their evolutionary origin, both sequences
belong to the same phylogenetic clade, which opens the possibility that other
divergent Fusarium resistance genes from different plant families may cluster
in this phylogenetic clade. Thus, R genes that cluster in the N1 clade may
serve as the first place to search for potential Fusarium resistance genes,
such as the banana RGC2 and RGC5 sequences isolated in this study. In
the case of the other banana RGCs, RGC1 and RGC4 clustered in clade N2,
while RGC3 resolved in clade N3. None of the banana RGCs clustered in
clade N4 (Figure 5.12).
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Figure 5.12 Phylogenetic analysis of banana RGC2 and RGC5 sequences (black circles).
Sequences of four ancient non-TIR-NBS-LRR phylogenetic clades (N1, N2, N3 and N4)
previously defined by Cannon et al. (2002) were used in the analysis. Three other banana RGCs
(RGC1, RGC3 and RGC4) previously isolated (chapter 4) were also included in the phylogenetic
tree. Characterised R genes are in bold and the Fusarium resistance genes 12 and Fom-2 from
tomato and melon, respectively are highlighted with gray circles. Amino acid sequences from the
P-loop to the GLPLA of the NBS domain were used for the analysis. The numbers below the
branches indicate the percentage of 10,000 bootstrap replications supporting the particular
nodes, and only those with >50% support are shown. The tree was constructed with the
neighbor-joining method using the MEGA program version 2.1.
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5.4.4 Isolation of a putative RGC2 promoter region and developing RGC2
constructs for genetic complementation tests.

Banana RGC2 mRNA expression was previously found to correlate with
FOC race 4 resistance (Chapter 4). The absence of a transcript in
susceptible plants suggests a mutation in the promoter region had abolished
transcription. A genetic complementation approach in susceptible plants will
be used to gain insights about the role of RGC2 in FOC race 4 resistance. In
order to initiate genetic complementation experiments, four-expression
cassettes harbouring different promoters, including a putative promoter

region of RGC2, were developed.

Previous isolation of the 5 end of the cDNA of RGC2 using RNA Ligase
Mediated Rapid Amplification of cDNA Ends (RLM-RACE) (Chapter 4),
revealed a putative transcription start site based on the analysis of three
RLM-RACE clones. In order to confirm this site, seven additional RLM-RACE
clones were sequenced. The results indicated that all the 5’RACE sequences
started at the same point (Figure 5.13). Thus the 5 untranslated region
(5’UTR) of RGC2 has a length of 42 nt. The putative promoter region of
RGC2 was isolated by PCR genome walking from an EcoR V genome
walking library. A fragment of approximately 2.3 kb was amplified which
included ~200 bp of the 5’UTR region and coding region. Sequencing
revealed a putative promoter region of 2105 nt that did not show any
significant sequence similarity hit to previously characterized R genes or any
other sequence. The database of plant cis-acting regulatory DNA elements
(PLACE) (www.dna.affrc.go.jp/htdocs/PLACE) was searched in order to find

putative cis-acting regulatory elements in the promoter region of RGC2.
Numerous putative cis-acting elements were found across the sequence
(Appendix 1). A putative TATA-box-like motif was found at 86 nt upstream
from the transcription start site (Figure 5.13). As eukaryotic genes
transcribed by RNA polymerase Il generally contain a TATA box located
approximately 30 nt upstream from the transcription start site (Rombauts et
al. 2003), the significance of this TATA-box-like motif, with respect to location
and function, remains unclear. The putative promoter region of RGC2
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including the 5’UTR was successfully fused to the RGC2 ORF in the binary
vector pCAMBIA 2200 (RGC20RF-NOST) as a Kpn I/BamH | fragment and
the construct was named as pCAMBIA 2200 (RGC2PP-RGC20RF-
NOST)(Figure 5.14). This construct will be used to determine whether RGC2
is able to confer resistance to FOC race 4 in a susceptible banana genotype.
Furthermore, the putative promoter region of RGC2 (RGC2PP) from the
construct pCAMBIA 2200 (RGC2PP-RGC20RF-NOST) was successfully
replaced with three characterised promoters, the Ubi-1 promoter, the BT1
promoter and the NOS promoter, respectively (Figure 5.14). The use of
different characterised promoters that drive different levels of gene
expression may ensure the expression of the RGC2 in the transgenic
banana plants if the uncharacterised promoter region of RGC2 fails to drive
expression due to the absence of essential cis-acting regulatory elements in

its sequence.
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Figure 5.13 Nucleotide sequence of the putative promoter region of banana RGC2. The
transcription start site is designated +1 and the 5’ untraslated region (5° UTR) is
underlined. The ATG tranlation start codon is in bold. A putative TATA box near to the
transcription start site is shaded in gray. This and other putative sites were predicted by
the signal scan program of the plant cis-acting regulatory DNA elements (PLACE)
database. Numbers on the left indicate the position of nucleotides upstream the
transcription start site and numbers on the right are used as a reference to indicate the
position of putative cis-acting regulatory elements predicted by the signal scan program

ATCATGTATGCATATATATGAAACATTGGGCCAAAAACTTTATTTAGCAAATTGATTGCCATGGATTAATCCGAGTAAAC
TTGACATGGGACAGCAAATTCATTTTGCAGCGACCATATCTAGGACTTGTGACAATGTGATGTTACAACAATAGAAAAAA
GGATTTTAGATTGGTGAACAATTTGATGTGTCACATCACAGGCAGACAACCCCACAATAAAGTGTGTTCCACCTAAACTT
ATTCTGCAACCACCCTTCCAGGACCAGCATGAAAGAAGGGTGTCATTAGTATGGCTTCTCTCTTGGTTCACACTAGACTA
GGTTCTCATCAGACACATCTTTTACATAGTTTTAATTCCTCTTTCCTGAAAAGATGTTTTTCTATGCAAGTCATGTTCAT
GTTACTGTTTGATCATAGTTTTCTGCATTAATGTCTCCAAGATAATTGGAAACATGACAATTGTGGCTTTTATAGCACAT
AGGATTATCATGTGTTTTGCAACTTGCATAGCTCTTAGTATTTGCTCCTTGGTCAGGAGAGTAGAAAGGCTCAGTAGTCC
TATTATTTTAGATCTTCAACAAGCCCTCAACTTGAGATGAAGATGTTCTTGTTAAGCACCCGTAGTTAATGAATTAAAGA
CTGTCCCTACTGGCCGTATAGGCAACAGGAGAGTCAGTCAACAGATAATTCAAGGTTCAAACAATCAATGTTGACTGGAC
TCAATCTTTTATTATGTTGGAGAATACTGTCATACCAAGTTAAATTATGTACCTTAAAAGAAGTAACACTTTGACCATGG
ACTAGAAATGAACGGAGCAGCCATTTTTTTTTATAGGACTTGAACCAAGAATTAGTACTCTGTTCCATGTCACAGGACGG
TCTGGGAGTAACCTGTCACTTATCTAATCCTCTTACCACACAATCCAAACTTAATTTCTAGCACAGTAAAGCAAAAAATA
AAGGGAGCAGAAGAGGATAAGATCGATGCAGTGTCACTGTAGGCTTGAAAAGGAGAGTGTCTTGACAAGGTGTGGAATTT
GTCCAGGACAAATTGGAAGCCAATTGGCTCTTCTTATATCTTCTTCTCTTTTGTCAGCCTTGGGTATATTCACAGCATTT
TCTTGTGCTAAAAATAGGACCAATTATGTGATGTTGGTGTTGTTTCACCATCCACTGCTGTCATCCGATGTTTATATGCT
GCTAATTCGATAGTTGCGTCCGCCTACCGGCAACTCTTGTGTCAGCATATGAACTCTGCTTCTTTCTTTCTTTCCCTTTA
GCCTCAGCTTTTAGCCGAGCCATCATGTCTCAGTTAACATCAGCGTTTGGCCGCCAAGTCACTACAGGAGATAGAAAACA
AAGAAAGCACACAGTGGCCATTGAAAGGCCAAGCCACTTGGCCGCCAGGCAGCATCAAGACAAGTTGCTCTATGGACAGG
CAAAATTATTATTACTCTGTTGGCACATTGAAAGGGTAAACTTCCCTGCAAACGTAAATCCAACCCTCTATATCACAACT
GCTTTATGGTCACCCAACTGCCGGCACACAGTGGCCACCAACGCTGCCTGCCACACTTATCAACTTGATAGGGACCCCCT
TCCAGAAAAGCTCATGTCCATTTCAATGAATAAAGCAGTCTGGCAGGCAGTGTGGGCGTGCGCTGCAAGTCGTCTCTGTT
CACCCACTACTAGTGAGTTGCATAAGAACGAGCTATCTTCTTTAGGATTCACGAATTCACCAAAGTAGCTAATGGATAAA
CTTTGTCTTAAATTAATAAAGTATATTAACTTTTCGTCTTTGATCTAGAAAAGTATCTACGGTGTATGAACACCAAACTG
CTGTTTGTAATTTAGTGAAAGTTAACTGTAACTGTTCTTTATTTATCTGTTAGAATTCACTTCCCGCCCACTACGTTGCA
ATCGATGTTGTTGACAGTATTCACCGACAACATCGAGATAAACTGGTGTTTCCTGCATAATTTATGATTCCTGCCACCAA
CAATCACTTCGTCAAGTAATTATTTATCTTTTAGTTGACCGACTGGGTCATTGTTTATCCTCAAATTCATGGATCAAGAT

TTACAAGGGGAGCGACCTTGAATGGATCTTTGAGGTGATTCCCTCTATTTGCCATCAGAGAAGAAGAATG
+1

(see table below).
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Figure 5.14 Schematic representation of four constructs to test the role of RGC2 in FOC
race 4 resistance in a susceptible banana genotype. A, pCAMBIA 2200 (RGC2PP-
RGC20RF-NOST); B, pCAMBIA 2200 (Ubi-1-RGC20RF-NOST); C, pCAMBIA 2200 (NOS-
RGC20RF-NOST); and D, pCAMBIA 2200 (BT1-RGC20ORF-NOST). The putative promoter
(PP), the 5’UTR (5U) and ORF of RGC2 (RGC20RF) are indicated in the expression
cassette. The polyubiquitin-1 (Ubi-1), nopaline synthase (NOS), Banana bunchy top virus
(BBTV) BT1 and Cauliflower mosaic virus 35S (CaMV35S pro) promoters are indicated. The
neomycin phosphotransferase gene (NPTII) that confers resistance to kanamycin and the
nopaline synthase terminator (NOS T), Cauliflower mosaic virus 35S terminator (CaMV35S
T) are indicated. LB and RB represent the left and right T-DNA borders, respectively.
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5.5 Discussion

This work provides structural and phylogenetic information of two potential
Fusarium resistance genes from banana (RGC2 and RGC5). The deduced
protein sequence of both RGC2 and RGC5 ORFs showed the typical motifs
and domains of the non-TIR-NBS-LRR class of R genes (Meyers et al. 1999;
Pan et al. 2000). This type of sequence is widespread in plant genomes, for
example in the Arabidopsis thaliana and Oryza sativa genomes there are
around 50 and 440 non-TIR-NBS-LRR related sequences, respectively
(Meyers et al. 2003; Zhou et al. 2004). The genome of banana has yet to be
determined and therefore the question remains as to the abundance of these
types of sequences in this crop. By cloning the entire ORF of RGC2 and
RGCS5, the presence of a predicted coiled-coil (CC) structure at the non-TIR
domain (Figures 5.4 and 5.9) and the typical NBS motifs present in the NBS-
LRR class of R proteins (Figures 5.3 and 5.8) have been confirmed (Meyers
et al. 1999; Pan et al. 2000). The full ORF of RGC2 and RGCS5 also revealed
two other NBS motifs (Figure 5.2 and 5.7) previously unobtainable as a
consequence of the experimental approach adopted (Chapter 4). As
expected, the C-terminus of both RGC2 and RGC5 contained LRR repeats
of variable size, whose consensus sequences are related to cytoplasmic
LRR proteins (Jones and Jones 1997) (Figure 5.3 and 5.8). It has been
shown that the LRR domain of alleles of the flax rust resistance gene L
determines recognition of specific races of the pathogen (Ellis et al. 1999).
Therefore, the LRR of RGC2 and RGC5 may function in a similar way by
recognizing an invading pathogen. The total number of LRRs found in RGC2
and RGC5 were similar to previously characterized R gene products, whose
LRRs numbers vary from 14 to 40 (Jones and Jones 1997). The variation of
LRR repeats may play a role in determining the recognition specificity of the
RGC2 and RGC5 gene products. It has been demonstrated that expansion
and contraction of LRR repeats are responsible for loss of function or
recognition specificities of plant disease resistance genes. In flax,
inactivation of the rust resistance gene M was associated with the loss of a
single repeated unit within the LRR coding region (Anderson et al. 1997).

Domain swapping and gene shuffling of tomato R proteins Cf-4 and Cf-9 also
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demonstrated that variation in LRR copy number plays a major role in
determining recognition specificity in these proteins against Cladosporium
fulvum (Wulff et al. 2001). Scanning the LRR domain of RGC2 and RGC5
with the program COILS (Lupas et al. 1996) revealed a predicted CC in the
LRR domain of RGC2 (Figure 5.4). The CC structure is quite common in the
N-terminus (non-TIR domain) of R proteins (Meyers et al. 2003; Zhou et al.
2004) but rare in the C-terminus (LRR domain). There are just a few
examples of R genes showing this predicted structure in the LRR, among
these, we have the Fusarium Fom-2 resistance gene from melon, which
lacks a putative CC structure in the non-TIR domain but it appears to have
one in the LRR domain (Joobeur et al. 2004). The function of this predicted

CC structure in the LRR domain remains to be shown.

The Fusarium resistance gene [2 from tomato was found to be one of the
most similar R genes to RGC2 and RGC5 in homology searches using either
the truncated N-terminal region (Chapter 4) or the entire ORF sequence.
This prompts speculation that RGC2 as well as RGC5 may have a role in
Fusarium resistance in bananas. Overall, the banana RGC2 and RGC5 gene
products aligned with the |12 gene predicted protein (Figure 5.11), although
the similarity between them was relatively low (Table 1). This level of
sequence similarity is quite common among NBS-LRR genes from different
plant families (Bai et al. 2002) or even in NBS-LRR resistances genes whose
pathogen recognition specificity is very similar (Joobeur et al. 2004; Ashfield
at al. 2004; McDowell 2004). For example, homology searches using the
non-TIR-NBS-LRR Fom-2 resistance gene from melon as the query revealed
that the most similar characterized R gene to the Fom-2 was the Fusarium
resistance gene I12 from tomato (29% identity and 49% similarity; E value =
2e®) (Joobeur et al. 2004). Another example is the non-TIR-NBS-LRR gene
pair RPM1 and Rpgl-b from Arabidopsis thaliana and Glycine max,
respectively. Both gene products confer resistance to the bacterium
Pseudomonas syringae by recognizing the same avirulence protein (AvrB)
(Ashfield at al. 2004; McDowell 2004). Alignment of the predicted RPM1 and
Rpgl protein sequences revealed a relatively low level of amino acid
sequence identity across the NBS domain (~34%) and they were not
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phylogenetically closely related. Their respective LRR sequences were so
divergent that they could not be aligned in silico beyond the first five LRR
repeats (Ashfield at al. 2004).

In this study, it was found that the 12 and Fom-2 gene products share a
limited sequence similarity. They are not closely related in the phylogenetic
tree and they are more similar to other non-Fusarium R genes than between
each other, however they both belong to the same phylogenetic clade N1
previously defined by Cannon et al. (2000). Thus, it is reasonable to
hypothesize that other divergent R genes that confer resistance to F.
oxysporum may cluster in the same phylogenetic clade. Based on this
hypothesis, the N1 clade may be an interesting place to start the search for
potential Fusarium resistance genes not only in the Musaceae familiy (RGC2
and RGC5) but in other plant species as well. The idea of having multiple
Fusarium R genes from different plant families clustering in one single clade
could have a practical implication in the isolation of novel Fusarium R genes,
since the search for potential Fusarium R genes could be targeted to one
particular phylogenetic clade. Taking into account that there are a large
number of divergent NBS-LRR sequences in a plant genome (Meyers et al.
2003; Zhou et al. 2004), such an approach could facilitate the selection of a
particular set of resistance gene candidates to be used in Fusarium
resistance tests. A similar idea to narrow the search for potential functional
resistance genes by using bioinformatic tools has been recently proposed for

the Solanaceae family (Couch et al. 2006).

The banana RGC2 and RGC5 sequences did not only cluster within the N1
clade along with the Fusarium |2/Fom-2 resistance genes but also they are
non-TIR-NBS-LRR sequences that show significant sequence similarity to
the Fusarium resistance gene |12 from tomato. All these features make RGC2
and RGCS5 interesting non-TIR-NBS-LRR sequences that could be
associated with Fusarium resistance in banana. The particular case of RGC2
is even more notable since its expression was associated to Fusarium
oxysporum f. sp. cubense race 4 (FOC race 4) resistance (Chapter 4). The
function of RGC2 is currently being evaluated using a genetic
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complementation approach (see below) in order to test whether this
sequence does indeed confer FOC race 4 resistance. On the other hand, the
role of RGC5 in FOC resistance will be tested against different FOC races.
Taking into account that the Fusarium resistance in tomato and melon is
controlled by more than a single resistance gene (Sela-Buurlage et al. 2001;
Schreuder et al. 2000), it is probable that multiple R genes confer resistance
to the four different and divergent races of FOC in banana (Koenig et al.
1997; O’'Donnell et al. 1998). Furthermore, the isolation of more banana NBS
sequences that potentially cluster within the clade N1 could provide a
valuable resource of RGC genes that could be used in Fusarium resistance

tests.

The function of most R genes has been validated in genetic
complementation experiments where the R gene candidate with all its
regulatory expression sequences, promoter, 5’ and 3' UTR’s are transferred
via genetic transformation into a susceptible genotype in order to prove
whether the R gene candidate is capable of confering resistance to a
particular pathogen. Furthermore, the expression of most R genes is low and
constitutive (Hulbert et al. 2001), thus in order to make constructs to validate
the function of a R gene candidate the best choice of promoter is likely to be
a native R gene promoter that drives the proper level of expression thus
avoiding the activation of a constitutive hypersensitive response that could
be deleterious to the plant or may not lead to pathogen resistance (Gurr and
Rushton 2005). Taking into consideration the information above, in this study
a putative native promoter region of RGC2 was isolated and an expression
cassette was made with the RGC2 ORF (Figure 5.14). This construct will be
used to test whether RGC2 is capable of confering FOC race 4 resistance in
a susceptible genotype. Three other constructs with the RGC2 ORF were
also made using heterologous and characterised promoters that drive
different levels of gene expression in plants. One of the constructs contains
the constitutive Ubi-1 promoter which is reported to drive high levels of gene
expression in monocotyledonous plants (Christensen et al. 1996). Although a
high level of expression of a resistance gene could be deleterious to the
plant (Gurr and Rushton 2005), there are reports showing that this not
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always necessarily the case. For example, the pepper Bs2 gene under the
control of the strong 35S promoter confers resistance to Xanthomonas
campestris in both tomato and tobacco (Tai et al. 1999) which indicates that
even the presence of a strong promoter controlling the expression of a R
gene can lead to pathogen resistance without obvious detrimental effects on
the plant. It remains to be seen the effect of overexpressing the RCG2 in
FOC race 4 resistance in banana. Two other constructs were made using the
promoters NOS and BT1, the relatively low expression that these promoters
drive perhaps will mimic the expression of a R gene candidate such as
RGC2 whose expression was detected to be low in comparison to the
banana Actin 1 gene (see Figure 4.10, Chapter 4). All these constructs with
heterologous promoters may ensure the expression of RGC2 in the
transgenic banana plants if the uncharacterised putative promoter region of
this sequence fails to drive gene expression. The latter could occur if the
isolated region containing the putative promoter region (~2.1 kb) does not
contain all the necessary cis-acting regulatory elements that are essential to
drive the proper expression.

In summary, this study reports the isolation of the first two banana non-TIR-
NBS-LRR cDNA sequences (RGC2 and RGC5) from the roots of a FOC race
4 resistant banana M. acuminata ssp. malaccensis. Phylogenetic analysis
grouped the Fusarium resistance genes |12 and Fom-2 into the same clade
(N1), opening the possibility that other unknown Fusarium R genes from
different plant families may share the same clade N1. This clade could be
used as a platform to narrow the search for potential Fusarium R genes in
banana and other crops. Both RGC2 and RGC5 cluster in the clade N1
making these banana sequences a pair of attractive resistance gene
candidates that could be associated to FOC resistance. The interesting
correlation of RGC2 expression with FOC race 4 resistance (Chapter 4) will
allow to test its role against this particular FOC race using a genetic
complementation approach, whereas RGC5 role in FOC resistance will be
evaluated against different FOC races. These experiments are currently

underway.
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5.7 Appendix 1

Cis-acting regulatory elements of the RGC2 putative promoter region predicted by
the signal scan program using the plant cis-acting regulatory DNA elements
(PLACE) database.

Factor or Site Name Strand Signal Sequence PLACE accession numer
CARGCW8GAT site 11 (+) CWWWWWwWwwe S000431
CARGCW8GAT site 11 (=) CWWWWWWWWG S000431
LEAFYATAG site 23 (-) CCAATGT S000432
CAATBOX1 site 25 (-) CAAT S000028
CCAATBOX1 site 25 (-) CCAAT S000030
SITENIATCYTC site 27 (+) TGGGCY S000474
SORLIP2AT site 28 (+) GGGCC S000483
E2FCONSENSUS site 28 (-) WTTSSCSS S000476
SEF4MOTIFGM7S site 32 (-) RTTTTTR S000103
NTBBF1ARROLB site 37 (+) ACTTTA S000273
CARGCW8GAT site 38 (+) CWWWWWWWWG S000431
CARGCW8GAT site 38 (-) CWWWWWWWWG S000431
DOFCOREZM site 38 (-) AAAG S000265
TAAAGSTKST1 site 38 (-) TAAAG S000387
POLASIG1 site 39 (-) AATAAA S000080
TATABOX5 site 40 (+) TTATTT S000203
CAATBOX1 site 51 (-) CAAT S000028
ARR1AT site 53 (+) NGATT S000454
CAATBOX1 site 55 (-) CAAT S000028
ARR1AT site 63 (+) NGATT S000454
ARR1AT site 68 (-) NGATT S000454
CACTFTPPCA1 site 74 (-) YACT S000449
WBOXATNPR1 site 81 (+) TTGAC S000390
WRKY710S site 82 (+) TGAC S000447
AUXREPSI1AA4 site 86 (-) KGTCCCAT S000026
INRNTPSADB site 99 (+) YTCANTYY S000395
-300ELEMENT site 102 (-) TGHAAARK S000122
GATABOX site 117 (-) GATA S000039
TGTCACACMCUCUMISIN site 128 (-) TGTCACA S000422
GTGANTG10 site 129 (+) GTGA S000378
SEBFCONSSTPR10A site 129 (-) YTGTCWC S000391
WRKY710S site 130 (+) TGAC S000447
CAATBOX1 site 133 (+) CAAT S000028
GTGANTG10 site 137 (+) GTGA S000378
RAV1AAT site 146 (+) CAACA S000314
CAATBOX1 site 149 (+) CAAT S000028
SURE1STPAT21 site 150 (+) AATAGAAAA S000186
BOX1INTPATPB site 151 (+) ATAGAA S000296
POLLEN1LELAT52 site 153 (+) AGAAA S000245
GT1CONSENSUS site 154 (+) GRWAAW S000198
GT1GMSCAM4 site 154 (+) GAAAAA S000453
PYRIMIDINEBOXOSRAMY1A site 157 (-) CCTTTT S000259
DOFCOREZM site 158 (+) AAAG S000265
ARR1AT site 161 (+) NGATT S000454
ARR1AT site 168 (+) NGATT S000454
CAATBOX1 site 170 (-) CAAT S000028
CCAATBOX1 site 170 (-) CCAAT S000030
GTGANTG10 site 174 (+) GTGA S000378
CAATBOX1 site 179 (+) CAAT S000028
TGTCACACMCUCUMISIN site 189 (+) TGTCACA S000422
WRKY710S site 190 (-) TGAC S000447
GTGANTG10 site 191 (-) GTGA S000378
GTGANTG10 site 196 (-) GTGA S000378
CAATBOX1 site 215 (+) CAAT S000028
POLASIG1 site 216 (+) AATAAA S000080
TAAAGSTKST1 site 218 (+) TAAAG S000387
NTBBF1ARROLB site 218 (-) ACTTTA S000273
DOFCOREZM site 219 (+) AAAG S000265
CACTFTPPCA1 site 221 (-) YACT S000449
-10PEHVPSBD site 240 (+) TATTCT S000392
AMMORES I IUDCRNIAL site 252 (-) GGWAGGGT S000374
DOFCOREZM site 272 (+) AAAG S000265
WRKY710S site 282 (-) TGAC S000447
CACTFTPPCA1 site 288 (-) YACT S000449
NODCON2GM site 300 (+) CTCTT S000462
OSE2ROOTNODULE site 300 (+) CTCTT S000468
REALPHALGLHCB21 site 303 (-) AACCAA S000362
GTGANTG10 site 308 (-) GTGA S000378
DPBFCOREDCDC3 site 310 (+) ACACNNG S000292
CACTFTPPCA1 site 311 (+) YACT S000449
NODCON1GM site 337 (-) AAAGAT S000461
OSE1ROOTNODULE site 337 (-) AAAGAT S000467
-300ELEMENT site 339 (-) TGHAAARK S000122


http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000431
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000431
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000432
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000030
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000474
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000483
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000476
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000103
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000273
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000431
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000431
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000387
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000080
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000203
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000454
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000454
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000454
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000449
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000390
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000447
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000026
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000395
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000122
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000039
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000422
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000378
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000391
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http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000378
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000314
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000186
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http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000454
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http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
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http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000273
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000449
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000392
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000374
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000447
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000449
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000462
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000468
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000362
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000378
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000292
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000449
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000461
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000467
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000122
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S000265
S000081
S000462
S000468
S000265
S000265
S000461
S000467
S000198
S000453
S000245
S000296
5000442
S000457
5000447
S000449
S000245
S000270
S000039
S000198
S000199
S000028
S000030
S000447
S000028
S000144
S000407
S000144
S000407
S000028
S000482
S000265
S000454
S000198
S000199
S000039
S000144
S000413
S000407
S000292
S000144
S000174
S000407
S000480
S000462
S000468
S000449
S000457
S000447
S000449
S000245
S000265
S000449
S000088
S000203
S000314
5000252
S000439
S000081
S000387
S000265
S000449
S000314
S000176
5000442
S000457
S000447
S000442
S000457
S000390
S000447
S000314
S000176
S000039
S000198
S000199
S000028
S000454
S000028
S000314
S000390
S000442
S000457
S000447
S000395
S000028
S000454
S000461


http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
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http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000462
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000468
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000461
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000467
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000198
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000453
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000245
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000296
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000442
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000457
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000447
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000449
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000245
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000270
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000039
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000198
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000199
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000030
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000447
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000144
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000407
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000144
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000407
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000028
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000482
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000265
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000454
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000198
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000199
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000039
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000144
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000413
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000407
http://www.dna.affrc.go.jp/sigscan/disp.cgi?S000292
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724 (=) AAAGAT
726 (=) AAAG
728 (-) AATAAA
735 (-) CAACA
741 (=) TATTCT
745 (+) YACT
749 (-) TGAC
777 (+) AAAG
)

-) YACT
787 (+) YACT

788 (+) ACTTTG
789 (=) AAAG

791 (+) TTGACC
791 (+) TTGAC
792 (+) TGACY
792 (+) TGAC

804 (+) AGAAA
805 (-) YTCANTYY
816 (+) AGCAGC
843 (+) AACCAA
854 (-) YACT

856 (+) YACT

868 (+) TGTCACA

869 (-) TGAC
870 (-) GTGA
875 (-) CCGTCC
887 (-) YACT
893 (+) YTGTCWC
895 (-) TGAC
896 (-) GTGA
897 (+) YACT
899 (-) GATAAG
900 (-) GATAA
901 (-) GATA
906 (-) NGATT
910 (+) CTCTT
910 (+) CTCTT
912 (-) GTGGWWHG
921 (+) CAAT

922 (+) AATCCAA
922 (-) NGATT
935 (-) AGAAA
945 (-) YACT

975 (+) GGATA
975 (-) TTATCC
976 (+) GATA
976 (+) GATAAG
976 (+) GATAA
976 (+) GATAAGR
988 (-) RGTGACNNNGC
990 (-) YACT
993 (-) TGAC
994 (-) GTGA
995 (+) YACT

1006 (+) TGHAAARK

1008 (-) CCTTTT

1009 (+) AAAG

1016 (-) YACT

1022 (+) TTGAC

1023 (+) TGAC

1052 (-) CAAT

1052 (-) CCAAT

1060 (+) CCAAT

1061 (+) CAAT

1061 (+) CANNTG

1061 (+) CANNTG

1061 (-) CANNTG
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1068 (+) CTCTT

1068 (+) CTCTT

1077 (-) GATA

1086 (+) CTCTT

1086 (+) CTCTT

1088 (-) AAAG

1093 (-) TGAC

1104 (+) GNATATNC

1104 (-) GNATATNC

1106 (+) ATATT
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Chapter 6

General Discussion and Conclusions

6.1 Introduction

As the world population continues to increase, food supplies must also grow
to meet nutritional requirements. One means of ensuring the availability and
stability of the food supply is to mitigate crop losses caused by plant
pathogens (Campbell et al. 2002). The goal of producing crops with
increased and durable resistance to a spectrum of diseases is therefore a
major focus of current research in plant biotechnology. In nature, plants are
continually challenged by fungi, bacteria, viruses and nematodes, but
comparatively few of these pathogens are successful in gaining entry into a
prospective host. That is, disease is rare in nature because plants carry
different ‘layers’ of defence from structural barriers and pre-formed
antimicrobials, to adaptive defence mechanisms that encompass non-host,
race-specific and race non-specific resistance (Thordal-Christensen 2003;
Mysore and Ryu 2004). However, with cultivation of vast areas of genetically
identical crops the situation can be quite different. In this case, protection
relies on a small number of in-bred disease resistance genes per crop
species. Unfortunately, control is transient because pathogens can overcome
disease resistance genes and/or become resistant to pesticides (Hulbert et
al. 2001; Stuiver and Clusters 2001). Genetic engineering has the potential
to solve these problems by inserting carefully selected and possibly multiple
disease resistance genes into the plant in an efficient and systematic manner
(Hulbert et al. 2001; Stuiver and Clusters 2001). The resistance genes can
come from resistant genotypes of the same species or from other species.
Overall, genetic improvement of plants via genetic engineering has several
advantages over traditional breeding approaches such as: crossing of the
species barrier, the ability to eliminate unwanted genetically linked traits, and
also the ability to rapidly transfer genes into commercially elite cultivars
(Campbell et al. 2002).
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There have been some notable reports of success in developing pathogen
resistance in plants using genetic engineering. For example, in the
Solanaceae family several R genes of the NBS-LRR class have been
isolated and transferred from one species to another with successful results
(Hulbert et al. 2001). For example, the tobacco N gene encoding resistance
to Tomato mosaic virus (TMV) has been transferred to tomato thereby
conferring resistance to TMV resistance in the latter (Whitham et al. 1996).
Moreover, the Bs2 gene, which confers resistance to Xanthomonas
campestris in pepper has been introduced into tomato making the latter plant
species resistant to X. campestris (Tai et al. 1999). Another example is the
Solanum bulbocastanum resistance gene Rpi-blbl that confers resistance to
Phytophtora infestans which has been transferred to potato and tomato (Van
der Vossen et al. 2003). Attempts to demonstrate function in species outside
of the family from which the gene was isolated have, however, been
unsuccessful. For example, the Arabidopsis RPS2 gene that confers
resistance to Pseudomonas syringae is non-functional in transgenic tomato
and this phenomenon has been referred to as “restricted taxonomic
functionality” (Tai et al. 1999). This phenomenon is probably an indication
that other components of the resistance signal transduction pathway are not
present in a form that can interact with the resistance gene in the recipient
species. Nevertheless, the transfer of resistance genes even between
related species will be a great step forward for plant breeders (Rommens
and Kishore 2000).

Amongst the fruit crops, banana is the most important. It represents a staple
food to at least 400 million people in developing countries and also income
and employment for farming communities (Sagi et al. 1995). Unfortunately,
banana production is seriously compromised by a range of diseases. Some
of these are temporarily under control as a result of an intensive and
extensive use of chemicals. However, there are other diseases that cannot
be controlled successfully with chemical methods such as Panama disease,
caused by the fungus F. oxysporum f.sp. cubense (FOC)(Ploetz and Pegg
2000). Currently, FOC race 4 represents a serious threat to the banana

production worldwide since the majority of the most important banana
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cultivars are highly susceptible to this pathogen. As a result, the destruction
that this pathogen could potentially cause in banana has been considered as
a ‘time bomb’ (Frison 2003). Conventional breeding schemes attempting to
enhance Fusarium resistance of banana cultivars have been largely
unsuccessful due to long generation time and to the virtually sterile nature of
banana cultivars. Therefore, genetic improvement of banana is urgently
needed in order to protect the banana production for present and future

generations.

Banana transformation protocols either by biolistics or Agrobacterium are
now a reality (Becker et al. 2000; Khanna et al. 2004), however the
identification of a Fusarium resistance gene in banana has not been
accomplished yet. Cloning of genes capable to confer resistance to Fusarium
oxysporum has been achieved successfully in the family Solanaceae (12
gene) and Cucurbitaceae (Fom-2 gene). Extending these achievements in
the family Musaceae will surely allow the development of new Fusarium
resistant varieties in banana through genetic engineering. Therefore,
research directed towards the cloning of potential Fusarium resistance genes
in this crop is required. Taking into consideration that the proteins encoded
by the Fusarium resistance genes |2 and Fom-2 share the same basic non-
TIR-NBS-LRR structure open the possibility to find Fusarium R genes with
this structure in other plant families such as the Musaceae. This study
reports the cloning, bioinformatic and expression analysis of five disease
resistance gene candidates (RGCs) of the NBS-type from the Fusarium-
resistant banana Musa acuminata ssp. malaccensis. Moreover, as two of
these banana RGCs (RGC2 and RGC5) appear to have potential to confer
Fusarium resistance, this study has undertaken the cloning and structural
characterisation of their full cDNA sequences and the development of
expression cassettes to test the function of RGC2 in FOC race 4 resistance
using a genetic complementation approach.
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6.2 Molecular cloning and characterisation of disease resistance gene
candidates of the NBS-type in banana

The isolation, sequencing and bioinformatic analysis of resistance gene
candidates in banana should provide a platform for further functional analysis
and determination of pathogen specificities. In chapter 4, the isolation and
characterisation of five different classes of NBS sequences (RGC1 to RGC5)
from the wild banana Musa acuminata ssp. malaccensis is described. These
RGC genes show significant sequence similarity to the corresponding
domain of the NBS-LRR family of R genes. These five classes are also
present in the genome of other bananas, such as the commercial cultivar
‘Grand Nain’ and the wild banana Musa acuminata ssp. burmannicoides
‘Calcutta 4’ (Taylor 2005). Structural and phylogenetic analysis of the five
banana NBS classes showed that they belong to the non-TIR subclass of
NBS sequences (Meyers et al. 1999; Pan et al. 2000). Further analysis of the
N-terminus confirmed the absence of a TIR-like structure in the five banana
NBS classes. To date, the TIR domain has not been found in the structure of
monocot NBS-LRR R genes, even in the complete rice genome sequence
(Goff et al. 2002; Bai et al. 2002; Zhou et al. 2004; Monosi et al. 2004). It has
been hypothesised that the loss of the TIR domain from the NBS-LRR genes
in monocot plants may have occurred subsequent to the divergence of the
monocot and dicot lineages in the early Cretaceous about 100 million years
ago (Pan et al. 2000). Because the genus Musa shares a common
evolutionary origin with other monocot plants, it is likely that this domain is
also absent in the structure of banana NBS-LRR genes. Thus, the lack of the
TIR-like domain in the N-terminus of the five RGCs that we isolated in this
study may be an indication of a broader absence of this domain in banana
NBS-LRR genes. Indeed, the full genomic sequence of banana will shed light

on this matter.

In this study, one combination of degenerate primers to isolate NBS related
sequences was used, so the number of NBS classes that we found in the
genome of M. acuminata ssp. malaccensis could be underestimated. To
expand the search for other possible NBS classes in the banana genome,
other combinations of degenerate primers need to be utilised. There are
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other highly conserved motifs in the NBS of R genes that might lead to the
isolation of other banana NBS sequences by degenerate PCR, such as the
motifs LLVLDDVW/D, GSRIIITTRD and CFLYCALFP (Meyers et al. 1999;
Pan et al. 2000). Another genetic resource which would significantly assist
the progression of research into banana R genes is the complete sequencing
of the banana genome. Efforts to accomplish this remarkable task are

currently in progress (www.musagenomics.org).

Apart from providing information about the evolution of NBS-LRR genes, the
NBS domain may be useful to isolate potential disease resistance genes
based on homology to previously isolated R genes. Four of the five classes
(RGC1, RGC2, RGC3 and RGC5) showed homology to R genes that confer
resistance to related pathogens in banana (Table 4.3). RGC1 and RGC3
show significant sequence similarity to the RPM1 (Grant et al. 1996) and
RPS5 (Warren et al. 1998) resistance genes from Arabidopsis thaliana,
which encode two non-TIR-NBS-LRR proteins conferring resistance to the
bacterium Pseudomonas syringae. This leads to the speculation that either
or both of these two resistance gene candidates (RGC1 or RGC3) could be
involved in conferring resistance to bacterial-related pathogens in banana
such as Ralstonia solanacearum, causal agent of Moko disease (Thwaites et
al. 2000). Further research involving the cloning of the entire genes and
genetic complementation experiments is required to address this issue.
Interestingly, RGC2 and RGC5 showed a significant sequence similarity to
the resistance gene |2 from tomato, which confers resistance to F.
oxysporum f.sp. licopersici (FOL) race 2 (Simons et al. 1998) (Table 4.3).
Remarkably, the expression of RGC2 was found to be present only in FOC
race 4 resistant plants of M. acuminata ssp. malaccensis (Figure 4.10)
suggesting that RGC2 might play a role in FOC race 4 resistance. A similar
expression profile was shown by the tomato 12 resistance gene whose
expression was only present in both leaf and root tissues of tomato plants
with resistance to FOL race 2 (Mes et al. 2000). Further research is required
to determine the function (pathogen recognition specificity) of each one of
the banana resistance gene candidates isolated in this study. New
technologies such as RNA interference (Waterhouse and Helliwell 2003)
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could facilitate testing the function of RGCs by silencing multiple RGCs in
banana plants resistant to the most devastating pathogens. Those resistant
plants that become susceptible would assist in the identification of a
particular R gene. Another recent technology that promises to facilitate the
identification of R genes in banana is the use of Binary Bacterial Artificial
Chromosome (BIBAC) libraries. A BIBAC vector can potentially contain
inserts of up to 120 Kb ready to be transferred via Agrobacterium-mediated
transformation into a plant host genome (He et al. 2003). Recently, BIBAC
transformation libraries for Arabidopsis and rice have been made (Tao et al.,
2002; Chang et al., 2003). One of the typical features of R genes is that they
are organised in gene clusters in the plant genome. For example, the Xa21
gene of rice, an LRR-kinase R gene, is within a cluster of 8 homologues
spanning about 230 Kb while RPP5 of Arabidopsis, an NBS-LRR R gene, is
within a cluster of 7 homologues spanning about 50 Kb. Another example, is
the Fusarium resistance gene |12 from tomato which is within a 90 kb cluster
of 7 paralogues (Michelmore and Meyers, 1998; Simons et al. 1998). Thus,
a single BIBAC vector could contain a cluster of several homologue R gene
candidates including their regulatory sequences ready to be tested in one
single step of transformation. Although RGC5 appears to be a single gene
(Figure 4.9), the RGC2 seems to belong to a small gene family that could be
organised in a cluster, if this is the case it will be relatively easy to test the
function of all the RGC2 homologue sequences using a BIBAC vector since
the Agrobacterium-mediated transformation of banana is well standardised in
the Plant Biotechnology laboratory at QUT (Khanna et al. 2004). A BIBAC
library from the cultivar ‘Tuu Gia’ (Musa acuminata), which is resistant to the
most serious diseases of banana has been made recently (Ortiz-Vazquez et
al. 2005). In this manner, it would be possible to transform disease-
susceptible banana cultivars with BIBAC clones harbouring RGCs organized
either as clusters or singletons from the ‘Tuu Gia’' resistant cultivar. This
approach would lead to a RGC-BIBAC collection of banana lines ready to be
used for pathogen-resistance screenings. Indeed, when combined with
appropriate screening strategies these high-throughput technologies will

greatly improve knowledge on disease resistance in banana and lead to the
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development of pathogen resistance in this crop through genetic engineering

in the near future.

6.3 Molecular cloning and characterisation of two potential Fusarium
resistance genes in banana

The major goal of this study was to identify potential FOC race 4 resistance
genes using a combination of bioinformatics and gene expression analysis.
The previous discovery that two Fusarium R genes from different plant
families belong to the non-TIR subclass of NBS-LRR genes (Simons et al.
1998; Joobeur et al. 2004) opened the possibility to use a rational approach
to search for similar sequences in the banana genome with the aim to find
functional NBS-LRR genes that confer resistance to FOC. Given that there
are eight major classes of known disease resistance genes in plants
(Hammond-Kosack and Parker 2003), such rational approach could facilitate
the search for potential Fusarium R genes. Chapter 5 examined the
structural and phylogenetic information of two banana NBS-LRR RGCs
(RGC2 and RGC5) with significant sequence similarity to the Fusarium
resistance gene I2 from tomato. The deduced protein sequence of both
RGC2 and RGCS5 full ORFs showed the typical motifs and domains of the
non-TIR subclass of NBS-LRR disease resistance genes (Meyers et al.
1999; Pan et al. 2000). Sequence similarity searches using the entire ORF
sequence of RGC2 and RGCS5 reveal that the 12 gene ranks as one of the
most similar R gene to RGC2 and RGC5. Previous correlation of RGC2 in
FOC race 4 resistance (Chapter 4) and the finding that this sequence along
with the RGC5 sequence are both significantly similar to the tomato 12
resistance gene prompted comparison the two banana RGCs with the
tomato 12 gene in more detail. Overall, the banana RGC2 and RGC5 gene
products showed a relatively low level of sequence similarity to the 12 protein.
This level of sequence similarity is quite common among NBS-LRR genes
from different plant families (Bai et al. 2002), or even in NBS-LRR resistance
genes whose pathogen recognition specificity is very similar (Joobeur et al.
2004; Ashfield at al. 2004; McDowell 2004). For example, similarity searches
using the non-TIR-NBS-LRR Fom-2 resistance gene revealed that the most
similar characterized R gene to the Fom-2 was the Fusarium resistance gene
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12 from tomato (29% identity and 49% similarity; E value = 2e®%) (Joobeur et
al. 2004). Another example is the non-TIR-NBS-LRR gene pair RPM1 and
Rpgl-b from Arabidopsis thaliana and Glycine max, respectively. Both gene
products confer resistance to the bacterium Pseudomonas syringae by
recognizing the same avirulence protein (AvrB) (Ashfield at al. 2004;
McDowell 2004). Alignment of the predicted RPM1 and Rpgl protein
sequences revealed a relatively low level of amino acid sequence identity
across the NBS domain (~34%) and they were not phylogenetically closely
related.

Although the cloning of two Fusarium resistance genes from different plant
families has been achieved in the past eight years using a map-based
cloning approach, to our knowledge there are not previous published reports
that explain their phylogenetic relationships. This information could be highly
valuable in the quest for further Fusarium R genes in plants. In chapter 5, it
was found that the 12 and Fom-2 gene products share a limited sequence
similarity. They are not phylogenetically closely related and they are more
similar to other non-Fusarium R genes than between each other, however
they share the same phylogenetic clade N1 previously defined by Cannon et
al. (2000). These results suggest that probably other divergent Fusarium R
genes may cluster in the same phylogenetic clade. Based on this hypothesis,
the N1 clade may be an interesting place to search for potential Fusarium
resistance genes not only in the Musaceae familiy (RGC2 and RGC5) but in
other plant species as well. Given the large number of very divergent NBS-
LRR genes in a plant genome (Meyers et al. 2003; Zhou et al. 2004), this
phylogenetic information could narrow even more the search for potential
Fusarium R genes and lead to further research focus on how the Fusarium
recognition specificity evolved in two different plant families. Taking into
consideration that the Fusarium resistance in tomato and melon is controlled
by more than a single resistance gene (Sela-Buurlage et al. 2001; Schreuder
et al. 2000), it is probable that multiple R genes confer resistance to the four
divergent races of FOC in banana (Koenig et al. 1997; O’Donnell et al.
1998). The isolation by degenerate PCR of more banana RGCs of the NBS-
type that potentially cluster within the clade N1 could provide a valuable
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resource of RGC genes that could be used in Fusarium resistance tests.
Likewise, the future bioinformatic analysis of the full genome sequence of
banana which is currently in progress (www.musagenomics.org) will permit
determining the total number of RGCs that cluster in clade N1. Indeed, this
information will permit assessment in a systematic way of the role of this set
of RGCs in Fusarium resistance. The remarkable finding of RGC2 correlation
with FOC race 4 resistance (Chapter 4) will permit testing of the role of this
sequence in FOC race 4 resistance using a genetic complementation
approach. In order to achieve this task, different expression cassettes with
the RGC2 ORF were constructed in the binary vector pCAMBIA 2200 (Figure
5.14). One of the constructs contains a putative promoter region of RGC2
isolated in this work and three other constructs contain characterised
heterologous promoters that drive from high to low levels of gene expression
in transgenic plants (Sanders et al. 1987; Christensen et al. 1996; Dugdale et
al. 2000). The use of different heterologous promoters may ensure the
expression of the RGC2 in the transgenic banana plants if the putative
promoter region which has not been characterized fails to drive expression.
The latter could occur if the isolated region containing the putative promoter
region (~2.1 kb) does not contain all the necessary cis-acting regulatory
elements that are essential for the proper expression of RGC2. Because of
time constraints associated with this project, the construction of RGC5
constructs for banana transformation was not possible, however these
constructs were recently made by the Plant Biotechnology staff at QUT and

they will be used to test the potential of RGC5 to confer Fusarium resistance.

The results of Chapter 5 provide interesting insights into the structure and
phylogeny of two potential Fusarium resistance genes from banana and
provide a rational starting point for their functional characterization. The
availability of the full ORF of these sequences will make possible testing their

role in Fusarium resistance using a genetic complementation approach.
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6.4 Conclusions

This thesis reports the characterisation of disease resistance gene
candidates of the NBS-type and the discovery of two potential Fusarium
resistance genes from the wild banana Musa acuminata ssp. malaccensis.
This research is of particular importance in the development of banana
genotypes with resistance to the devastating pathogen F. oxysporum race 4.
The major research outcomes have been (i) cloning of disease resistance
gene candidates of the NBS-type from the wild banana M. acuminata ssp.
malaccensis and demonstration that they are associated to the non-TIR
subclass of NBS sequences, (ii) identification of a resistance gene candidate
(RGC2) whose expression is associated to FOC race 4 resistance, (iii)
cloning of the full ORF of two potential Fusarium resistance genes (RGC2
and RGC5) that show significant sequence similarity to the tomato gene 12
that confers resistance to Fusarium oxysporum, (iv) finding that the banana
RGC2 and RGC5 are grouped within an ancient phylogenetic clade along
with the Fusarium resistance genes 12 and Fom-2, and finally (v)
development of different expression cassettes containing the RGC2 ORF
sequence with the aim of testing its role in FOC race 4 resistance using a
genetic complementation approach. One of the expression cassettes
contains a putative promoter region of RGC2 successfully isolated in this

study.

The information generated in this thesis may lead to the identification of a
FOC race 4 resistance gene in banana in further studies and may also assist
the cloning of Fusarium resistance genes in other plant species. The future
identification of a Fusarium resistance gene in banana will certainly have a
tremendous implication for millions of people who depend on this crop as a
staple food and also in the protection of the banana export industry.
Furthermore, the identification of a Fusarium R gene in banana will provide
interesting insights about the evolution of Fusarium R genes in plants and
will facilitate the dissection of the signal transduction cascades leading to
Fusarium resistance, which may give rise to novel and durable resistance

strategies to control Panama disease.

177



6.5 References

Agrios, G.N. (1997). Plant Pathology. 4" ed. Academic Press, San Diego,
California, USA p. 307.

Ashfield, T., Ong, L., Nobuta, K., Schneider, C., and Innes, R. (2004).
Convergent evolution of disease resistance gene specificity in two
flowering plant families. Plant Cell 16: 309-318.

Bai, J., Pennill, L.A., Ning, J., Lee, S.W., Ramalingam, J., Leach, J.E. and
Hulbert, S.H. (2002). Diversity in nucleotide binding site-leucine rich
repeat genes in cereals. Genome Research 12: 1871-1884.

Becker, D., Dugdale, B., Smith, M., Harding, R. and Dale, J. (2000). Genetic
transformation of Cavendish banana (Musa spp. AAA group) cv ‘Grand
Nain’ via microprojectile bombardment. Plant Cell Reports 19: 229-234.

Campbell, M.A., Fitzgerald, H.A. and Ronald, P.C. (2002). Engineering
pathogen resistance in crop plants. Transgenic Research 11: 599-613.

Cannon, S. B., Zhu, H., Baumgarten, A.M., Spangler, R., May, G., Cook,
D.R., and Young, N.D. (2000). Diversity, distribution and ancient
taxonomic relationships within the TIR and non-TIR NBS-LRR resistance
gene subfamilies. Journal of Molecular Evolution 54: 548-562.

Chang, Y.L., Henriquez, X., Preuss, D., Copenhaver, G.P., Zhang, H-B.
(2003). A plant-transformation competent BIBAC library from the
Arabidopsis thaliana Landsberg ecotype for functional and comparative
genomics. Theoretical and Applied Genetics 106: 269-276.

Christensen A.H. and Quail P.H. (1996). Ubiquitin promoter-based vectors
for high-level expression of selectable and/or screenable marker genes in
monocotyledonous plants. Transgenic Research 5: 213-218.

Di Pietro, A., Madrid, M., Caracuel, Z., Delgado-Jarana, J. and Roncero, M.1.
(2003). Fusarium oxysporum: exploring the molecular arsenal of vascular
wilt fungus. Molecular Plant Pathology: 4: 315-325.

Dugdale B., Becker D., Beetham P., Harding R.M., Dale J.L (2000).
Promoters derived from banana bunchy top virus DNA-1 to 5 direct
vascular-associated expression in transgenic banana (Musa spp.). Plant
Cell Reports 19: 810-814.

Frison E. (2003). Going bananas. New Scientist. 18 January. pp. 26-29

Goff, S. et al. (2002). A draft sequence of the rice genome (Oryza sativa L.
Ssp japonica). Science 296: 92-100.

178



Grant, M., Godard, L., Straube, E., Ashfield, T., Leward, J., Sattler, A., Innes,
R. and Dangl, J. (1995). Structure of the Arabidopsis RPM1 enabling dual
specifity disease resistance. Science 269: 843-846.

Gurr, S.J. and Rushton, P.J. (2005). Engineering plants with increased
disease resistance: how are we going to express it ? Trends in
biotechnology 23: 283-290.

Hammond-Kosack, K., and Parker, J. (2003). Deciphering plant-pathogen
communication: fresh perspectives for molecular resistance breeding.
Current Opinion in Biotechnology 14: 177-193.

He, R.F., Wang, Y., Shi, Z., Ren, X., Zhu, L., Weng, Q. and He, G.C. (2003).
Construction of a genomic library of wild rice and Agrobacterium-mediated
transformation of large insert DNA linked to BPH resistance locus. Gene
321:113-121.

Hua-Van, A., Langin, T. and Daboussi, M. (2001). Evolutionary history of the
impala transposon in Fusarium oxysporum. Molecular Biology and
Evolution 18: 1959-1969.

Hulbert, S., Webb, C., Smith, S. and Sun, Q. (2001). Resistance gene
complexes: evolution and utilization. Annual Review of Phytopathology 39:
285-312.

Joobeur, T., King, J., Nolin, S., Thomas, C., and Dean, R. (2004). The
Fusarium wilt resistance locus Fom-2 of melon contains a single
resistance gene with complex features. Plant Journal 39: 283-297.

Khanna, H., Becker, D., Kleidon, J. and Dale, J. (2004). Centrifugation
assisted Agrobacterium-mediated transformation (CAAT) of embryogenic
cell suspensions of banana (Musa spp. Cavendish AAA and Lady finger
AAB). Molecular Breeding 14: 239-252.

Koenig, R., Ploetz, R. and Kistler, H. (1997). Fusarium oxysporum f. sp.
cubense consists of a small number of divergent and globally distributed
clonal lineages. Phytopathology 87: 915-923.

McDowell, J. (2004). Convergent evolution of disease resistance genes.
Trends in Plant Science 9: 315-317

Mes, J., Van Doorn, A., Wijbrandi, J., Simons, G., Cornelissen, B. and
Haring, M. (2000). Expression of the Fusarium resistance gene I[-2
colocalizes with the site of fungal containment. Plant Journal 23: 183-193.

Michelmore, R. W. and Meyers, B.C. (1998). Clusters of resistance genes in

plants evolve by divergent selection and a birth-and-death process.
Genome Research 8: 1113-1130.

179



Meyers, B.C., Dickerman, A., Michelmore, R., Sivaramakrishnan, S., Sobral,
B. and Young, N. (1999). Plant disease resistance genes encode
members of an ancient and diverse protein family within the nucleotide-
binding superfamily. Plant Journal 20: 317-332.

Meyers, B.C., Kaushik, S. and Nandety, R.C. (2005). Evolving disease
resistance genes. Current Opinion in Plant Biology 8: 129-134.

Monosi, B., Wisser, R.J., Pennill, L. and Hulbert, S.H. (2004). Full-genome
analysis of resistance gene homologues in rice. Theoretical and Applied
Genetics 109: 1434-1447.

Mysore, K.S. and Choong-Min, R. (2004). Non-host resistance: how much do
we know? Trends in Plant Science 9: 97-104.

O’Donnell, K., Kistler, H., Cigelnik, E. and Ploetz, R. (1998). Multiple
evolutionary origins of the fungus causing Panama disease of banana:
Concordant evidence from nuclear and mitochondrial gene genealogies.
Proceedings of the National Academy of Science (USA) 95: 2044-2049.

Ortiz-Vazquez, E., Kaemmer, D., Zhang, H.B., Muth, J., Rodriguez-Mendiola,
M., Arias-Castro, C. and James, A. (2005). Construction and
characterization of a plant transformation-competent BIBAC library of the
black Sigatoka resistant banana Musa acuminata cv. Tuu Gia (AA).
Theoretical and Applied Genetics 110: 706-713.

Pan, Q., Wendel, J. and Fluhr, R. (2000). Divergent evolution of plant NBS-
LRR resistance gene homologues in dicot and cereal genomes. Journal of
Molecular Evolution 50: 203-213.

Ploetz, R.C. and Pegg, K.G. (2000). Fungal diseases of the root, corm and
pseudostem. pp. 143-172. In Diseases of Banana, Abaca and Enset.
(Jones, D.R., ed). CAB International, Wallingford, UK.

Rommens, C. and Kishore, G. (2000). Exploiting the full potential of disease-
resistance genes for agricultural use. Current Opinion in Biotechnology
11: 120-125.

Sagi, L., Panis, B., Remy, S., Schoofs, H., De Smet, K., Swennen, R. and
Cammue, P. (1995). Genetic transformation of banana and plantain (Musa
spp) via particle bombardment. Bio/Techniques 13: 481-485.

Sanders, P.R., Winter, J.A., Barnason, A.R., Rogers, S.G. and R.T. Fraley
(1987). Comparison of cauliflower mosaic virus 35S and nopaline
synthase promoters in transgenic plants. Nucleic Acids Research 15:
1543-1558.

Simons, G., Groenendik, J., Wijbrandi, J., Reijans, M., Groenen, J.,

Diergaarde, P., Van der Lee, T., Bleeker, M., Onstenk, J., Both, M.,
Haring, M., Mes, J., Cornelisse, B., Zabeau, M. and Vos, P. (1998).

180



Dissection of the Fusarium |12 gene cluster in tomato reveals six homologs
and one active gene copy. Plant Cell 10: 1055-1068.

Stuiver, M. and Custers, J. (2002). Engineering disease resistance in plants.
Nature 411: 865-868.

Tai, T., Dahlbeck, D., Clarck, E., Gajiwala, P., Pasion, R., Whalen, M., Stall,
R. and Staskawicz, J. (1999). Expression of the Bs2 pepper gene confers
resistance to bacteria spot disease in tomato. Proceedings of the National
Academy of Science (USA) 96: 14153-14158.

Tao, Q., Wang, A. and Zhang, H-B. (2002).. One large-insert plant-
transformation-competent BIBAC library and three BAC libraries of
japonica rice for genome research in rice and other grasses. Theoretical
and Applied Genetics 105: 1058-1066.

Taylor, K. (2005). Characterization of potential fungal disease resistance
genes in banana. PhD thesis. Queensland University of Technology,
Brisbane, Australia. pp. 68-96.

Thordal-Christensen, H. (2003). Fresh insights into processes of non-host
resistance. Current Opinion in Plant Biology 6: 351-357.

Thwaites, R., Eden-Green, S.J and Black, R. (2000). Diseases caused by
bacteria. pp. 213-239. In Diseases of Banana, Abaca and Enset. (Jones,
D.R., ed). CAB International, Wallingford, UK.

Warren, R., Henk, A., Mowery, P., Holub, E. and Innes, R. (1998). A
mutation within the leucine-rich repeat domain of the Arabidopsis disease
resistance gene RPS5 partially suppresses multiple bacterial and downy
mildew resistance genes. Plant Cell 10: 1439-1452.

Waterhouse, P.M. and Helliwell, C.A. (2003). Exploring plant genomes by
RNA-induced gene silencing. Nature Reviews 4: 29-38.

Whitham, S. (1996). The N gene of tobacco confers resistance to tobacco
mosaic virus in transgenic tomato. Proceedings of the National Academy
of Science (USA) 93: 8776-8781.

Van der Vossen, E., Sikkema, A., Lintel Hekkert, B., Gros, J., Stevens, P.,
Muskens, M., Wouters, D., Pereira, A., Stiekema, W., and Allefs, S.
(2003). An ancient R gene from the wild potato species Solanum
bulbocastanum confers broad-spectrum resistance to Phytophthora
infestans in cultivated potato and tomato. Plant Journal 36:867-882.

Zhou, T., Wang, Y., Chen, J.Q., Araki, H., Jing, Z., Jiang, K., Shen, J. and
Tian, D. (2004). Genome-wide identification of NBS genes in japonica rice
reveals significant expansion of divergent non-TIR-NBS-LRR genes.
Molecular Genetics and Genomics 271: 402-415.

181



	01front.pdf
	02whole.pdf



