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Abstract
|

Black Sigatoka disease is a serious threat to banana and plantain production. However, the
causal agent of the disease, Pseudocercospora fijiensis, is difficult to distinguish from
related species associated with yellow Sigatoka disease (P. musicola) and eumusae leaf spot
disease (P. eumusae) on the basis of symptomology or morphology. These similarities
complicate pathogen identification. Molecular methods such as conventional PCR have been
used in diagnosing this disease, but the time and cost of testing as well as the requirement for
specialised equipment and infrastructure have limited its usefulness. New molecular
approaches are reducing the barriers to molecular testing by allowing testing to be conducted
in non-laboratory settings. Given the serious threat of black Sigatoka disease, a simple and
rapid isothermal loop-mediated amplification (LAMP) assay has been developed to improve
pathogen detection. A potential target region within the mitochondrial small ribosomal
subunit (ssRNA) gene was identified and a set of four LAMP primers were developed. Initial
trials established optimal reaction conditions for the P. fijiensis LAMP assay. These were a
1:8 primer ratio with an amplification temperature of 60°C and an amplification time of 60
minutes. Laboratory validation of the assay suggests specific amplification in the presence of
the target organism with no cross-reaction with several related species and other fungal
pathogens of bananas and it detects anything above 9.1 ** 10° copies of the target. The
LAMP assay was used against foliar and mycelial samples from Papua New Guinea and
foliar samples from Fiji. Testing of foliar samples identified P. fijiensis in >90 % of the
samples. These results were confirmed using PCR and sequencing. Nuclear ribosomal ITS
sequencing suggested that non-target pathogens dominated the mycelium samples. However,
LAMP testing indicated P. fijiensis was present in 50% of these samples. These results were
confirmed using a PCR marker specific to P. fijiensis. In combination it suggests P. fijiensis
was present on culture plates but competing species grew more rapidly. The testing
performed suggests the LAMP assay provides a specific test for P. fijiensis that is sensitive
enough to identify this pathogen from symptomatic tissue. Further work is needed to develop

protocols for field testing and to examine the potential for testing non-symptomatic material.
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Chapter 1

Introduction

1.1 Introduction

Bananas and plantains (Musaceae) were initially domesticated in South East Asia
and New Guinea (Donohue & Denham, 2009; Perriera et al., 2009), but are now cultivated in
more than 100 countries. Cultivated primarily for their fruits, these crops are rich sources of
energy, minerals and vitamins as well as providing antioxidants, protein and dietary fibre
(Brown et al., 2017). Ranked as the sixth most important staple crop, bananas and plantains
play an important role in global food security with an annual production of 114 million
tonnes (FAOSTAT, 2019). Large plantations of, primarily, Cavendish bananas in Ecuador
and the Philippines supply much of the global market whereas production in many other
developing countries provides food security and income for subsistence farmers.

Fungal diseases of bananas and plantains are a key cause of crop losses for both
smallholders and commercial operations (Almeida, Rodrigues & Coelho, 2019; de Bellaire et
al., 2010; James et al., 2011; Jeger et al., 1995; Nelson, Ploetz & Kepler, 2006; Ploetz, Kema
& Ma, 2015). In particular, black Sigatoka disease seriously limits banana production in
many countries. This disease, caused by Pseudocercospora fijiensis, damages the leaf
surface lowering photosynthetic capacity and ultimately leading to reduced yield and
marketable value (Thompson, 2011). Various methods including the application of
fungicides have been used to control the disease (Churchill, 2011; Henderson et al., 2006;
Marin et al., 2003; Romero & Sutton, 1997; Tinzaara et al., 2018). The high virulence of the
pathogen has made eradication difficult (Churchill, 2011) and black Sigatoka disease is now
recognised as a critical threat to the banana industry.

It is difficult to distinguish P. fijiensis from the related species P. musicola (yellow
Sigatoka disease) and P. eumusae (eumusae leaf spot disease) based on visual disease
symptoms and morphological characteristics in culture. Distinguishing between these
diseases typically requires molecular diagnosis (Arzanlou et al., 2008; VVazquez-Euan et al.,
2012; Zandjanakou-Tachin et al., 2009). Currently a PCR-based assay that requires specialist
infrastructure and equipment as well as highly trained staff is used. However, new molecular
technologies have emerged over the last 20 years that remove some of the barriers to wider
uptake of molecular diagnostics. In particular, there is a growing interest in isothermal
methods for DNA amplification that have the potential to reduce the need for specialist
equipment and facilities. One such method is loop-mediated isothermal amplification

(LAMP) (Notomi et al., 2000). This approach has rapidly increased in popularity due to the



relative simplicity and speed of the reactions (Fu et al., 2010). Over the last decade LAMP
diagnostics have been developed for a wide range of applications (e.g., infectious disease
diagnosis, food safety, and plant disease diagnosis). That LAMP assays are simple, robust
and portable means they can potentially be used on-site, substantially reducing the time

needed for diagnosis and therefore to implement disease controls.

1.2 Research Statement

Traditional diagnosis of plant fungal diseases involves the visual recognition of
symptoms on the host and morphological identification of the pathogen following in vitro
isolation. Molecular approaches to disease diagnosis, in particular those involving PCR, have
become increasingly important over the last 25 years. Although molecular tools are now
widely used for the diagnosis of plant diseases, uptake of these tools has been slower in
developing countries such as Papua New Guinea (PNG). Generally, factors such as the
availability and cost of equipment, the lack of appropriate facilities, and the lack of trained
staff to carry out testing are substantial barriers to the use of molecular diagnostics in
developing countries.

The difficulty diagnosing P. fijiensis using non-molecular approaches and obstacles
to accessing standard molecular diagnostics in PNG has motivated the development of a
diagnostic LAMP assay for this pathogen. A test of this type would remove some of the

obstacles to the use of molecular diagnostics in low infrastructure settings such as PNG.

1.3 Thesis structure

This thesis describes the development and laboratory validation of a LAMP assay
for the detection of P. fijiensis, the causal agent of Black Sigatoka disease. The thesis
consists of five chapters; these provide an overview of the literature, the approach taken and
the findings of the research. Table 1.1 lists the chapters and provides a brief summary of

each chapter.

Table 1.1 Chapter highlights in brief

Chapter Description

Chapter 1: Introduction Provides a general overview of the thesis as well as a research statement.

Chapter 2: Literature Provides a description of the importance of bananas and plantains, a
Review description of black Sigatoka disease and the causal agent, P. fijiensis,

and, finally, a description of both traditional and molecular diagnostics.
Chapter 3: Materials and  The approach used during the development of the LAMP assay is

Methods discussed. Includes descriptions of both field and lab work.
Chapter 4: Results The findings of the study are reported.
Chapter 5: Discussion Discusses the findings and places these in a broader context.




Chapter 2

Literature review

2.1 Bananas and plantains
2.1.1 Morphological description

The family Musaceae consists of three herbaceous angiosperm genera, distributed
mostly in tropical and sub-tropical regions (Brown et al., 2017). Members of the genus Musa
L. are large, tree-like plants 2-9 m tall (Karamura & Karamura, 1995; Nelson, Ploetz, &
Kepler, 2006). Plants typically have a tall, tough pseudostem — consisting of the stem proper
encased by sheathing petiole bases of the leaves — topped with large, broad leaves (Nayar,
2010) (Figure 2.1). Both the pseudostem and a fibrous root system develop from a corm that
sits on the soil surface (Price, 1995; Thompson, 2011).

The emergence of a flower spike indicates plant maturity; usually 25-40 leaves
emerge before a plant will flower (Nayar, 2010). Initially, the immature inflorescence
develops within the pseudostem (Thompson, 2011). Clusters of male and female flowers
form two rows on a hanging inflorescence that is enclosed by a large bract (Nayar, 2010). Up
to 20 fruits, described as “leathery” berries due to their thick skin, ripen per inflorescence
(Khanvilkar et al, 2016). Ripe fruits are either yellow, red, or green in colour, 6-35 cm long,
and 2.5-5 cm thick (Nayar, 2010). The size and quantity of fruits depends on the species or

variety and growing conditions.

2.1.2 Taxonomy

The name Musa is derived from the Arabic word, “mauz”, for banana (Linnaeus,
1753). Based on culinary use Linnaeus (1753) distinguished dessert bananas and plantains as
Musa sapientum L. and Musa paradisiaca L., respectively. The classification of edible
bananas has however been controversial as morphology does not consistently differentiate
them. Early studies suggested that both M. sapientum and M. paradisiaca were derived from
the wild seed-producing Musa species, M. acuminata Colla and M. balbisiana Colla by
interspecific hybridisation. Cheesman (1947) distinguished banana cultivars based on
vegetative morphology identifying them as M. acuminata, M. balbisiana or a hybrid (M.
acuminata ! M. balbisiana).

Later, Simmonds and Shepherd (1955) constructed an informal classification of
cultivars that categorises bananas based on characteristics of their karyotype. The species M.
acuminata and M. balbisiana were recognised as having distinctive karyotypes, denoted A

for M. acuminata and B for M. balbisiana. Simmonds and Shepherd (1955) then recognised



Figure 2.1 Labelled diagram of a typical fruiting banana plant. Source, Bakry et al.
(2009).

diploids (e.g., Lady Finger bananas, AA) and triploids (e.g., Cavendish bananas, AAA).
Subsequent classifications based on both morphological and genetic analysis have also
identified tetraploids (e.g., Goldfinger bananas, AAAB) (Manthey & Jaitrong, 2017;
Nsabimana & Staden, 2006).

2.1.3 History of banana cultivation

Bananas and plantains are currently cultivated throughout the tropics and subtropics.
Currently, over 1000 cultivars of bananas and plantains are cultivated in over 120 countries
(De Langhe et al., 2009; Tinzaara et al., 2018; FAO, 2019). However, the natural range of M.

acuminata is primarily South East Asia (i.e., India and Myanmar to Indonesia), New Guinea



and northern Queensland while M. balbisiana occurs naturally in the northern Philippines,
Taiwan and China (De Langhe et al., 2009; Wong et al., 2001)(Figure 2.2). Archaeological,
linguistic and genetic evidence suggests that the early domestication of bananas and
plantains occurred in New Guinea and South East Asia (Donohue & Denham, 2009; Perriera
et al., 2009). Specifically, Perriera et al. (2009) concluded that M. acuminata was first
domesticated in the highlands of New Guinea whereas M. balbisiana was first domesticated
in the Philippines. The tropical rainforest areas of Australia may also have provided an initial
site of banana and plantain cultivation (De Langhe et al., 2009).

Most of the tropical and subtropical regions where bananas and plantains are now
produced are considered secondary sites of cultivation. During the domestication and
cultivation of bananas and plantains intra- and interspecific hybridisation within and between
M. acuminata and M. baibisiana has led to novel cultivars (Perriera et al., 2009). Genetic
evidence suggests that the movement of humans has influenced patterns of hybridisation. For
example, although no wild species of banana or plantain occur in Africa or the Americas
(Nsabimana & Staden, 2005; De Langhe et al., 2009) these areas have been an important
source of novel hybrids and cultivars. Two hypotheses have been suggested for the
introduction of bananas to Africa; one suggests arrival via India and the Middle East whereas
the other a route via Madagascar (Neumann & Hildebrand, 2009). Archaeological evidence

supports that latter (Mindzie et al., 2001) and morphology comparisons the former (Fuller &
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Figure 2.2 Map showing the distributions of the two wild, seed producing ancestors of
cultivated bananas, Musa acuminata and M. balbisiana. Source, De Langhe et al. (2009).



Madella, 2009). Bananas and plantains were introduced to Central and South America during
the 16th century by the Portuguese (Arvanitoyannis & Mavromatis, 2009).

The early spread of bananas involved parthenocarpic diploids. However, most of
these varieties were later replaced by sterile triploids (Stover & Simmonds, 1987). Perrier et
al. (2011) have suggested several stages in the domestication of bananas, including an initial
transition phase from wild to edible diploids and the development of edible triploids. The
wild species of both bananas and plantains produce seeds but seedless fruits have being
selected for over time. In edible banana varieties seedlessness has arisen as the result of
parthenocarpy (Simmonds, 1953), sterility (Simmonds, 1960), mutation and hybridisation
(Heslop-Harrison, J. S., & Schwarzacher, 2007). In some cases seedless forms have arisen
spontaneously in natural populations and have been taken into cultivation by farmers
(Heslop-Harrison & Schwarzacher, 2007). These initial collections were cultivated and
distributed through vegetative propagation, ultimately giving rise to different banana
cultivars. Currently, commercial production of bananas and plantains is dominated by

triploid varieties (Thompson, 2011).

2.1.4 Uses and economic importance

Ranked as the sixth most important staple crop (FAO, 2019), bananas and plantains
play an important role in global food security (Tinzaara et al., 2018) and are economically
important crops in many developing countries (Brown et al., 2017). Bananas and plantains
grow well in the humid, lowland tropics (Anderson, 1998; Thompson, 2011) and are mainly
produced in Asia, Africa and the Latin in America (FAO, 2019).

Almost all the commercially available varieties of bananas and plantains are
polyploid, developed via breeding programs and field selection (Thompson, 2011). For
example, the most widely available variety, the Cavendish banana, is a triploid containing
three copies of the A type genome (Bakry et al., 2009; Heslop-Harrison & Schwarzacher,
2007). In 2017 global production of bananas reached ~114 million tonnes with Asia
accounting for half of the world’s total production (FAOSTAT, 2019; Table 2.1). India
produced 29 million tonnes followed by China with 11 million tonnes and the Philippines
with 7.5 million tonnes. However, only about 15% of global banana production is traded on
the international market and most of the bananas grown in Asia (Ploetz, Kema, & Ma, 2015),
as well as Africa and Oceania are locally consumed (Table 2.2). Despite lower overall
banana production in Central and South America these countries primarily contribute to the
international market (Table 2.2).

Plantains are widely grown in the Pacific while both dessert bananas and plantains
are common in the South East Asian countries and the Americans (Tinzaara et al., 2018).

Although plantains account for a relatively small proportion of the international market, they



Figure 2.3 Some of the diversity of bananas and plantains available at a vegetable
market in Port Moresby, Papua New Guinea. Photo source, L. Bob (2019).

are important for domestic markets (Ploetz, Kema, & Ma, 2015; Escobar-Tovar et al., 2015;
Tinzaara et al., 2018).

In developing countries small scale farming of bananas and plantains provides an
important food source for many people (Karamura et al., 1998; Nelson, Ploetz, & Kepler,
2006; Price, 1995; Tinzaara et al., 20018; Wambugu & Kiome, 2001). For example, over
60% of the bananas and plantains produced in Papua New Guinea (PNG) are consumed
locally (Bourke & Vlassak, 2004) (Fig. 2.3). Small scale farming places greater emphasis on
the cultivation of plantains as these can withstand climatic variations, have a range of uses
and can be grown in backyards for local consumption. However, bananas and plantains
contribute both to the economy and to food security in the countries that produce them
(Thompson, 2011; Tinzaara et al., 2018).

Bananas and plantains both have high nutritional value. For example, commercially
available bananas are a good source of vitamins (e.g., A, B, C) and minerals, also providing
antioxidants, proteins and dietary fibre (Brown et al., 2017; Thompson, 2011). In developing
countries this makes bananas and plantains an important part of the diet (Blades et al., 2003;
Englberger et al., 2003; Kay, Grobin, & Track, 1981; Preethi & Balakrishna Murthy, 2013;

Table 2.1 Global production of bananas in 2017 by region. Source, FAO (2019).

Region Percentage of production Bananas produced (tonnes)
Asia 50.82 57,934,800

The Americas 32.97 37,585,800

Africa 14.09 16,062,600

Oceania 1.55 1,767,000

Europe 0.57 649,800

Total 100.00 114,000,000




Table 2.2 Global export of bananas in 2017 by region. Source, FAO (2019).

Region Percentage of production Bananas exported (tonnes)
The Americas 41.24 15,500,000

Asia 3.28 1,900,000

Africa 6.23 1,000,000

Oceania 0.00 0

Europe 0.00 0

Global 16.41 18,400, 000 tonnes

Wachirasiri, Julakarangka & Wanlapa, 2009).

Edible parts of the crop include the fruits and blossoms, also known as the “banana
heart” (Florent, Loh & Thomas, 2015). Bananas are typically consumed raw when ripe (e.g.,
as a snack) whereas plantains are generally cooked (e.g., boiled, fried or baked) before
consumption. The fruits of bananas and plantains may also be processed into products such
as purees, powders, flour, chips, vinegar, jam, jelly and wine (Adams, 1980; Akubor et al.,
2003; Guerrero, Alzamora & Gerschenson, 1994; Singh, Kaushik & Gosewade, 2018). The
flowers are also eaten in South East Asia, Africa and the Pacific. The florets of the banana
heart are plucked, cleaned and stir or deep fried (Nelson et al., 2006; Florent, Loh &
Thomas, 2015).

Bananas and plantains have uses beyond being a food source. In several areas the
leaves are used as wrappers to store food in or as plates to serve food on (e.g., Kora, 2019)
(Fig 2.4). Other uses include as biomass for ethanol production, as cattle feed, as an
antioxidant and as an insecticide (Mohapatra, Mishra & Sutar, 2010; Tinzaara et al., 2018).
Bananas and plantains also have cultural significance. For example, in PNG bananas are an
important part of traditional ceremonies especially in the lowlands where they are used as
compensation, as bride prize in marriage ceremonies and as a peace offering. Additionally,
bananas and plantains have been used in the treatment of human ailments for example on
skin irritations, digestive disorders, to alleviate blood pressure and can be applied as an
antibiotic agent. (Turner, 1997; Kumar et al., 2012; Almadhoun & Abu Naser, 2018).

2.2 Diseases of banana and plantains

Although banana and plantains are a staple crop in many developing countries, biotic
and abiotic factors including pests and diseases, climatic events (e.g. cyclones and droughts)
and post-harvest losses threaten production (e.g., Mugisha et al., 2008; Anap et al., 2014;
Jones, 2007; Kumari, Singh & Atre, 2018; Nandwani, 2010). Production constraints imposed

by disease control limit yield and, if unsuccessful, disease outbreaks can cause significant



Figure 2.4 Traditional use of banana leaves inhe East NewBritain Province, Papua
New Guinea.Foodmay bewrapped in banana leaves and coof&d banana leavasay be
used as a plate to serve fomu(B) or as awrapperto pack food inC). Photo surce F.
Vutia (2019).

crop losgs(Tinzaara et al., 2018Mostbanana cultivars are susceptitddungal disease
theseareresponsibldor the majoriy of crop losseslue todiseas€Pagen & GarcigArenal,
2018).Key examples includedhamadiseasdor Fusariumwilt), banana bunchy top virus
disease (BBTV) anbllack Sigatoka disease (black leaf streakliseasg(Table 2.3) These
diseasesaffectthe production ofbananaand plantais across much of their cultivated range
(Marin et al., 2003; Ploetz, 1994o0r example, Panama disease, caused by the fungus
Fusarium oxysporurBchlechthasdevastatd production othe susceptible OGros Michel®
cultivar in Honduras (Ploetz, 200@)ikewise,the Hack Sigatokalisease isonsidered a

majorthreatto the bananindustry globally (de Bellaire et al., 2010).

2.2.1 Black sigatoka disease
2.2.1.1History of disease
Black Sigatoka disease was first reported from Viti Levu, Fiji in 1963 (Isaza et al., 2016;
Stover, 1980). However, a survegtween 1964 and 1967 sugtgethat black Sigatoka
disease had been well established in the Pacific and South East Asia prior to its discovery in
Fiji (Henderson et al., 2006). According to Henderson et al. (2006), the exact origins of the
disease remains uncertalne to the emergee of another new disease and environmental
and host factors during the survey period.

Stover (1978) initially suggested that the black Sigatoka disease had originated in
PNG. This suggestion is consistent with PN&ving high diversity of both host and
pathogen (Carlier et al., 2000). However, based on Henderson et al., (2006) have since
suggested &outh East Asian origin based on the distribution of diversity across the

pattogers entire range.



Table 2.3 Serious diseases of bananas and plantains

Disease common name Causal agent

Panama disease (Fusarium wilt) Fusarium oxysporum f. sp. cubenseiiiii
Black Sigatoka disease Pseudocercospora fijiensis

Yellow Sigatoka disease Pseudocercospora musicola

Eumusae leaf spot disease Pseudocercospora eumusae

Moko disease (Bacterial wilt) Ralstonia solanacearum

Banana anthracnose disease Gelosporium musae

Head rot disease Erwinia carotovora

Banana bunchy top disease Banana bunchy top virus (BBTV)
Banana streak disease Banana streak disease (BSV)

Black Sigatoka disease spread extensively during the 1970s and 1980s. some
evidence suggests that the use of vegetative portions of the plant as packing material is a
possible pathway for disease transmission over long distances (Henderson et al., 2006;
Ploetz, 2000; Schlegel, 2009). The disease was reported from Central America in 1972.
Initially arriving in Honduras, the disease had spread through Central America and into
southern Mexico by 1980 (Stover, 1980). Despite spreading throughout Central America
during the 1970s, the disease was not identified in the Caribbean until the early 1990s.
Following an outbreak in Cuba during 1992 the disease spread to other islands in the region
(Jones & Mourichon, 1993). Black Sigatoka disease also appears to have arrived in Africa
during the 1970s, with evidence of outbreaks in Zambia during 1973 (Dabek & Waller,
1990) and Gabon in 1978 (Frossard, 1980). The disease was reported from Ghana and
Nigeria in 1986 (Marin et al., 2003; Mourichon & Fullerton 1990; Wilson, 1987), Kenya and
Madagascar in 1988 (Jones, 2003) and Malawi, Uganda and Rwanda during the late 1980s
and 1990s (Tushemereirwe & Waller, 1993).

Black Sigatoka disease is now widely distributed in banana producing areas (Jacome
2003; Thompson, 2011). The disease has been reported from the Pacific Islands, Central and
South America, the Caribbean, Asia and Africa. It was detected in Australia in 2001 but
successfully eradicated (Henderson et al., 2006; Yonow et al., 2019). In the Pacific the
disease has been reported from Papua New Guinea (Davis et al., 2000; Stover, 1976; Yonow
et al., 2019), the Torres Strait Islands (Henderson et al., 2006), the Solomon Islands (Stover
1976; Yonow et al., 2019), New Caledonia (Mourichon & Fullerton, 1990; Yonow et al.,
2019), Norfolk Island (Jones, 1990; Yonow et al., 2019), the Federated States of Micronesia
(Jones & Mourichon, 1993), Niue, the Cook Islands, Vanuatu, Tahiti, Fiji, Tonga, Samoa,
Hawaii and Wallis and Futuna (Yonow et al., 2019).



2.2.1.2 Pathogen associated with the disease

The causative agent of black Sigatoka disease is a filamentous, hemibiotrophic
ascomycete (Chang et al., 2016; Churchill, 2011; Isaza et al, 2016). This fungus is currently
referred to as Pseudocercospora fijiensis (Morelet) Deighton but was previously called
Mycosphaerella fijiensis (Morelet). These names referred to the asexual (anamorph) and
sexual (telomorph) forms, respectively (Churchill, 2011). Approximately 146 species of
Pseudocercospora are currently recognised and these infect hosts belonging to 115 plant
genera (Crous et al., 2013). Pseudocercospora infections are responsible for fruit and leaf
spot diseases on commercially important crops, forest trees and ornamentals (Akinsanmi,
Miles & Drenth, 2007; Crous et al., 2003, 2013; Darvas & Kotza, 1987; Hunter et al., 2006;
Motohashi, Araki, & Nakashima, 2008; Yesuf, 2013; Yuan, 1996). About 20 species of
Pseudocercospora including P. fijiensis, are known to infect bananas (Arzanlou et al., 2008).

The taxonomic placement of P. fijiensis is based on characteristic growth in culture
as well as morphological and genetic analyses (Churchill, 2011). Two other members of
Pseudocercospora are also associated with leaf spot disease in banana. Specifically, P.
musae (Morelet), the causal agent of yellow Sigatoka disease, and P. eumusae (Morelet), the
causal agent of eumusae leaf spot disease. These species are distinguished on the basis of
asexual morphology (Crous & Mourichon, 2002), genome size and virulence on they
manipulate the host immune system (Chang et al., 2016) difference. Of these three species P.

fijiensis is the most virulent (Carlier et al., 2000; Churchill, 2011; Isaza et al., 2016).

2.2.1.3 Disease symptoms

The early signs of P. fijiensis infection are small narrow reddish-brown or yellowish-
brown specks on the edges of older leaves, typically parallel to leaf veins. At this initial stage
the leaf underside may show a more reddish-rust brown lesion (Churchill, 2011; Liberato et
al., 2006; Marin et al., 2003). These streaks coalesce forming complex streaks that are dark
brown to black in colour. Eventually, broad elliptical spots with “water-soaked” borders and
surrounded by a yellow halo are formed (Liberato et al., 2006; Churchill, 2011). Finally,
these areas become light greyish and necrotic.

Black Sigatoka disease symptoms have been reported on cultivated bananas and
plantains as well as several wild Musa species (Churchill, 2011). Studies suggest that
symptom expression differs between cultivars and these differences may be explained in
terms of disease resistance (Carlier et al., 2000; Harelimana et al., 1997). Banana cultivars
that are more vulnerable to the disease have more pronounced symptoms; for example,
infection may lead to entire leaf death (Mourichon, Carlier & Fouré, 1997). Disease
symptoms also been reported Heliconia psittacorum, which is considered an alternative host
(Churchill, 2011; Gasparotto et al., 2005).



Although the symptoms of black Sigatoka and yellow Sigatoka allow these species to
be differentiated, those of eumusae leaf spot disease overlap with both confounding
identifications based on physical symptoms alone (Mourichon, Carlier, & Fouré, 1997).

Laboratory testing is usually needed to confirm disease status (Crous et al., 2013).

2.2.1.4 Identification of P. fijiensis in culture

There are few morphological features that distinguish Pseudocercospora species
(Crous et al., 2013). However, the lack of an obvious sporodochia (or hyphal mass) in P.
fijiensis as well as characteristics of the conidia and conidiophores differentiate this species
from P. musicola and P.eumusae (Churchill, 2011; Crous & Mourichon, 2002; Pérez-
Vicente, 2012). The conidiophores of P. fijiensis are pale brown, 16-63 ! 4-7 "'m in size,
straight to geniculate, and 0-5 septate. Conidiophores typically bear four conidia in P.
fijiensis (Crous et al., 2013; Pérez-Vicente, 2012). These are obclavate to cylindro-obclavate
in shape, hyaline to pale-green in colour, 1-10 septate and 30-132 ! 3-5 "'m in size. No
single characteristic of the conidia and conidiophores distinguishes P. fijiensis; but in
combination they do distinguish this species (Arzanlou et al., 2008; Churchill, 2011). For
example, although the conidia of P. fijiensis and P. musicola overlap in size and number of
septa (in P. musicola the conidia 0-8 septate and 10-109 ! 2-6 "'m in size) only P. fijiensis
has a distinctive basal hilum.

Pseudocercospora fijiensis is slow growing on artificial media and takes about 8-14
days to sporulate (Leiva-Mora et al., 2008; Pérez-Vicente, 2012). Colony morphology differs
depending on the growth medium (Stover, 1976). For example, on potato, dextrose agar
colonies are compact with raised surfaces and range in colour from velvety pink to olive
green and grey (Leiva-Mora et al., 2008; Mulder and Holliday, 1974). In contrast, on
mycophyl agar colonies are greyish-brown to dark grey (Stover, 1980).

2.2.1.5 Life cycle of P. fijiensis

Pseudocercospora fijiensis is a hemibiotroph. That is, it initially parasitizes living
tissue and later lives on the dead tissue. The disease cycle of P. fijiensis has four main stages
(Churchill, 2011; Henderson et al., 2006; Pérez-Vicente, 2012) — spore germination,
penetration of the host, symptom development and spore production.

Black Sigatoka disease has been reported on bananas and plantains growing under
conditions ranging from arid to wet and tropical to cool temperate (Crous et al., 2013).
Infection rates for the disease depend upon the prevailing weather conditions and
susceptibility of cultivars (Carlier et al., 2000; Churchill, 2011; Henderson et al., 2006;

Stover 1980). More susceptible cultivars exhibit disease symptoms more rapidly (Carlier et



al., 2000; Churchill, 2011). Typically, symptoms appear 8-10 days following infection
(Stover, 1980).

Spore gemination and onset of the disease cycle, is promoted by humid conditions
(Henderson et al., 2006; Stover, 1980). The germinating hyphae penetrates the leaf through
the stomatal opening and a hyphal mass develops within the air spaces between mesophyll
cells (Churchill, 2011; Jones, 2000; Stover 1980). As the pathogen spreads through the leaf
interior, disease symptoms become apparent on the leaf surface (Henderson et al., 2006;
Leiva-Mora et al., 2008). The formation of necrotic lesions, a symptom of advanced
infections, is associated with the production of asexual conidia and sexual ascopores.

Pseudocercospora fijiensis reproduces both asexually and sexually (Figure 2.4); both
are important for disease initiation and dispersal (Marin et al. 2003). Asexual reproduction
involves the production of conidia under favourable conditions. The conidia are released and
are typically dispersed short distances in air currents or rain splashes (Churchill, 2011;
Henderson et al., 2006). In contrast, sexual ascopores typically take four weeks to mature
(Stover, 1980). Oval to globose spermagonia (23-55 ""'m in diameter) containing rod-shaped
spermatia (2.0-5.0 ! 1.5-3 "'m in size) develop on the under surface of the leaf. Spermatia are
released at maturity. However, it has not yet been shown how spermatia are involved in the
production of sexual ascopores (Churchill, 2011). Spherical sexual fruiting bodies or
perithecia (47-85 "'m in diameter), are found on both the upper and lower leaf surfaces.
These contains numerous fisstunicate, obclavate ascii that contain unequally septate
ascopores (Pérez-Vicente, 2012). Ascospores are dispersed by air currents or rain splashes
(Mulder & Holliday, 1974) and may not germinate immediately; they may remain dormant
until weather conditions are favourable (e.g., temperature is 25-28 °C) (Churchill, 2011;
Jacome & Schuh, 1992; Stover 1980).

!
2.2.1.6 Impact of black Sigatoka disease on bananas/plantains
A wide range of Musa sp. and cultivars are affected by the disease (Arzanlou, 2008). The
widely grown cultivars of bananas and plantains differ in their susceptibility to black
Sigatoka disease. For example, trials in Uganda and Tanzania suggest that the AAA and
AAAB hybrids are more susceptible to the disease than other trialled groups (Kimunye et al.,
2020). Other publications have suggested that the AAB group of plantains (Mobambo,1993)
and Cavendish bananas (Fullerton & Casonato, 2019; Isaza et al., 2016; Yonow et al., 2019)
are highly susceptibility.

Given the susceptibility of the Cavendish bananas it is not surprising that the disease
has substantial impacts on commercial production of dessert bananas (Castelan et al., 2012;
Ploetz, 2000). Although black Sigatoka disease primarily targets the leaves, fruit quality and
shelf-life are both reduced (Stover & Simmonds, 1987; Carlier et al., 2000; Thompson, !
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Figure 2.5 The life cycle of Pseudocercospora fijiensis, the causal agent of black
Sigatoka disease of banana. Source, Churchill (2011).

2011). These effects are a result of infected individuals having reduced photosynthetic
capability. Specifically, the surface area available for photosynthesis can be substantially
reduced due to the death of large sections of infected leaf (Churchill, 2011; Etebu & Young-
Harry, 2011; Thompson, 2011). Reduced production of photosynthates limits overall yield
and the development of those fruits that are produced.

The marketable value of commercial banana and plantain crops is adversely affected
by any P. fijiensis infection (Carlier et al., 2000; Marin et al., 2003). Typically, black
Sigatoka disease causes crop losses of 20-50% (Crous & Mourichon, 2002), although the
Food and Agriculture Organisation (2013) reported that exports from Guyana were reduced
by 100% and from Saint Vincent and the Grenadines by 90%. Black Sigatoka disease also
impacts smallholder farmers who rely on bananas and plantains as a food source and a cash
crop (Chang et al., 2016; Etebu & Young-Harry, 2011; Lemchi et al., 2005). In regions
where bananas and plantains serve as a major food source for the local population this
disease may compromise food security (Tinzaara et al., 2018; Mourichon & Fuller, 1990).

Due to the high virulence of black Sigatoka disease — P. fijiensis can infect cultivars that are



resistant to P. eumusae and P. musicola — it is recognised as a critical threat to the banana

industry.

2.2.1.7 Control of black Sigatoka disease

A combination of systemic and protectant fungicides is used to control black Sigatoka
disease in commercial plantations (Brahima et al., 2017; Marin et al., 2003). The main
systemic fungicides include bencimidazols, morolines, strobirulines and triazoles (Pelaez et
al., 2006). Disease outbreaks in parts of Australia during the 1980s and 1990s were
successfully controlled and these areas are now considered disease free (Henderson et al.,
2006; Jones & Alcorn, 1982). Although used commercially chemical control agent are
expensive and not generally accessible to smallholder farmers (Tinzaara et al., 2018).

In areas where black Sigatoka disease occurs chemical controls are applied weekly
(Isaza et al., 2016). The need for such intensive use of chemical controls is a concern from
both the environmental and human health perspective (Kiraly, 1996; Nicolopoulou-Stamati
etal., 2016; Wightwick et al., 2010). The repeated use of fungicides over large areas and
with very short intervals between applications has the potential to cause environmental
damage via impacts on microbiomes (Clark et al., 2019; Pérez-Vicente, 2012) and prolonged
exposure to fungicides may also be harmful to farmer workers and the local population more
generally (Churchill, 2011). Moreover, although alternating systemic and protectant
fungicides has been used to delay the emergence of fungicide resistance (Churchill, 2011),
fungicide resistant strains of P. fijiensis have begun to appear. Crop failures as a result of
fungicide resistant strains of P. fijiensis have already been reported (Marin et al., 2003). At
best fungicide resistant strains will require more expensive controls and at worst could
severely limit production (Brahima et al., 2017; Ganry et al., 2012).

The challenge of controlling black Sigatoka disease has exacerbated secondary
problems with the production of bananas and plantains (Thompson, 2011). In Australia, both
cultural and chemical control measures were successfully implemented to control the disease
(Henderson et al., 2006). Varieties of bananas and plantains tolerant of black Sigatoka

disease are available and ongoing research is focused on enhancing tolerance (Curry, 2012).

2.3 Commonly used approaches for the diagnosis of fungal disease in plants
Methods for identifying plant pathogens range from visual inspection of plant
material in the field for physical symptoms of disease to laboratory-based approaches for
detecting the genetic signatures of individual pathogens (Balodi et al., 2017). Identifying P.
fijiensis in the field is difficult because the symptoms of black Sigatoka disease are broadly

similar to those of P. eumusae and P. musicola.



2.3.1 Culture-based methods

Culturing of fungal pathogens in vitro is a classical approach (Schmit & Lodge,
2005). The method involves isolating and then growing the fungus on an artificial medium;
the fungus can then be identified morphologically (Choi, Hyde & Ho, 1999; Nevalainen,
Kautto & Te’o, 2014). Usually culuring involves placing infected tissues onto the surface of
an artificial growth medium in a petri dish (Choi, Hyde & Ho, 1999; Schmit & Lodge, 2005)
but fruiting bodies collected from infected tissue or debris may be used (Carris, Little &
Stiles, 2012; Schmit & Lodge, 2005). The petri dishes are then incubated. Often following
initial incubation, the growing fungi will be sub-cultured to obtain pure cultures or a single
spore (Choi, Hyde & Ho, 1999; Noman et al., 2018). Identification of the isolated fungi is
based on visual morphology that is usually viewed with the aid of a microscope.

Despite our reliance on culturing, this approach has significant limitations. Perhaps
most importantly not all fungi are amenable to in vitro culturing on artificial media and as a
result not all plant pathogens can be identified using this approach (Crous, Hawksworth &
Wingfield, 2015). Even for fungi that can be cultured the approach may be time consuming
and expensive. Isolation and growth of the fungus to the stage at which diagnostic, often
reproductive, characteristics appear may take weeks, require specialised equipment, and
workers highly skilled in both culturing and identification (Ward et al., 2004). Moreover,
even after isolating a fungus it may not be possible to distinguish amongst morphologically
and physiologically similar pathogenic and non-pathogenic forms (Al-mohanna, 2016;
Macher, 2001). These limitations have help drive a shift towards molecular approaches to
fungal pathogen identification (Lievens & Thomma, 2005).

Currently, Pseudocercospora fijiensis is often isolated directly from infected leaf
samples (Carlier et al., 2000; Peldez Montoya et al., 2006; Stover, 1978). Leaf tissue
fragments with visual symptoms of black Sigatoka disease are first surface sterilised in a
sodium hypochlorite or ammonia solution, then rinsed with water and plated on to solid
media plates; once a hyphal mass or colony is observed the fungus can be sub-cultured in
order to produce pure isolates (Cruz-Martin et al., 2011; Pelaez Montoya et al., 2006). For
identification of P. fijiensis initial isolation of infected tissue and sub-culturing can be
performed typically on water agar, PDA, modified V8 juice, or mycophyl media (Cruz-
Martin et al., 2011; Peldez Montoya et al., 2006; Stover, 1978). Pseudocercospora fijiensis
cultures are typically incubated at 20-30°C and under these conditions the fungus will
usually sporulate after 10-15 days. In culture P. fijiensis may produce predominantly conidia
or ascospores, or some combination of both (Jacome & Schuh, 1992; Cruz-Martin et al.,
2011). Although P. fijiensis can be identified morphologically based on conidia and
ascospores, the distinguishing characteristics are subtle and in some cases P. fijiensis may be

confused with P. eumusae or P. musicola (Crous & Mourichon, 2002).
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2.3.2 Molecular methods

Using molecular diagnostics, the accuracy and speed of fungal pathogen
identification has increased (Crous, Hawkworth & Wingfield, 2015). Methods including
randomly amplified polymorphic DNA (RAPD), flow cytometry (FCM), restriction fragment
length polymorphisms (RFLPs), amplified fragment length polymorphism (AFLP), serology,
western blot assays, enzyme-linked immunosorbent assays (ELISA), DNA barcoding,
fluorescent in situ hybridisation (FISH), DNA arrays and DNA amplification-based methods
have all been used for fungal pathogen identification (e.g., Atkins & Clark, 2004; Aslam et
al., 2017; Balodi et al., 2017; Bernreiter, 2017; Crous, Hawkworth & Wingfield, 2015; Fang
& Ramasamy, 2015; Luna-Moreno et al., 2019; Sankaran et al., 2010). The following

focuses on methods that have been used for diagnosis of P. fijiensis.

2.3.2.1 Enzyme-linked immunosorbent assay (ELISA)

The method is based on the reaction between antigen and antibody (Fang &
Ramasamy, 2015; Sankaran et al., 2010). The target organism is typically identified on the
basis of colorimetry, the colour change being due to the interaction between a liquid sample
and immobilized enzymes (Fang & Ramasamy, 2015).

ELISA-based diagnostics are available for viruses, fungi and bacteria (Balodi et al
2017; Fang & Ramasamy, 2015; Hobbs et al., 1987). Although the ELISA method has
potential, it typically lacks the specificity needed to differentiate plant fungal pathogens from
closely related non-pathogenic forms. This method is now often used alongside methods
such as PCR. Examples of diseases for which ELISA tests have been developed included
Botrytis cinera in pear (Meyer, Spotts & Dewey, 2000), ascochyta blight of pea (Faris!
Mokaiesh et al.,1995), smut of barley (Eibel, Wolf & Koch, 2005) and potato late blight
(Hussain, Singh & Anwar, 2017). Various ELISA tests have been developed for the
detection of Pseudocercospora fijiensis (Henderson et al., 2006; Luna-Moreno et al., 2019;
Otero et al., 2007).

2.3.2.2 PCR-based diagnostics

DNA diagnostics based on the polymerase chain reaction (PCR) technology have
been developed for the identification of bacterial, viral and fungal plant pathogens (Fang &
Ramasamy, 2015). PCR-based tests are now a standard tool for the diagnosis of plant
diseases (Hensen & French 1993; Mori et al., 2001), even allowing pathogens with similar
physical symptoms to be distinguished (Arzanlou et al., 2007).

PCR is an enzymatic amplification technique that uses a pair of specific
oligonucleotide primers to target regions of the DNA that are diagnostic for the organism of

interest (Atkins & Clark, 2004). Briefly, the sample DNA is first denatured, the primers then
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anneal to the single stranded DNA at their target site, and the section of DNA between the
two primers is copied using a DNA polymerase (Hensen & French, 1993) (Figure 2.5). Two
forms of PCR are now widely used for the diagnosis of fungal plant diseases. Conventional
PCR is typically used for qualitative diagnostics. That is, the presence or absence of the
pathogen is indicated by the presence or absence of amplification products following
thermocycling (Lorenz, 2012). Alternatively, real-time PCR can be used to provide both
qualitative and quantitative assessments of infection. In this case the accumulation of
amplification products is measured over the course of the reaction; by comparison to
standard amplification curves the quantity of pathogen present in the sample can be
estimated (Atkins & Clark, 2004). In some cases, PCR alone may be insufficient to confirm
the identity of the pathogen, in such cases DNA sequencing of the resulting PCR products
may be used to confirm the diagnosis (Gyllensten, 1989).

The nuclear ribosomal internal transcripted spacer (nrlTS) region is now widely used
for the identification of both pathogenic and non-pathogenic fungi (Martin, James &
Lévesqu, 2000). In the case of P. fijiensis, Carlier et al. (2000) have shown that the nrITS
locus can be used to differentiate Pseudocercospora species and Henderson et al. (2006)

describe conventional and real-time PCR diagnostics targeting the nrITS locus of P. fijiensis.

2.3.2.3 Isothermal amplification diagnostics

Although PCR-based diagnostics offer high sensitivity and specificity their use is
limited by the need for specialised equipment, infrastructure and staff (Ahmed et al., 2015).
In particular, the infield application of PCR-based diagnostics is restricted by the need to
cycle the reaction through three temperature steps for specific periods of time.

Thermocycling the reaction is something that can typically only be achieved in a laboratory.

Figure 2.6 Schematic diagram of the polymerase chain reaction method showing the
main steps. Source, Genome Research Limited (https://www.yourgenome.org/facts/what-is-
pcr-polymerase-chain-reaction).



Alternative isothermal amplification technologies are now available. These
approaches amplify DNA without the need for thermocycling, the entire reaction occurs at a
constant temperature (Mori & Notomi, 2009). Examples include loop-mediated isothermal
amplification (LAMP; Notomi et al., 2000), recombinase polymerase amplification (RPA;
Boyle et al., 2013) and helicase-dependent amplification (HAD; Lau & Botella, 2017; Kong,
Vincent & Xu, 2007). Isothermal methods are rapid, robust and have lower infrastructure
requirements than PCR (Njiru, 2012). Diagnostics based on isothermal amplification are
rapidly becoming important tools, especially for point of care applications. Various
pathogens have been detected using these isothermal amplification methods. Examples of the
isothermal amplification diagnostics performed include; tomato spotted wilt virus disease
(Wu etal., 2016,), begomovirus diseases of beans and tomatoes (Londofio, Harmon &
Polston, 2016), banana bunchy top virus disease (Kapoor et al., 2017), Fusarium head blight
of small cereals (Niessen & Vogel, 2010), Fusarium wilt (Li et al., 2013), plum pox virus

(Zhang et al., 2014) and root-infecting fungal pathogens of turfgrass (Karakkat et al., 2018).

4.0 Loop-mediated isothermal amplification (LAMP) detection methods
4.1 LAMP principle

Loop mediated isothermal amplification (LAMP) was developed two decades ago as
a simple and rapid method for disease diagnosis (Fu et al., 2011; Notomi et al., 2000). Unlike
traditional PCR-based amplification the LAMP reaction is catalysed by a polymerase with
strand displacement capability; that is, a high temperature step is not required to denature the
DNA strands before the enzyme can synthesise a new strand. As a result, the LAMP reaction
does not need to be thermocycled and is instead performed at a constant temperature usually
close to 65°C, the optimal reaction temperature of the enzyme (Mori et al., 2001; Nagamine,
Hase & Notomi, 2002: Njiru, 2012). Also, unlike PCR, the LAMP reactions require two or
three primer pairs. These are commonly designed using a dedicated software tool, for
example PrimerExplorer V5 (Torres et al., 2011).
A basic LAMP reaction requires four primers. An outer primer pair, commonly referred to as
F3 and B3, and a pair of longer inner primers referred to as FIP and BIP. The three main
stages of a LAMP reaction are shown in Figure 2.6. The non-cyclic reaction begins with
strand annealing and displacement. One of the inner primers invades the target DNA and
initiates amplification. Secondly, strand displacement occurs as the polymerase separates the
target DNA while extending the inner primer. The initial product is then displaced through
synthesis from an outer primer that has annealed upstream of the inner primers binding site.
The annealing and displacement cycle are repeated (cyclic reaction) at the opposite end of
the target sequence and a “dumbbell” shaped DNA structure is formed. This DNA dumbell

forms the starting point for exponential amplification. Amplification is initiated at multiples

! 19



site on this dumbbell resulting in the rapid accumulation of long, often branched DNA
structures composed of many concatenated copies of the DNA target (Mori & Notomi, 2009;
Mori et al., 2001; Notomi et al., 2000). The reaction speed can be further increased by the
addition of one or more loop primers (Notomi et al., 2000). These latter primers play no role
in reaction specificity but can result in increased sensitivity (Fu et al., 2011; Nagamine, Hase
& Notomi, 2002).

The LAMP approach has several features that mean it can be carried out in a non-
laboratory setting (Keikha, 2018). First, as a result of its strand displacement activity the
DNA polymerase that catalyses the LAMP reaction does not require a thermocycler (Notomi
et al., 2000). Second, the DNA polymerase used is less sensitive to inhibitors than the Taq

polymerase used in PCR reactions (Schrader et al., 2012). Finally, LAMP products can be

Figure 2.7. An illustration of the main steps of the loop mediated isothermal
amplification process. Source, Bruce et al. (2015).



visualised using colorimetry or turbidity; complex laboratory equipment for evaluating

reaction results are not necessary (Njiru, 2012).

4.2 Examples of LAMP

The LAMP approach has rapidly become an important diagnostic tool due to the
relative simplicity and speed of reactions (Fu et al., 2011). LAMP diagnostics have been
developed for the diagnosis of infectious diseases (Fu et al., 2010; Lucci et al., 2010; Parida
et al., 2008; Poon et al., 2005; Seki et al., 2018), for applications in food safety (Kokkinos et
al., 2014; Niessen et al., 2013) and for the detection of phytopathogenic organisms including
viruses (He et al., 2016; Fukuta et al., 2003; Lai et al., 2018; Li et al., 2010; Nie, 2005),
viroids (Boubourakas, Fukuta & Kyriakopoulou, 2009; Park et al., 2013; Tsutsumi et al.,
2010), bacteria (Buhlmann et al., 2013; Kubota et al., 2008; Ravindran et al., 2012; Rigano
et al., 2010), phytoplasmas (Hodgetts et al., 2011; Tomlinson, Boonham & Dickinson, 2010;
Sugawara et al., 2012) and fungi (Duan et al., 2014; Ghosh et al., 2015; Niessen, 2015;
Niessen, & Vogel, 2010; Tomlinson, Dickinson & Boonham, 2010).



Chapter3

Materials and Methods

3.1 Introduction

This chaptedescribes thgarious procedures carried aliring thisstudy. This
includeswork carriedwith the Papua New Guinea National Agricué@Quarantineand
Inspection Authority (PNGNAQIA) andt Massey University, New Zealand.

Tissue samples were collected frbanana plants displaying symptomsBtdick
Sigatokadisease at sites in the Central ProvinE®NG and from Fiji.For the PNG leaf
sampledungal isolation and DNA extractidnom leafand myceliunsamples was
performed athe Kilakila Plant Heath aboratory(Port MoresbyNational Capital Distrigt
Leaf tissue samples froFiji wereDNA extraced at the University of the South Pacific

Work a& Massey Universitynvolvedidentification ofpotentialgenetictarges from
publicly available sequence data, design and optimisatibkAbIP primers as well as

LAMP testing and PCR validation of results fymptomatideaf tissue samples

3.2LAMP assay establishment
3.2.1 Identification of potential genetic targets for a LAMP assay

Publicly available DNA sequencésr P. fijiensisand related taxa weabtained from
the NCBInr databasehttps://www.ncbi.nlm.nih.goyv Databaseearchesised the key words
(Pseudocercosportijiensis), Bseudocercospofa andMycosphaerellace&eSequences
were compared using Geneious V9.1.2 (Kearse et al., 2012) and multiple sequence

alignments for potential targets carried out using MUSCLE (Edgar, 2004).

3.2.2LAMP primer design
PrimerExporer V5 (http://www.eiken.co.jp/enyas used to desigpAMP primers.
Initial searches usetieP. fijiensissequence andefaultparametersgonditionswere
relaxed in subsequent searches wattleast one primer setas recovered
Primersetswerethencomparedo availableP. fijiensissequences and queried against
the NCBI nucleotide database (https://www.ncbi.nlm.nih.gov) using BLAST (Altschul et al.,

1990) to investigate nespecific annealing.

3.3 LAMP assay ptimisation
3.3.1 Template foLAMP assay optimisation
As a template for optimising tHeAMP assay a PCR fragmert024nucleotides
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in length was producedmplifications were performed in 20 peaction volumes containing

1! EmeraldAmp GT PCR Master Mix (Takara Bio Inc., Kusatsu @tjiga Prefecture

Japan) and 0.5 uM of each prim&tRssRNAF5GGCAATTTGGGGGAATGGAGG30 and

MF ssRNARSGACAACCTTTTGCCCATATCATG-3Q. Thermocycling was performed

using a T1 Thermocycler (Biometra GmbH, GSttingen, Germany) and with standard cycling
conditiors including an initiaB min denaturation at 9€, then 35 cycles of denaturation at
94°C for 30 secs, annealing @&°& for 30 secs anextensiomt 72C for 30 secs, with a

final 5 min extension at 7.

Following thermocycling al# aliquotof the PCRreaction as well as an aliquot of
1Kb Plus DNA Ladde(ThermoFisher Scientifiojas electrophoresised arb%
agarose/TAE gslat 100 v for 45 mis. Following electrophoresis the amplificatipnoducts
were visualisedisingSYBR Safe DNA Gel StaifiThermoFisher Scientificdnd an
Invitrogen SafelmagefMhermoFisher Scientifjc Amplification products were using a
sterile scapel bladand purified using Zymoclean? Gel DNA Recovery Kit(Zymo

Rearch)ollowing the manufacturers protocol

3.3.2 Optimising theLAMP assayreaction conditions

Three reaction conditions were optimised; the ratio of external to intprimaérs,
theamplification temperatur@ndthe amplification time Reactions were performend 25ul
volumes consistingf 15ul Optigenelsothermal Master Mix (IS€DR001,
http://www.optigene.co.uk 2 ng of the PCR templatnd5-9 W of primer mix depending
on the assagonditions being testedilegative controls (i.eno DNA) controlswere included
with each amplification set

The ratio of externdi.e., F3/B3) to internal(i.e., FIP/BIP) primerpairs was
optimised first. Specificallyratios of the F3/B3 to FIP/BIP primer pair of 1:4, 1:6 and 1:8
were testedrorthese tests, the final concentrations of primers F3 and B3akeays 02
UM, with those of the FIP and BIP primers ranging from 0.8 uM to 1.6 TiM. volume of
milli -Q added to each tube wadjustedo maintaina 25ul reactionvolume Initial testing
was performedt 650Cor 30 mins followed by aenzyme denaturatiostepof 5 min at
800CLAMP assays were carried out usia@ioRanger LAMP device (Diagenetix,
http://diagenetix.com

Using theoptimised primer ratio both amplification temperature and time were
evaluatedTo evaluateamplificationtemperaturé AMP reactions were performed atE7
600G 620G and 6BIC To evaluateamplification time LAMP reactions wegerformed for
30, 45, and 60 mins.



The LAMP reaction was monitored in real time with the outcome (i.e., amplification
positive or ngative) and the time to detection recorded for each samipémuicome was
also confirmedisinggel electrophoresisTypically, 3ul aliquotsof each LAMPreactionas
well asan aliquot ofLKb Plus DNA Laddewere electrophoresisaxh 1.5% agarose/TAE
gelsat100 v for 45mins. Following electrophoresis results wetsisualisedusingSYBR
Safe DNA Gel Staimnd aUVI DOC HD6 gel documentation system (UVITEC
Cambridge)

3.3.3 Sensitivity of the LAMP assay

Thesensitivty of the LAMP assaywas tested usingten-fold dilution seresfrom 1
ngiul to 1 fg/ul of the PCR fragmentT hese testaere performed in typical 286 reaction
volumesusing the optimised primer ratio, amplification time, and amplification temperature.
Positive (i.e., 2ng of gel cleaned PC&mplified target fragmengnd negative controls (i.e.,
no DNA) controlswere included with each amplification set

The LAMP reaction was monitored in real time with the outcome (i.e., amplification
positive or negative) and the time to detection recofdedach sample.fie outcome was
also confirmed bgel electrophoresisypically, 3ul aliquotsof each LAMPreaction
together as well abKb Plus DNA Laddewere electrophoresised 4r6% agarose/TAE gel
at100 v for 45 mis. Following electrophoresis selts werevisualisedusingSYBR Safe
DNA Gel Stainand aUVI DOC HD6.

3.3.4 Specificity of the LAMP assay

LAMP assayspecificity was assessed against total Dé¥ractsfrom samples
obtained from culture collections (i.€seudocercoporap.[ICMP 22731, Dothistroma
pini [NEB2], andStrasseria geniculatfNZFS 1023) as well as those isolated as part of this
thesis (i.e.Nigrospora sphaericandFusariumsp.). Testing was carriedut using the
optimal primer ratio, amplification temperature aedction time1 pL aliquots of sample
DNA (ng) were added to reaction mix@&ssitive (i.e., 2ng of gel cleaned PC&mplified
target fragmentand negative controls (i.e.10 DNA) controlswere included with each
amplification set

The LAMP reaction wamonitored in real time with the outcome (i.e., amplification
positive or negative) and the time to detection recorded for each sameuttome was
also confirmed bgel electrophoresisypically, 3ul aliquotsof each LAMPreaction
together as well abkKb Plus DNA Laddewere electrophoresised 4r6% agarose/TAE gel
at100 v for 45 mis. Following electrophoresis results wesisualisedusingSYBR Safe
DNA Gel Stainand aUVI DOC HD6.



3.4 Testinginfected leaf tissue samples
3.4.1Sampling forP. fijiensisin PNG
Symptomatidoananalants were sampleffom eight sites inwo maindistrictsin
the Central ProvincePNG; specificallyNational Capital Distric(NCD) andKairuku-Hiri
(Table 3.1) Sites were slectd on the basigf foliar symptomsconsistent withblack
SigatokadiseasdFig 3.1). Sampls comprisedan approximatel225cny section of leaf
tissuedisplaying the yellow to brown streaktypical ofblack SigatokaliseasdFig 3.1).
Leaf material was collected from tvdiseased planfser site with an additional four
samples collected fromsgmptonatic plantstwo each frorNCD andKairuku-Hiri districts.
Foliar samples werexcisedfrom leavesusing sterilisedcissors oblades. The
tissue samples were stored in a herbanquessbetween labeledewspapesheetdor

transport to the lafor further processing (Fig.1).

3.4.2 Culturingfor P. fijiensis

3.4.2.1 Initial culturing of fungi fromplant material

The led samplesverefirst washedwith distilled waterandair driedatRT onlaboratory
benchesLed samples weréhencut into16 cny’ fragmentsand surface sterilised 0.5%
sodium hypochlorite for-5 minutesThe leaf tissue fragments were then rinsedistilled
water for 35 minutesandair dried inalaminar flow cabinetOnce dry the leaf samples were
cut into 1 cm fragments.

For each collection four tissdimgmens wereevenly distributed across the surface
of apotato dextrose agar (PDA)ate with100mg/L streptomycirsulphateto limit bacterid
growth This process was repeated for a replicate setadtfextractagar(MEA) plates,
again with100mg/L streptomycinLids weretaped with parafilm anthe platesncubated at

room temperature (RTRlates were checked daily for hyphal growth apatulation

3.4.2.2 Subculturing and isolation of pure cultures

Initial cultures were @bculturel after visual obsemtion offungal sporulatiorbut before
bacterial contaminatiowas notedusually5-7 days Two subcultures were established from
eachinitial culture usinghe hyphal tipping technique (Goh, 199Bjr cultures withupright
mycelial growth hyphastrandsweretipped off fromthe hyphd massusinga sterilised wire
loop andtransferredo anutrient agar (NAplate with100mg/L streptomgin sulphate A
replicate subculture was established on a RtA streptomycimplate.For cultures with fat
mycelid growth, a sterilescalpel blade was used to adliver ofagar containingnarea of
high spore masthat was then transferred tdN& with streptomycirplate.Again, a replicate

subculturewvas establishedn a PDAwith streptomycirplate.Lids weretaped with parafilm



Table 3.1. Detailsof siteswhere symptomatic foliar sampleswere collectedin PNG

Location name Districts GPS Coordinates Code

Latitude Longitude  Elevation

Pacific Adventist Port Moredy North S09.4098040, 43m PAU
University farm East (NCD) E147.272080
14 mile rice field Port Moredy North S09.398881(], 31m RIC
East (NCD) E147.265080
Barakau Hiri (Kairuku-Hiri) S09.572450, 10m BAR
E147.367680
Gaire Hiri (Kairuku-Hiri) S09.6626140, 10m GAl
E147.418380
Bomana Police Port Moredy North S09.386920, 35m BOM
College East (NCD) E147.240720
Laloki Secondary Port Moredy North S$9.395714Q, 35m LAL
School East (NCD) E147.300220
Brown River Hiri (Kairuku-Hiri) S09.23.7870 53m BRO
E14713.7750
Sogeri Rouna 2 Koiari (Kairuku-Hiri) S09.427070 477m SOG

E147.389920

andthe platesncubated at RT
After 14 daysa pair of pre culturesvere estalished from eashbcultureusingthe
same techniguessabovewith the exception thatiA with streptomycirand watemagar with

streptomycin plates were used

3.4.2.3Charactrization of theculturedfungi

After 3-5 daysthe characteristienorphologicafeaturesof the fungalisolates were
recorded from sugulture and pure culture platésg, colony colour and mycelium type).
The cultures were also examined microscopic&tyr each culture a small portion of
myceliumwas scraped ontoraicroscoe slide usinga sterileinoculating needlea drop of
distilled water was addedndthe sampleovered witha cover slip. Prepared slidesere
examinedor characteristic spore morphologi@sderl0! and 40 magnification.

Petri plates were then taped with parafdrmd storedit 20Quntil DNA extraction.

3.5 Genetic testing fdp. fijiensis
3.5.1 DNA extraction
3.5.1.1 DNA extraction from fungal cultures

Fungal culture platewere first grouped on the basis of morphologgaiilarity and



Figure 3.1 Collection ofsymptomatic plant material in the field. (A) Inspection of
symptoms in a typical banana garden in PKE3 Close up of symptomatic legqfC) Leaf
sectionswvereexcised from bananeavesusing sterilsed scissors or kitchdmife. (D) Leaf
midribswere removed anthe leaf sectionpressed between newspapiera plantpress.



Figure 3.2 Lab processingpf symptomaticleaf samplesand isolation offungal cultures.
(A) Symptomatideaf samplessorted on a&leanbench top to air drfollowing washing(B)
Symptomatic leaf samplesit into piecegrior to DNA extraction(C) Threeto four day old
after direct isolation of diseased leaf fragments oA Rgar plate, fungal growth was
observed(D) Five days of mycelium growth on a sultured PDA plate.



a subset of 32 cultures selected for DNA extractigmpraximately 100ng of mycelium
wasscrapedrom the surface of each selected plates. Thespkes were first rinsed 96%
(v/v) ethanol and air dried on filter paperdataminar flow cabinetThey were then
combined with300" | of lysis buffer PAland ground using pestle and mortaFollowing
the manufacturerfsstructiors, the BIOLINE Plant DNA Isolate 1l Kitvas then used for the
extraction oftotal genomidDNA.

Following manufacturer@sstructionsthe concentration dbtal genomidNA in
each extract was measured usinguBit 2.0 Fluorometer (Invitrogen Life Technologje
and theQubit dsDNA HS assay k{tnvitrogen Life Technologies)

3.5.1.2 DNA extraction from infected leaf samples

For leaf tissuesyeighedlea fragmentswvereground using either aglad millor
mortar and pestle Following themanufacturer@sstructiors, the BIOLINE Plant DNA
Isolate Il Kitwas then used for the extractiontofal genomidNA.

Following manufacturer@sstructionsthe concentration dbtal genomidNA in
each extract was measured usinguBit 2.0 Fluorometer (Invitrogenife Technologies)
and theQubit dsDNA HS assay k{tnvitrogen Life Technologies)

3.5.2 LAMP testing
Total genomic DNA samples from batie infected leaf samples and cultured

isolates from PNG were tested for the presende (ifiensisusing theLAMP assay
Additionally, 10total genomic DNA samples from infected leaf samples collect&diva,
Fiji (GPS Coordinates, S18.2BAE9.63630yere also tested.esting was carriedut using
the optimal primer ratio, amplification temperature antplificationtime with 5 ngof
sampleDNA added to reaction mixeBositive (i.e., 2ng of gel cleaned PC&mnplified
target fragmentand negative controls (i.e10 DNA) controlswere included with each
amplification set

LAMP reactiors weremonitored in real timevith the outcome (i.e., amplification
positive or negative) and the time to detection recorded for each sameuttome was
also confirmed bgel electrophoresisypically, 3ul aliquotsof each LAMPreaction
together as well abKb Plus DNA Laddewere electrophoresised dn5% agarose/TAE gel
at100 v for 45 mis. Following electrophoresis results wesisualisedusingSYBR Safe
DNA Gel Stainand auVI DOC HD6.



3.5.3 PCRbased testing

To confirm the results of LAMP testifgNA samples from infected leaf samples
(PNG and Fiji) and cultured isolates were also tested W&GR. For these tests both the
nuclear ribosomal internal transcribed spacer (nrITS) locus and mitochondrial region
targeted by the LAMP test were evaluated.

Amplifications were performed in 20l peactionvolumes containing!1 EmeraldAmp
GT PCR Master Mix and 0.5 pM of each amplification prinfdre ITS4/ITSYWhite et al,
1990) andMF ssRNAFMF ssRNARprimer pairs were used to amplify the nrITS and
mitochondrial region, respectivelfhermocycling was performed using a T1 Thermocycler
with standard cycling conditions including an initsainin denaturation at 9&, then 35
cycles of denaturation at 92 for 30 secs, annealing &°& for 30 secs anextensiorat
72°C for 30 secs, with a final 5 min extension al@2

Theresults of PCR amplifications were deterined ugjabelectrophoresisypically,
3ul aliguotsof each LAMPreaction together as well 4&Kb Plus DNA Laddewere
electrophoresised dh5% agarose/TAE geht 100 v for 45 mis. Following electrophoresis
results werevisualisedusingSYBR Safe DNA Gel Staiand aUVI DOC HD6.

3.5.4 Sanger DNA sequencing of PCR amplification products

As a further check fragments amplified during RE&sed testing were subject to
Sanger DNA sequencingrior to DNA sequencinghe PCRfragmentswere purifed
enzymatically using a combination slirimp alkaline phosphatase (ThermoFisher Scientific,
Walthan, MA) and exonuclease 1 (ThermoFisher ScientifRgactions were typically
performed in a total a20" L consisting o " L of the PCR reaction mix3.5U of shrimp
alkaline phosphatas8.25U of exonuclease.IThe sample tubes were mixed and then
incubatedfor 15 minutes at 3TC with a furtherl5 mins at 85C to denature enzymes.

Purified PCRamplicons were used as templfiesequencing using the BigDye
Terminator v3.1 Cycle Sequencing Kit. Following manufacturerOs instructions, the reaction
was performed using 10pmol of primers an8%ng! | of purified PCR products a 20" |
reaction volumeReactions were thermocycleding aT1 Thermocycler (Biometra GmbH,
Gsttingen, Germany)onditions were an initial denaturationg; C for 2 mins,then27
cycles of denaturation at 8 for 10 secs, 540C for 10 secs (primer annealing) &l 160
4 mins (extension). Samples wehen submitted to the Massey Genome Service for

sequencing.



3.5.5Analysis of sequenced DNA fragments

Sequencelata wergrocessedsingGeneious V9.1.2 (Kearse et al., 201=29)rward
and reverse sequences from each amplification product were aligned and consensus
sequences generated for each. To confirm the identity of amplification fragments consensus
sequences wemgueried against the NCBI nucleotide database
(https://www.nclanim.nih.gov) using BLAST (Altschul et al., 1990).



Chapter 4

Results

4.1 Introduction

This chapter reports the development of a LAMP assathéodetection oP.
fijiensisas well asts validation using field collected samplésgenetic target for the.
fijiensisLAMP test was identified from publiclgvailablesequencelata atest was
designedthereaction conditions optimised, and the test validated, includinigvastigation
of assay specificity and sensitivity.

ThevalidatedLAMP assay washenused to evaluateycelial cultures anébliar
sampleswith visual symptoms of diseaf®m PNGas well as foliar samplagith disease
symptomsrom Fiji. Results of the LAMP assay were confirmed using PCR amplification
and DNA sequencing dhe LAMP assayarget and tharITS region The LAMP assay and
DNA sequencing provideldroadlyconsistent results, both confirming the presende. of

fijiensison samples frof®NG and Fiji.

4.2 LAMP assay establishment

Following initial keyword searches of the NCBI nr database a regitireof
mitochondrialsmall ribosomal subunit (ssRNAEenewasidentifiedas a potential target for
aLAMP assay A multiple sequencalignment ofpublicly availableDNA sequences fde.
fijiensisand severalelated taxa suggestéithat at the target locU®. fijiensiswas
distinguishedn the basis of both length andcleotide substitution@-igure 4.1).

UsingPrimerExplorer V5 (http://www.eiken.co.jp/en) a singleafdbur basic
LAMP primerswasdesigred(i.e., F3/B3 and FIP/BIP) (Table 4.Figure 4.]). Despite

relaxing several parameters loop primers were generated in subsequent search

4.3 LAMP assayoptimisation

Target copy numbearanvary between total DNA extractions frodifferent

Table 4.1 Primer sequences for the. fijiensisLAMP assay

Name Sequence B3!

PH3 ATAGGATTAGATACCCTAGT

PFB3 GTCTAATGATTTCAGTTCCT

PH-IP GCTGCGTTTCTAATATGATATTAATTGTCCAGGCAGAAAATTATGAATG
PRBIP ATATGCTCTTGTTAATTAATGTATATGCCACATTACTCTTGAGG
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Figure 4.1 Multiple sequence alignment forepresentativePseudocercosporand
related generafor a section of the mitochondrial genome containing the. fijiensis
LAMP assay target.(Previous pagel. AMP primer binding sites are indicated by grey
outlines; F3 and B3 are binding sites for the external primer pairRFE3 and FFB3) with
F2/F1 and B2/B1 form the binding sites for the internal primers (iF¢|FPand PFBIP,
respectively).

sourcesandthis variation mayonfoundoptimisation of the LAMP assayo eliminate the
effectof suchvariationon assay optimisation, H024nucleotide long PCR product was
amplified and used as an amplification template. This approach ahoget copy numbeo
be standardised between tesitspreliminary tests it was found thasing 2ng of PCR
products purified using the Zymoclean? Gel DNA Recovery Kit protocol amplified more
efficiently than the same quantity of products purified usimgSAP/EXO enzymatic
method. For all subsequent evaluations gel purified PCR products were used as a template.
Using 2ng of the gel cleaned PCR prodastemplate detection tinsewere similar
for all primer ratios (i.e., 1:4, 1:6 and 1:8), amplificattemperatures570C, 600C, 620C,
6500 and amplification time (380 minutes)Optimised reaction conditions must strike a
balance between speed, sensitivity and reliability. FoPtHgiensisLAMP assay the
optimal conditions wera 1:8 primer rath with anamplificationtemperature o600C anén
amplification time o060 minutes All subsequent testing was performed using these

conditions.

4.4 LAMP specificitytest

Using the optimised reactiaronditions, specificity testg was conductedsinga
leaf sampleassumed to be infected wikh fijiensis gel cleaned PF1 PCR produahdDNA
from anothelPseudocercosporspecies andeverakelatives.Real time fluorescent
detection indicated amplification only occurried FijiansamplePF6 andthe positive
controt there was no amplificatiorof theremainingsamples (Figurd.2). This result was

confirmed bygel electrophoresid-{gure 43).

4.5 LAMP sensitivitytest

Using the optimised reaction conditions, specificity testing was conductedatsingpld
dilution seriesvith template quantities rangirigpm 1 ng to 1pg of gel cleaned PPCR
product. For both the real time (Figure 4.4) and endpoint (Figure 4.5) detection of DNA

amplification the minimum amount of DNA template detected was 1 pg.
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Figure 4.2 Real time visualisation of gecificity testing for the P. fijiensis LAMP assay.
A, 5 ngtotal DNA Strasseria geniculatlNZFS 1023; B, 5 ngtotal DNA Dothistroma pini
(NEB2); C, 5 ngtotal DNA Fusariumsp.;D, 5 ng total DNA Nigrosporasp.;E, 5 ngtotal
DNA Pseudocercosporsp. (ICMP2273); F.,5 ngtotal DNA from symptomatideaf tissue
sampleFiji PF6; G, 2 ng gel purified PCRoroducts from Fiji PE; H, no DNA control

Figure 4.3 Endpoint visualisation of specificity testingfor the P. fijiensis LAMP assay
using SYBR Safe following electrophoresis on a 1% TAE agarose. 1 kb plus ladderA,
5 ngtotal DNA Strasseria geniculatlNZFS 1023; B, 5 ngtotal DNA Dothistroma pini
(NEB2); C, 5 ngtotal DNA Fusariumsp.;D, 5 ng total DNA Nigrosporasp.;E, 5 ngtotal
DNA Pseudocercosporsp. (ICMP2273)); F,5 ngtotal DNA from symptomatideaf tissue
sampleFiji PF6; G, 2 nggel purified PCRoroducts from PE H, no DNA control
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Figure 44 Real time visualisation ofsensitivity testing for the P. fijiensis LAMP assay.
L, 1 kb plus ladderA, 2 ng gel purified PCRoroducts from PE B, 1 nggel purified PCR
products from PE C, 100 m gel purified PCRoroducts from PE D, 10 py gel purified
PCRproducts from PE E, 1 pg gel purified PCRoroducts from PE F, 100 fg gel purified
PCRproducts from PE G, 10 fg gel purified PCRporoducts from PE H, no DNA control.

Figure 45 Endpoint visualisation of sensitivity testing for the P. fijiensis LAMP
assay using SYBR Safe following electrophoresis on a 1% TAE agarokel kb plus
ladder; A,2 ng gel purified PCRproducts from PE B, 1 nggel purified PCRoroducts from
PFL; C, 100 m gel purified PCRoroducts from PE D, 10 py gel purified PCRoroducts
from PFL; E, 1 pg gel purified PCRoroducts from PE F, 100 fj gel purified PCRoroducts
from PFL; G, 10 fg gel purified PCRoroducts from PE H no DNA control.



Table 4.2 Detection times from sensitivity analysis of the. fijiensisLAMP assay

Quantity of target Amplification detected Detection time (mins)
2 ng (positive control) Yes 19.0

1ng Yes 20.5

100pg Yes 25.0

10pg Yes 335

1pg Yes 50.0

100fg No 5]

10fg No b

The real time detection of DNA amplification suggested that detection times were

longer for lower template concentrations (Table 4.2).

4.6 Sampling foP. fijiensisin PNG

4.6.1 Culturing forP. fijiensis

On initial culture plates of symptomatic leaf fragments fungal growth was observed-after 3
days on both PDA and MEA plates. For subcultures on PDA and NA plates fungal growth
wasobserved after-% days. Based on tlabservation of sporulatiomycelial growth and
development occurred faster on PDA than either MEA or NA. No fungal growth was
observed on initial culture plates of asymptomatic leaf fragments.

Pure isolates from each of the eight PNG sampling locatiors etaracterised as
belonging to one of four morphological groups based on colony colour (e.g., white or pink)
and growth characteristics (e.g., form of colony margin). These morphological groups are
referred to as types |, I, Il and IV. Colony types nez@d at each of the PNG sampling

locations are reported in Table 4.3.

4.6.2 DNA extractions
DNA was extracted from 2000 mg of infected leaf or mycelium tissue. Extractions
from cultured mycelium recovered 0063 ngfil total DNA wherea$.080.8 ngfil total

DNA wasrecoveredrom infected leaf tissuels

4.6.3ldentification of PNG cultured isolates

The nrITS region was PCR amplified and DNA sequenced for each of the 14
available PNG mycelial sampldsor samples SOG1 and SOG2 PCR fragments of two
different sizes were recovered; sequencing of the products consistent in size with those from
the remaining samples recovered usable sequence for only S0fs2quent BLAST

searches of the NCBI nucleotide databasiag the sequencescoveredrom 13 of thé



Table 4.3Morphological descriptions offungal colonies isolated from PNG

symptomatic leaf tissue samples

Samplecodes Colony description Type
Colour Form Elevation Margin

PAU1/PAU2 Whitish to light grey  Filamentous Raised Entire Type |
RIC1/RIC2 Whitish to light grey  Filamentous Raised Entire Type |
BAR1 White Irregular Flat Entire Type Il
GAI1/GAR2 Pinkishrwhite Filamentous Raised Entire Type IV
BOM1/BOM2  Whitish to light grey Filamentous Raised Entire Type |
LAL2 Pinkishrwhite Filamentous Raised Entire Type IV
BRO1/BRO2 Whitish to light grey  Filamentous Raised Entire Type |
SOGL/SOG2 White Filamentous Raised Curled Type Il

cultured isolates identifiedits with high coverage (e.g., 100 %) &ddntity scores (e.g., 99
100%) for each. None of the sequences from cultured isolates from PNG had high similarity
to publicly availableP. fijiensisnrITS sequences. Instead the sequences showed greater
similarity to species dligrosporaor Fusarium(Table 4.4).
!
4.7 Genetic testing fd?. fijiensis
4.7.1LAMP testing

Usingthe LAMP assayvith optimised reaction conditior fijiensiswas detected
from symptomatic leaf tissue samples colledtedh PNG and Fiji as well as cultured fungal
isolates from PNG. In all cases real time and endpoint visualisation of the LAMP assay
provided consistent resultBigures 4.6, 4.7) and f@aymptomatideaf tissue extracts
detection times were consistently-88 minutes (Table 4.5Although detected from both
sample typesletections were more commérom the symptomatic leaf tissuBd.4/16 (i.e.,
87.5%) PNG and 9/10 (i.e., 90%) Fijian leaf samleable 4.6; Figure 4.6, 4. Hut only
7/14 (i.e., 50%) of the culred fungal isolate€Table 4.7).

4.7.2 PCR testing

Results of confirmatory PCR testingiofected leaf tissue collected in both PNG and Fiji as
well as cultured fungal isolates from PNG wbreadlyconsistent with those of the
fijiensisLAMP assay Specifically, forsymptomatic leaf tissue sampRER amplification
product wererecovered for the saniel/16 PNG and 9/10 Fijian samples were indicated

to containP. fijiensisby theLAMP assay(Table 4.6)In contrastPCR amplification

product wererecovered foonly 5/14 (i.e.,36%) of cultured fungal isolatg3 able 4.7); this



Table 44 Results of BLAST queries against the NCBI nucleotide database using

nriTS sequences recovered from PNG cultured isolates

Sample  Taxa matched Results ocomparison Genbank accessions
PAU1 Nigrospora sphaerica 100%coverage, 100% identitt MK482388, MH793571
MH028054 MH645137
MH619724 HQ608063
PAU2 N. sphaerica 100, 100 MK482388, MH793571
MH028054 MH645137,
MH619724 HQ608063
RIC1 Fusarium equiseti, 100, 100 MH729012 MK990153
F. incarnatum, MK680159 MH879584
F. cf. incarnatum, MH87925Q MH857681,
F. sacchari MH521295 LS479416
LS479415MG655148

MH581383 MH578583
MH290470-MH2904 72,
KR3645%8-KR364600
KP453980KR047083
KM921664, KJ572780
EU595566 AY633745
RIC2 N. sphaerica 100, 100 MK482388, MH793571
MH028054 MH645137
MH619724 HQ608063
. incarnatum, 100, 100 MK336548 MN882828§
. equiseti, MN559437 MN227262
. oxysporum, MK990139 MH979697,
. sambucinam MK733980 MK530522
MK163439 MH879583
MH86600Q MH865892
MHB854778 LS4794D-
LS47944, MK334366
MH58130Q MH574897,
MH567074 MF044047
KY508359 KY52310Q
KX588103 HQ332532
. equiseti, 100, 100 MH729012 MK990153
. incarnatum, MK680159 MH879584
. cf. incarnatum, MH87925Q0 MH857681,
. sacchari MH521295 LS479416
LS479415MG655148

BAR1

L e

GAIl

L e



GAI2

BOM1

BOM2

LAL2

M T T M

N.

. equiseti,
. incarnatum,
. cf. incarnatum,

. sacchari

. incarnatum,
. equiseti,
. OXysporum,

. sambucinam

sphaerica,

N. osmanthi,

N. oryzae

N.

sphaerica

100, 100

100, 100

100, 99.24

100, 100

40

MH581383 MH578583
MH29040-MH290472,
KX845382 KY963137,
KR364600 KR364599
KR364598 KP453980
KR047083 KM921664
KJ572780 EU595566
AY633745

MH729012 MK990153
MK680159 MH879584
MH879250 MH85768],
MH521295 LS479416
LS479415MG655148
MH581383 MH578583
MH29040-MH290472,
KX845382 KY963137,
KR36453-KR364600
KP453980KR047083
KM921664 KJ572780
EU595566 AY633745

MK336548 MN882828
MN559437 MN227262
MK990139 MH979697,
MK73398Q0 MK530522
MK163439 MH879583
MH86600Q0 MH865892
MH854778 LS4794D-

LS47941, MK334366

MH58130Q MH574897,
MH567074 MF044047
KY508359 KY523100

KX588103 HQ332532
MK482388 MH79357],
MH028054 MH645207,
MH645137 MH619724
HQ608063HQ608062
MK333938 MH854878
MG832537 MG832493
MG832486 MG832473



MG832454 MF434826
MF186859MF186868
MF135664MF135666
MG603658MG603662
KX986004 KX985989
KX256179 KY883352
KX866880 KP73196,
KT966515 HQ608030
FJ478134
. equiseti, 100, 100 MH729012 MK990153
. incarnatum, MK680159 MH879584
. cf. incarnatum, MH87925Q0 MH857681,
. sacchari MH521295 LS479416
LS479415MG655148
MH581383, MH578583
MH29047GMH290472
KX845382 KY963137,
KR364598KR364600Q
KP453980KR047083
KM921664 KJ572780
EU595566 AY633745
BRO2 N. sphaerica, 100, 99.81 MK333946 MK333924
N. osmanthi, MH087476 MH087475
N. oryzae MK311280 MH619723
MH571758 MG83252Q
MG832511 MG832464
MG832461 MG832443
KM921666 MK131325
S0OG2 N. sphaerica 100, 100 MK482388 MH793571,
MH028054 MH645137,
MH619724 HQ608063

BRO1

pathogen had been detected using the LAMP assay fiveablf these samples.

BLAST searches of the NCBI nucleotide databasiag the DNA sequence for these 23

PCR fragments identified each as sharing 100% identity with the corresponding region of the
publicly availableP. fijiensismitochondrial genome (NC_04413Fpor theculturedfungal

isolates PCR fragments were recoveredbfad samples. All five of these samples had also

tested positive using the LAMP test aBHAST searches again indicated that the PCR
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Figure 4.6 Real time visualisationof LAMP testing for P. fijiensis. L, 1 kb plus ladder; A,
5 ngtotal DNA from PAUL; B, 5 ngtotal DNA from RIC1; C, 5 ng total DNA from SOG2
D, 5 ng total DNA from PF5; E, 5 ng total DNA from PF5; F, 5 ngtotal DNA from PP; G,

2 nggel purified PCRoroducts from PE; H, no DNA control!

|

Figure 4.7 Endpoint visualisation of LAMP testing for P. fijiensis using SYBR Safe
following electrophoresis on a 1% TAE agarosd., 1 kb plus ladder; A5 ngtotal DNA
from PAUZ, B, 5 ngtotal DNA from RICZ; C, 5 ng total DNA from SOG2 D, 5 ng total
DNA from PF5; E, 5 ng total DNA from PF; F, 5 ngtotal DNA from PP; G, 2 nggel
purified PCRproducts from PE; H,no DNA control.



Table 45 Pseudocercosporéijiensis LAMP assay detection times for DNA extracted

from symptomatic leaf tissue

Sample Amplification detected Detection time (mins)
PNG Yes 33
PAU1 Yes 33
RIC1 Yes 36.5
SOG1 Yes 33.5
Fiji
PF5 Yes 375
PF6 Yes 36
PF9 Yes 33
Positive control Yes 195
Negative control No b

Table 4.6Comparison ofresults from LAMP - and PCR-based testingfor P. fijiensis

from infected leaf tissue

Sample LAMP assay PCR test
Amplification Amplification Sequencéaseddentification
PNG
PAU1 Yes Yes P. fijiensis
PAU2 Yes Yes P. fijiensis
RIC1 Yes Yes P. fijiensis
RIC2 Yes Yes P. fijiensis
BAR1 Yes Yes P. fijiensis
BAR2 Yes Yes P. fijiensis
GAIl No No b
GAI2 Yes Yes P. fijiensis
BOM1 Yes Yes P. fijiensis
BOM2 Yes Yes P. fijiensis
LAL1 Yes Yes P. fijiensis
LAL2 Yes Yes P. fijiensis
BRO1 No No b
BRO2 Yes Yes P. fijiensis
SOGL Yes Yes P. fijiensis
S0G2 Yes Yes P. fijiensis
Fiji
PF1 Yes Yes P. fijiensis
PF2 Yes Yes P. fijiensis
PF3 Yes Yes P. fijiensis
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PF4 Yes Yes P. fijiensis
PF5 Yes Yes P. fijiensis
PF6 Yes Yes P. fijiensis
PF7 No No b

PF8 Yes Yes P. fijiensis
PF9 Yes Yes P. fijiensis
PF10 Yes Yes P. fijiensis

Table 4.7Comparison ofresults from LAMP - and PCR-based testingor P. fijiensis

from cultured fungal isolates

Sample LAMP assay PCR test
Amplification Amplification Sequencéased identification
PNG
PAU1 Yes Yes P. fijiensis
PAU2 Yes No b
RIC1 No No b
RIC2 Yes Yes P. fijiensis
BAR1 No No b
GAIl No No b
GAI2 Yes No b
BOM1 Yes Yes P. fijiensis
BOM2 No No b
LAL2 No No b
BRO1 No No b
BRO2 No No b
S0OG1 Yes Yes P. fijiensis
S0G2 Yes Yes P. fijiensis

fragments shared identity with fijiensis Samples B2 and H2 had tested positive using the
LAMP assay but no PCR fragment was recovdiiable 4.7).



Chapters

Discussion

5.1 Introduction

This chaptediscusses thdevelopment and implementationadpecific and
sensitive loop mediated isothermal amplification test Raffijiensis Leaf tissue samples
from PNG and Fiji with visual symptoms consistent with Black Sigatoka diseasd¢estrd
usingtheassaydevelopedThese testsdicated the presence Bf fijiensisin most of the
field collected samples, with all positive resul&sified usinga PCR testln contrasthe
pathogen was identified with lowéequencyfrom fungal isolates cultured from sections of

the same PNG leaf tissue samples.

5.2 TheLAMP assay

TheP. fijiensisLAMP assay developed in this thesis targetadgion of the
mitochondrialsmall ribosomal subunit (ssRNAEne.Designed using therimerExplorer
V5 the assaygonsisted ofour primersbaforward outer primer (F3), backward outer primer
(B3), forward inner primer (FIP) and backward inner primeP{(BTable 4.). Using
PrimerExplorer V3oop primers could not baesignedlikely because thdistancebetween
theF1/F2andB1/B2regions where loop primers would otherwise biveteshort (i.e., 21
base pairgaclh) andGC content low (i.e., 21.4%JFigure 4.1).

Optimisationof LAMP reaction conditionindicatedthat al:8 ratioof the outer to
inner primer pai with an amplification temperature of @@Cwas optimal for this assay.
Based on sensitivity testing and preliminary results from diretih¢esf field collected
tissue samples amplification time of 60 minutewas consistently usetlsing these
conditions ang PCR amplification product agtemplate the detection limit was 1 pg
Given Avogadro's number (i.e., 6.0221023 molecules/mole), the predicted length of the
amplification product (i.e1024nucleotide}, and average weight of a base pair (i.e., 650
Daltons)this limit corresponds$o 9.1! 10° copiesof the targetFor Saccharomyces
cerevisaghe number ofmitochondrial genome copies per dsl20-200 (Williamson, 2002)
Althoughmitochondrial genome coungse likely to differ betweetaxa or life stagethis
count impliesperhaps 45000ells wouldbeneeadin order to detedp. fijiensis Sensitivity
differs between LAMP assayfiowever this count seems relatively hifshcontrasta
recentlyreportedLAMP assay folPhytophthoa agathidicidadetecedas few as 116 copies
of the assay target in ZZb minutes \(Vinkworth et al., 202D A key difference between this

assay and the. fijiensisLAMP assay presented here is the inclusion of loop primers. In



LAMP assays théoop primersdo not cotribute to reaction specificity, insteadoviding
additional sites for primer binding and thby increasing the efficiency of the LAMP
reaction(Gadkar et al., 2018Jagamine, Hase, Notomi, 200Rphatensky et al., 20L8The
lack of loop primers in thigasedlikely limits the sensitivity of thé. fijiensisLAMP assay.
Specificity testing sed optimizedreactionconditionsas well as several other
Ascomycotinae.g.,Mycosphaerellapini andPseudocercosporsp) and fungal pathogens
of Musaspecieqe.g.,Nigrosporasp.andFusariumsp.) No amplification was observed
usingreaktime or endpoint approaches for thasmtarget specielearly a larger set of
taxa need to bexaminedn order toevaluate thgotential forassaycross reactivity. That
said, sequence compansousing publicly available data suggest @vaner binding sites
for theLAMP assayare disrupted by length variations in even closely related
Pseudocercosporspecies (e.g.P. eumusad’. mwsicold). Specifically, the innermost
portions of both the FIP and BIP primers have been parbalbpmpletly lost (i.e., sites F1
and B1 in Figure 4.1) along with the OstemO of the LAMP prcotheioss of thigortion of
thesequence is likelyo reflect differences in theonformation of the foldedsRNA
moleculebetweerP. fijiensisand closely relatedpeciesGiven thatsize differences appear
to differentiate thé®. fijiensistarget sequence from the corresponding regi@ven closely

related taxahis increases the chances tthetassayis specific toP. fijiensis

5.3 Implementation of the LAMPRest

Once hereaction conditions were optimised tRefijiensisLAMP assay wasised
to evaluatesamplesollectedfrom banana plantations Hiji and PNG.Samples included
DNA extracted from infected leaf tissue samples and DNA extracted from cultunga
isolates.

Testing of infected leaf tissue samples usingRthgjiensisLAMP assay indicated
the presence d?. fijiensisin all but two PNGsample (i.e., 87.5% positiveand all but one
Fiji sample(i.e., 90% positive). In the case of the PMNE tissue samples, at least one
samplefrom each site tested positive for fijiensis A standard®CRtest using primers that
targetthe same region of ttesRNA as the LAMP assayas used to verify the results of the
LAMP assayResults of this test were consistent with those of &P assay}P. fijiensis
was again undetected from sam® PNG and one Figample. For each sample in which a
PCR amplified fragment was recovered, BLAST searches of the NCBI nr database using the
DNA sequence athe fragmentecovered #. fijiensisssRNA sequence with 100% identity.
These results strongly suggest that although the sensitivity &% fijeensisLAMP assay
described heres lower than several otheAMP assays (e.g\Winkworth etal., 2020 the
detection threshold is below thapically encountered when testing symptomatic plant

material.



Traditional methods were used to isolate a pair of fungal cultures from each of the
same symptomatieaf tissue sampless used for direct tésy. Standard PCR and
sequencing of the nrITS region together vVBIbLAST searches of the NCBI nr databagere
then used to identify each of these fungal isolates. Based on sequence similarity these
isolates werédentified as eitheFusariumsp.or Nigrosporasp.; whereBLAST searches
identified bothisolates from @&inglesitethey were often suggested to represent different
genera despite growth characteristics suggesting no difference betweekthexample,
all the isolatesrom BOM, BRO and RC were identifiedType 1 (Table 4.3) although for
each site one isolate was identifiedrasariumsp.and the otheNigrosporasp.based on
sequence similarityzor seven isoalteBLAST searchesising the recovered nrITS sequence
sequencenatchedepresentatives dlligrosporasp. In five casethe sequence was uniquely
matched to sequences fraWigrospora sphaericaa pathogen that causes a red
discolouration in the centre of thnandruit; for the remaining twasolatesthis species
was amongdhe possible matches (Table 4.4). Six isolates wdenetified asFusariumsp. For
each of these isolates there were four possible matectieforat leastwo, F. oxysporum
the causal agent of Panama diseaasamong those species identifi€thble 4.4)

Although this initial testing of the cultured isolates did not indicateRhéfiensis
had been recoveresdybsequentestingof cultured isolates usintpe LAMP assay suggested
the presence of this pathogen in 50% of the samples. At face val@stiits of nriTS
sequencing and LAMP testing appear to be inconsistent. However, presence of the pathogen
was also suggested BACR amplificatiorusingP. fijiensisspecific primersBLAST
searches of the NCBI nr database using the DNA sequence of thggsetita recoveredRL
fijiensisssRNA sequence with 100% identity

A possible explanation for the apparent discrepancy between the resulfEDf
sequencing and LAMP testing thatassayspecificityis lower than suggested by initial
testing.Results for the cultured isoalat@® due to false positiveldowever, this seems
unlikely as thd AMP assaywaspostive for isolates ideritied as botiNigrosporasp.and
Fusariumsp. suggesting that amplification does not result from a sequence match
charactistic of a particular group. Moreover, match scores between the LAMP target
sequence iR. fijiensisand thecorresponding region iNigrosporasp.andFusariumsp.are
low. For examplegomparisongo the complete mitochondrion genome efisarium
oxysporun{NC_017930) matched tHe fijiensistarget sequence in two sections one of 68
nucleotides with 97% identity and the other of 55 nucleotides withig@#tity; the second
of these two segemexwas inverted irF. oxysporunrelative toP. fijiensissuggesting that
the primer interactions necessary for ampliciation would be disrupted.

An alternative and more likely explanation given the sequencing results is that the

original isolatesonsisted of mixture of fungaspecieslt is recognised thaR. fijiensis
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grows more slowly omrtificial media(Leiva-Mora et al., 2008Mulder & Holliday, 1974
PZrezVicente, 2012 and it is therefore possiblkatthis pathogen was present but not
observed duringhe culturingprocessAs aresult,DNA extractedrom thesdsolateswould

have contributions frorboththe nontarget species arfel. fijiensis Moreover,asP. fijiensis

was not detected visually it is likely to have made up a relatively small proportion of the
DNA extracted from these isolates. If so then it is perhaps not surprising that amplification
and sequencing on the nrITS resulted in apparently unequivocal lggelglentifications.

The more common sequence type could have been preferentially amplified meaning that a
single nriTS sequence type was recovered DNA sequenidirag said, it should be noted
thatseveral of therlTS sequences were characterised lopiséary peaks indicating that at
least one other sequence type was present amongst the PCR products. Although it was not
possible to determine the nucleotide sequence from these secondary peaks this observation is

consistentvith LAMP results suggesting ¢éhpresence d?. fijiensisin these samples

5.4 Implications ofLAMP testing

Previously only Davis et al. (2000) appear to have recorded labotlassed
detections oP. fijiensisfrom PNG,these authors suggestititatthe pathogerwas already
common.That said, prioto this study anecdotal evidence suggestedRhéifiensiswas
present abnly one of thesites sampled iRPNG. Consistent with Davis et al.Os (2000)
suggestion that black Sigatoka disease alasadycommon symptoms consistent withis
diseaseChurchill, 2011)were noted at all theNG samples sitesAlthoughfoliar symptoms
were noted at all sites, the exagmptoms varietbetween thenperhaps as a result of the
differences in the age of the infection or pathogenicity of thetimfg strain.ThatLAMP
testingdetectedP. fijiensisin at least one sample from &NG sampling sitegertainly
suggests that this pathogen is likely to be widely distributed acrossafustricts included
in this study Although more extensive samplimgpuld be neededb fully characterise the
distribution ofP. fijiensisacross PNG, given the resultsdvis et al.Os (2000) and those
presented here as well as the hiligpersibilityof this pathogeilit seems likely thait will be

widespread

5.5 Prospects and limitations

The aim of the current study wasdevelop,and laboratory validate simple, rapid
LAMP assayfor thedetecion of P. fijiensis, the causal agent of black Sigatoka disease of
bananaA set of optimised conditions weestablishedand an evaluation of the assay
suggests that it providesspecific diagnostic for the detection of the pathogen from field

collected leaf samples and fungal culturBise results of the current thesis aremising,



howeverfurther workwith field samples is now needed. In particular, selection of field
samples for this study was basedtloapresence o¥isual ymptoms In the case of black
Sigatoka diseasgampling of diseased tissue is a reasonable igival as symptoms of this
disease cahe confounded with those of closely related pathogens. However jsvooky
neededo determine whether the pathogen can be detected p(@igto of airborne spores)
or early in thdanfection cycle. Being able to pin place interventionsefore symptoms
begin to impact productivity maynprove outcomefor growers

Currently, molecular diagnosti¢sr plant pathogens is not performed in PNG.
Instead samples aregularlysent tolaboratories ireither Australia oNew Zealand for
testing. Such testing is difficult to carry out in developing countries like PNG because the
requirements for specialised consumables, infrastructure and personnel are not easily met.
LAMP assays provide an alternative; sensitive diagnetitat are cheap, simple and robust
enough to be carried out in low infrastructure settisgeh @sa, including thatleveloped
in the present thesis, hathe potential to greatly improve tlsapacity anaapability in
countries like PNG. For examplgtaff attheKilakila Plant HealthLaboratorycurrently
extractDNA from samples and then send these overseas for diagnostic teihitige
resultsonly receivedweeks or monthkater. Given the capacity and capability for DNA
extraction it is not unreasonable to expect that teasge staffmembers couldbe using
LAMP assaygo conduct testing for many plant pathogah¢he Kilakila laboratory
Although the ultimate goal may be to kgidiagnostic testing to field sites, in the case of
PNGan important first step may be to makeleculardiagnostic availabe in countryo do
so woulddramatically reduce the time needed to implentésgase managemeprotocols

and potentiallydramatic mpacts on productivity and food security.
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