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General Introduction

Banana: a plant at risk

Banana is a monoecious monocotyledonous plant belonging to the family Musaceae. It is the
largest herbaceous plant in the world, which is often considered a tree as it grows normally
up to approximately 5 m in height and is fairly robust. However, the stem is a pseudostem
that grows from a corm (Simmonds, 1962; Swennen and Rosales, 1994; Swennen et al.,
2011). The cultivated bananas we are now enjoying are mostly polyploids of either Musa
acuminata (AA, 2n=22) or natural hybrids with M. balbisiana (BB, 2n=22) (Simmonds and
Shepherd, 1955). The center of origin of banana is in Southeast Asia where diversity is
greatest, including many different types of sweet dessert and cooking bananas (Heslop-
Harrison and Schwarzacher, 2007; Perrier et al., 2011; Simmonds and Shepherd 1955). From
Southeast Asia, bananas were transported to East and West Africa by early human migration
and then to the Americas during colonization, which eventually initiated the commercial
cultivation of bananas (d’"Hont et al., 2012; Koeppel, 2008; Marin et al., 1998; Perrier et al.,
2011; Ploetz et al., 2003; Robinson and Sauco, 2010).

Of the approximately 1,000 banana cultivars identified in more than 150 countries, only a
minority is cultivated. Global banana production relies on a few triploids (AAA, AAB, ABB)
accounting to 75% of the total production comprising Cavendish subgroups (~20 cultivars,
46%), plantains (~120 cultivars, 15%) and the East African highland bananas (~150 cultivars,
39%) (Lescot, 2017). These bananas are produced as food security and cash crop (Karamura
et al., 1998) or for the export trade (Robinson and Sauco, 2010). In the Philippines, 87
banana cultivars are cultivated either as sweet dessert, cooking or dual-purpose bananas,
of which 31 are unique compared to other banana cultivating countries in Southeast Asia
(Valmayor et al., 2000). The major cultivars are the Cavendish varieties ‘Grande Naine’ and
‘Williams’ for the fresh export market. The local varieties Saba/Cardaba (ABB) are mostly
used for the production of chips and crackers and Lakatan (AA), Bungulan (AAA), Latundan
(AAB) and ‘Sefiorita’ (AA) are cultivated for fresh export and local markets (Molina, 2004;
Valmayor et al, 2000).

As bananas grow best in areas with sufficient water, it is now widely cropped in regions
between 30°N and 30°S latitude in nearly 135 countries (Ploetz, et al., 2003). With a total
annual production of more than 148 million tonnes (FAOSTAT, 2016), banana ranks high as
a major food crop (Aurore et al., 2009). Of these, nearly 85% of the total production is for
local consumption and only 15% represents export bananas for the international market
(FAOSTAT, 2013). Countries like India, China, Philippines, Brazil and Indonesia are among
the top producers. The starchy cooking bananas are a staple food for approximately 500
million people (Collins, 2014). In Uganda, banana is an important cash (Shively and Hao,
2012) and staple crop with daily consumption of approximately 1.6 kg per capita (Thornton
and Cramer, 2012). It is a good source of carbohydrates, potassium, calcium, phosphorus
and vitamin C, vitamin A, thiamine, riboflavin and niacin (Stover and Simmonds, 1987). The
international trade in bananas augmented dramatically since the 1970s with Ecuador, the
Philippines, Costa Rica, Guatemala, Colombia, Honduras, the Dominican Republic, Cote
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d’lvoire, Mexico and the Canary Islands as key exporters. Together these countries exported
18.6 million tonnes in 2016, primarily to the United States of America, Europe, China, Japan,
the Middle-East and the Republic of Korea (FAOSTAT, 2016).

Most edible cultivars are sterile with no or low seed set, and therefore vegetatively
propagated using suckers or rhizomes (Ortiz et al., 1995; Simmonds 1962). Since the 1970s
tissue culture dramatically impacted the banana business (Dore-Swamy et al., 1983; Gowen
et al., 1995), resulting in the generation of millions of healthy plants that are shipped locally
and internationally (Vuylsteke, 1989). This contributed to the development of a banana
monoculture, which is vulnerable and prone to spreading diseases and pests. The genetic
uniformity is a vehicle for the dissemination of major diseases that threaten the trade but
also many locally produced varieties (Blomme et al., 2013; Dita et al., 2013; Garcia, 2019;
Jones, 2002; Jones, 2009; Ploetz et al., 2015). Major viral and bacterial banana diseases
include (Jones, 2009) banana bunchy top virus (BBTV), causing chlorosis of leaves and
rosette growth and low yield (Hooks et al., 2008), banana mosaic virus (BMV) caused by
cucumber mosaic virus, initiating characteristic linear patterns of chlorosis and mosaics in
leaves and fruit (Jones, 2002) and banana bract mosaic virus (BBMV) transmitted by the
aphid species Pentalonia nigronervosa, Aphis gossypii and Rhopalosiphum maidis, causing
a reddish-brown mosaic in the pseudostem or long stripes scattered unevenly in the petiole
and leaf lamina. The most important bacterial wilts are Moko disease that is caused by
Ralstonia solanacearum biovar 1 race 2 making the pulp inedible due to hardening and
discoloration of vascular tissue (Fegan, 2005; Hayward, 2006; Jones, 2009; Valdez, 1985) and
Xanthomonas wilt caused by Xanthomonas vasicola pv. musacearum (Biruma et al., 2007).
However, fungal diseases pose a major threat on global banana production. Black Sigatoka
is caused by Pseudocercospora fijiensis - an economically important and pandemic disease
affecting productivity and fruit quality (Arango et al., 2016; Diaz-Trujillo et al, 2017; Churchill,
2011; Marin et al., 2003; Romero and Sutton, 1997). Due to the extreme susceptibility of
the major banana varieties and the globally reducing sensitivity to the major control agents
(Chong, 2016; Diaz-Trujillo et al, 2017) and the associated environmental and occupational
health concern, fungicides are the main means of control (Riséde et al., 2010).

Panama disease
Biology and disease development

Panama disease or Fusarium wilt is currently considered as the most important threat of
global banana production (Ploetz et al., 2015). Previously, the causal agent was named
Fusarium oxysporum f.sp. cubense - abbreviated as Foc - (E.F. Smith) W.C. Snyd. & H.N. Hans.
(Waite and Stover, 1960). However, over long it was recognized that Foc has a polyphyletic
origin (Baayen et al., 2000), which essentially means that the genetic diversity in Foc is large
and that some genotypes are closer to other Fusarium spp. than to each other (Laurence
et al., 2014; O’Donnell et al., 1998). This underscored the need for improved classification,
resulting in the recognition of vegetative compatibility groups (VCGs). However, these do not
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have a taxonomical relevance. Moreover, recent analyses showed that the number of VCGs
is expanding with sample size (Orddéfiez, 2018). Therefore, the taxonomical classification of
Fusarium spp. causing Panama disease required a thorough revision. Maryani et al. (2019),
therefore, used advanced genotyping technologies and detailed morphology to conclude
that, indeed, Foc contains a suite of different Fusarium spp., which were consequently
renamed (Maryani et al., 2019).

The causal fungi are soil-borne hypomycetes and related to more than 100 formae speciales
of F. oxysporum that mostly initiate vascular wilts in flowering plants. Colony characteristics
of the Fusarium spp. causing Panama disease are white to purple on PDA growing 4-7 mm
a day at 24°C and with a moderate to profuse aerial mycelium (Leslie & Summerell, 2006).
They produce conidiospores comprising macro- and microconidia, which are initiated on
branched and unbranched monophialides. Macroconidia are four to eight-sickled-shaped
cells with sizes from 27-55 x 3.3-5.5 um (Figure 1). Microconidia are one or two-celled
spores ranging from 5-16 x 2.4-3.5 um usually oval to kidney-shaped (Figure 1). These fungi
also produce chlamydospores, normally 7-11 um in diameter (Figure 1), which are resting
spores that are formed — either singly or in pairs — on senescing hyphae or conidia under
abiotic stress conditions (Ploetz et al., 2003). The Panama disease causing fungi probably
co-evolved with their Musa hosts in the center of origin in Southeast Asia (O’'Donnell et
al.,1998; Groenewald et al., 2006; Fourie et al., 2009; Orddiiez et al., 2015; Mostert et al.,
2017), resulting in a wide genetic diversity (Maryani et al., 2019). Horizontal gene transfer
may play a significant role in the evolutionary history of Fusarium spp. associated with
Panama disease (Fourie et al., 2009; Ma et al., 2010).

A B

Figure 1. Morphology of Fusarium spp. spores marked with green fluorescent protein which includes
macroconidia (A), microconidia (B), and chlamydospores (C) (Adopted from Guo et al., 2014).
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Figure 2. Infection cycle of Fusarium spp. in banana host.

The host, as an immediate response to non-self molecules, usually attempts to stop initial
infections by vascular occlusions, such as the formation of gels, gums or tyloses, to prevent
the advancement of the pathogen in the vessels (Beckman, 2000; Okubara & Paulitz, 2005).
This early pathogen-induced occlusion is strengthened by the production of phenolic
compounds that in turn lignify these physical obstructions thus limiting the colonization of
the pathogen in the xylem vessels. In the case of compatibility, such as the Cavendish-TR4
interaction, this will not work as the pathogen rapidly advances in the xylem ahead of this
defence mechanism. In addition, conidia are also produced in the xylem vessels of the host
and are distributed rapidly through the transpiration-driven waterflow in the plant, thereby
intensifying the spread. Invasive hyphae are then produced that colonize new sites and thus
repeat the cycle (Beckman, 1969; 1989; 1990; Vandermolen et al., 1977). During and after
plant collapse the fungus also produces persistent chlamydospores, that can survive decades
in the soil, on plant debris or in the rhizosphere (Schippers and Van Eck, 1981, Hennessy
et al., 2005; Pittaway et al.,, 1999; Su et al.,1986). The external manifestation of Panama
disease includes the chlorosis of the old leaves prominently around the margins (Figure 2),
wilting and buckling of the leaves at the petiole base. As the disease progresses the leaves
will collapse and form a “skirt” of dead leaves around the base of the plant. Splitting of the
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pseudostem is also associated with Panama disease. Internal symptoms are evident in the
pseudostem (Figure 2) and rhizome (Figure 2) as initially yellow and subsequently reddish-
brown to maroon discolorations that in severe cases will increase and stain deeply. In early
stages of infection, Panama disease is often mistaken for nutritional problems, water stress
or Moko disease. However, these do not usually result in discoloured vascular tissues and
Moko disease normally affects the fruit, causes wilting and chlorosis on younger plants and
merely discolours the centre of pseudostem (Ploetz, 2000; Ploetz et al. 2003; Stover 1962;
Su et al., 1986; Vicente, 2004).

The genetic diversity for pathogenicity of Fusarium spp. infecting banana is limited. There
are just four known races known, which is based on the response of a small panel of banana
varieties to Fusarium spp. causing Panama disease (Stover, 1962). Species of race 1 are
pathogenic on Gros Michel and also infect Silk (AAAA), Pome (ABB), Pisang Awak (ABB),
Maqueno (AAB) and hybrid ‘1.C.2" (AAAA) and is globally distributed. Strains of race 2 affect
cooking bananas, particularly in the ABB subgroup and some tetraploids and is endemic to
Central America. Race 3 is not any longer considered a banana pathogen as it attacks wild
Heliconia spp. Finally, strains of race 4 are currently the most destructive and contagious
attacking germplasm that is susceptible to races 1 and 2, as well as cultivars in the Cavendish
group and many local varieties other cultivars such as cv. Pisang Masa (Garcia et al., 2019).
Race 4 strains are divided in either subtropical race 4 (ST4), which can infect and cause
disease under abiotic stress, and the aforementioned TR4 that threatens contemporary
banana production and is a unique genotype (VCG01213).

Dispersal and epidemiology

Panama disease is globally distributed, particularly in the banana-producing regions both
in the tropics and subtropics (Ploetz, 2000). Although the causal Fusarium spp. originate
in Southeast Asia (Maryani et al., 2019), the earliest report of Panama disease was in
Australia in 1876 (Bancroft, 1876). In the 1920s race 1 strains caused a major epidemic in
Central America (Soluri, 2002; Marquardt, 2001; Ploetz, 2008; Ploetz, 2015; Stover, 1962)
that wiped out at least 50,000 ha. of the Gros Michel based industry. Despite manifold
agronomic measures to control the disease, the epidemic was eventually only quenched
by adopting Cavendish varieties that are resistant to race 1 (Marquardt, 2001; Soluri, 2002).
These saved and eventually globalized the industry. However, the appearance of TR4 in
Southeast Asia recommenced this nightmare. Although precise figures are lacking, several
hundred thousand hectares of banana plantations have currently been affected (Ordoéfez
et al., 2015). Cavendish infections were first observed in Taiwan and were most likely due
to TR4 where it reached a peak in 1976 (Su et al,, 1986) making them less competitive
in the export trade. Since then, the dissemination has been poorly monitored. In the
1990s, TR4 infestation prompted the abandoning of Cavendish plantations in Sumatra,
Java, Sulawesi, Halmahera and Papua in Indonesia. In Malaysia, TR4 was contained in the
peninsular area (Molina et al., 2009). Cavendish was also attacked by TR4 in the Northern
Territory of Australia (near Darwin) in the years 1977 through 1999. Early detection and
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strict implementation of quarantine policies impeded the further spread of the disease
(Bentley et al., 2001), until TR4 surfaced in the banana belt of Northern Queensland in 2015
and 2017 (Dale, 2018; O’Neill et al., 2016; Australia Department of Agriculture and Water
Resources). The movement of planting material and lack of strict quarantine regulations
were hold responsible for the dissemination in China, reaching from the Eastern province
of Fijian, to the southernly provinces Guangdong and Hainan, and henceforward to the
South Western provinces Guangxi and Yunnan (Chittarath et al., 2017; Hung et al., 2017,
Li et al., 2013; Molina et al., 2009; Mostert et al., 2017; Zheng et al., 2018). From there,
TR4 has disseminated into the greater Mekong region with incursions in Vietnam, Laos
and Myanmar (Zheng et al., 2018). Taken together with recent outbreaks in the Indian
subcontinent, the Middle East, Africa and even the United Kingdom (Anonymous, 2018;
Garcia et al., 2014; Maymon et al., 2018; Orddiiez et al., 2016; Ordofiez et al., 2015; Ploetz
et al., 2015b; Thangavelu et al., 2019) and recently in Colombia (https://www.sciencemag.
org/news/2019/07/devastating-banana-disease-may-have-reached-latin-america-could-
drive-global-prices) (Figure 3),the danger of TR4 expansion cannot be underestimated and
jeopardizes both the export industry as well as the livelihoods of many small holders. The
above narrative, underscores that despite Panama disease is caused by a range of soil-
borne fungi, intra-and inter-continental migration has taken place and similar to other pests
and diseases (Gurr et al., 2011; Fisher et al., 2012; Stuart et al., 2004), man apparently
plays a significant role as a vector (Marin et al., 1998; Ploetz, 2015; Zheng et al., 2018).
Irrespective of the absence of concrete scientific evidence, other factors have also been
considered responsible for dispersal. Surface water movement such as irrigation water was
deemed for the rapid spread of Panama disease (Su et al., 1986) as well as the movement
of farm machineries, implements and soil. Root-to-root contact between diseased and
healthy plants was deliberated. Additionally, weeds were considered as possible drivers of
Panama disease spread because they can be reservoirs facilitating the lateral transmission
of the causal agents (Hennessy et al., 2005; Pittaway et al., 1999; Vicente, 2004). Therefore,
studying the epidemiology of Panama disease causing Fusarium spp. is a must.
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Figure 3. Global distribution of Fusarium odoratissimum tropical race 4. The presence in countries
with red dots were confirmed while orange dots implies presence of TR4 but no formal publication
(adapted from www.panamadisease.org).

The banana industry in the Philippines developed primarily after the decline of abaca, Musa
textilis, as a fiber crop (Valmayor et al., 2002). This was due to the development of nylon
fibers and hence the industry turned to Cavendish production in 1970s and developed to
one of the major exporters, primarily to Japan, Korea, China and the Middle East (Philippine
Banana Growers and Exporters Association, PBGEA). In the Philippines, different VCGs (such
as 0122, 0123 and 0126), which are now recognized as F. phialophorum, F. oxysporum and
F. purpurascens, respectively; Maryani et al., 2019) set off approximately 30,000 ha (sweet
dessert bananas as cv. Cavendish, Latundan and Lakatan) in the years 1974 through 1991.
This massive eradication was associated with water logging (Magnaye, 2001; Roperos and
Magnaye, 1991), and the cooking banana Saba/Cardaba also succumbed to the disease.
From the highlands, a more aggressive Fusarium infection was reported in Cavendish farms
and later even at sea level that was later identified as TR4 (Molina et al. 2009). Panama
disease rapidly reached economic proportions when it devastated commercial and small-
scale banana plantations in Mindanao (Molina et al., 2008; Mostert et al., 2017). Currently,
the government is intensifying its efforts to manage the disease together with manifold
national and international partners (Philippines Department of Agriculture). However, the
socio-economic impact of TR4 has continued to increase as the pathogen spreads to newly
developed cultivation areas - or expansions - that are driven by the impact of Panama disease
in China which translates to increased market demands. Unfortunately, there is currently
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no effective long-term disease management strategy at hand. Therefore, growers tend to
accept any potential alternative to continue banana cropping, including the widely accepted
replacement of Cavendish cultivars (Banana Asia Pacific Network, 2017), by the so-called
Giant Cavendish Tissue Culture Variants (GCTCVs) developed by Taiwan Banana Research
Institute. This germplasm, however, is at most less susceptible to TR4 and hence, only a
temporary postponement of the tipping point of the epidemic (Dale et al., 2017). For those
that depend on banana as cash or food security crop, such pompously advocated solutions
are at most merely temporary and eventually inadequate alternatives that undermine
trust in scientific research, which is the worst-case scenario for an ever expanding problem
(Butler, 2013; Kema & Weise, 2013; Orddiiez et al., 2015).

Disease Detection

In considering plant disease epidemiology i.e. studies of disease spread and pathogenic
relationships, the unambiguous identification of causal agents is an absolute requirement,
which is also a necessity for the implementation of quarantine measures (Jimenez-Diaz et
al., 2015; Lin and Lin, 2016; McCartney et al., 2003). Although it is fairly difficult to identify
symptoms during the early stage of infection, conventional identification of Panama
disease relies on visual inspection in the field and or subsequent isolation of fungal strains
and subsequent culturing, morphological identification and pathogenicity tests (Leslie &
Summerell, 2006). These methods are time consuming and depend largely on the expertise
and accuracy of individuals performing the diagnosis (Lin and Lin, 2016; McCartney et al.,
2003). Unfortunately, Panama disease symptoms can only be observed during advanced
stages of pathogen infection (Ploetz, 2000) and classical methods for identification are
frequently puzzling due to false positives or negatives. Therefore, the aforementioned VCG
analyses, which is based on heterokaryon formation between compatible isolates sharing
a common allele at each vic locus (Correll, 1991; Leslie, 1990; Leslie et al., 2007), truly
supported identifications of particular genotypes such as VCG01213 that represents TR4.
However, VCG analyses can significantly delay diagnosis due to the lack of tester sets and
are overall time consuming (Garcia-Bastidas et al., 2014; Leslie & Summerell, 2006; Molina
etal., 2009; Ordofiez, 2018). They are therefore not suitable for rapid action upon suspected
TR4 incursions.

Molecular tools revolutionized epidemiological studies as they can pre-symptomatically
detect pathogens potentially providing farmers with an effective management tool (Schaad
et al., 2003). However, the specificity and sensitivity of these molecular diagnostics needs
to be scrutinized before they can be used to better understand the temporal and spatial
dynamics of pathogen dispersal (Lin and Lin, 2016; McCartney et al., 2003). Currently, DNA-
based diagnostics for TR4 are available such as polymerase chain reaction (PCR) primers
(Dita et al., 2010; Lin et al., 2009; Fraser-Smith et al., 2014), real time-PCR (Aguayo et al.,
2017; Lin et al., 2013;Yang et al; 2015), loop mediated isothermal amplification (LAMP) (Li
et al., 2013), real-time LAMP (Peng et al., 2014) and insulated isothermal PCR (Lin et al.,
2016). These undoubtedly improved the detection capacity of TR4, but in many cases the

16



General Introduction

specificity of these diagnostics was insufficient as race 4 strains comprised STR4 and TR4
that correspond to 10 different VCGs including VCG01213 (Buddenhagen, 2009; Maryani et
al., 2019; Ordodiez, 2018). The TR4 primers of Dita et al. (2010) have proved the required
specificity for TR4 across hundreds of different Fusarium strains (Maryani, 2019; Orddnez,
2018) and were therefore commercialized to support the industry with a standardized
protocol enabling comparison of data across laboratories (ClearDetections, http://www.
cleardetections.com/index.php/home/). In all new suspected TR4 incursions these primers
confirmed its presence and enabled the implementation of quarantine strategies (Dale et al.,
2017; Garcia et al., 2015; Maryani, 2019; Ordofiez et al., 2016; Zheng et al., 2018). Despite
its accuracy, this diagnostic requires a laboratory and experimental skills. Therefore, an
easy to use on-site diagnostic kit would facilitate the industry as well as advanced methods
to detect TR4 in complex substrates such as soil, water or by swaps of farm implements.
Such methods would greatly aid in charting the dispersal of TR4 propagules and could also
support breeding programs if they enable quantification of the fungus.

Disease management

Currently, there are no commercially available fungicides to control the disease. Yet, many
products are advocated as solutions for TR4, but their efficacy to control Panama disease
has never been accurately demonstrated under field conditions (Belgrove et al., 2011). The
majority of diseases caused by soil-borne pathogens is too complex to be controlled by
traditional methods (Weller et al., 2002). Integrated disease control methods, however,
that link novel technologies with traditional expertise and practice, provide an outlook to
effectively manage these diseases. Panama disease is no exception as it cannot be directly
controlled, unlike other banana diseases that can be directly managed with fungicides or
biologicals (black Sigatoka) and physical (bunchy top disease) methods (Katan, 2000; Weller
etal., 2002). For decades, scientists and agriculturists all over the world have tried to develop
a cure for Panama disease, including the once preferred inundation (Marquardt, 2001;
Soluri, 2002) but lacked the tools to actually measure the efficacy of the applied methods.

In the Philippines, disease management is practiced by chopping down infected plants, and
covering the remains with rice hulls or wood that is set on fire for slow release sanitation
by heat. Alternatively, plants are left standing until they die, a strategy practiced in China.
These methods have significant drawbacks as they do not kill (all) inoculum in the soil
(across different depths) and have no effect on nearby asymptomatic plants. Chemical
measures by using methyl bromide (Herbert and Marx, 1990) or carbendazim and potassium
phosphonate (Lakshamanan et al., 1986) are hazardous for the environment and do not
give satisfactory disease control (Prather, et al., 1984; Ristaino and Thomas, 1997; Duniway,
2002; Subbarao, 2002; Fravel et al., 2003). Biocontrol by using antagonistic microorganisms
implicated from suppressive soils have also been studied and include the effects of
actinomycetes (Meredith, 1943; 1946; Cao et al., 2005), Pseudomonas fluorescens (Akila
et al., 2011; Nel et al., 2006, Raguchander et al., 1997; Saravanan et al., 2003; Sivamani
and Gnanamanickam, 1988), P. aeruginosa (Saravanan and Muthusamy, 2006), Trichoderma
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viride (Raguchander et al., 1997; Thangavelu and Mustaffa, 2010), T. harzianum (Thangavelu
et al., 2003), Streptomyces sp. (Getha and Vikineswary, 2002; Getha et al., 2005), Bacillus
subtilis (Akila et al., 2011), Serratia sp. (Ting et al., 2008), and Penicillium citrinum (Ting
et al., 2012). Non-pathogenic strains of Fusarium have been investigated (Forsyth et al.,
2006; Gerlach et al., 1999; Nel et al., 2006; Thangavelu and Jayanthi, 2009; Ting et al., 2009)
and have shown promising results for Fusarium wilt control in various crops. Generally,
these rhizosphere microorganisms work directly through competition in the rhizosphere
and plant tissues for nutrients, oxygen or space and physical destruction of the fungal cell
wall or indirectly by the induction of systemic resistance (Fravel et al., 2003). In general,
lack of consistency and poor activity in a variety of soil environments impede the adoption
of the aforementioned biocontrol agents in commercial production systems, which can be
attributed to the soil microbial and chemical structure and the reduced survival of these
microorganisms in banana roots (Belgrove et al., 2011). Besides, the safety issue of releasing
non-pathogenic strains of Fusarium in soil should also be noted as it might cause non-target
organism displacement, toxicity or pathogenicity as well as allergies in humans and animals
(Fravel et al., 2003; Ma et al., 2010). Recently, the utility of Chinese leek was suggested to
have an inhibitory effect on TR4 (Huang et al.,2012), but applications have not stopped the
Chinese TR4 epidemic and hence its efficacy under field conditions awaits demonstration.
Consecutive applications of biofertilizer (BIO) seems a promising method to control
Panama disease in newly established farms (Fu et al., 2016) but further sustainable disease
management needs to be proven. Finally, Huang et al. (2015) showed that biological soil
disinfestation or anaerobic soil disinfestation (ASD), employing various organic substrates,
reduces Fusarium inoculum and consequently disease occurrence in naturally infested soil,
but it also requires further studies, particularly on the type of organic matter used and its
scalability.

Employing resistant banana genotypes is a long-term solution for disease control (Ploetz,
1990; Vicente, 2004), and Cavendish cultivation is the best example as it stopped the Panama
disease epidemic in Central America in the late 1960s until this day. However, replacing
Cavendish with germplasm resistant to TR4 is a challenge as it is not readily available and
breeding for resistance is time consuming and hence, not feasible for solving acute disease
issues in global banana production (Dale et al., 2017). The Taiwanese GCTCV somaclones
(Hwang and Ko, 2004; Molina et al., 2016; Mostert et al., 2017) that are currently planted in
TR4 infested areas (Agriculture Magazine, 2014; Banana Asia Pacific Network, 2016, 2017)
are neither a sustainable solution due to significant genotype x environment interactions in
the Philippines and elsewhere (Ploetz, 2015), apart from rejections in important markets.
Other ongoing efforts to generate TR4 resistant banana germplasm (De Beer et al., 2001;
Ho et al., 2001; Dale et al., 2017) clearly indicate the increased interest in banana cropping
and its sustainability.

This overview clearly indicates the nearly uncontrollable status of TR4 under field conditions.

As long as resistant cultivars are not available, integrated disease control comprising well-
organized monitoring, quarantine and eradication procedures, is the way to go. This can
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be implemented by delimiting the movement of planting materials, people and farm
machineries and equipment, animals and water flow around the infested areas, but requires
also efficient tools to detect and quantify TR4 to evaluate the efficacy of these measures.

Scope of the thesis

Based on this overview | have identified major gaps in understanding the dynamics of
inoculum dispersal and epidemiology of TR4 in the Philippines. First of all, the disease
needs to be diagnosed. Surveys in southern and northern Mindanao have shown that
many growers particularly small-scale hardly recognize the disease, let alone know how to
manage it. Moreover, even industrial Cavendish growers and governmental institutions lack
laboratory services to diagnose the disease. Available diagnostics (Dita et al., 2010; http://
www.cleardetections.com/index.php/service/fusariumwiltdiseasekit/) require laboratory
facilities and materials that are not commonly available in Mindanao. We therefore
considered that an on-site diagnostic platform would facilitate rapid in-field diagnosis and
ideally should target another genomic region which would facilitate double checking for
any positive detection of TR4. Since we are dealing with a large contemporary problem in
Mindanao, as banana exports of the Philippines are gradually declining (FAOSTAT, 2017),
| considered to focus on the most imminent practical question that urgently need data
driven underpinning to enhance Panama disease management, irrespective whether these
are Cavendish or local banana small holder plantations. Therefore, my overall hypothesis is
that the currently practiced disease management strategies are ineffective or insufficiently
applied as the incidence of Panama disease in Mindanao has significantly increased since its
first incursion in 2009. This then has led me to a range of sub-hypotheses that are addressed
in experiments to obtain (1) data on the dispersal of TR4 in and by contaminated soil, water,
and alternative hosts; (2) information on the efficacy of disinfectants, commonly applied in
Philippine banana farms, which are used as a first line of defence against TR4 dispersal at
entry points in plantations and farm units and (3) to investigate whether there would be a
way to effectively reduce inoculum in the soil. Taken together, such data would significantly
improve Panama disease management in the Philippines, both in large-scale plantations and
small holder plots, as well as any other country facing the TR4 threat.

Chapter 1 describes the biology of banana, its cultivation and importance as cash and staple
crop, as well as the importance of various diseases. Panama disease, caused by soil-borne
Fusarium spp. is discussed in detail. Gaps of knowledge are identified and addressed to
improve current management practices by taking into account past and present methods
to diagnose the disease as well as aspects of dispersal, epidemiology and overall disease
development.

In Chapter 2, | focus on the possibility and necessity to develop a rapid on-site DNA-
based diagnostic for TR4, ideally based on novel genomics positions. | used genotyping
by sequencing through Diversity Array Technology (DArT) and subsequent bioinformatics
analyses which enabled the identification of new unique genomic regions to specifically
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detect TR4 in a complex biological environment. | used these data in a loop-mediated
isothermal amplification detection system that was implemented as diagnostic tool for TR4
in plant tissues both in greenhouse and field trials in the Philippines. This contributes to
charting the advancement and direction of TR4 dissemination.

Chapter 3 addresses a range of epidemiological aspects of TR4 in Mindanao. | hypothesized
that TR4 is disseminated across the soil profile which affects the efficacy of any control
method. However, detecting the fungus at various layers in the soil does not necessarily
implicate survival. In other words, detecting DNA is no proof for living inoculum. Using
various techniques, | determined the vertical soil profiling of TR4 in naturally infested soils
and substantiated that contaminated irrigation water is a potential source of disease spread.
Indeed, field sanitation by burning either rice hull or wood reduces but does not eradicate
TR4 inoculum. Finally, | showed that non-host weeds can be infected with TR4, which further
complicates risk and disease management.

In Chapter 4, | question the assumption that disinfectants are the first line of defence against
further spread of TR4. If the efficacy against different propagules is poor, such disinfectants
have limited value in disease control. Therefore, tests were carried out on mycelia, conidia,
and chlamydospores - both in suspension and in soil - at different concentrations and
exposure times. Additionally, the corrosiveness of these disinfectants against aluminium and
iron metals was examined. By comparing data collected after treating contaminated soil as
well as the purified biological propagules, | conclude that cleaning is better than disinfecting
as the critical exposure time for disinfecting soil is too long. | complement this observation
with monitoring the real-time exposure time to disinfectants at farm gate quarantine baths
- such as tire and footwear baths - and the corresponding costs of installing and maintaining
these quarantine baths in a commercial banana plantation. The overall conclusion is that
these practices are not efficacious and can be considered as “window dressing”. These
results will force both the banana industry as well as small holders to evaluate and alter
their cleaning methods.

Chapter 5 | explore a method for Fusarium spp. inoculum reduction in soil. Rather than
inundation | used a commercial product whose decomposition rapidly reduces oxygen in
the soil and simultaneously produces a range of gases that affect aerobic microorganisms.
After determining the efficacy under laboratory conditions, | hypothesized that applying it
under field conditions would significantly reduce TR4 inoculum. Indeed, using anaerobic soil
disinfestation in the naturally infested soil in the Philippines reduced the TR4 concentration.
Replanting these treated plots with Cavendish banana plants showed a significant slower
recurrence of the disease after one cropping cycle compared to controls.

Chapter 6 is an overarching discussion of the information gathered in this PhD project. It
elaborates on past and current knowledge of the epidemiology of TR4 in Mindanao and
how disease control can be optimized to reduce further dissemination of the disease
by appropriately deploying or adapting current control measures (burning) and the
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implementation of quarantine measures. The importance of early detection employing
accurate and specific diagnostic tools for water, soil and plant contamination is an underlying

principle for any subsequent quarantine measure. As long as adequately resistant banana

varieties are not available, short-term disease management practices should be integrated

for maximum efficacy and be based on reliable data.
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Chapter 2

Abstract

The socio-economic impact of Fusarium odoratissimum, which is colloquially called
Tropical race 4 (TR4), is escalating as this fungal pathogen spreads to new banana-growing
areas. Hence, the development of simple, reliable and rapid detection technologies is
indispensable for implementing quarantine measures. Here, we develop a versatile Loop-
Mediated Isothermal Amplification (LAMP) assay that is applicable under field and laboratory
conditions. Unique DNA markers for TR4 were obtained by Diversity Arrays Technology
sequencing (DArTseq), a genotyping by sequencing technology that was conducted on 27
genotypes comprising 24 previously reported vegetative compatibility groups (VCGs) of
banana infecting Fusarium spp. and three TR4 isolates. The developed TR4 LAMP assay was
successfully tested on 22 additional TR4 isolates and 45 non-target fungal and bacterial
isolates as well as on infected plants under greenhouse and field conditions. The detection
limit was 1 pg/ul pure TR4 DNA or 10? copies of TR4 sequence (SegA) in gBlock, which was
not affected by background DNA in complex samples. The TR4 LAMP assay offers a powerful
tool for the routine and unambiguous identification of infected banana plants, thereby
contributing to advanced monitoring of Panama disease in field situations.
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A Loop-Mediated Isothermal Amplification assay

Introduction

Soil-borne Fusarium spp. cause Fusarium wilt or Panama disease of bananas (Musa spp.),
which currently poses a serious threat to global banana production (Ploetz, 2015b). These
pathogens disseminate through transport of contaminated plants, human migration as well
as infested soil and water (Ploetz, 2005, 2006). Panama disease has the historical legacy as
one of the most destructive plant diseases recorded as it demised ‘Gros Michel’ banana
plantations in Latin America, leading to the contemporary monocultures that heavily rely
on resistant Cavendish bananas (Ploetz, 2015a; Ploetz et al., 2015a; Stover, 1962). Recent
taxonomical evidence recognized the hitherto considered Fusarium oxysporum f.sp. cubense
Race 1 strains that caused the previous epidemic as seven individual Fusarium spp. (Maryani
et al., 2019). However, the current epidemic in Cavendish plantations as well as in manifold
local banana varieties is caused by the so-called Tropical Race 4 (TR4) that belongs to the new
species Fusarium odoratissimum and causes devastation in many producing areas (Maryani
et al., 2019; Garcia et al., 2019b; Ploetz, 2006, 2015a, 2015b). Contrary to the past, there
is currently no commercially acceptable banana germplasm to replace Cavendish (Ploetz,
2015b) other than the widely promoted Cavendish somaclones that are less susceptible
to TR4 (Hwang & Ko, 2004). As a consequence, food security and local economies are
threatened in banana producing countries.

TR4 was initially detected and restrained in a few Southeast Asian countries (Buddenhagen,
2009; Molina et al., 2009). However, this strain meanwhile spread to banana production
areas in the Middle East, the Indian sub-continent, Africa and in Northeast Australia and
continued its dissemination within Southeast Asia (Chittarath et al., 2017; Garcia et al., 2014;
Hung et al., 2017; Maymon et al., 2018; Mostert et al., 2017; O’Neill et al., 2016; Orddiiez
et al., 2016; Orddnez et al., 2015; Ploetz et al., 2015b; Thangavelu et al., 2019; Zheng et al.,
2018). The spread might be a consequence of unawareness as well as to the fact that external
Panama disease symptoms of bananas do not reveal the causal Fusarium spp.. Since Race 1
strains are omnipresent (Ploetz, 2015a), TR4 can easily slip in and unattendently affect Race
1 susceptible varieties until it affects Cavendish clones. Therefore, any suspicious wilting
symptoms in Cavendish bananas should be properly and timely addressed, which should
be followed by containment, precise sampling and rapid identification of the causal strains.
Traditionally, TR4 diagnosis relied on visual disease inspections of internal and external
symptoms of susceptible banana cultivars, and time-consuming vegetative compatibility
group (VCG) testing. However, these methods are prone to false positives/negatives and in
the case of VCG testing cause significant delays of TR4 diagnosis (Garcia et al., 2014; Leslie
& Summerell, 2006; Molina et al., 2009). Considering that exclusion is the best approach to
deal with TR4 and in the absence of long-term successful disease control (Ploetz, 2015b),
early and reliable detection of TR4 is vital. In recent years, a DNA-based method succeeded
in rapidly identifying TR4 in (pre) symptomatic banana plants (Dita et al., 2010). This PCR-
based methodology was applied in all recent TR4 incursions (Chittarath et al., 2017; Garcia
et al., 2014; Hung et al., 2017; Ordoiiez et al., 2016; Ploetz, 2015a; Zheng et al., 2018).
However, it relies on the expertise and accuracy of individuals performing the diagnosis and
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equipment that is only used under laboratory conditions. Therefore, a robust and reliable
molecular identification tool that is easily applicable in the field is desirable. The feasibility
of developing molecular diagnostics depends largely on the availability of genome data
for both target and non-target organisms. This allows the identification of unique genomic
sequences, specific for the target organism. For the Fusarium genus, sequencing projects
to reveal the genetic composition of various species started, but genomic data on the large
diversity of individual genotpyes in these species is still limited (https://www.ncbi.nIm.
nih.gov/genome/genomes/707). Despite the presumed exclusive asexual reproduction of
Panama disease causing Fusarium spp., their polyphyletic origin resulted in no less than
24 VCGs (VCG0120-0126 and 0128-01224) (Bentley et al., 1998; Kistler et al., 1998; Ploetz,
2005), which includes VCG01213 that represents the TR4 clone (Ordéfiez et al., 2015). The
VCGO01216 is genetically similar to VCG01213 and thus currently grouped under VCG01213
(Bentley et al., 1998).

In this study, we explored Diversity Arrays Technology sequencing (DArTseq) to identify
unique genomic markers for TR4 to overcome the current lack of data among the previously
mentiobed VCGs. DArTseq is an established high-throughput genotyping technology that is
applied to address diversity analyses (Alves et al., 2014; Cruz et al., 2013). The technology
combines a reduction of genome complexity with in silico- hybridization and next-generation
sequencing platforms based on polymorphism detection at several hundreds of genomic loci
that result in thousands of DArTseq in-silico markers and single nucleotide polymorphisms
(Cruz et al., 2013). All 24 VCGs were subjected to DArTseq to select unique TR4 sequences.
These genomic sequences were explored for primer design to develop a Loop-Mediated
Isothermal Amplification (LAMP) assay, which is a cost-effective and robust technology that
is suitable for detection of plant pathogens under field conditions (Bihlmann et al., 2013;
Harper et al., 2010; Notomi et al., 2000; Tomlinson & Boonham, 2015). Here, we validated
the developed TR4 LAMP assay by performing specificity, sensitivity and reproducibility
tests. Finally, we evaluated its accuracy by identifying TR4 infected banana plants in the
field.

Materials and methods
Microbial isolates

In this study, 50 Fusarium isolates were used (Table 1), including one or more isolates per
known VCG and 22 TR4 isolates including isolates from Jordan (Garcia et al., 2014), Lebanon
and Pakistan (Orddnez et al., 2016), which were confirmed to belong to VCG01213 by VCG
testing. In addition, 16 other Fusarium spp. were included in this study as well as Ralstonia
solanacearum as a soil-borne banana wilting outgroup (Table 1). This strain was isolated
from a Moko diseased Cavendish banana in the southern Philippines. All fungal isolates,
grown from monosporic isolations are maintained in 15% DMSO in liquid nitrogen in the
collection of Wageningen University & Research (WUR), The Netherlands.
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Table 1. The 22 TR4 target and 45 non-target fungal and bacterial isolates used in the development of
the TR4 LAMP assay.

Isolate code Species VCG Host Country Provider

Target-TR4

24662 Fusarium oxysporum f.sp. 01213/16 Cavendish Australia A. Drenth, Australia

cubense

24663 F. oxysporum f.sp. cubense  01213/16 Cavendish Australia A. Drenth, Australia

24664 F. oxysporum f.sp. cubense  01213/16 Cavendish Australia A. Drenth, Australia

BPS1.1 F. oxysporum f.sp. cubense 01213 Cavendish Indonesia I.W. Buddenhagen,
USA

BPS3.1 F. oxysporum f.sp. cubense 01213 Cavendish Australia |.W. Buddenhagen,
USA

Foc.T105 F. oxysporum f.sp. cubense 01213 Cavendish China P.F.L. Chang, Taiwan

11512 F. oxysporum f.sp. cubense 01213 Pisang Manurung Indonesia C. Kistler, USA

Indo84* F. oxysporum f.sp. cubense 01216 Williams Indonesia W. O'Neil, Australia

Indo87 F. oxysporum f.sp. cubense  01213/16 Pisang Raja Serah Indonesia W. O'Neil, Australia

Vi1t F. oxysporum f.sp. cubense 01213 Cavendish Jordan R.C. Ploetz, USA

Lebl.1A F. oxysporum f.sp. cubense 01213 Cavendish Lebanon N. Ordéfiez?,

Netherlands; M.Y.
Akkary, D. Freres,
Lebanon

Lebl1.2C F. oxysporum f.sp. cubense 01213 Cavendish Lebanon N. Ordoiez?,
Netherlands; M.Y.
Akkary, D. Freres,

Lebanon
Mal123 F. oxysporum f.sp. cubense 01213 Williams Malaysia W. O'Neil, Australia
NRRL36114 F. oxysporum f.sp. cubense 01213 Pisang Manurung Indonesia K. O'Donnell, USA
Pakl1.1A F. oxysporum f.sp. cubense 01213 Cavendish Pakistan N. Ordoiez?,

Netherlands; H.B.
Laghari, Pakistan

Phil.1A F. oxysporum f.sp. cubense 01213 Williams Philippines  N. Ordéiiez?,
Netherlands; L.M.
Bacus, Philippines

Phi2.5C F. oxysporum f.sp. cubense 01213 GCTVC218 Philippines  N. Orddfiez?,
Netherlands; L.M.
Bacus, Philippines

Phi3.4C F. oxysporum f.sp. cubense 01213 Williams Philippines  N. Orddfiez?,
Netherlands; A.F.
Penalosa, L.M.
Bacus, Philippines

Phi4.5A F. oxysporum f.sp. cubense 01213 UNIC4 Philippines  N. Ordodiiez?,
Netherlands; A.F.
Penalosa, L.M.
Bacus, Philippines

Phi5.2A F. oxysporum f.sp. cubense 01213 Grand Naine Philippines  N. Ordoiiez?,
Netherlands

RPML47 F. oxysporum f.sp. cubense  01213/16 Pisang awak legor Malaysia R.C. Ploetz, USA

STSUM2 F. oxysporum f.sp. cubense 01213 Pisang Kepok Indonesia R.C. Ploetz, USA

table continues
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Isolate code Species VCG Host Country Provider
Non-target isolates
FocST498! F. oxysporum f.sp. cubense 0120 Dwarf Cavendish  Spain J. Hernandez, Spain
NRRL25603 F. oxysporum f.sp. cubense  0120/15  Cavendish Australia K. O'Donnell, USA
NRRL36102' F. oxysporum f.sp. cubense 0121 Cavendish China K. O'Donnell, USA
NRRL36103' F. oxysporum f.sp. cubense 0122 Cavendish Philippines K. O'Donnell, USA
F9129* F. oxysporum f.sp. cubense 0123 Latundan China R.C. Ploetz, USA
NRRL36105' F. oxysporum f.sp. cubense 0124 Blugoe Honduras K. O'Donnell, USA
Foc_R2* F. oxysporum f.sp. cubense 0124 Plantain Monthan Brazil M.A. Dita,
EMBRAPA, Brazil
NRRL36106' F. oxysporum f.sp. cubense 0125 Lady finger Australia K. O'Donnell, USA
NRRL36107* F. oxysporum f.sp. cubense 0126 Maquefio Honduras K. O'Donnell, USA
NRRL36111' F. oxysporum f.sp. cubense 0128 Bluggoe Australia K. O'Donnell, USA
NRRL36110! F. oxysporum f.sp. cubense 0129 Mons Australia K. O'Donnell, USA
Focu7* F. oxysporum f.sp. cubense 01210 Apple USA M.J. Daboussi,
Université Paris —
Sud, France
NRRL36109' F. oxysporum f.sp. cubense 01211 SH3142 Australia K. O'Donnell, USA
NRRL36108' F. oxysporum f.sp. cubense 01212 Ney Poovan Tanzania K. O'Donnell, USA
NRRL36113* F. oxysporum f.sp. cubense 01214 Harare Malawi K. O'Donnell, USA
NRRL25609 F. oxysporum f.sp. cubense 01214 Harare Malawi K. O'Donnell, USA
NRRL36112' F. oxysporum f.sp. cubense 01215 Cavendish South Africa K. O'Donnell, USA
Mal43* F. oxysporum f.sp. cubense 01217 Pisang Rastali Malaysia A. Drenth, Australia
NRRL36120' F. oxysporum f.sp. cubense 01218 Kluai nam wa Thailand K. O'Donnell, USA
Indo25* F. oxysporum f.sp. cubense 01219 Pisang Ambon Indonesia A. Drenth, Australia
242181 F. oxysporum f.sp. cubense 01220 Cavendish Australia A. Drenth, Australia
NRRL36118' F. oxysporum f.sp. cubense 01221 Kluai nam wa Thailand K. O'Donnell, USA
NRRL36117* F. oxysporum f.sp. cubense 01222 Pisang awak legor Malaysia K. O'Donnell, USA
NRRL36116' F. oxysporum f.sp. cubense 01223 Pisang keeling Malaysia K. O'Donnell, USA
NRRL36115' F. oxysporum f.sp. cubense 01224 Pisang ambon Malaysia K. O'Donnell, USA
Foc_R1* F. oxysporum f.sp. cubense  n.d. Maga Brazil M. Dita, C. Waalwijk,
Netherlands
KDM1.2A F. oxysporum f.sp. cubense  n.d. Bokoboko Kenya N. Ordéiiez?,
Netherlands; C.M.
Muriuki, Del Monte,
Kenya
Mall.5B F. oxysporum f.sp. cubense  n.d. Banana (Musa Malawi G. Kema, N.
sp.) Ordoéiiez?,
Netherlands
0.1879 F. oxysporum f.sp. n.d. Eggplant n.d. C. Waalwijk,
melongenae Netherlands
0.19541 F. oxysporum f.sp. n.d. Palm n.d. C. Waalwijk,
canariensis Netherlands
CBS196.65  F. oxysporum f.sp. narcissi n.d. Narcissus n.d. C. Waalwijk,

Netherlands
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Isolate code Species VCG Host Country Provider

Fo47 F. oxysporum n.d. Non-pathogenic n.d. C. Waalwijk,
Netherlands

Fol4287 F. oxysporum f.sp. n.d. Tomato n.d. S.M. Schmidt,
lycopersici Netherlands
Fop.08.1 F. oxysporum f.sp. passiflora n.d. Passion fruit n.d. C. Waalwijk,
Netherlands

NRRL25433  F. oxysporum f.sp. n.d. Cotton n.d. S.M. Schmidt,
vasinfectum Netherlands
NRRL26035/ F. oxysporum f.sp. n.d. Palm n.d. C. Waalwijk,
1P0O99.03 canariensis Netherlands

NRRL26381/ F. oxysporum f.sp. radicis- n.d. Tomato n.d. S.M. Schmidt,
CL57 lycopersici Netherlands

NRRL26406/ F. oxysporum f.sp. melonis n.d. Melon n.d. S.M. Schmidt,
Fom001 Netherlands
NRRL26761/ F. oxysporum f.sp. phaseoli  n.d. Bean n.d. C. Waalwijk,
1P0O99.04 Netherlands
NRRL28781/ F. oxysporum f.sp. n.d. Coca n.d. C. Waalwijk,
1PO99.02 erythroxyli Netherlands

NRRL37622/ F. oxysporum f.sp. pisi n.d. Pea n.d. S.M. Schmidt,
HDV247 Netherlands

NRRL54005/ F. oxysporum f.sp. raphani  n.d. Radish n.d. S.M. Schmidt,
PHW815 Netherlands

NRRL54008/ F. oxysporum f.sp. n.d. Cabbage n.d. S.M. Schmidt,
PHW808 conglutinans Netherlands
CBS221.76  Fusarium fujikuroi n.a. Rice n.d. C. Waalwijk,
Netherlands

Moko Ralstonia solanacearum n.a. Banana (Musa n.d. M. Salacinas,
sp.) Netherlands

'Fungal isolates analysed using DArTseq. *TR4 reference isolate. 3Providers sent tissue sample to our
facilities and the strain isolation was performed at Wageningen University & Research. n.a. stands for
“not applicable”. n.d. stands for “not determined”.

DNA extraction from fungal and bacterial isolates

For DNA extraction, a single-spore culture of each isolate was grown in 70 mL potato
dextrose broth (Difco™, USA) in Erlenmeyer flasks and incubated by shaking (New
Brunswick™, Germany) at 125 rpm at 25°C for 5-6 days. The mycelium was harvested by
filtering the inoculum through a sterile cheese cloth and washed at least twice with sterile
water. R. solanacearum was grown on Kelman's tetrazolium chloride agar (Kelman, 1954).
The filtered mycelium and 1 mL bacterial suspension were lyophilized in 2 mL Eppendorf
tubes containing glass beads. DNA was extracted from the freeze-dried material by adding
1 mL DNA extraction buffer (200 mM Tris-HCI, pH 8; 250 mM NacCl; 25 mM EDTA, pH 8; 0.5%
SDS) and a vigorous vortex step, followed by phenol-chloroform extraction (Sambrook et
al., 1989). Isolated DNA was diluted in 0.1X TE buffer and stored at -20°C until use. DNA
concentration was measured using Quant-iT™ PicoGreen® dsDNA Reagent and Kit (Life
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Technologies, USA), according to manufacturer’s instructions on a Tecan Infinite® 200 PRO
monochromator (Tecan, Mannedorf, Switzerland) at Aex 485 nm and Aem 535 nm. DNA
of 27 samples comprising 23 VCGs and three TR4 isolates (115, JV11 and Indo84), and one
F. oxysporum f.sp. canariensis isolate (Table 1) was adjusted to 50 ng/ul and subjected to
genotyping by sequencing through DArTseq analyses at Diversity Arrays Technology Pty Ltd.
(Canberra, Australia; http://www.triticarte.com.au/).

Pipeline based on DArTseq in-silico markers

The DArTseq in-silico markers consisted of short markers of around 69 bp that were processed
following the pipeline indicated in Figure 1. This pipeline includes the use of public and
private genomic databases. The NCBI public database comprises nucleotide information
for different Fusarium spp. (http://www.ncbi.nlm.nih.gov/genome/genomes/707). The
Empresa Brasileira de Pesquisa Agropecudria (Embrapa) private database (http://www.lba.
cnptia.embrapa.br/fusarium/index.tml; Embrapa, Brasilia, Brazil) contains transcriptome
data from race 1 (R1), race 2 (R2; VCG0124), subtropical race 4 (ST498; VCG0120) and TR4
(15; VCG01213) isolates (Table 1). Firstly, DArTseq in-silico markers that were only present
among the three TR4 isolates (115, JV11 and Indo84) but absent from the other strains were
selected (Figure 1 step 1). Then, TR4 unique markers that aligned only with the 1I5 (isolate
54006) genome at NCBI when using the basic local alighment search tool (BLAST) were
selected (Figure 1 steps 2-3). Later, these short markers were subsequently expanded using
the 115 genome by more than 200 bp up- and downstream (Figure 1 step 4). These larger
sequences (~500 bp) were blasted against genomic data present in both databases and
sequences aligning with the 115 genome were used for further analyses (Figure 1 steps 5-6).

PCR conditions to select TR4 unique sequences

Identified unique DArTseg-based TR4 sequences (Figure 1 step 6) were further analysed
by designing PCR primers at their flanking sequences using software Primer3Plus (Version:
2.3.6). The designed primers were initially tested for all reported 24 VCGs with II5 isolate as a
representative of VCG01213. PCR amplifications were performed in 20 ul reaction volumes,
by mixing 1 ul template DNA (1 ng) with 0.4 uM of each primer: 120 uM of dATP, dCTP, dGTP
and dTTP; 2U of Tag DNA polymerase (Roche); and 1X PCR reaction buffer (Roche). DNA
was amplified with an initial denaturation step at 95°C for 5 minutes (min), followed by
30 cycles of 95°C for 1 min, annealing temperature for 1 min and 72°C for 30 seconds (s);
and a final extension step at 72°C for 10 min. The annealing temperature was determined
by Primer3Plus (Untergasser et al., 2007;Version: 2.3.6) for each tested pair of primers.
Aliquots (12 ul) of each PCR product were analysed by agarose gel electrophoresis to check
for predicted size products. A primer set that showed a unique band for II5 isolate was
selected and later tested on 22 TR4 isolates (Table 1), using the same PCR conditions. The
resulting amplicons were sequenced by Macrogen (Macrogen Inc., Belgium) and analysed
using CLC Main Workbench 6 program (CLC bio, Aarhus, Denmark).
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Figure 1. Pipeline used to identify unique TR4 sequences based on DArTseq in-silico markers. Numbers
next to arrows indicate the order of the steps involved in the selection process.

LAMP TR4 primer design and reaction

For a selected unique TR4 sequence (SeqA), LAMP primers were designed using software
Primer Explorer V4 (http://primerexplorer.jp/e/; Eiken Chemical Co. Ltd., Tokyo, Japan)
(Figure 2 and Table 2). LAMP primers consist of four to six primers that recognize six to
eight regions of the target DNA and provides very high specificity (Nagamine et al., 2002;
Notomi et al., 2000). The forward inner primer (FIP) is composed of F1c (the complementary
sequence of F1) and F2, and the backward inner primer (BIP) is composed of Blc (the
complementary sequence of B1) and B2. The primer set F3/B3 served as an outer primer
and was used for the LAMP initiation reaction. The LoopF forward primers and the LoopB
backward primers were developed to accelerate the LAMP reaction. The specificity of the
developed LAMP TR4 primers was checked in-silico using BLAST at NCBI against other fungi
and plant sequences. The TR4 LAMP reaction was performed according to the instructions
of the Isothermal Master Mix ISO-001 kit (Optigene Limited, UK). Reactions were performed
in a final volume of 25 uL consisting of 15 pl Master Mix ISO-001, 2 ul primer mix (0.8 uM
of each FIP and BIP primer, 0.2 uM of each F3 and B3 primer, and 0.4 uM of each LF and LB
primers), 1 ng of template DNA and nuclease-free water. The reactions were carried out at
65°C for 30 min. followed by an annealing step ramping at 0.5°C/s from 98°C to 80-C. For
each LAMP reaction, TR4 (115) DNA was used as a positive control and nuclease-free water
as negative control. All LAMP reactions were run in the Genie Il instrument (Optigene Ltd.,
UK) that allows 16 simultaneous reactions. The criteria for positive signals were based on
two parameters: Time of positivity (Tp) stated in min. and melting temperature (Tm) stated
in °C . The Tp is calculated as the time at which the maximum increase of fluorescence is
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reached. The Tm is the temperature at which half of the LAMP products are in the single-
stranded state. This temperature is specific and unique for each LAMP product and allows
discrimination for unspecific amplification.

Table 2. LAMP primers designed in this study.

Target LAMP Primers 5'- 3' primer sequence

TR4 (VCG01213) SeqA_F3 AATAGTAAAGATGCTGAACTTCT
SeqA_B3 ACTCTTGTGAGAGGTCGA
SeqA_FIP TGGGAGGAAGAACTTTCTAGTAT-GAGAAAGGATAAGGGATGTAATGTTG
SeqA_BIP TTGCTCAATTTCCTTGTGTTTCG-CAGGATTCACGATAGTAGAGTT
SeqA_Loop F ACCAAAAGCCTAGGAGAGGATT
SeqA_Loop B TCTTCTTCTTCGCCGTACCTCATCA

Banana cox gene MusaCox_F3 GCCTGGATCCGGTATCATA

(Musa spp.) MusaCox_B3 TTGAATTGTATCGAACCTCCC
MusaCox_FIP CGTATCAACGTCTAAGCCCACATGCCATGATCAGTATAGGTGT
MusaCox_BIP TGCCTACTTCACCGCTGCCACATAGTAGCGATCCAACTAA
MusaCox_Loop F GATGAGCCCAAACAAGAAATCC
MusaCox_Loop B CCATGATCATAGCTGTCCCTAC

Specificity, sensitivity and reproducibility tests

The developed TR4 LAMP assay was tested for specificity, sensitivity and reproducibility
following the reaction conditions described above in order to validate its efficiency in
detecting pure TR4 DNA samples. The specificity of the assay was evaluated using 22 target
TR4 DNAs and 45 non-target fungal and bacterial DNAs (Table 1). The sensitivity test was
run twice using a dilution series of 1000, 100, 10, 1, 0.1 and 0.01 pg/ul of pure TR4 (lI5)
DNA. The dilution series was tested in the presence and absence of pure DNA (1 ng/ul)
from ‘Grand Naine’ banana cultivar. Additionally, plasmid DNA containing selected ~500 bp
sequence (SegA) was synthesized (IDT, Belgium) to further determine the sensitivity of the
developed assay. Picogreen quantified plasmid DNA was diluted from 10° to 10° copies/ul.
Finally for the reproducibility test, the TR4 LAMP assay was repeated five times using 1 ul of
TR4 (115) DNA (1 ng) as a positive control and Race 1 DNA (1 ng) and nuclease-free water as
negative controls.

F3 F2
| |

> >
AATAGTAAAG ATGCTGAACT TCTAGAGAAA GGATAAGGGA TGTAATGTTG AATCCTCTCC TAGGCTTTTG GTAAAGGAAT ACGTCTTCAT ACTAGAAAGT TCTTCCT
TTATCATTTC TACGACTTGA AGATCTCTTT CCTATTCCCT ACATTACAAC TTAGGAGAGG ATCCGAAAAC CATTTCCTTA TGCAGAAGTA TGATCTTTCA AGAAGGA

Loop F Fic'

|El1c |Loop B

oy g
CCCATTGCTC AATTTCCTTG TGTTTCGTCT TCTTCTTCGC CGTACCTCAT CAAACAAGGA GAATGAACTC TACTATCGTG AATCCTGGCT CGACCTCTCA CAAGAGT
GGGTAACGAG TTAAAGGAAC ACAAAGCAGA AGAAGAAGCG GCATGGAGTA GTTTGTTCCT CTTACTTGAG ATGATAGCAC TTAGGACCGA GCTGGAGAGT GTTCTCA

3 a4 -

Fic’ 82] . B'z:l

Figure2.UniqueTR4sequence(SegA)showingthelocationofdeveloped LAMPTR4 primers:F3,
B3,FIP(F1c-F2),BIP(B1c-B2),LoopFandB.Thearrowsindicatethe5’to3’directionofextension.
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Testing the TR4 LAMP assay for in-plant diagnosis

A simple, rapid and inexpensive procedure was developed to quickly release DNA from plant
tissue for TR4 detection with a minimum of equipment. Firstly, plant tissue was cut into
smallcubes and placed in a 5 ml extraction tube containing one steel ball (Optigene Limited,
UK) and 1 ml epicentre buffer (Quick Extract RNA extraction solution) with Chelex100
resin. The tube was vigorously shaken by hand for 1 min to homogenize the solution and
incubated at 95°C in a water bath for 20 min. After short mixing, the solution was left at
room temperature for 1 min. Finally, it was diluted 15 times using Optigene dilution buffer
(Optigene Limited, UK) and 5 ul of this solution was added to the LAMP TR4 reaction vial.
Feasibility trials with the TR4 LAMP assay were conducted on ‘Grand Naine’ plants artificially
(WUR greenhouse, The Netherlands) and naturally infected (Mindanao, The Philippines)
with TR4. At WUR two months old plants were inoculated with 10° conidia/ml TR4 (1I5)
inoculum following the protocol developed by Garcia et al. (2019a). Water inoculated plants
were used as negative control. Rhizome tissue was recovered eight weeks after inoculation
(wai) and stored at -20°C until use. In The Philippines, the TR4 LAMP assay was tested using
rhizome and pseudostem tissue of ‘Grand Naine’ plants collected from a naturally infested
(north: 7°31’21” east: 125°40°17”) and a disease-free (north: 7°32’17” east: 125°39’44")
banana plantation in Davao del Norte. All plant samples were tested in parallel with the
LAMP MusaCox assay as an extraction and internal control. The LAMP banana primers
(Table 2) were designed on the dwarf banana (Musa acuminata) mitochondrial cytochrome
oxidase (cox1) gene exons 1-2 (AJ247609 at NCBI) using software Primer Explorer V4
(http://primerexplorer.jp/e/; Eiken Chemical Co. Ltd., Tokyo, Japan). This primer set gave
a positive signal for DNA obtained from ‘Grand Naine’ and many other banana cultivars
(data not shown). The reaction conditions of the LAMP MusaCox assay were the same as
described for TR4 LAMP assay. To test the robustness of the developed LAMP assays for
in-plant diagnosis, we performed the simple procedure to obtain DNA as described above
two to three times for each evaluated tissue sample. The obtained solutions were run twice
following the conditions of our developed TR4 LAMP assay.

Results
DArTseq pipeline outputs

From an initial DArTseq platform containing 15,905 DArTseq in-silico markers, 10,125 high
quality markers were obtained that passed the stringent quality criteria (call rate >0.66,
reproducibility =100 and Q value > 2.7). Following the selection pipeline (Figure 1), we
acquired 57 TR4 unique markers based on the three chosen isolates (15, JV11 and Indo84)
(Figure 1 step 1; Figure 3). BLAST analysis reduced this to 31 unique markers that blasted to
the TR4 115 reference genome (Figure 1 steps 2-3). Subsequently, the marker borders were
expanded (~500 bp) using the 115 genome. Finally, nine sequences remained TR4 unique
when blasted against fungal genomes from both databases (Figure 1 steps 4-6).
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Figure 3. Distribution of the 10,125 DArTseq in-silico markers along the largest contigs of the Fusarium
odoratissimum TR4 II5 genome available at NCBI are shown in balck, while some of the 31 markers
present only within TR4 isolates after blasting on the genome databases are shown in blue and nine
remained unique markers after extenstion are shown in red. The location of SegA TR4 sequence is
highlighted on Supercontig 1.16.

PCR selection of a TR4 unique sequence

To choose among the nine TR4 sequences, primer sets linked to these nine sequences were
validated on 24 Fusarium genotypes. In most cases, the primer sets specifically amplified a
unique band for the 115 isolate (VCG01213) but not for the other Fusarium genotypes (Figure
4). Primers set (SegA) was selected and tested on 22 TR4 isolates, generating a product
with the same band size. These amplicons were sequenced, revealing that all nucleotide
sequences were identical (data not shown). Thus, the proposed pipeline (Figure 1) and
further PCR analyses established the identification of a TR4 unique sequence of around
>500 bp corresponding to supercont1.16 (336895-337463+), on which LAMP primers were
designed. This sequence was confirmed to be single copy, non-coding and non-repetitive
based on the annotated |15 genome, availableathttp://www.broadinstitute.org/annotation/
genome/fusarium_group/FeatureSearch.html).

Specificity, sensitivity and reproducibility tests

To assess for specificity, the TR4 LAMP assay was tested on known TR4 isolates as well as
on other Fusarium spp. and non-banana Fusarium spp. strains. In all cases, the TR4 isolates
yielded a positive signal; while all non-targets, including the other Fusarium spp. genotypes
tested negative. We expanded the LAMP analysis by including the previously published
TR4 LAMP assay following their suggested reaction conditions (Zhang et al., 2013). For the
tested Fusarium spp. panel, this TR4 LAMP assay, however, resulted in positive signals to
Fusarium spp. isolates other than TR4, suggesting that they are not TR4 specific (Table 3
and sTable 1). LAMP assays should be highly sensitive in order to detect DNA from plant
tissues. The LAMP sensitivity test shows that our TR4 LAMP assay can detect up to 1 pg/ul
pure TR4 DNA (Tp =14:52 min and Tm =83.4°C). It is not prone to the presence of irrelevant
DNA since the presence or absence of 1 ng/ul background banana DNA neither affected the
amplification efficiency nor generated background signals. The sensitivity was evaluated by
adding plasmid DNA containing the SeqA sequence. Our LAMP assay was found to be very
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sensitive and able to generate an amplicon with a detection limit of 10? copies (average
Tp =15:20 min and Tm =83.4°C; Figure 5). The robustness of our LAMP TR4 was shown by
producing consistent results with the presence of 1 ng pure TR4 DNA (II5) per reaction
(average Tp =13:40 min and Tm =83.4°C). For the negative control samples (Foc_R1 and
nuclease-free water), no Tp or Tm was obtained.

Vegetative Compatibility Groups
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Figure 4. TR4 amplicons (~500bp each) from three unique TR4 sequences (from top to bottom: SeqA,
SeqgB and SeqC). The PCR primer sets were tested against all previously reported Fo VCGs. M stands for
“molecular marker”. W stands for “Water”.

Table 3. Specificity comparison of previously published LAMP TR4 primers (Zhang et al., 2013) and the
newly developed LAMP TR4 primers on a set of TR4 isolates, and non-target Fusarium spp. and other
fungal and bacterial strains.

Isolates! LAMP TR4 LAMP TR4
this study (Zhang et al., 2013)
TR4 (VCG01213) 22/22 2/2?
All other Foc VCGs 0/28 22/223
Non — Foc 0/17 Not tested

YIsolates listed in Table 1. %Isolates 115 and Indo84 were tested. *Four other banana Fusarium spp. VCGs
(R1, R2, NRRL36103 and NRRL36113) were not tested.

Feasibility of TR4 LAMP assay for in-plant diagnosis
The developed TR4 LAMP assay successfully detected the presence of TR4 in tissue from
inoculated plants under greenhouse conditions at WUR (average Tp =16:06 min and Tm

=82.9°C) and field conditions in The Philippines (average Tp =19:26 min and Tm =83.0°C)
(Table 4).
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Figure 5. Sensitivity of the TR4 LAMP assay on the dilution series (10° to 10° copies per reaction) of the
plasmid DNA containing the SegA sequence. In each run, 1 ng of pure TR4 115 DNA and nuclease-free
water were included as positive and negative control, respectively. (A) Amplification curves, (B) time
of positivity (Tp) and (C) melting temperature (Tm).
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Table 4. Performance of the developed LAMP assays on ‘Grand Naine’ banana tissues collected from
artificially and naturally TR4 symptomatic plants at WUR, The Netherlands and in The Philippines. Tp

stands for “time of positivity”. Tm stands for “melting temperature”.

Location Sample Replicate LAMP TR4 assay LAMP MusaCox
assay
Tp Tm Tp Tm
Greenhouse  Healthy Extraction 1- Replicate 1 - - 10:15 86.3
(WUR, rhizome1l  Extraction 1- Replicate 2 - - 10:15 86.2
Netherlands) Extraction 2- Replicate 1 - - 11:00 86.1
Extraction 2- Replicate 2 - - 11:15 86.1
Healthy Extraction 1- Replicate 1 - - 10:15 86.0
rhizome2  Extraction 1- Replicate 2 - - 10:00 86.1
Extraction 2- Replicate 1 - - 10:15 86.3
Extraction 2- Replicate 2 - - 10:15 86.2
Infected Extraction 1- Replicate 1 14:30 83.1 10:45 86.0
rhizome 1 Extraction 1- Replicate 2 14:30 83.1 10:45 86.0
Extraction 2- Replicate 1 15:00 83.0 11:30 86.0
Extraction 2- Replicate 2 15:00 83.0 11:15 86.0
Infected Extraction 1- Replicate 1 18:00 83.0 11:30 85.9
rhizome 2 Extraction 1- Replicate 2 17:30 83.0 11:30 85.9
Extraction 2- Replicate 1 17:30 83.0 12:15 85.9
Extraction 2- Replicate 2 17:30 82.7 12:00 85.9
Field Healthy Extraction 1- Replicate 1 - - 19:30 86.0
(Philippines)  rhizome
Extraction 1- Replicate 2 - - 18:30 86.1
Extraction 2- Replicate 1 - - 17:00 86.2
Extraction 2- Replicate 2 - - 17:15 86.1
Extraction 3- Replicate 1 - - 17:45 86.0
Extraction 3- Replicate 2 - - 23:00 85.9
Healthy Extraction 1- Replicate 1 - - 22:00 86.0
pseudostem  Extraction 1- Replicate 2 - - 21:45 86.1
Extraction 2- Replicate 1 - - 22:45 86.1
Extraction 2- Replicate 2 - - 23:00 86.1
Extraction 3- Replicate 1 - - 23:00 86.1
Extraction 3- Replicate 2 - - 22:45 86.1
Infected Extraction 1- Replicate 1 23:00 82.9 13:30 86.1
rhizome Extraction 1- Replicate 2 19.45 83.1 13:30 86.2
Extraction 2- Replicate 1 18:30 83.1 14:15 86.2
Extraction 2- Replicate 2 21:45 83.1 14:15 86.2
Extraction 3- Replicate 1 18:30 83.1 14:00 86.2
Extraction 3- Replicate 2 19:15 83.1 14:30 86.2
Infected Extraction 1- Replicate 1 16:15 83.1 14:00 86.1
pseudostem
Extraction 1- Replicate 2 17:45 83.1 17:45 86.1
Extraction 2- Replicate 1 17:15 83.3 15:00 86.1
Extraction 2- Replicate 2 22:15 83.1 15:00 86.1
Extraction 3- Replicate 1 20:15 83.0 15:00 86.2
Extraction 3- Replicate 2 18:45 83.0 18:00 86.0
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In healthy control plants, TR4 was never detected. Under field conditions, TR4 LAMP assays
were performed in banana plantations as proof of the simple requirements to run the assay
(sFigure 1). All plant tissue samples were positive for the LAMP MusaCox assay (average
Tp =14:23 and Tm =86.0°C). The Tm was specific and unique for TR4 and cox1 products,
corresponding to 82.9°C and 86.0°C respectively. This temperature difference allows
discrimination between the two amplicons generated in the same reaction. In summary,
the TR4 LAMP assay proved to be successful in detecting TR4 in artificially as well as in
the naturally infected plants, showing that this assay is feasible for in-plant diagnosis in an
undemanding setting in the field.

Discussion

Crop losses due to the incidence of pests can significantly threaten food security (Bebber
& Gurr, 2014; Fisher et al., 2016; Gurr et al., 2011). Estimates of potential and actual losses
due to plant pests despite the current crop protection practices varied from 50% in wheat to
more than 80% in cotton production (Oerke, 2005). Currently in bananas, the emerging TR4
strain causing Panama disease may potentially develop into a pandemic (Butler, 2013; Kema
& Weise, 2013; Kupferschmidt, 2012; Orddiiez et al., 2015; Pearce, 2003) as it occurred
during the first outbreak of the disease in Latin America (Ploetz, 1994; Stover, 1962). The
species responsible for the current outbreak on bananas is F. odoratissimum (Maryani et
al., 2019), which comprises TR4 (Molina et al., 2009; Orddfiez et al., 2015; Ploetz, 20153,
2015b; Maryani et al., 2019) and has disseminated, since its first encounter with Cavendish
in Taiwan (Ploetz, 2006), within and outside of Southeast Asia (Chittarath et al., 2017;
Garcia et al., 2014; Hung et al., 2017; Mostert et al., 2017; Orddiez et al., 2016; Ordéiiez
et al., 2015; Zheng et al., 2018), affecting by now an estimated area of >100,000 ha. of
banana plantations (Orddfiez et al., 2015). As there is no known effective and long-term
control of the disease, global awareness among banana-growing countries are directed
towards prevention of further spread of the pathogen (FAO, 2014), which requires accurate
diagnosis. In this study, we developed a LAMP assay that enables on-site diagnosis of TR4
in the field. Diagnosis of plant pathogens is the cornerstone of effective disease control and
prevention (Schaad et al., 2003). For molecular-based diagnostic development, targeting
of unique genome sequences is essential. Thus in the current study, we used DArTseq to
identify TR4 specific sequences that were fully absent from other previously identified
Fusarium spp. causing Panama disease, comprising a suite of VCGs. The sequence extension
upon selection of our DArTseq markers benefitted from available Fusarium genomes that
aided the development of our TR4 LAMP assay. Since there is no public genomic data on
all 24 previously identified VCGs, our selected sequence (SeqA) was further tested via
PCR reactions on isolates representing each of these genotypes. Currently, there are four
publicy available genomes that correspond to two TR4 isolates (VCG01213) and two isolates
of unknown VCG. Also, 94 genomes corresponding to F. oxysporum strains pathogenic to
other hosts are available (http://www.ncbi.nlm.nih.gov/genome/genomes/707). Here,
our extended TR4 sequence (SeqA) proved to be specific to TR4 genomes available in the
two databases used in this study. Certainly, whole-sequencing projects on a larger suite of
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Fusarium genomes and other members of the polyphyletic Fusarium spp. causing Panama
disease will facilitate the development and improvement of molecular-based diagnostic
tools.

Specificity of molecular-based diagnostics is indispensable to ensure an accurate diagnosis
of pathogens, thus ideally development of diagnostic tools must include a diverse set of
relevant isolates. The comparison of our developed TR4 LAMP assay to the previously
developed TR4 LAMP assay (Zhang et al., 2013) showed that the latter cannot discriminate
TR4 (VCG01213) from other Fusarium VCGs involved in Panama disease, despite carefully
following the described protocol. Since the B3 and F3 LAMP primers (Zhang et al., 2013) are
the same as the PCR primers for TR4 (Dita et al., 2010), the unspecificity of this LAMP assay
likely is due to other components of this LAMP assay (LoopF, LoopB, B2, F2, Flc and Blc).
Moreover, our assay is grounded in the widest possible genetic diversity of Fusarium spp.
associated with Panama diseaase development, whereas the LAMP assay of Zhang et al.
(2013) was developed on asingle TR4 isolate and just five other isolates. In our study, the new
TR4 LAMP assay was highly specific to TR4. Non-target species, including R. solanacearum, a
bacterium that causes similar wilting symptoms on bananas as those elicited by compatible
Fusarium strains (Blomme et al., 2017; Kubota et al., 2008), did not result in an amplicon.
The sensitivity of our LAMP assay is excellent as it detects volumes as low as 1 pg/ul or
10? copies of plasmid DNA per reaction and from 1 ng pure TR4 DNA with an excellent
reproducibility and amplification efficiency despite the presence of background DNA. This
corroborates with a previous report stating that LAMP assays are less influenced by non-
target DNA compared to other molecular diagnostics (Kaneko et al., 2007). In LAMP assays,
target genome sequences can be detected faster than with other molecular diagnostics
(Notomi et al., 2000). Diagnosis of TR4 in suspicious plant samples following a simple and
quick DNA extraction procedure was completed in 30 min for 12 in parallel samples. Hence,
this new LAMP is a ready to use and on-site solution for routine TR4 diagnosis that supports
the implementation of cordoning and quarantine strategies.

Contrary to LAMP, PCR-based molecular diagnostics for TR4 (Dita et al., 2010; Li et al.,
20134, Li et al., 2013b) require advanced laboratory facilities and expertise. In banana,
the most important pathogens such as bunchy top virus (Peng et al., 2012a), cucumber
mosaic virus (Peng et al., 2012b), streak virus (Peng et al., 2012c) and the Moko pathogen
R. solanacearum (Kubota et al., 2008) can now be detected using LAMP technology.
These assays are particularly relevant to reduce the time between the introduction of a
pathogen and its detection. Usually, considerable time elapses between the incursion of a
plant pathogen and its diagnosis, generating greater economic losses (Stack et al., 2006). In
Jordan, Panama disease symptoms on Cavendish plants were first observed in 2006, but TR4
was only diagnosed after eight years (Garcia et al., 2014), in the meantine TR4 had spread
to new farms in the country and some banana farms are nowadays abandoned (Ploetz et
al., 2015b). Similarly in Taiwan, TR4 was identified only in 1994, but wilting Cavendish was
observed in the 1960s and hence, nowadays TR4 is widely spread across Southeast Asia
(Molina et al., 2009; Zheng et al., 2018). A global analysis of crop pathogen distributions
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showed that a country s ability to accurately monitor and report its pathogen load increases
its research capacity and expenditure with per capita gross domestic product (Bebber et
al., 2014). Since LAMP assays require low cost materials and non-experienced personnel,
the TR4 LAMP assay was pioneered for three years in the Philippines to test its rapid
implementation in resource poor environments for on-site detection and the cordoning of
TR4 to minimize economic losses (Frison & Sharrock, 1998; IOM, 2007). Indeed, in these
farms, new TR4 incursions are being identified and correctly diagnosed, thereby supporting
immediate quarantine actions. We conclude that the developed LAMP technology is of
great value and provides immediate information on TR4 hotspots and, most importantly,
the ability to set off routine surveillance and eradication plans.
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sFigure 1. ‘Grand Naine’ samples evaluated using the developed LAMP TR4 and MusaCox assays.

(A) Healthy (water-control) and (B) infected rhizome under greenhouse conditions at WUR, The
Netherlands; (C) healthy and (D) infected rhizome and (E) healthy and (F) infected pseudostem in field
conditions in The Philippines.
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sTable 1. Response of TR4 and non-TR4 isolates to the developed TR4 LAMP assay. Positive results for

TR4 LAMP assays are indicated as “+”, while negative results are indicated as

“n

determined”. n.a. stands for “not applicable”. n.t. stands for “not tested”.

. n.d.stands for “not

Isolate code Species VCG LAMPTR4 LAMP TR4
this study (Zhang et al., 2013)
TR4 isolates
24662 Fusarium oxysporum f.sp. cubense 01213/16 + n.t.
24663 F. oxysporum f.sp. cubense 01213/16 + n.t.
24664 F. oxysporum f.sp. cubense 01213/16 + n.t.
BPS1.1 F. oxysporum f.sp. cubense 01213 + n.t.
BPS3.1 F. oxysporum f.sp. cubense 01213 + n.t.
Foc.T105 F. oxysporum f.sp. cubense 01213 + n.t.
115 F. oxysporum f.sp. cubense 01213 + +
Indo84 F. oxysporum f.sp. cubense 01216 + +
Indo87 F. oxysporum f.sp. cubense 01213/16 + n.t.
V11 F. oxysporum f.sp. cubense 01213 + n.t.
Lebl.1A F. oxysporum f.sp. cubense 01213 + n.t.
Lebl1.2C F. oxysporum f.sp. cubense 01213 + n.t.
Mal123 F. oxysporum f.sp. cubense 01213 + n.t.
NRRL36114 F. oxysporum f.sp. cubense 01213 + n.t.
Pak1.1A F. oxysporum f.sp. cubense 01213 + n.t.
Phil.1A F. oxysporum f.sp. cubense 01213 + n.t.
Phi2.5C F. oxysporum f.sp. cubense 01213 + n.t.
Phi3.4C F. oxysporum f.sp. cubense 01213 + n.t.
Phi4.5A F. oxysporum f.sp. cubense 01213 + n.t.
Phi5.2A F. oxysporum f.sp. cubense 01213 + n.t.
RPML47 F. oxysporum f.sp. cubense 01213/16 + n.t.
STSUM?2 F. oxysporum f.sp. cubense 01213 + n.t.
Non - TR4 isolates
FocST498 F. oxysporum f.sp. cubense 0120 - +
NRRL25603 F. oxysporum f.sp. cubense 0120/15 - +
NRRL36102 F. oxysporum f.sp. cubense 0121 - +
NRRL36103 F. oxysporum f.sp. cubense 0122 - n.t.
F9129* F. oxysporum f.sp. cubense 0123 - +
NRRL36105 F. oxysporum f.sp. cubense 0124 - +
Foc_R2 F. oxysporum f.sp. cubense 0124 - n.t.
NRRL36106 F. oxysporum f.sp. cubense 0125 - +
NRRL36107* F. oxysporum f.sp. cubense 0126 - +
NRRL36111 F. oxysporum f.sp. cubense 0128 - +
NRRL36110 F. oxysporum f.sp. cubense 0129 - +
Focu7* F. oxysporum f.sp. cubense 01210 - +
NRRL36109 F. oxysporum f.sp. cubense 01211 - +
NRRL36108 F. oxysporum f.sp. cubense 01212 - +
NRRL36113 F. oxysporum f.sp. cubense 01214 - n.t.
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Isolate code Species VCG LAMPTR4 LAMP TR4
this study (Zhang et al., 2013)

NRRL25609 F. oxysporum f.sp. cubense 01214 - +
NRRL36112 F. oxysporum f.sp. cubense 01215 - +
Mal43 F. oxysporum f.sp. cubense 01217 - +
NRRL36120 F. oxysporum f.sp. cubense 01218 - +
Indo25 F. oxysporum f.sp. cubense 01219 - +
242181 F. oxysporum f.sp. cubense 01220 - +
NRRL36118 F. oxysporum f.sp. cubense 01221 - +
NRRL36117 F. oxysporum f.sp. cubense 01222 - +
NRRL36116 F. oxysporum f.sp. cubense 01223 - +
NRRL36115 F. oxysporum f.sp. cubense 01224 - +
Foc_R1 F. oxysporum f.sp. cubense n.d. - n.t.
KDM1.2A F. oxysporum f.sp. cubense n.d. - n.t
Mall.5B F. oxysporum f.sp. cubense n.d. - n.t
0.1879 F. oxysporum f.sp. melongenae n.d. - n.t
0.1954 F. oxysporum f.sp. canariensis n.d. - n.t
CBS196.65 F. oxysporum f.sp. narcissi n.d. - n.t.
Fo47 F. oxysporum n.d. - n.t.
Fol4287 F. oxysporum f.sp. lycopersici n.d. - n.t.
Fop.08.1 F. oxysporum f.sp. passiflora n.d. - n.t
NRRL25433 F. oxysporum f.sp. vasinfectum n.d. - n.t
NRRL26035/ 1P099.03 F. oxysporum f.sp. canariensis n.d. - n.t
NRRL26381/ CL57 F. oxysporum f.sp. radicis-lycopersici  n.d. - n.t
NRRL26406/ Fom001  F. oxysporum f.sp. melonis n.d. - n.t
NRRL26761/ IP099.04 F. oxysporum f.sp. phaseoli n.d. - n.t
NRRL28781/ 1P099.02 F. oxysporum f.sp. erythroxyli n.d. - n.t
NRRL37622/ HDV247  F. oxysporum f.sp. pisi n.d. - n.t
NRRL54005/ PHWS815 F. oxysporum f.sp. raphani n.d. - n.t
NRRL54008/ PHWS808 F. oxysporum f.sp. conglutinans n.d. - n.t
CBS221.76 Fusarium fujikuroi n.a. - n.t
Moko Ralstonia solanacearum n.a. - n.t
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Abstract

Panama disease in Cavendish banana is caused by the fungal pathogen Fusarium
odoratissimum, which is colloquially called Tropical race 4 (TR4) and causes havoc in the
global banana industry. In this study, we primarily focused on the spatial distribution of TR4 in
naturally infested soils and water in the banana belt of the Philippines, but also investigated
survival after commonly used management practices and in weeds. Inoculum of TR4 was
detected as deep as 1 m below the surface of soils planted to the banana varieties Cavendish
and Lakatan. Traceability and dissemination of TR4 inoculum was monitored by sampling
footwear, which suggests that human trafficking is the major contributor to the short and
long distance dissemination of TR4. Moreover, we confirmed TR4 inoculum in surface water
of rivers and reservoirs in and bordering a commercial banana plantation that puts nearby
banana farms at risk of TR4 infestation. We then tested the efficacy of commonly practiced
field sanitation by burning (both rice hull and wood), determined temperature profiles
across four different soil depths during the sanitation process, quantified the resulting
inoculum reduction and tested the viability of remaining fungal biomass. Burning rice hull
or wood results in different temperature levels and profiles and reduced chlamydospores
viability of up to 0.4 m but not below the soil. Finally, we investigated TR4 presence in weeds
and confirmed its presence in eight symptomless weed species belonging to seven botanical
families growing in heavily infested natural banana soils. The collected epidemiological
information contributes to developing efficacious Panama disease management practices
until new varieties with required resistance levels to TR4 reach the market.

Keywords: Panama disease, Fusarium wilt, Cavendish, epidemiology, soil, water, weeds,
alternative host, sanitation by burning
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Introduction

Plant disease epidemiology is an important cornerstone of plant health (Cooke et al., 2006).
Epidemiological data can be used to strategically plan and shape policy-decisions for an
evidence-based management strategies. Agriculture is in continuous battle with new and
recurrent epidemics (Fisher et al., 2012). A few example of plant disease epidemics to include
the Irish potato famine pathogen caused by Phytophthora infestans (Bourke, 1964; Yoshida
et al., 2013), the cassava mosaic virus in West Africa (Legg, 1999; Thresh and Cooter, 2005),
Dutch elm disease caused by Ophiostoma novo-ulmi (Gibbs, 1978a; Gibbs, 1978b; Jones,
1981) and bacterium Xylella fastidiosa on olive trees (Almeida, 2016), underlining the
international movement of planting material as source of pathogen dispersal. The impact of
these plant diseases and losses compel for the multifaceted epidemiological investigation
leading to cost-effective management strategies.

Banana, comprising sweet dessert and cooking bananas, is regarded as one of the most
important crops (Aurore et al., 2009; Ploetz et al., 2003, Ploetz et al., 2015) with total annual
production of 114 million tonnes (FAOSTAT, 2017). Asia accounts for 56% of the world
production followed by 20% in South America, 10% in Central America and the remaining
from Africa (FAOSTAT, 2014). The latter use banana as staple food crop for example in
Uganda with daily consumption up to 1.6 kg. per capita (Thornton and Cramer, 2012). The
export trade of bananas is dominated by cv. Cavendish and estimated to comprise 20.5
million tonnes for 2017 with Ecuador, Guatemala, Costa Rica, Philippines, Colombia, Mexico,
Dominican Republic and Peru as major exporters (FAOSTAT, 2017). Banana production and
trade is important for the economy of the producing and exporting countries and also,
source of income for people that are directly and indirectly involved with banana.

Pest and diseases compromise banana production worldwide (Blomme et al., 2013; Dita
et al., 2013; Jones, 2002; Jones, 2009; Ploetz et al., 2015). The soil-borne Fusarium spp.
causing Panama disease in banana enter the roots through natural openings or wounds,
advance internally and eventually occlude the xylem vessels causing typical discolouration of
the vascular system and chlorosis of the foliage of affected plants resulting in plant death
(Diener, 2012; Di Pietro et al., 2003; Gou et al., 2014; Li et al., 2011; Ploetz, 2000; Stover 1962;
Yadeta & Thomma, 2013). These Fusarium spp. carry an historical legacy of a very destructive
plant pathogens that pushed the Central American banana industry, based on the banana
Gros Michel, to destruction in the previous century (Ploetz, 2015a; Stover, 1962; Perez-
Vicente, 2004). This epidemic was quenched by growing Cavendish varieties that are highly
resistant to the previously identified causative Fusarium spp. (Marquardt, 2001). However,
F. odoratissimum, colloquially called Tropical race 4 (TR4), kills Cavendish and many other
banana varieties (Garcia et al., 2019) and develops into a pandemic that threatens local and
export markets and therefore many small holder livelihoods (Ploetz, 2015b). Initially, TR4
spread almost unnoticed, but after its occurrence outside Southeast Asia (Garcia et al., 2014;
Ordéiiez et al., 2015) more attention resulted in a range of confirmed incursions underscoring
the difficulty to control the disease (Buddenhagen, 2009; Chittarath et al., 2017; Hung et al.,
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2017; Li et al., 2013; Molina et al., 2009; Mostert et al., 2017; O’Neill et al., 2016; Ploetz et
al., 2015; Zheng et al., 2018). The recent outbreaks in the middle East, Africa and the Indian
subcontinent (Garcia-Bastidas et al., 2014; Maymon et al., 2018; Ordéfiez et al., 2016;
Ordéiiez et al., 2015; Ploetz et al., 2015b; Thangavelu et al., 2019) jeopardize food security
and underscore the danger of TR4 expansion and its detection in the United Kingdom further
emphasizes the versatility of its dissemination (Anonymous, 2018). and in Colombia (https://
www.sciencemag.org/news/2019/07/devastating-banana-disease-may-have-reached-latin-
america-could-drive-global-prices) further emphasizes the versatility of its dissemination.
Genetic and forensic analyses clearly showed that TR4 is a single disseminating clone (Ordéfiez
et al, 2015). Evidently, these facts demand special attention and immediate action to slow
down banana decline.

Though soil-borne, intra-and inter-continental dissemination of TR4 is remarkable (Ploetz,
2015a). Man has been regarded to play a significant role in the movement of planting material,
rhizomes and suckers to disease-free areas (Marin et al., 1998; Ploetz, 2005; Ploetz, 2015a).
Movement of contaminated soil was deemed for the spread of the pathogen but this has
been taken into account minimally. Tracing population of TR4 in the naturally infested soil
across different soil depths has been poorly addressed. Surface water movement was as well
blamed for the rapid spread of Fusarium spp. (Su et al., 1986) but concrete scientific evidences
is inadequate. Although underestimated, crop and associated weed species can potentially
intensify the spread of Fusarium spp. (Dita et al., 2018). A number of reports proved the
isolation of Fusarium spp. from the roots of several weed species. In Australia, an infestation
of two weed species by Foc-ST4 was reported (Pittaway et al., 1999). In northern Australia,
where TR4 is prevalent, monocotyledenous and dicotyledenous plant species were identified
as alternative hosts of TR4 (Hennessy et al., 2005; Podovan et al., 2003). Su et al. (1986) listed
four weed species in Taiwan that function as alternative host for Foc race 4 to perpetuate
in the field, suggesting the importance of weed management in combating this disease. No
reports from other Fusarium spp. infested countries have been recorded in this regard.

Compared to other banana diseases, Panama disease control gained little attention and
hence there are not efficacious control options known (Pegg et al., 1996; Ploetz, 1990;
Ploetz, 2006). The environmental trade-offs of soil disinfectants banned products such
as methyl-bromide but other commercial chemical treatments are not available and
hence disease control depends on management practices. Therefore, exclusion of the
pathogen is the first, and only, line of defense. This requires well-organized monitoring,
guarantine and eradication plans supported by adequate and rapid diagnostics. Clearly, this
includes prohibiting movement of soil, potential contaminated planting materials, people,
implements, animals and preventing water flow around cordoned infested areas. Across the
world, such practices are not uniformly implemented and not taken up seriously and the
eradication procedures greatly vary. Australia proactively deploys biosecurity measures in
the TR4 affected areas implementing “come clean - go clean” from the infected farm to other
banana producing areas (O’Neill et al., 2016; Australia Department of Agriculture and Water
Resources). Following a TR4 outbreak in Israel in 2016 (Maymon et al., 2018), the infected
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plants were eradicated and irrigation facilities were terminated confining the entire infested
area under strict supervision and surveillance (ProMusa, 2018). Nevertheless, in 2019 a
number of new outbreaks were identified (National Plant Protection Organization of Israel,
2019). In the Philippines, biosecurity measures were strictly implemented by large-scale
commercial plantations but hardly for small-scale farmers. Panama disease management
mostly relies on chopping down infected plants, subsequent covering of the remains with
rice hulls that are set on fire for slow release sanitation by heat. Alternatively, plants are
left standing and are caged with corrugated iron for destruction by fast intense heat by
burning wood and gas. However, neither of these practices has been supported by data
on fungal, especially chlamydospores, survival in the soil and hence lack reliable statistics
on efficacy. This is disturbing as the Philippines is one of the largest exporters of banana
(FAOSTAT, 2016), and the crop (cooking or sweet dessert) is grown all over the archipelago
with a total land area of around 450,000 ha (Philippine Statistics Authority, 2016) either
in backyards for home consumption, mixed-crop and small-scale farming for local markets
or large-scale monocrop commercial plantations. Since TR4 is omnipresent, the industry is
constantly battling Panama disease. In the past, other Fusarium spp. (formerly indicated
as vegetative compatibility groups (VCGs) 0122, 0123 and 0126, but now recognized as
F. phialophorum, F. oxysporum and F. purpurascens, respectively; Maryani et al., 2019)
devastated cv. Cavendish, Latundan and Lakatan bananas affecting 30,000 ha. from 1974 to
1991 (Magnaye, 2001 and Roperos and Magnaye, 1991). Also, the cooking banana variety
Saba (syn. Cardaba) succumbed to Panama disease, but the first significant blow to the
industry came after the incursion of TR4 in the early 2000s when commercial and small-
scale Cavendish banana plantations in Mindanao were devastated (Molina et al., 2009;
Mostert et al., 2017). From there, TR4 has disseminated across Mindanao and as a response
banana companies relocate to new areas, which intensifies the spread of the disease,
despite governmental and industrial awareness programs.

In this study, we use molecular diagnostics and traditional laboratory assays to better understand
the epidemiology of TR4 in the Mindanao banana belt. The presence of TR4 was determined in
soil at different depths prior and after executed management practices, such as burning, which
was also used to test the efficacy of these treatments. Furthermore, we generated data on the
dissemination by human trafficking and with surface water and determined the presence of TR4
in ubiquitous non-host weeds. Taken together, these data show a remarkable longevity of TR4
inoculum, which questions the overall efficacy of disease management practices. Evidently, this
fuels grim scenarios of an almost unstoppable epidemic that threatens banana production in
Mindanao and thereby affects the livelihoods of many smallholders.

Materials and methods
DNA-based diagnostics for TR4

In this study, DNA-based diagnostics were crucial to detect small amounts of TR4 in different
matrices. The commercially available SYBR-green based qPCR (http://www.cleardetections.

65




Chapter 3

com/product2-type/foc-tr4-detection) was utilized to specifically detect TR4 in surface water
following manufacturer’s instructions. The developed LAMP TR4 diagnostics (Salacinas et
al., 2019) was utilised for detecting TR4 in weeds and other plant species to test whether
they can be alternate hosts for TR4 (Table 1, Chapter 2 this thesis).

Table 1. Primers and probes utilized in this study.

Purpose Primeror Name Oligonucleotide sequence (5’- 3’) Reference
probe
LAMP for TR4  Primer F3 AATAGTAAAGATGCTGAACTTCT This thesis (Chapter 2)
B3 ACTCTTGTGAGAGGTCGA
FIP TGGGAGGAAGAACTTTCTAGTAT-
GAGAAAGGATAAGGGATGTAATGTTG
BIP TTGCTCAATTTCCTTGTGTTTCG-
CAGGATTCACGATAGTAGAGTT
Loop F ACCAAAAGCCTAGGAGAGGATT
Loop B TCTTCTTCTTCGCCGTACCTCATCA
TagMan qPCR  Primer Forward_175 TCCGGTCTTTGAATCCCTTTC This study
for TR4 Reserve_175  CCATCACTGCAGCTTGTAAATATG
Probe PrTR4_175 56-FAM/ TCTCCTGCT/ZEN/ This study
TGACTTGACAATATCCCA/3IABKFQ
TagMan qPCR  Primer IntCon _F AAGAAGGCGAAGAAGGCAATCC Waalwijk et al., 2004
for PLRV IntCon_R GCACTGATCCTCAGAAGAATCG
Probe IntCon_P 56 FAM/CGAAGACGC/ZEN/ Waalwijk et al., 2004

AGAAGAGGAGCCAAT/3IABKFQ

To avoid problems with inhibition of PCR reactions due to the presence of organic matter or
humic acids in DNA preps from soil we developed a highly sensitive TagMan probe-based
gPCR assay based on the Seq5 TR4 unique sequence (see Chapter 2 this thesis; Table 1) using
the PrimerQuest tool (Integrated DNA technologies, USA). The probes were labelled with
ZEN / lowa Black FQ as double-quenchers. The specificity of the primers and probes were
confirmed on genomic DNA samples from 24 genotypes of Fusarium spp. causing Panama
disease in banana (Ordoiiez et al.,, 2015; Maryani et al., 2019), 22 confirmed TR4 strains
from different geographic locations and 18 other Fusarium spp. (see Chapter 2 this thesis).
Amplifications were performed in an ABI 7500 real-time PCR system (Applied Biosystems,
USA) in 15 pl reaction volumes containing 5 ul template, 100 mM of probe and 300 mM of
each forward and reverse primer and Premix Ex Taq master mix (Takara, Japan) and each
reaction included a negative control with nuclease-free water instead of template DNA.
PCR cycling was set at 95°C for 2 minutes, followed by 40 cycles of 95°C for 15 seconds
and 60°C for one minute. Results were catalogued as cycle threshold (Ct) values, which
is the qPCR cycle at which the fluorescence exceeds a threshold value. A Ct value of <37.5
was regarded as a positive result by automated calculations using Detection 1.2 software
(Applied Biosystems, USA) and final data comprised the average Ct value of four biological
controls (independent DNA extractions of each soil sample). To determine the efficiency
of DNA extraction and potential qPCR inhibition, we added 1 ng of exogenous plasmid
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DNA from potato leaf roll virus (PLRV) to each sample, which was afterwards amplified in
separate gPCR reactions. The PLRV primers and probe (Table 1) and the gPCR amplification
conditions were adapted from Waalwijk et al. (2004).

Tracing TR4 in soil and water

In order to trace contamination of TR4 in soil, we visited small and large-scale commercial
banana plantations planted with Cavendish, Lakatan and Cardaba bananas in Mindanao,
Philippines (Figure 1, Table S1) between November 2014 and March 2015 and from July
to December 2015. In every case, soil underneath banana plants showing Panama disease
symptoms was collected from the top layer (0- 0.25 m) at a distance of 1 m, 3 m, 5 m and
10 m from the infected plant using an auger that was disinfected between samplings. In
some locations we also conducted vertical soil sampling at 0.25 m, 0.50 m, 0.75 m and
1.0 m. For each horizontal and vertical sample, we collected four subsamples surrounding
the symptomatic plant which were then pooled to form a composite sample per plant
(Figure 1). These samples were homogenized in the field and representative sub-samples
were collected in sterile 50 ml plastic tubes that were subsequently placed in a laminar flow
hood in the laboratory for overnight drying. Additionally, we collected soil from footwear
after walking in Panama disease infested banana plantations in Mindanao, Philippines
(2015) and China (2015 and 2016) (Figure S2). We used a KingFisher” Magnetic Particle
Processor (Thermo Fisher Scientific, USA) following the manufacturer’s protocol with slight
modifications enabling high-throughput parallel DNA extractions of large numbers of soil
samples. For each sample, four independent DNA extractions were conducted using 0.25
grams of soil in a 96-well format using a MoBio PowerMag soil DNA extraction kit (MoBio
Laboratories, USA). Each sample was complemented with an internal PLRV plasmid DNA
control well before cell lysis by bead beating and every 96-well extraction plate contained
triplicated positive controls (103 chlamydospores.gram™ of soil) and negative controls (twice
autoclaved non-infested soil). Extracted DNA was eluted in 100ul elution buffer (MoBio
Laboratories, USA) and used as template for TagMan probe-based gPCR.

Surface water contamination was monitored from 2013 to 2016 in a commercial Cavendish
banana plantation in Mindanao, Philippines. We sampled eight rivers, one creek and three
reservoirs situated within or neighbouring the Cavendish banana plantation at monthly
intervals and collected three composite samples (each 50 ml) 50 m from the edge of the
water system at each site. In the laboratory, the samples were immediately split for direct
DNA extraction and viability plating and then processed by removing debris by 1 hour
sedimentation and subsequent filtering using a vacuum set-up (Sartorius AG, Germany)
with a cellulose Millipore filter (Merck Millipore, Germany) with a pore size of 0.45 um. For
direct DNA extraction, the filter was placed in a 5 ml tube with 1.5 ml MilliQ water and 1.5
grams of 500 um glass beads (Sigma-Aldrich, USA), which was vortexed (Genie 2, Scientific
Industries, USA) at maximum speed for 15 minutes. The resulting lysate was diluted (20x)
and used as template for TR4 detection using a commercial diagnostic kit (ClearDetections,
The Netherlands, Wageningen). For viability plating, we placed the filter in a Komada
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plate amended with 100mg.L* streptomycin, which was incubated for three days at room
temperature (x27°C). Developing colonies were collected and processed by placing them in
a 2 ml tube with 1 ml MilliQ water and subsequent analyses with the ClearDetections TR4
diagnostic kit.

Validating the efficacy of rice hull burning as a field sanitation method

Rice hull burning is a commonly practiced strategy for TR4 management in Mindanao. We
conducted two open-field burning experiments in a naturally TR4 infested commercial
Cavendish banana plantationto determine the temperature profile during burning at different
soil depths and to evaluate the efficacy of this management strategy. The first experiment
was rice hull burning using 30 bags of rice hull (approximately 15 kg per bag) (Figure S1). The
second experiment we used wood arranged vertically surrounding the chopped infected
plant and then supplemented with gas to start the fire (Figure S1). As the fire produced is
quick relative to rice hull burning, second burning was done the day after using only gas to
burn into ashes the remaining plant tissue. Soil temperatures were monitored by placing
two fiberglass-insulated thermocouples attached to a data logger (Delta-T, UK) at the surface
and 0.1, 0.2 and 0.4 m depth. The sensors operate until 1000°C with an accuracy of +1 °C
and the data loggers were programmed to collect data every minute during the duration of
the experiments. Three days after the initiation of the experiments the data loggers were
recovered and data were downloaded. In both experiments, we placed heat resistant mesh
bags with 1.10” chlamydospores.gram™ soil randomly around (0.3 m) an infected plant at
0.10, 0.20, 0.40 and 1 m depths and a similar lay-out was used to collect control samples
outside the treated area (3 m from the infected plant). After two weeks (rice hull burning)
and one week (wood burning) the mesh bags were collected, and the content was used in
viability tests as described above to test the survival of chlamydospores. In addition, we
randomly sampled soil at depths of 0.25 m, 0.50 m, 0.75 m and 1.0 m prior and after rice hull
burning. Compound samples were prepared for each distance and taken to the laboratory
for DNA extraction and TagMan probe-based qPCR analyses as described above.

Alternative hosts of TR4

To better understand the epidemiology of TR4, we also sampled weed plant species in a
banana farm with no Panama disease incidence ( North 7°28’18"’East 125 - 35’55"’), a banana
farm with Panama disease incidence (North 7029°45" East 125°37°28"), an abandoned
banana farm and currently cropped to maize (North 7°33’16” East 125°42’49”), an
abandoned banana farm currently cropped to pineapple (North 7°11'38" East 125°23’24")
and a backyard farm cropped with coconut (North 7°18°22" East 125°41’40”). The collected
species were taxonomically identified following Moody et al. (2014). All abandoned farms
were planted to other crops due to severe Panama disease infestations that disabled
banana production. Sampling was conducted from October 2015 to March 2016. Healthy
and symptomless plants were uprooted, loose soil was removed and in the laboratory each
plant was washed with distilled water and the aboveground parts were cut or segmented
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and surface sterilized with 70% ethyl alcohol for one minute, rinsed again with distilled
water, then placed on Komada medium in 9 cm Petri dishes and incubated for five days at
room temperature (+27°C). Mycelial colonies similar to Fusarium spp. were transferred to
fresh Komada (Komada, 1975) plates for three days at room temperature (+27°C) and then
collected and processed using the above described TR4 LAMP assay.

Results
Spatial distribution of TR4 in banana soils

A total of 312 soil samples was analysed from seven provinces in Mindanao, Philippines
(Figure 1, Table S1), which are prime for small and large-scale banana production for local
consumption or the export trade. We determined TR4 presence in all samples, except for
Cardaba plantations (Table S1) in Davao del Sur, which is likely due to the small sample size.
Sites with a reported high prevalence of Panama disease for both Cavendish or Lakatan
(Figure 1), indeed showed TR4 dissemination across vertically sampled across soil layers until
1 m. The qPCR analyses on the samples and controls indicated that no inhibition of the TR4
target DNA amplification was detected. The concentration of determined TR4 inoculum in
the sampled soils was always much lower than the positive control (1.10° chlamydospores.
gram?). The soil samples collected from footwear were positive for the presence of TR4 both
used in the Philippines and in China (Figure S2). Taken together, these data substantiate the
notion that TR4 is omnipresent in infested plantations.

Surface water contains TR4

We collected 352 water samples from the 12 sites for three years. Five samples from four
sites were positive for TR4. Three of those were confirmed by PCR and two by viability
plating (Table S2). Two of the sites (#4 and #9) were rivers bordering or crossing the
plantation, respectively, while the others (#1 and #3) were reservoirs situated at the border
of the farm that sourced their content from the bordering river (#4). TR4 was detected in
two consecutive years (2014 and 2015) at site #1, whereas the other sites were positively
tested once. We conclude that surface water, particularly irrigation water, can be a potential
source of inoculum for further spread TR4 in disease free areas.
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Figure 1. Tracing Panama disease in the Philippines. Soil sampling sites for tracing Fusarium
odoratissimum Tropical Race 4 (TR4) infestation of small and large scale banana plantations in
Mindanao, Philippines (A). The sampling strategy is based on horizontal and vertical mapping of TR4
in soil attached to and surrounding an infected banana plant (B). Quantitative vertical mapping of
TR4 in fields planted to Grand Naine (AAA) (C) or Lakatan (AA) (D). The positive control is a Dutch
soil artificially infested with TR4 chlamydospores at a rate of 10® chlamydospores.gram of soil? as
determined by plate dilution technique. The negative control is the same uninfested soil, autoclaved
twice.
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Burning does not eradicate TR4 inoculum in soil

Since field sanitation by burning (Figure S1) is a common part of the TR4 management
strategy in Mindanao, but its efficacy especially on infested soil is unknown. During these
practices we determined the temperature profiles (Figure 2) that revealed a maximum
peak of surface temperature of 350°C and 113°C on the first and second day of rice hull
burning, respectively. Subsequently, temperatures dropped over time and with depth as we
measured maximum temperatures at 0.10, 0.20 and 0.40 m depth of 57°C, 50°C and 36°C,
respectively (Figure 2). For wood burning, we recorded two surface temperature peaks
of 363°C and 737°C at first and second day of the treatment, respectively, when intense
fire was produced, but in between these peaks temperature dropped to less than 100°C
(Figure 2). The second wood burning peaked at 344 °C on day two and dropped to 130°C
until the measurement ended (Figure 2). Indeed, in general wood burning caused higher
temperatures across the soil profile which peaked at day 1 at sub-surface depths of 0.10
m 396°C, of 0.20 m at 52°C and of 0.40 m at 36°C. On the second day of this treatment the
temperatures at subsurface depths of 0.10cm, 0.20cm and 0.40 cm were 368°C, 145°C and
105°C, respectively (Figure 2).

We expected to detect TR4 prior to burning, but despite the high temperatures across the
soil profiles, we still detected TR4 after rice hull burning at every depth after rice hull burning
and chlamydospores survived in the mesh bags at a depth of 1 m irrespective of the used
burning method (Figure 3). The difference of TR4 quantity between the untreated controls
in the laboratory and the field indicate that sub-surface placement of mesh bags slightly
affects the viability of the chlamydospores at different soil depth (Figure 3). After rice hull
burning the TR4 quantity in the top soil is significantly reduced, suggesting degradation of
DNA or death of chlamydospores, but increased at depths of 0.50 m, 0.75 m and 1 m. These
data show the limited efficacy of field sanitation by burning.

TR4 is an endophyte of other plant species in banana plantations

We identified eight commonly observed weeds, belonging to seven botanical families, as
hosts of TR4 in at least one occasion (Table 2, Figure S3). However, none of these species
showed wilting symptoms collected either from existing banana farms, backyard farms with
coconut and an abandoned banana plantation currently planted to maize or pineapple.
Majority of these weed species tested positive for TR4 were collected from abandoned
farm due to Panama disease except for Echinochloa colona (Table 2). This weed species was
sampled from existing banana farm with Panama disease infestation which accords with the
observed TR4 presence in the soil of this plantation (Table S1). These data show that TR4 can
survive in non-host plants.
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Temperature (°C)

Figure 2. In-field sanitation of Panama disease in the Philippines. Temperature profiles at different soil
depths during replicated rice hull burning (A, B) and wood burning (C,D) sessions, monitored using
thermocouples with attached data loggers. The plotted temperatures are hourly averages based on
four readings per minute. The trials were conducted in a commercial Cavendish banana plantation in
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B
Treatment log viable TR4 chlamydospores?®
0.10 m 0.20 m 0.40 m 1.0m
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field control, nonburnede 6.90 6.84 7.08 7.27
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*TR4 chlamydospores count by soil dilution plating and data d as log formed spores. gram!

*TR4 chlamydospores in nylon mesh bag before burning
“TR4 chlamydospores in nylon mesh bag positioned randomly at different soil depths outside the burned area

Figure 3. Quantifying the efficacy of sanitation techniques on Fusarium odoratissimum Tropical Race 4
(TR4) inoculum in soil. The effect of rice hull burning on TR4 quantities at different depths in a naturally
infested field as determined by qPCR (A) and the effect of rice hull or wood burning on the survival of
known quantities of TR4 in test samples (107 chlamydospores.gram of soil?) that were submerged in
sites where burning was used as an in-field sanitation method (B).
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Discussion

Plant diseases threaten crop production world-wide and reduced sensitivity to crop
protection agents is a growing concern (Fisher et al., 2018; Bebber et al., 2014). Intensified
global trafficking also contributes to the dissemination of pathogens (Almeida, 2016).
The rapid decline of amphibians was reported and is due to the occurrence of new fungal
species and dissemination of known species to new areas, where they threaten biodiversity
(Fisher et al., 2012; Stuart et al., 2004). Panama disease epidemics are not new to banana.
In the previous century Fusarium spp. decimated the Gros Michel based industry in Central
America (Marquardt, 2001; Soluri, 2002). Before the industry embraced the cultivation of
Cavendish banana as the solution for this problem, manifold control measures were tested,
but essentially failed (Marquardt, 2001). The current Panama disease epidemic in Cavendish
that is caused by the new species F. odoratissimum - commonly known as TR4 - started in
the late 1960s and has currently evolved to a nearly pandemic disease and is a reminiscence
of this previous epidemic (Maryani et al., 2019). This species entered the Philippines and
was discovered in early 2000s (Molina et al., 2009). Since then, it has spread across the
Mindanao banana belt and caused havoc among small holder and industrial plantations.
This contributed to a wide variety of measures to control the disease, including the planting
of Cavendish mutants with reduced susceptibility, the so-called Giant Cavendish Tissue
Culture Variants or GCTCV clones (Hwang et al., 2004), and various practices to reduce the
soil-borne inoculum, such as rice hull burning. Eventually, however, these measures are
insufficient resulting in the abandonment of farms and relocation to disease-free areas in
Mindanao and all other areas where TR4 not has surfaced (Zheng et al., 2018). Neither of
currently applied measures has stopped the epidemic and this also underscores the need
for addressing the unknown epidemiological phenomena that underlie the dissemination
of TR4.

Our results show that soil attached to footwear was positive for the presence of TR4 in all
tested occasions from the Philippines and China. Although the diagnostics employed was
based on TagMan gPCR and will not discriminate dead or alive chlamydospores. Along with
the minimal efficacy of disinfectants on soil-borne TR4 inoculum (Salacinas et al., 2019) and
the proven international dissemination of the pathogen (Zhang et al., 2018), this underscores
the need to first clean and then disinfect tools, footwear and farm vehicles as widely
implemented in Australia. Given the importance of chlamydospores survival in soil, field
sanitation by burning is commonly practiced in Mindanao despite the fact that the efficacy
in soil is unknown. Our data show that the inoculum load in treated soil is significantly lower
than our controls, and yet is apparently sufficient to effectively disseminate the disease. The
applied field sanitation by burning does indeed induce high temperatures in the top soil and
for wood burning on deeper soil layers. However, these practices do not totally eradicate
TR4 inoculum. At most they reduce the inoculum load in the top soil, whereas inoculum at
deeper layers survives. Indeed, the lateral transfer of heat in soil is affected by soil moisture
and soil texture (Frandsen and Ryan, 1986; Busse et al., 2005). Moreover, we showed that
the temperature during burning is fluctuating between replicate burns.
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This is rather common (Preisler et al., 2000; Busse et al., 2005), and can be due to the
amount of initial fuel loads, soil moisture contents, weather conditions and even soil physical
properties (Ghuman and Lal, 1989; Busse et al., 2005). The spatial variation of temperature
in treated sites might result in partial sterilization of soil hence, partial killing of target
organism. Thus, although burning can potentially reduce TR4 inoculum, it has also negative
effects due to harmful loss of nutrient capital and important soil microbiota (Neary et al.,
1999). High temperatures can volatilize nitrogen between 200°C and 400°C and calcium and
magnesium above 1000°C (Hungerford et al., 1991). Also, soil organic matter will vanish at
approximately 200°C (Neary et al., 1999). To further the analysis of temperature effects on
soil borne inoculum additional studies are required involving time lapse experiments on
known amounts of soil and inoculum to identify the efficacy thresholds.

Our study is based on naturally infested soils planted to cv. Cavendish and Lakatan bananas
in the Philippines and demonstrates that TR4 is present up to 1m soil depth. The high
inoculum density in top soils can be accounted for by the sporulation and accumulation of
TR4 propagules as the plants are heavily infested evident in the wilting of the entire leaves.
Banihashemi and de Zeeuw (1975) showed that F. oxysporum f.sp. melonis (Fom) inoculum
was 20 times higher around wilted plants than non-wilted plants and also demonstrated
that the concentration in the top soil (0-2.5 cm) was higher than in the subsurface layer
of up to 20 cm depth. The presence of TR4 in the deep soil layer (1 m) is probably the
result of the sporulation in the roots (root-to-root contact). Hence, eradication of TR4
from soils requires a more robust strategy that also reaches deeper soil layers. However,
the majority of these TR4 contaminated soils were in commercial banana plantations of
small holders that do not have enough resources to implement strict quarantine measures.
As discussed above, our results also indicated that large scale plantations that stringently
deploy biosecurity measures by installing footwear and tire baths (see Chapter 5 this
thesis) at the entry and exit points should reconsider these strategies. A “come clean — go
clean” strategy as implemented in Australia is in accord with our findings that disinfectants
have a significantly reduced efficacy on soil borne TR4 inoculum. Relocating banana farms
should go hand-in-hand with adequate risk assessment based on the presence of TR4 and
the potential incursions from adjacent areas such as rivers, irrigation water and traffic.
The inoculum loads in the tested soils was significantly lower than our controls and raises
guestions on the soil dose-response relationships for different environments, which may
contribute to disruptive epidemics in one region, but mild epidemics in others. For club
root caused by Plasmodiophora brassicae it was deduced that 1000 spores/gram dry soil is
enough for symptom development (Faggian and Strelkov, 2009). This has been documented
for other Fusarium spp., including F. oxysporum f.sp. ciceris (Navas-Cortes et al., 2007), F.
culmorum and F. pseudograminearum in cereals (Hollaway et al., 2013), F. avenaceum on
lentils (Hwang et al., 1994) and canola (Zhou et al., 2014) and F. oxysporum f.sp. lycopersici
(Huang et al., 2016).

Taken together, we conclude that TR4 is distributed across soil layers which minimizes the
impact of rice hull burning and wood burning. These strategies are essentially not optimal
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and should be reconsidered as a mean to stop TR4 dissemination across farms and adjacent
areas.

Our study also showed that surface water is a source of TR4 dissemination. Hence,
watershed is an important factor in developing overall TR4 disease management strategies.
In this study, we sampled surface water utilized as source for irrigation delivered from rivers,
creeks and reservoirs crossing and adjoining the banana plantation. We determined TR4 in
two rivers and two reservoirs fed by the contaminated river. The origin of TR4 in these rivers
and reservoirs is unknown but likely originates from run-off soil contaminations from nearby
infested banana farms after heavy rains during the typhoon season in the Philippines. We
identified five positive TR4 samples among 352 samples and hence, the rivers in this particular
farm were not used anymore as source for irrigation and the reservoirs were drained and
disinfected. Henceforward, irrigation water is now being sourced from deep wells as a
safer option. This contributes to a better management of TR4. However, such solutions are
impossible for many small holders and hence TR4 contaminated surface and irrigation water
is a continuous concern for the Mindanao banana industry particularly during the summer
season (March-May) when the need for irrigating banana farms is high. Our sampling was
based on a monthly inspections that can be intensified to obtain a more realistic assessment
of TR4 contamination. We also did not address the survival of TR4 inoculum in water and the
effect of the water temperature on chlamydospores viability, which would be required for a
better appraisal of TR4 dissemination by water (Erwin et al., 1983).

Finally, we considered that long term survival of TR4 might also be due to the endophytic
presence in non-host weeds, particularly since various Fusarium spp. are omnipresent and
known for their broad host range (Edel-Hermann and Lecomte, 2019). Such weeds can be
present during cropping or act as a “green bridge” during a fallow period and absence of
the host weeds and banana infecting Fusarium spp. were reported in weeds in Australia
(Hennessy et al., 2005) and Taiwan (Su et al.,1986). We report it for the first time in the
Philippines, and identified eight weed species from seven botanical families. The Asteraceae,
Poaceae and Euphorbiaceae families were identified as putative weed hosts in our study and
the aforementioned studies in Australia and Taiwan. In the past, Waite and Dunlap (1953)
suggested that Commelina diffusa in Panama disease infested areas might be a carrier of
the pathogen. In the previous studies Fusarium spp. were isolated from the roots of the
weed species, but we confirmed the colonization of TR4 throughout the identified weeds.
The pathogen may colonize these weeds as weak pathogen, but likely as an endophyte as
we observed no wilting symptoms and plants were morphologically similar to those that
were negative for the presence of TR4. Other Fusarium spp. heavily colonized the roots of
the alternative hosts, but did not sporulate and consequently did not build-up inoculum in
the rhizosphere (Banihashemi and de Zeeuw, 1975), but this was not verified in our study.
Aside from chickpea, F. oxysporum f.sp. ciceris infects roots of grain legumes species such
as bean, faba bean, lentil, pea and pigeon pea and various dicotyledonous weeds without
manifesting external symptoms (Jimenez-Diaz, et al., 2015). Clearly, colonization of non-
host plants increases the survival potential of TR4 in the absence of susceptible banana

77




Chapter 3

plants (Hennessy et al., 2005; Pittaway et al., 1999). These weeds may act as reservoirs in
the lateral transmission of TR4 in the uninfected areas even across continents (Jones and
Diekmann, 2000; Perez-Vicente, 2004), suggesting the importance of weed management
in combating Panama disease. Besides, there is also an indication that banana infecting
Fusarium spp. can also infect commercially important ornamental plants belonging to order
Zingiberales and Alismatales (Waman, et al., 2013). We will further address the role of
weeds in the epidemiology of TR4 by determining the pathogenicity of the recovered strains
on Cavendish and other varieties of banana. This will also include host range studies of TR4
as it touches principal aspects of pathogenicity swaps on host and non-host plants, which is
of fundamental interest.

In conclusion, we consider that the presented data helps to better understand the
epidemiology of TR4 and substantiate the critical evaluation of applied management
strategies. We have addressed the distribution of TR4 propagules across soil profiles, their
dissemination through contaminated soil particles and water, survival in weeds and the
inadequacy of field sanitation by different burning strategies. Hence, our results call for
an integrated and much more robust and data driven disease management to reduce the
dissemination and impact of TR4. Clearly, these strategies should be back by governmental
regulations and increased responsibility of all stakeholders as the regional and international
impact of TR4 is driven by large scale mono-cropping. History has shown that any control
measure is deemed to fail without addressing genetic uniformity of the crop.

Acknowledgement

This research was supported by funds from the Wageningen University Interdisciplinary
Research Fund (INREF) program (www.panamadisease.org) and the Dioraphte Foundation,
the Netherlands (GHIJK, HIGM). We are indebted to the group of Euberto Catayas (Technical
department, Tadeco Inc., Philippines) and Allieh Barriga (Plant Pathology department,
Tadeco Inc., Philippines) for their help in the burning trial. The collaborating companies in the
Philippines — Tadeco Inc., Nader Ebrahim s/o Hassan Inc. and Unifrutti Tropical Philippines
Inc. are acknowledged for their valuable support in the field sampling and burning trial.

78



Epidemiology and management of Panama disease

Figure S1. Practicing in-field sanitation of Panama disease in banana caused by Fusarium odoratissimum
Tropical Race 4 (TR4) in the Philippines. Rice hull burning (A) and wood burning (B).

79



Chapter 3

8 . el el st rvw Comstrod |

w— 50il from shoes

— gt fieted ol e gative conolh

Ll ey st wol (pomnitives éomrol)
200 et il Firoen ahioses

e

"

%]

&

E

]

o

o

LE ]

am — —_— —— — m-wndedn] el (vemene omshol)

g mitfizse] il {prnine comtiel)

15 == soil from shoes

-

i - - = — -l wil (eepane comtiol)

Figure S2. Disseminating Fusarium odoratissimum Tropical Race 4 (TR4). Quantitative detection of TR4
in soil attached to footwear used at TR4 infested farms in the Philippines in 2015 (A) and China in 2015
(B) and 2016 (C). Dutch uninfested soil spiked with TR4 chlamydospores (10° chlamydospores.gram of
soil™) was used as positive control and a twice autoclaved (121°C) sample of the same uninfested soil
was used as negative control.
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Figure S3. Weed species collected at Philippine banana farms in Mindanao were identified as
alternative hosts of Fusarium odoratissimum Tropical Race 4 (TR4). (A) Echinochloa colona, (B)
Paspalum conjugatum, (C) Euphorbia hirta, (D) Ageratum conyzoides, (E) Momordica charantia, (F)
Ipomoea triloba L, (G) Asystasia gangetica, and (H) Amaranthus spinosus.
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Chapter 4

Abstract

Panama disease is one of the most damaging diseases of banana that currently puts the global
production and food security at risk. The causal agent, Fusarium odoratissimum, colloquially
called tropical race 4 (TR4), is pathogenic on the Cavendish varieties and many locally
important cultivars and easily and rapidly spreads within and between farms. Despite the fact
that limited information exists on the efficacy of disinfectants particularly on the persistent
chlamydospores, they have been used as a front-line defense against the spread of TR4 in
the banana production areas. Here, 13 disinfectants, majority marketed in the Philippines,
were tested for efficacy on TR4 mycelium, conidiospores, chlamydospores suspensions and
chlamydospore-infested soil. They encompass five chemical groups; quaternary ammonium,
halogen, alcohol, diamidine and aldehyde, and were tested at different concentrations
and exposure times. Ten disinfectants controlled mycelial growth at the manufacturer’s
rate with the exception on one quaternary ammonium-based disinfectant. Conidiospores
in suspension are sensitive to all tested disinfectants at the manufacturer’s rate with
minimum exposure time of 15 seconds, reducing the concentration also showed efficacy
except for formalin and ethyl alcohol. Eleven disinfectants showed adequate efficacy in all
tested concentrations towards filtered chlamydospores in aqueous suspensions with the
exception of calcium hypochlorite-based disinfectant and ethanol at lower rates. Despite in
vitro efficacy, all disinfectants were largely ineffective once chlamydospores were in soil, the
natural substrate of these propagules, except the diamidine-based disinfectants that showed
full efficacy at the recommended rates. Increasing the concentration of the disinfectants
increased their efficacy for TR4 mycelium and propagules independently from the used
substrate, except for ethanol. Moreover, the minimal exposure of the disinfectants for in vitro
or in situ tests significantly deviates, which greatly affects their efficacy. Furthermore, Formo
and Vanodine are highly corrosive to metal. Our results illustrate that the overall efficacy
of disinfectants largely depends on the substrate carrying TR4 propagules and exposure
time. Suboptimal adequate quarantine measures, therefore, contribute to continued local,
regional and international TR4 dissemination.

Keywords: efficacy, disinfectant, TR4, quarantine bath, propagule type, corrosiveness
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Introduction

The United Nations sustainable development goals indicate that crop production has to
increase to meet future demands for food and feed. With a continuously increasing global
population, plant production has to increase and yield and post-harvest losses have to be
reduced. Evidently, plant disease in staple crops are a great concern and reduced efficacies
of disease control agents contribute to increasing yield gaps (Fisher et al., 2018; Bebber
et al., 2013). Bananas rank among the top-10 most important food crops with estimated
annual consumption of 100 billion as staple food or fruit (Aurore et al., 2009; Churchill,
2011). They include dessert and cooking types and are extensively grown in the (sub) tropics
either in backyards, mixed-crops, small-scale farming or industrial monocrops. Overall, 85%
of the total production is for local consumption as staple crop and 15% enters international
markets (FruitTrop, 2017). The latter represents an annual production of more than 148
million tonnes (FAOSTAT, 2016), and is dominated by Cavendish varieties (-90%) that serve
as an important cash crop for agriculture-based economies with an estimated value of USS
35.2 billion (Churchill, 2011).

The genus Fusarium contains a wide range of soil-borne pathogens, of which several formae
speciales cause wilting disease in a range of crops (Chakrabarti, 2013). Until recently F.
oxysporum f.sp. cubense (Foc) was the agreed pathogen causing Fusarium wilt or Panama
disease in banana. However, a recent taxonomical revision showed that the polyphyletic
origin of Foc should be taken as a lead and hence, resulted in a new nomenclature (Maryani
et al., 2019). The conclusion is that Panama disease is caused by a suite of Fusarium spp.,
including the new species F. odoratissimum that is colloquially called tropical race 4 (TR4),
which devastates Cavendish bananas as well as many local varieties (Garcia, 2019). Panama
disease is one of the most devastating plant diseases, exemplified by the epidemic in
Gros Michel banana plantations in Panama in the mid-1950s. This paved the way to the
conversion of the Gros Michel based export trade to the contemporary Cavendish based
industry (Stover, 1962; Perez-Vicente, 2004). The appearance of TR4 on Cavendish bananas
causes havoc in the industry, as it disseminated across Southeast Asia and hence forward
to the Indian subcontinent, the Middle East and Africa (Chittarath et al., 2017; Garcia-
Bastidas et al., 2015; Hung et al., 2017; Mostert et al., 2017; Ordéiiez et al., 2016; Zheng
et al., 2018). and recently in United Kingdom and Colombia (https://www.sciencemag.org/
news/2019/07/devastating-banana-disease-may-have-reached-latin-america-could-drive-
global-prices). This can be associated with its wide host range including sweet dessert and
cooking bananas. The socio-economic impact of this devastating strain rapidly increases due
toits international and continental manifestation in Cavendish bananas as well as many local
varieties (Ploetz, 2015a). Despite its global dissemination there are currently no effective
and long-term control measures available to manage Panama disease in banana. Moreover,
contrary to the previous epidemic in “Gros Michel”, there is presently no resistant, widely
accepted replacement for Cavendish bananas. Hence, investigating methods to prevent TR4
incursions and effective disease management strategies once it occurs are crucial for the
global industry and millions of smallholders.
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This asexual fungal pathogen produces three types of spores: chlamydospores, macroconidia
and microconidia. Conidia are produced in large quantities in the xylem vessels and facilitate
rapid infestation in the entire host plant. Chlamydospores on the other hand, are thick-walled
and are formed on senescing hyphae or germ tubes or inside the conidia under abiotic stress
conditions (Beckman, 1969; 1989; 1990; Schippers, 1981; Vandermolen et al., 1977). They
easily persist for 30 to 50 years in the soil in the absence of the susceptible host (Ploetz,
2015a). The primary risk factor for introduction of TR4 into new areas is the movement
of infested soils or infected planting material. The latter can be rhizomes or suckers (with
attached soil) contaminated with mycelium, conidiospores and/or chlamydospores. Hence,
regional, international and intercontinental traffic is considered to be the major risk
factor for TR4 dissemination (Garcia-Bastidas et al., 2015; Zheng et al., 2018). Therefore,
strengthening biosecurity policies and implementing disease management strategies are
top priorities aimed to control and limit the spread of inoculum in and across the production
areas. In the Philippines the disease continues to spread after its incursion in early 2000
(Molina et al., 2009), despite the implementation of biosecurity measures employing
disinfectants to decontaminate tools, footwear, vehicle and equipment. Therefore,
application of disinfectants requires thorough efficacy testing simulating actual processes
of routine disinfection as it may attenuate good agricultural practices to merely and costly
window dressing.

Disinfectants are organic or chemical agents used to decontaminate skins, footwear or
farm equipment (Cheah et.al., 2009). The efficacy of disinfectants largely depends on their
concentration (dilution effect), contact time, active ingredients, formulation, the presence
of organic matter (acting as physical barrier for surface contact) and the tissue of the target
organism (Russel, 2002; Best et al., 1990; Gehr et al., 2003, Rutala, 2008). Several in vitro
studies have been conducted to verify the most effective disinfectant on different propagules
of the causal Fusarium spp.. Nel et al. (2007) showed that quaternary ammonium-based
disinfectants such as Sporekill and Prazin can easily (30 sec exposure time) inhibit conidial
growth of subtropical race 4 (ST4). Meldrum et al. (2013) confirmed the efficacy of Sporekill
against TR4 conidia after at least 30 sec exposure time. However, the efficacy of disinfectants
is greatly influenced by their access to propagules of Fusarium spp. in their natural habitat,
such as e.qg. soil. Therefore, it is of great importance to test efficacies on purified (chlamydo)
spores as well as in soil to simulate in-field scenarios. Recently, Nguyen et al. (2019) showed
that chlamydospore/soil suspensions of a race 1 Fusarium isolate and TR4 did not reduce
the efficacy of quaternary ammonium-based compounds (active ingredient 210%) after a 30
sec exposure time.

Here, we tested the efficacy of all disinfectants that are commercially available in the
Philippines against TR4 under in vitro (mycelium, conidia and chlamydospores) and in situ
(in soil) conditions at various concentrations and exposure times. As the deployment of
disinfectants in the field also depends on their corrosiveness (Bennett et al., 2011; James et
al., 2012; Meldrum et al., 2013), we also tested their capacity to oxidize aluminum (Al) and
iron (Fe). Finally, we monitored entrance gates at a commercial farm to determine the actual
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exposure time to disinfectants while passing through obligatory foot baths and tire baths.
These data enable an analysis of necessary versus actual quarantine measures to minimize
on-farm, regional and international dissemination of TR4.

Materials and methods
TR4 isolate and propagule preparation

Isolate Phil 2.6c from Davao del Norte, Mindanao, the Philippines, was previously diagnosed
as TR4 by whole genome sequencing (Ordonez et al., 2015), and was therefore used
throughout this study. A monospore of this isolate was grown on Komada medium (Komada,
1975) at 25°C in the dark for five days and mycelial plugs (0.5 cm diameter) from the margin
of the culture as well as conidiospores (2 x 10° spores ml?), produced as described by Garcia
et al. (submitted), were used for in vitro efficacy tests. Chlamydospores were prepared
following the protocol described by Amorim et al. (2009) with modifications. Mycelial plugs
were aseptically added to a twice autoclaved (121°C for 60 minutes) substrate composed
of washed-filtered sandy soil, corn powder and distilled water in a 500 ml Erlenmeyer flask.
The flask was incubated at 25°C with 12 hour photoperiod for 15 days and the content was
daily homogenized by shaking. Subsequently, 200 g of autoclaved sandy soil were added,
thoroughly mixed and flasks were then incubated for another six weeks under the same
conditions. After incubation, soil with chlamydospores was dried for three days at 30°C,
the presence of chlamydospores was determined by microscopic observation and their
concentration (colony forming units per gram soil, cfu,gr soil) was determined by a plate
dilution technique (Gilchrist et al., 1973).

Disinfectants

Thirteen disinfectants, distributed over five chemical groups, were used in this study (Table
1) and comprise the major commercially available disinfectants in the Philippine market.
All were provided as liquid formulations, except Hichlon 70 that was provided as a powder.
Before each experiment, fresh dilutions were prepared with sterile distilled water.

Experimental design

Inoculum source (mycelia, conidiospores or chlamydospores in suspension and soil),
concentration and exposure time were varied in this study. Disinfectant concentrations
depended on the inoculum sources. Incubations in sterile distilled water or on unamended
potato dextrose agar (PDA; Himedia, India) served as controls, each treatment was replicated
five times and each experiment was conducted twice.
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Table 1. Disinfectants evaluated in vitro against Fusarium odoratissimum Tropical Race 4 (TR4).

Chemical Local trade  Active ingredient Strength Recommended Manufacturer
group name concentration®
Quaternary Biocit Benzalkonium 40% 3% FKA Agri-Chemical
ammonium chloride Corporation
(Philippines)
Germ-X Benzalkonium 50% 3% Shanghai Bosman
chloride Industries Co. Ltd.
(China)
GUAA N-alkyl(C12-C16) 0.50g/ 1% GUAPEX (Czech
(benzyl) dimethylam- 100 g Republic)
onium chloride
Ivagard® Di-C8-10-alkyldi- 48 +32% 1% Lonza Ltd.
methylchlroides + (Switzerland)
alkyl dimethyl benzyl
ammonium chloride
Agresource  Benzalkonium 40% 3% Agresource Inc.
chloride (Philippines)
Microvenum Didecyl Dimethyl 80% 2% Connect Chemicals
ammonium chloride GmbH (Germany)
Gentrol Benzalkonium 40% 3% TLV Agro-Sales
chloride Corporation
(Philippines)
Multisept Quaternary ammonia - 1% Polara Chemical
(2) + aldehyde + Corporation
alcohol (Philippines)
Halogens Hichlon 70  Calcium hypochlorite 70% 6 ppm Nippon Soda Co.
Ltd.(Japan)
Vanodine Phosphoric acid 20/10/ 1% Evans Vanodine
+ sulphuric acid + 5/20% International
iodine + alcohol (England)
Alcohols Ethanol Ethyl alcohol 99% none Scharlab S.L.
(Spain)
Diamidines Formo 2,2-Dibromo-3- 20% 1% Texicon
nitrilopropionamide Agriventures
Corporation
(Philippines)
Aldehyde Formalin Formaldehyde 37% none -

®Recommended concentration of solution per liter
bInternational trade name is Bardac® 208M
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For efficacy tests on TR4 mycelia, disinfectants were directly added to autoclaved PDA after
cooling to ~50°C, at 0.5, 1, 2 and 4 times the recommended rate. The disinfectant-amended
media were aseptically dispensed into 90-mm-diameter plastic petri dishes and allowed to
solidify. Plugs of freshly grown mycelia of TR4 were placed at the center of the plates and
were incubated for five days at room temperature (£27°C).

The efficacy on TR4 conidiospores was tested by adding 500ul spore suspension to
disinfectant solutions (at concentration of 0.25, 0.5, 1 and 2 times recommended rate) in
1:1 ratio and incubation exposure times of 15, 30, 60, 120 and 300 sec. We could not apply
shorter exposure times as the minimal handling time of samples/experiments was 15 sec.
After incubation, spore suspensions were immediately diluted 20x with buffer solution (%
strength Ringer, Honeywell Fluka, Germany) and thoroughly mixed to stop the exposure
to the disinfectant. Subsequently, a 100ul sample was plated on PDA and subsequently
incubated at 25°Cin an incubator (Elbanton, Hettich Benelux B.V. The Netherlands) for three
days and efficacy was determined as the number of developed TR4 colonies per PDA plate.

For chlamydospores suspension testing, 0.5 g of soil (10° chlamydospores.gr?) was diluted
with 20 ml % strength Ringer’s solution to release chlamydospores from the soil by vortexing
for 10 min. Subsequently, 500 ul of the resultant suspension was mixed in a 1:1 ratio with
disinfectant solutions (at concentration of 0.25, 0.5, 1 and 2 times recommended rate) for 15,
30, 60, 120, and 300 sec, respectively. To stop the treatment, samples of 50 ul were diluted
20x in % Ringer’s solution and 100 pl was plated directly on Komada medium amended with
100mg.L? streptomycin, which were then incubated at room temperature (+27°C) for three
days. Efficacy data were collected by the number of growing TR4 colonies on each plate.

The efficacy of disinfectants on chlamydospores embedded in soil was tested by mixing 0.5 g of
infested soil (10° chlamydospores.gr?) and 5 ml disinfectant solution at three concentrations
(1, 2 and 4 times recommended rate). After 15 sec, 45 ml of % Ringer’s solution was added
to stop the treatment and the mixture was directly filtered (Durapore membrane filter 0.45
um pore size, Millipore, Ireland) by vacuum infiltration (Sartorius, Germany). The filter with
treated chlamydospores was then transferred into 20 ml % strength Ringer’s solution in a
50 ml plastic tube that was then vortexed (MoBio Genie 2, USA) for 30 min. The resultant
chlamydospore suspension (100 ul) was subsequently plated on Komada medium amended
with 100mg.L? streptomycin and incubated at +27°C for three days.

Assessment of disinfectants corrosiveness

All disinfectants were assessed for their corrosiveness to aluminum (Al) and iron (Fe) at the
Tadeco Inc. chemistry laboratory (Davao del Norte, Philippines). Al and Fe samples were
separately exposed to 375 ml disinfectant samples (1% per liter), two replicates per treatment
and monitored for 3, 6, 9 and 24 hours. At each time point 50 ml were pipetted for Al and
Fe content analysis using inductively coupled plasma optical emission spectrophotometry
(Perkin ElImer, USA).
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Measuring real-time exposure with disinfectants in the field

In order to monitor the potential efficacy of disinfectants under practical conditions, a big
commercial Cavendish plantation in Davao del Norte, Philippines (6,613 ha planted) was
visited and we recorded the duration of exposure in foot baths and vehicles tire bath stations
(first contact to last contact in sec) at three major entry and exit points of the farm (n=400).

Determining cost of quarantine baths

In the same commercial banana plantation mentioned above, the costs of installing and
maintaining quarantine baths were calculated. There were 18 foot baths and tire bath
stations installed in the major entry/exit points for the entire plantation and the estimated
cost was presented (US dollar).

Data and statistical analysis

For tests against TR4 mycelia, colony diameter (two cross-sectional measurements per colony
per plate) was measured and radial growth was presented in millimeter. The effectiveness of
disinfectants in inhibiting colony formation of TR4 spores was evaluated in terms of cfu.ml?
suspension or cfu.g? soil. It is assumed that cfu’s resulted from individual chlamydospores
capable of initiating colony development. The means were subjected to statistical analysis
using the Mann-Whitney test (statistical tool version).

Results
Disinfectants inhibit mycelial growth

For the efficacy tests on mycelial growth, ethanol and Hichlon70 were excluded. The former
hampers media solidification at high concentrations and the latter was only available as a
powder formulation. All quaternary ammonium-based disinfectants completely inhibited
mycelial growth at 1x (recommended) and 0.5x rates, except for the GUAA and Multisept,
which showed reduced inhibition at 1x/0.5x and 0.5x, respectively. However, GUAA was
effective at 2x the recommended rate. All other compounds inhibited mycelial growth at all
tested rates (Figure 1).

Conidiospores are sensitive to disinfectants even at low concentrations

We used the cfu’s on water controls to confirm that conidiospores (2x10°.ml* conidia) were
viable. All disinfectants showed excellent efficacy at all rates and exposure times except for
formalin and ethanol that allowed colony formation at 5/7.5% and 35/40% concentrations,
respectively (Figure 2). The other disinfectants were additionally tested at 0.0625x and
0.125x rates and still showed full efficacy at all exposure times (data not shown).

98



Efficacy of disinfectants against the causal agent of Panama disease

r
dicrovenumy |Agresource| | Vanodine Formo Ivagard GUAA Germ-X Multisept Biocit Gentrol Formalin
S B e e T R e ey g [rereeer g s Terg el g P ey

x50
(

() imeessvews | oo seveves s | [seemomece | moeve vome sseseenee seeevessss | [woemoess | [sesmeome| [wosssnene () masem snee

Log mycelia radial growth
x|
b
19
aje1 UR1AYUISIC]

Figure 1. Efficacy of 11 disinfectants on Fusarium odoratissimum Tropical Race 4 (TR4), expressed as
log transformed mycelia radial growth in mm on amended Komada medium in petri dishes at 0, 0.5,
1, 2, and 4x the recommended rates. For formalin we used concentrations of 10, 15, 20, and 25%
(v/v). All experiments were conducted twice. Dots represent the individual measurement for both
experiments.

Chlamydospores are sensitive to disinfectants in aqueous suspensions

We obtained consistent results of approximately 1.107cfu.g? for all water controls in all
experiments. All concentrations tested for quaternary ammonium disinfectants were
effective in annihilating all chlamydospores in the suspension at all rates and exposure times,
except for Multisept that only failed at 0.25x and short exposure times (Figure 3). Similar
efficacies were obtained for Formo and Vanodine. In contrast, Hichlon70 was ineffective for
all concentrations and time points tested, albeit that some reduction of cfu’s was observed
at the 1x and 2x rates and long exposure times. Also, formalin that is frequently applied in
the field by farmers was fully effective at all concentrations tested even at 15sec exposure
time and ethanol, routinely employed as disinfectant in the laboratory was fully effective
at the 45% and 47.5% rate (v/v %), while lower concentration (40%) required prolonged
exposure times for full efficacy.

Reduced efficacy of disinfectants to chlamydospores in soil
The efficacy of all disinfectants on chlamydospores in soil was inadequate at the
recommended rate (1x), except for Formo (Figure 4). At higher rates other disinfectants

showed improved efficacies, but at the highest rate (4x), Hichlon 70, Vanodine, GUAA,
Multisept and ethyl alcohol lacked sufficient efficacies at all exposure times.
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Figure 2. Efficacy of 13 disinfectants on Fusarium odoratissimum Tropical Race 4 (TR4) conidia (2x10°.
ml?) at 0, 0.25, 0.5, 1 and 2x the recommended rate and five exposure times (15, 30, 60, 120 and 300
sec). For formalin and ethyl alcohol we used concentrations of 5, 7.5, 10 and 12.5% (v/v) and 35, 40,
45 and 47.5% (v/v), respectively. Data are expressed as average log transformed colony forming units
(CFU) per applied ml TR4 spore suspension on petri dishes. All experiments were conducted twice and
the means for both experiments are shown as dots.
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Figure 3. Efficacy of 13 disinfectants on Fusarium odoratissimum Tropical Race 4 (TR4) chlamydospores
(108 chlamydospores.gram of soil?) in suspensions at 0, 0.25, 0.5, 1 and 2x the recommended rate and
five exposure times (15, 30, 60, 120 and 300 sec). For formalin and ethyl alcohol we used concentrations
of 5, 7.5, 10 and 12.5% (v/v) and 35, 40, 45 and 47.5% (v/v), respectively. Data were collected as log
transformed colony forming units per gram of soil on petri plates. All experiments were conducted
twice and the means for both experiments are shown as dots.
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Figure 4. Efficacy of 13 disinfectants on Fusarium odoratissimum Tropical Race 4 (TR4) chlamydospores
(108 chlamydospores.gram of soil) in soil at 1, 2 and 4x the recommended rate, an exposure time
of 15s and expressed as log transformed colony forming units per gram of soil on petri plates. For
formalin and ethyl alcohol we used concentrations of 15, 20 and 25% (v/v) and 70, 80, 95% (v/v) rates
per liter, respectively. All experiments were conducted twice. Dots represent the individual count for
both experiments.
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Figure 5. Corrosiveness of disinfectants towards aluminum (Al) and iron (Fe) after three, six, nine and
24 hours exposure to 11 disinfectants (1x dilutions) and expressed as concentrations of Al and Fe ions
in parts per million (ppm). All experiments were conducted twice and the means for both experiments
are shown as dots.
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Disinfectants are corrosive to aluminum and iron

Preference for specific disinfectants in farms also depends on the corrosiveness towards the
surfaces of equipment and carriers. Therefore, we tested whether the 11 disinfectants were
reactive to aluminum (Al) and iron (Fe). This revealed that Vanodine is the most reactive
disinfectant for both Al and Fe (Figure 5), Formo showed corrosiveness towards Fe but hardly
to Al and all other disinfectants did not affect either metals during the exposure times used.

In Table 2 we summarize the above data and conclude that nearly all disinfectants have
appropriate efficacy for most TR4 propagules and limited corrosiveness for Al and Fe.
However, once chlamydospores are embedded in soil, efficacies significantly drop and
essentially only Formo, having corrosiveness activity toward Fe, showed the required
capacity to kill TR4 even at short exposure times.

Recording exposure to disinfectants under real time conditions

The efficacy of disinfectants is also determined by exposure time. In all our experiments
we used a minimal exposure time of 15 sec and we monitored whether this minimum
requirement is also practiced under practical field conditions. Table 3 displays the result
of 400 individual measurements at quarantine units for persons or vehicles. For footbaths,
the shortest and longest exposure times were 1.85 sec and 7.54 sec, respectively, with an
average of 3.42 + 0.82 sec. For vehicle tire baths, exposure ranged from 2.21 to 26.95 sec
depending on the type and size of the vehicle with an average of 5.07 + 3.08 sec.
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Table 2. Summary results of disinfectants tested in vitro at manufacturers’ recommended concentrations
against different propagules of Fusarium odoratissimum Tropical Race 4 (TR4) and their corrosiveness to
metals.

Disinfectant Mycelium Conidiospores Chlamydospores Chlamydospores Corrosiveness®

(in suspension) (in soil)

Hichlon70 NT +b - - NT
Microvenum + + + - slight
Agresource + + + - slight

Vanodine + + + - high

Formo + + + + High®
Ivagard + + + - slight
GUAA - + + - slight
Germ-X + + + - slight
Multisept + + + - slight
Biocit + + + - slight
Gentrol + + + - slight
Formalin® + + + - slight
Ethanol® NT + + - NT

2Corrosive capacity to both Fe and Al metals.

b “4+” denotes total killing and “-” denotes slight or minimal killing of TR4 propagules. NT = not tested.

Highly corrosive on Fe metal but slightly corrosive on Al.

dFormalin tested at 15% (v/v) rate per liter.

°Ethanol tested at 45 and 70% (v/v) rate per liter for conidiospores, chlamydospores in suspension and
chlamydospores in soil

Table 3. Real-time exposure times (in seconds) at disinfections units for Panama disease caused by
Fusarium odoratissimum Tropical Race 4 (TR4) for persons and vehicles at an entry point of a large
commercial plantation in Mindanao, the Philippines.

Parameter Footwear bath Tire bath
Sample size 200 200
Average exposure time 3.42+£0.82 5.07 £3.08
Maximum exposure time 7.54 26.95
Minimum exposure time 1.85 2.21

Cost of quarantine baths

The cost of installing and maintaining footwear and tire baths per year were calculated.
As indicated in Table 4, installing one of these quarantine baths has an estimated cost of
11,500 US dollar. Annual maintenance costs per quarantine bath are 15,500 US dollar for
the disinfectant and 3,500 US dollar for salary. For the plantation under study, with 18
guarantine baths, the total annual maintenance costs are estimated at 351,000 US dollar.
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Table 4. Estimated cost of quarantine baths per year in a big commercial banana plantation in
Mindanao, Philippines.

Estimated cost (US dollar?)

Expense Per quarantine bath Entire plantation®
Disinfectant 15,500.00 288,000.00

Labor maintenance 3,500.00 63,000.00
Installation® 11,500.00 207,000.00

Total 30,500.00 558,000.00

®Exchange value of 1 Philippine peso to 0.019218 US dollar
bTotal for 18 major footwear and tirebaths
‘One time cost

Discussion

Pests and diseases are major bottlenecks for food production and security worldwide (Oerke
and Dehne, 1997; Gurr et al., 2011; Oerke, 2006). Crop losses are prevented or reduced by
either physical or biological methods, cultural practices or the use of pesticides. For soil-
borne pathogens, disease control is more complex as traditional methods had variable
success (Katan, 2000; Weller et al., 2002) and chemical measures using methyl bromide,
carbendazim or potassium phosphate (Herbert and Marx, 1990; Lakshamanan et al., 1987)
are economically and environmentally not feasible. Banana is an important food security and
cash crop, but is now in seriously threatened by TR4 causing Panama disease in Cavendish
varieties as well as manifold locally preferred cultivars (Ploetz, 2015a; Garcia, 2019). The
on-going dissemination of TR4 is associated with moving planting material (with attached
soil), soil through farm workers and machineries or equipment and irrigation water (Dita
et al., 2018). As there is no known effective and straightforward solution to eliminate the
pathogen, particularly in soil, prevention of further spread is crucial. This necessitates the
deployment of biosecurity measures within and between farms at a regional, international
or continental scale. With this, verification of the efficacy of disinfectants that are used to
decontaminate tools, footwear, machinery and equipment is necessary.

Here, we tested the efficacy of thirteen commercially available disinfectants against various
propagules of TR4 at various concentrations and exposure length. We demonstrated that TR4
mycelia and conidia are sensitive to disinfectants. Effective concentrations are those at the
manufacturer’s recommended rates in all cases and in most cases even well below. Purified
chlamydospores, despite their persistence in the soil, were also remarkably sensitive to the
disinfectants tested in suspension. However, a considerable drop of efficacy was observed
when disinfectants were tested against chlamydospores in soil. Overall, the diamidine-based
disinfectant Formo (20% active ingredient 2,2-dibromo-3-nitrilopropionamide) was most
efficacious at 15 sec exposure time. However, this compound has a high corrosive activity
towards iron when compared to other disinfectants. Neither of the other disinfectants -
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with limited corrosive capacity — showed a sufficient efficacy towards chlamydospores in
soil, except at extreme high concentrations (two to six percent concentration of disinfectant
solution per liter).

Contrary to Nguyen et al. (2019), who tested disinfectants to prepared mixtures (1
soil : 20 disinfectant) of soil and chlamydospores of a race 1 strain and TR4 suspension
and also reported a drop in efficacy, we tested chlamydospores suspensions as well as
chlamydospores in soil. By producing chlamydospores in soil and testing these samples,
we simulate the actual practices of routine disinfection in the field. Our findings support
the results by Bennett et al. (2011) who showed that disinfectants were able to completely
eliminate chlamydospores of F. oxysporum f.sp. vasinfectum (Fov) in suspensions but not
directly in soil. Apparently, the soil — or any other organic material — reduces the access
of disinfectants to chlamydospores (Moore and O’Neill, 2000; Ewart, 2001; Amass, 2001),
likely by reduced effective concentrations or exclusion.

Organic matter also deactivates quaternary ammonium, iodine and ethanol containing
disinfectants (Bennett et al., 2011; Dvorak, 2008; Ewart, 2001; Morley, 2002; Nguyen et
al., 2019). This emphasizes the importance of pre-cleaning all surfaces from soil prior to
disinfectant exposure (Ford, 1995; Amass et al., 2000; Amass et al., 2001). Hence, adopting
a “come clean — go clean” strategy is required and essential to effectively use disinfectants.

Chlorine-releasing disinfectant (CRD) Clorox® effectively eliminated Fov chlamydospores in
soil (Bennett et al, 2011), butin our study it did not kill chlamydospores neither in suspension
nor in soil. This opposing results might be due to variation of the target organisms, or the
specific formulation and concentration of each product and experimental conditions. CRDs
are supposed to be oxidizing agents that disrupt the cellular activity of proteins (Maris, 1995;
Bloomfield, 1996), interrupt oxidative phosphorylation (Barrette et al., 1989) and other
cellular membrane processes (Camper and McFeters, 1979). Therefore, these disinfectants
need to be in direct contact with the spore structure. However, in the presence of soil or any
other organic matter their efficacy is nullified (Ewart, 2001). This was also demonstrated by
Cayanan et al. (2009) who showed that the free chlorine concentration rapidly declined in
the presence of organic matter and other oxidizing agents when tested against F. oxysporum
conidia in irrigation water. A higher concentration of chlorine (= 5 ppm) and longer exposure
time (= 4 min) was required to disinfect high organic load dam water (Scarlett et al., 2016).
Hence, chlorine merely reduces pathogen concentrations, but does not eradicate fungal
propagules from complex substrates (Cayanan et al., 2009; Scarlett et al., 2016).

Due to the TR4 pressure in Mindanao, farmers are desperate and use virtually anything to
control Panama disease. This is the reason why even formalin (37% solution of formaldehyde
gas in water) is frequently used despite its highly reactive and mutagenic properties (Power,
1990). Therefore, we included it in our study and observed that, indeed, it is effective
against TR4 mycelia, conidiospores and chlamydospores in suspension but not against
chlamydospores in soil. This can be due to over-dilution rendering it ineffective at 15% (v/v)
rate per liter. Thus, despite the fact that this disinfectant is sporicidal due to its ability to
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penetrate fungal spores (Sykes, 1970) and cross-linking to both proteins (Fraenkel-Conrat et
al., 1945; Ewart, 2001) and nucleic acids (Fraenkel-Conrat, 1961; Maris, 1995), its application
under field conditions is essentially useless. We observed similar dose-dependent efficacies
for soil treatments with the quaternary ammonium disinfectants Microvenum, Agresource,
Ivagard, Germ-X, Biocit and Gentrol.

We showed that an exposure time of 15 sec is never met under field conditions. We cannot
exclude efficacies at exposure times shorter than 15 sec, but the required experimental
procedures to stop a treatment require a minimum of 15 sec and hence we have taken this
as a threshold. In any case, 15 sec exposure time is far too short for any efficacy towards
chlamydospores in a soil substrate. To support the claim of inadequacy of disinfectants
for in-field sanitation, we monitored the minimum soaking times in foot and tire baths at
farm gates and observed average exposure times of 1.85 sec and 2.21 sec, respectively. The
discrepancy between the required and observed exposure times in such sanitation baths,
particularly under wet and muddy conditions, is nothing more than window dressing. This
clearly hampers any quarantine measure which is implemented at high costs and does not
stop the further on-farm, regional and international dispersal of TR4 (Zheng et al., 2018).
We consider it striking that manufacturer’s recommendations are limited to an optional
concentration, but do not include minimal exposure times. Indeed, the required exposure
times of various disinfectants vary, resulting in variable efficacies (MsDonnell and Russell,
1999; Ewart, 2001). Some have residual activity (quaternary ammonium) while others are
volatile, leaving behind no residue (alcohol). Nguyen et al. (2019) also showed that increasing
exposure time from 30 sec up to 5 min enhances the efficacy of quaternary ammonium,
bio-flavonoids, oxidizing agent or detergent-based disinfectants against a race 1 strain and
TR4 chlamydospores in suspension. This accords with the observed decreasing efficacy of
Farmcleanse to TR4 microconidia in a time series with decreasing exposure times from 15
min to 30 sec (Meldrum et al., 2013). A minimum of 10 and 20 min exposure time is required
to kill >99% of F. oxysporum conidia, mycelium and chlamydospores, respectively, with 5
ppm chlorine in deionized water (Scarlett et al., 2016). The bactericidal action of diamidine
containing disinfectant is exposure time dependent against Legionella pneumophila
suspension tested at 6 and 12 ug.ml? (Skaliy et al., 1980). The survival of Trichophyton
mentagrophytes arthroconidia in suspension media was also exposure time dependent
using a disinfectant containing 0.5% benzalkonium chloride (Gupta et al., 2001). James et
al (2012) demonstrated that time is a critical factor for ethanol exposure of Phytophthora
ramorum sporangia germination. The quaternary ammonium-based disinfectant Vesphene
(Steris, USA) was only sufficiently effective against Coccidioides spp. arthroconidia in
aqueous suspensions at an exposure time of at least 20 min (Vogler et al., 2015).

Taken together, our data clearly show that disinfectant efficacies depend on the propagule
of the target pathogen, exposure time and concentration. We propose that, in the case
of TR4, minimal exposure times with disinfectants should be enforced during entry of
uninfected areas to exclude Panama disease incursions. Furthermore, manufacturers’
recommendations should include minimal exposure times depending on weather and local
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conditions as well as data on corrosiveness. For instance, we showed that the diamidines-
based disinfectant Formo was efficacious but its corrosiveness towards iron is too high for
practical use, and Vanodine also affected aluminum. Albeit that corrosiveness is a function
of time, environmental conditions such as temperature also influence these processes
(Southcott et al., 1982; Nguyen et al., 2019). Hence, farmers need to be better informed
to enable critical decisions on disinfectant preferences. Foremost, however, any material,
vehicle or footwear should be thoroughly cleaned from soil particles before entering disease
free areas by pressurized spraying and (car) wash installations. This removes organic load
accumulating and affecting the efficiency of disinfection baths. Alternatively, entry of non-
site tools, vehicles and footwear should be prohibited, which requires additional logistic
arrangements for on-farm transportation.

In conclusion, the rational choice for appropriate disinfectants should be facilitated by
accurate data on efficacies under various environmental/temporal conditions, costs and
corrosiveness. Without such information, the implementation of effective quarantine
measures is a pipe dream. The practical observations in the Philippines and elsewhere
(Molina et al., 2009; Mostert et al., 2017; Zheng et al., 2018) are not promising as TR4
continues its dispersal to new locations (Chittarath et al., 2017; Garcia et al., 2014; Hung et
al.,2017; Maymon et al., 2018; O’Neill et al., 2016; Orddinez et al., 2016; Ploetz et al., 2015b;
Thangavelu et al., 2019) which is driven by the flaws identified in this report as well as by the
individual farm economies that enable or disable the procurement of costly disinfectants,
and the installation and appropriate maintenance of sanitation units.
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Abstract

The current threat of Panama disease is reminiscent of the previous epidemic that wiped out
the Gros Michel based banana production in Central America. The so-called tropical race 4
(TR4) represents a genotype of the recently identified new species Fusarium odoratissimum
which is pathogenic on Cavendish bananas. This clone dominate the global export but are
also important for many local markets. Here, we report an investigation on the potential of
anaerobic soil disinfestation (ASD), as a biological option for Panama disease management,
using two commercial organic amendments. First, ASD was tested under laboratory
conditions and gas production was monitored during the experiment. Besides rapid oxygen
reduction, several gases such as carbon dioxide, methane and hydrogen sulfide, and volatile
fatty acids, such as acetic, propionic and butyric acid escalated during the experiment.
After four weeks, the viability of TR4 chlamydospores was reduced to 0.01% of the control
in plastic containers. Upon these results, we implemented a pilot study under field and
laboratory conditions in the banana production region of Mindanao, The Philippines. Here,
ASD was prolonged to eight weeks, which resulted in hundred-fold reductions of the initial
TR4 inoculum levels. Treated plots were subsequently replanted to the Cavendish variety
“Williams” and recurrence of Panama disease was monitored for one crop cycle. Compared
to controls, the incidence of recurring Panama disease was significantly reduced showing
that ASD has potential for disease management under field conditions.

Keywords: banana, Fusarium wilt, Panama disease, tropical race 4, disease management,
anaerobic soil disinfestation
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Introduction

Panama disease or Fusarium wilt caused by the soil-borne fungal pathogen Fusarium
odoratissimum, popularly called Tropical Race 4 (TR4), is posing a serious threat to global
banana production (Waite and Stover, 1960; Ploetz, 2015a). The emergence of this strain
which is pathogenic on the globally grown “Cavendish” varieties, delimits banana production
intended for domestic and international trade (Molina et al., 2009; Ordofiez et al., 2015;
Ploetz et al., 2015). Recent disease outbreaks (Chittarath et al., 2017; Garcia-Bastidas
et al., 2015; Hung et al., 2017; Mostert et al., 2017; O’Neill et al., 2016; Orddiez et al.,
2016; Ordéiiez et al., 2015; Maymon et al., 2018; Zheng et al., 2018) underscore its danger
and continued proliferation of TR4 in countries such as China and India (Lian et al., 2009;
Thangavelu et al., 2019), which are among the largest global banana producers, Australia
(O’Neill et al., 2016) which has the excellent quarantine measures and the recent bankruptcy
of an industrial plantation in Mozambique (Anonymous, 2013), and recent incursion in
Colombia (https://www.sciencemag.org/news/2019/07/devastating-banana-disease-may-
have-reached-latin-america-could-drive-global-prices) demonstrate the overall failure
of containment strategies. The dissemination of this banana pathogen is enhanced by its
broad host range, including many sweet dessert and cooking bananas destined for domestic
markets (Garcia et al., 2019). Future economic damage will be disastrous once this pathogen
impacts the major export banana production plantations in Latin America and hits countries
that rely on banana as a staple crop (Ploetz, 2000; 2006). Clearly, the socio-economic impact
increases with extended disease spread, particularly since there are currently no widely
implemented effective and long-term control strategies available. Moreover, contrary to
the past when “Cavendish” varieties saved the industry due to their resistance to Fusarium
spp. — collectively called race 1 strains — that caused the epic Panama disease epidemic in
the previous century, there are currently no economically viable substitutes. Albeit, TR4-
resistant bananas can be engineered (Dale et al., 2017). However, genetically modified
bananas are not generally accepted in the market (Raman, 2017). Traditional breeding is
also a long-term effort, which hitherto did not deliver competitive new banana cultivars.
This resulted in a deadlock for banana improvement that paves the way to alternatives,
such as Giant Cavendish Tissue Culture Variants (GCTCV), with reduced susceptibility to
TR4 (Hwang et al., 2004, Mostert et al., 2017). Such genotypes, however, lack immunity
to TR4 and show variable field performance (Dale et al., 2017) and hence, should only be
considered as a temporary solution under specific conditions that ought to be accompanied
by a range of additional control and quarantine measures. However, in practice, deploying
these clones results in reduced attention for quarantine, which only worsens the situation.
Therefore, short-term management options should focus on prevention by implementing
adequate quarantine measures (Salacinas et al., 2019), and developing methods that nullify
or reduce the soil-borne inoculum to slow-down the epidemic.

The majority of diseases caused by soil-borne pathogens is too complex to be controlled

by traditional methods such as inundation, soil steaming or solarisation, crop rotation,
destruction of crop residues by e.g. burning or the elimination of plants that may act as
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alternative hosts (Stover, 1979; Katan, 2000; Weller et al., 2002; see Chapter 3). Chemical
measures, such as the application of methyl-bromide (Herbert and Marx, 1990), carbendazim
or potassium phosphonate (Lakshamanan et al, 1986) are effective against soil-borne
pathogens but are hazardous to farm workers and the environment, hence incompatible
with sustainable agriculture (Prather, et al., 1984; Ristaino and Thomas, 1997; Duniway, 2002;
Subbarao, 2002; Fravel et al., 2003). Fusarium wilts are increasing in importance in various
annual crops (Cianchetta and Davis, 2015; Carvalho et al., 2015; Gilardi et al., 2017; Imazaki
and Kadota, 2019; Koike and Gordon, 2015), but even more complex in perennial cropping
systems such as banana as there are no known straightforward, long-term control measures
available (Pegg et al., 1996; Ploetz, 1990). Presently, Panama disease management includes
chopping down infected banana plants followed by rice hull burning (e.g. in the Philippines), or
just leave the plant standing until it dies (e.g. China). However, there are no publicly available
data showing the (economic) efficacy of these measures (Salacinas et al., 2019). In Australia
a recent TR4 incursion in Northern Queensland (O’Neill et al., 2016), prompted drastic
measures including the destruction of all banana plants (both infected and healthy), followed
by a farm buy-out. For secondary incursions in the same region farm operations ceased, many
infected and surrounding plants were destroyed, accesses to the property was restricted and
regulations on the movement of banana material and associated machinery and equipment
from the affected farm to other banana producing areas in Queensland were imposed by the
Australian authorities (Australia Department of Agriculture and Water Resources).

Due to the urgency and overall management inadequacy, manifold alternative methods and
products are being advocated such as the use of various mixes of beneficial microbes. Albeit
that the far majority of these products never reach the scientific literature as their efficacy
cannot unequivocally be demonstrated, Fu et al. (2016) showed that consecutive applications
of biofertilizer (BIO) controlled Panama disease in newly established Chinese banana farms.
Furthermore, the use of antagonistic microorganisms to create TR4 suppressive soils was
described with application of actinomycetes (Meredith, 1943; 1946; Cao et al., 2005),
Pseudomonas fluorescens (Akila et al., 2011; Nel et al., 2006; Raguchander et al., 1997,
Saravanan et al., 2003; Sivamani and Gnanamanickam, 1988), P. aeruginosa (Saravanan
and Muthusamy, 2006), Trichoderma viride (Raguchander et al., 1997; Thangavelu and
Mustaffa, 2010), T. harzianum (Thangavelu et al., 2003), Streptomyces spp. (Getha and
Vikineswary, 2002; Getha et al., 2005), Bacillus spp. (Akila et al., 2011; Yuan et al., 2012),
Serratia spp. (Ting et al., 2008), and Penicillium citrinum (Ting et al., 2012). In addition, non-
pathogenic Fusarium strains have been investigated as potential competitors of pathogenic
strains (Forsyth et al., 2006; Gerlach et al., 1999; Nel et al., 2006; Thangavelu and Jayanthi,
2009; Ting et al., 2009). Generally, these rhizosphere microorganisms could be potentially
effective for Panama disease control through competition in the soil, root surface and plant
tissues as they compete for nutrients, oxygen and space, physically destruct the fungal
cell wall or (in)directly induce systemic acquired resistance (Fravel et al., 2003). Despite
promising efficacies in trial setups, many of these organisms fail under modern production
environments in the field or are not eligible for large scale production (Belgrove et al., 2011).
Crop rotation would be another viable contribution to Panama disease management but is
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alien to traditional multiyear banana cropping. Therefore, alternating crops such as Chinese
leek may have inhibitory effects on TR4, but the efficacy under contemporary production
conditions has still to be evaluated (Huang et al., 2012).

Inundation was commonly practiced to reduce pathogen inoculum during the previous
Panama disease epidemicin Central America (Marquardt, 2001). Anaerobic soil disinfestation
(ASD) is an alternative method and comprises the addition of organic products as carbon
source to a humid soil, proper mixing and compressing of the soil before covering the treated
area with airtight foil (Blok et al., 2000; Momma et al., 2005; Momma et al., 2006; Momma
et al., 2007; Butler et al, 2012a). The combination of oxygen depletion and the production
of toxic volatiles from anaerobic decomposition as well as the increase in facultative and
strict anaerobic microorganisms that act as antagonists results in the reduction of soil-borne
pathogens (Blok et al., 2000; Momma et al., 2006; Momma, 2008). This soil amendment
strategy was effective in the management of replanting disease in asparagus (Blok et al.,
2000; Lamers et al., 2000), and Fusarium wilt in tomato (Mowlick et al., 2012a) and spinach
(Mowlick et al., 2012b). Various other soil-borne diseases were also successfully controlled,
including Verticillium wilt in strawberry (Lamers et al., 2010; Thanning and Gerhardson,
2001), Rhizoctonia damping-off in sugar beet (Blok et al., 2000) and Sclerotinia sclerotiorum
and S. cepivorum white mould and root rot in onions, respectively (Lamers et al., 2010;
Thanning and Gerhardson, 2001). In addition, ASD is effective against bacterial wilts in potato
(Messiha et. al., 2007), several species of nematodes (Lamers et al., 2010; Goud et al., 2003)
and weeds such as creeping yellow field cress (Rorippa sylvestris) (Jansma et al., 2001) and
snow-thistle (Sonchus arvensis) (Bleeker, 2008). Currently, ASD is used as an alternative for
soil fumigation in Japan (Shinmura, 2004; Momma et al., 2013), the Netherlands (Blok et
al., 2000; Messiha et. al., 2007; Goud et al., 2003) and the USA (Butler et al., 2012a) under
greenhouse and field production environments.

Hence, we considered it inevitable to test ASD for its efficacy on Panama disease caused by
TR4 in Cavendish bananas. However, rather than applying crop residues or undefined organic
wastes, we applied standardized commercially available organic products in ASD trials as a
management strategy for Panama disease in banana under laboratory and field conditions.

Materials and methods
Inoculum production and management

Experiments were conducted in The Netherlands and the Philippines. We used the F.
odortissimum 11-5 TR4 reference isolate from Indonesia and its local clone isolate Phil 2.6c
from the Philippines (Ordoiiez et al., 2015) in laboratory trials and the latter for field trials
in Mindanao, The Philippines. Chlamydospores were produced following the procedure
described by Amorim et al. (2009) with some modifications as described in Chapter 4 (this
thesis). The presence of chlamydospores in the soil substrate was determined through
microscopic observation and the density of the inoculum was determined by the spiral plate
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method (Gilchrist et al., 1973). For both the laboratory and field experiments, we prepared
nylon mesh bags containing 15 g TR4 chlamydospores in soil (1.107 spores.gram™), which
were placed in the containers (1 per container) at a depth of approximately 6-9 cm. In the
laboratory trials the containers were closed with a lid, whereas in the field trial containers
were left open and buried in the soil to undergo ASD (Figure S1). Each nylon mesh bag was
connected to a 25 cm long galvanized iron wire (N=16) for easy removal after the treatment.
Subsequently, each nylon mesh bag was immediately placed in a 50 ml polypropylene plastic
tube and brought to the laboratory for analyses.

Anaerobic soil disinfestation product

In all ASD trials we used three commercial formulations of Herbie®, which is a compact
biological product composed of potato, wheat, soy and/or maize granules and has a
consistent quality and composition (C:N:P:S ratio) (Thatchtec B.V., Wageningen, The
Netherlands). In the laboratory experiment in The Netherlands we used Herbie® 72 and
in the field and accompanying laboratory test in the Philippines we used Herbie® 25 and
Herbie® 82, which have the same ingredients but slightly different formulations.

Laboratory experiments

The Dutch experiment was conducted at Wageningen University and Research (WUR),
Applied Plant Research, in Lelystad and commenced in April 2014. The used soil had a pH
of 6.5, an organic matter content of 4.3% and was composed of clay (7%), silt (17%) and
sand (71%) and was moistened to 15-20% soil capacity, which is optimal for the ASD process
(Runia et al., 2014). Herbie® 72 was added at a rate of 4 g crude protein per liter of soil and
was thoroughly mixed prior to closing the containers and thereby starting the experiments.
Five treatments were distributed over 11 L polypropylene containers (Table 1), with 20
containers per treatment, which were then sealed off with the airtight lid (except ventilating
controls) and placed in a ventilated climate room at 24° C with a constant relative humidity
of ~70% for four weeks. Each week, five randomly selected containers per treatment
were opened to stop ASD and determine the quantity of viable TR4 propagules by spiral
plating. In addition, throughout the experiments in The Netherlands, we sampled gases and
determined the concentration of volatile fatty acids. Oxygen was measured with a portable
gas monitor based on electro-chemical sensor technology (type Impact Pro, Zellweger
Analytics Ltd). The gases H,S, CH,, CO,, NH,, and N,O were measured with an infrared photo
acoustic spectrophotometer (Innova 1412, LumaSense Technologies). Volatile fatty acids
were measured by taking 10 subsamples (50 g each) using an auger to make up a single
sample. After mixing, a subsample of 50 g was mixed with 100 mL demineralized water and
then shaken for 30 mins followed by centrifugation at 1,957 x g for 25 mins. Subsequently, 0.5
ml of supernatant was transferred to a 1.5 ml Eppendorf tube that was supplemented with
0.5 ml of 0.1M ortho-phosphoric acid and 0.5 ml 19.7 mmol.I* isocapronic acid as internal
standard. The fatty acids were separated and detected using gas chromatography — flame
ionization detector (GC-FID). The system was based on Grace EC-1000 gas chromatography
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(MZ-Analysentechnik GmbH, Germany) with a column length of 30 m, 0.53 mm internal
diameter and DB-5 column with 0.2 um film thickness (J&W Scientific, Folsom, California).
Helium was used as carrier gas at a flow rate of 1.3 ml.min Quantification was based on
comparison with chemical standards after internal standard correction.

Table 1. Anaerobic soil disinfestation (ASD) to reduce Fusarium odoratissimum, Tropical Race 4 (TR4),
inoculum in soil. Various laboratory and field ASD treatments were conducted to determine the
efficacy of Herbie products against TR4 chlamydospores.

Experimental group Treatment Duration (weeks)
Laboratory experiment: Wageningen + TR4, - Herbie, sealed

University and Research + TR4, + Herbie, unsealed

The Netherlands + TR4, + Herbie, sealed 4

+ TR4, - Herbie, unsealed
- TR4, - Herbie, unsealed

Laboratory experiment: Philippines  + TR4, + Herbie 25
+ TR4, + Herbie 82
+ TR4, + Herbie 25 and 82 8
+ TR4, - Herbie, unsealed
- TR4, - Herbie, unsealed

Field Experiment: Philippines + TR4, + Herbie 25 and 82 gross plot
+ TR4, + Herbie 25 and 82 net plot
+ TR4, - Herbie, unsealed
- TR4, - Herbie, unsealed

In the Philippines, the laboratory trials were conducted at the sites of the field trials using
naturally infested soil (Figure 1; Table S1). Containers were filled with either infested soil
amended with Herbie® 25 (3kg.m), or infested soil amended with Herbie® 82 (4.5kg.m™) or
infested soil amended with a mixture of Herbie® 25and Herbie® 82 at 3 kg.m? and 4.5 kg.m"
2, respectively. We used artificially inoculated soil (1.107 spores.gram™) as positive control
and autoclaved soil as negative control. Each treatment comprised three containers. To each
container, a nylon mesh bag with Phil 2.6c TR4 chlamydospores suspended in the natural
soils was placed at the bottom, which were then tightly sealed with a lid and placed in a
compartment at room temperature (+27° C) (Figure S1). After eight weeks, the containers
were opened to stop ASD and determine the quantity of viable TR4 propagules by spiral
plating method.

Field experiment
The field trial was performed at three commercial Cavendish banana producing farms located
in Davao del Norte, Sarangani and Bukidnon (Figure 1). At each farm two experimental plots

were designed, six plots in total. All these sites were previously identified for high natural
infestation of TR4, which we verified with molecular diagnostics (Figure S2). The field trial
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was conducted for one cropping cycle between October 2016 and July 2017. The soil at the
farms is diverse and varies from heavy clay to sandy soils (Table S1). The moisture content
of the soil at each trial site was considered wet enough for an optimal ASD process. During
the execution of the trial at Farm 2-B the soil was drying, and we therefore irrigated until
field capacity to ensure an efficient ASD. During the entire trialling process, we recorded the
atmospheric temperature (average temperature) at all sites which were 27.7°C at farm 1,
26.9° at farm 2A, 27.5°C at farm 2B and 27.1°C at farm 3.
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Figure 1. Map showing anaerobic soil disinfestation field trial sites in southern Philippines.

At each site we laid out gross and net experimental plots for ASD application. The size of the
gross plots was 10 x 10 m with a central net plot of 5 x 5m (Figure 2). The plot sites were dug
out until 50cm depth (Figure 2B) and Herbie® 25 and Herbie® 82 were applied as a mixture
(Figure 2) at 3 kg.m2 Herbie® 25 and 4.5 kg.m Herbie® 82 for the net plots and 1.5 kg.m™
Herbie® 25 and 2.3 kg.m? Herbie® 82 for the gross plots. Subsequently five layers of 10 cm
soil were consecutively mixed with 20% of the Herbie” mixture until the dug-out area was
again filled-up. Soil layers and Herbie® were manually (Farm 1 and 2) or mechanically mixed
using a tractor machine (Kubota, Japan; Farm 3) (Figure 2). Net plots were completed first
and then covered with an airtight plastic film (polyethylene-based plastic of 152.4 microns,
farm 1, or 40 microns, farms 2 and 3). Then the gross plot was completed, and the entire test
plot was covered with two layers of plastic (polyethylene-based plastic of 152.4 microns,
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farm 1) or 76.2 microns, farms 2 and 3; Figure 2). After eight weeks the plastic was removed
and soil samples of approximately 1kg were randomly collected at 50cm and 100cm depth
in the net and gross plots. Subsequently, Cavendish cv. Williams was randomly planted in
each net and gross plot as well as in adjacent untreated soil at one week after treatment and
disease severity was recorded at weekly intervals.

In order to determine the effect of ASD we buried open containers (similar as the laboratory
trials) with naturally infested soil and Herbie® applications with the nylon mesh bags
containing a known quantity of TR4 chlamydospores (Figure S1), at each trial site in the
gross (four containers) and net plots (five containers) at a depth of 50cm (Figure S1). The
containers were collected from the field after the plastic was removed at the end of the ASD
treatments and the meshes were collected for TR4 quantification in the laboratory.

Assessment of viable TR4 chlamydospores

To determine the efficacy of ASD we quantified the number of viable chlamydospores prior
and post the treatments inside the nylon mesh bags by spiral plating method (Gilchrist et al.,
1973) using a DW Scientific spiral plater (Smets Technology Alliance Group, The Netherlands).
For each sample, approximately 10 g of collected soil was diluted in 95 ml 0.1% sodium
pyrophosphate (Sigma, USA) and mixed for 10mins. Soil suspensions were subsequently
diluted in % Ringers solution (Honeywell Fluka, Germany), spread on Komada agar plates
and incubated at 25°C. After three days, the number of TR4 colonies were counted.

DNA isolation and TR4 detection

Naturally infested soils from the gross and net plots at each of the trial sites were collected
at -25, -50, -75, and -100 cm below surface prior and after the treatment. DNA extractions
were conducted for each of the collected soils using the MoBio kit (MoBio laboratories, USA)
that is compatible with the Kingfisher DNA extraction robot (KingFisher™ Flex Purification
System, Thermo Fisher Scientific™, USA) with minor modifications. A 0.25g soil sample (four
replicates each) was placed in the 96-well well plate provided with the kit and added with
754 ul of bead solution:RNAse A solution and 60 pl of lysis solution.

The plate was then placed in water bath at 70°C for 10min, bead beated for 20min at
speed 30 (Tissuelyser Il, Qiagen, USA), and centrifuged at room temperature for 10min
at 4500g (Thermo Fisher Scientific ™, USA). The supernatant (450ul) was transferred to a
cold plate containing 450ul of IRT solution and vortexed briefly. After 10min incubation at
4°C, the plate was centrifuged at room temperature for 10min at 4500g (Thermo Fisher
Scientific, USA). Subsequently, approximately 675ul of the supernatant was placed in a new
deep well plate provided with the kit and centrifuged again at the same aforementioned
specifications. Finally, 450ul of the supernatant was transferred to a new 2ml KingFisher
plate and processed following manufacturer’s instruction. As a positive control for the
extraction, Dutch sandy soil was spiked with TR4 chlamydospores (isolate Phil 2.6c; Ordofiez
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et al., 2015). Uninfested soil was used as negative control. Extracted DNA was analysed
using the developed TagMan probe-based real time PCR (Salacinas et al., 2019; see Chapter
3). As external control DNA, potato leaf roll virus (PLRV) plasmid DNA was added to each
extraction tube prior to processing to compensate for extraction differences and gPCR
inhibitory compounds in the samples.

Data analysis

The means of TR4 population densities were subjected to analysis of variance (ANOVA)
on log-transformed data (log CFU + 1) followed by REML variance analysis (Genstat 64-bit
version 8.1, VSN International Ltd.). Contrast analyses were performed between containers
and individual treatments and the experimental location.

Figure 2. Anaerobic soil disinfestation field trial showing the gross and net plot (A). Soil at 50 cm depth
below was dug out (B), applied with Herbie® products (C) either manually or mechanically mixed by
spading (D), and completed by covering with airtight plastic films for eight weeks (E-F).
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Results
ASD is effective against TR4 chlamydospores under airtight conditions

To test the efficacy of ASD to TR4 chlamydospores, two laboratory experiments were
performed. In the first experiment we determined the number of viable chlamydospores
at weekly intervals during four weeks. In the absence of Herbie®, no significant reduction
of viable chlamydospores was observed in open or closed containers. Similarly, Herbie®
application without closing the container did not significantly affect the number of viable
chlamydospores. In the presence of Herbie® and closure of the container, the population
density of viable TR4 chlamydospores reduced significantly relative to all other treatments
(Figure 3). This shows that ASD is effective against TR4 under airtight conditions. In the
Philippine laboratory trial, the number of viable chlamydospores was determined from
the recovered bags by spiral plating. The Herbie® applications significantly reduced the
TR4 chlamydospores inoculum levels for Herbie® 25 and Herbie® 82 individually as well as
the mixed application compared with the control (Figure 4). However, the reduction in the
laboratory trial in The Netherlands was much higher than in The Philippines.
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Figure 3. Survival rates of Fusarium odoratissimum, Tropical Race 4 (TR4), chlamydospores in the Dutch
container experiment. Values were determined by spiral plating and presented as log transformed
means. Error bars indicate the standard error. Different letters indicate significant differences between
means with a confidence level of 95% (Statistica v. 12.0).
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Figure 4. Effect of Herbie® treatments on the survival of Fusarium odoratissimum, chlamydospores (log
CFU.gsoil?). All containers, containing nylon mesh bags with TR4 chlamydospore, were tightly sealed
and stored for eight weeks. Artificially inoculated soil (+TR4, - Herbie®, unsealed) was used as positive
control and autoclaved soil (- TR4, - Herbie®, unsealed) as negative control. Values are presented as
means * standard error of means of log transformed numbers (error bars). Significantly different
values (confidence level of 95%) are presented as bars with different letters (Genstat 64-bit v8.1).

In the laboratory trials in The Netherlands we also monitored the production of toxic gases
and volatile fatty acids during the execution of the experiment. The O, concentration rapidly
dropped for both treatments as a result of consumption by aerobic microbial activity (Runia
et al., 2014) within one week after the closure, but declined slightly slower in the control
(infested soil without Herbie®), potentially due to the lower starting levels of organic matter
(Figure 5, Table S2). The production of CO, mirrored to the decrease of oxygen and remained
at around 140.10° ppm and 60.10% ppm with and without Herbie-amendment, respectively
(Figure 5, Table S2).
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Figure 5. Gas concentrations as a function of time (week) during an anaerobic soil
disinfestation experiment that lasted for four weeks at 24°C in airtight containers filled with
soil with or without Herbie®.

The production of nitrous N,O peaked at 2700 ppm without Herbie® while only a maximum
of 430 ppm was recorded for amended treatment (Figure 5, Table S2). The NH, production
was only observed for the Herbie-amended treatment but levels reduced at week three
beyond detection level (Figure 5, Table S2). The CH, accumulated rapidly after two weeks in
the amended treatment up to over 40.10% ppm after four weeks while a minor increase was
observed in the non-amended treatment (Figure 5, Table S2). Similarly, H,S levels increased
in the amended treatment to maximum of 300.10% ppm (Figure 5, Table S2).

In the non-amended treatment, the volatile fatty acids acetic acid, proprionic acid,
butyric acid and iso-butyric acid were hardly produced in time. In contrast, their amounts

125



Chapter 5

significantly increased when Herbie® was applied (Figure 6, Table S3). Valeric and iso-valeric
acid were generated with and without Herbie® in the first two weeks. After this period, the
production was sustained in the Herbie® treatment but both levels reduced in the untreated
containers (Figure 6).
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Figure 6. Weekly measurements of volatile fatty acids production as a function of time (week) during
an anaerobic soil disinfestation experiment that lasted for four weeks at 24°C in airtight containers
filled with soil with or without Herbie®.

After the initiation of the experiment with the closed containers we also monitored the
pH over time. An increase of the pH was observed in the first week in the non-amended
treatment that was higher than in the Herbie-amended treatment. Over time, the pH
difference was sustained and on average, the pH in the amended treatment was about 0.7
units lower than the non-amended treatments (Figure 7).
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Figure 7. Soil acidity (pH) as a function of time (week) during an anaerobic soil disinfestation experiment
that lasted for four weeks at 24°C in airtight containers filled with soil with or without Herbie".

ASD is effective in field trials

To determine the efficacy of ASD for Panama disease management under field conditions
we determined the survival of TR4 chlamydospores in buckets at three farms. In the control
samples, no significant reduction of colony forming units (cfu’s) was observed in the absence
of Herbie®. The reduction in the net plots was over 100-fold whereas in the gross plot a 20-
fold reduction of cfu’s was observed (Figure 8, Table 2).

Table 2. Anaerobic soil disinfestation (ASD) in the Philippines. Analysis of viable chlamydospores of
Fusarium odoratissimum, Tropical Race 4 (TR4), after ASD under field conditions. Known quantities of
chlamydospores in nylon mesh bags are placed in a container and submerged in the ASD treated soil.
Binary values indicate the number of containers with no viable TR4 chlamydospores relative to the
total number of containers used in the trial.

Treatment® Field location®
Farm 1 Farm 2 Farm 3

Herbie® 25 0/18 9/18 6/18
Herbie® 82 3/18 18/18 9/18
Herbie® 25 + Herbie® 82 12/18 12/18 12/18
Herbie® 25 + Herbie® 82 gross 3/24 24/24 3/24
Herbie® 25 + Herbie® 82 net 9/30 21/30 12/30
Infested, Herbie non-amended, sealed 0/18 0/18 0/18
Non-infested, Herbie non-amended, sealed 18/18 18/18 18/18

@Binary score was a combination of the two plots to each trial site
®Treatment both in laboratory and field
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We recovered viable chlamydospores from all trial sites, except from farm 2 in the gross
plot as shown in Table 2. This was validated by TagMan probe-based Real-Time qPCR and
showed that all samples were positive in all soil layers, hence contained TR4 DNA (data not
shown). This indicates that all chlamydospores at farm 2 were killed by ASD, and that the
viable inoculum of TR4 was significantly reduced at farms 1 and 3.

We also determined the quantitative presence of TR4 in all gross and net plots outside the
containers - thus not in the mesh bags but directly in the natural soils - by gPCR at two
layers (0-50cm and 51-100 cm), which confirmed that the ASD treatment reduced the TR4
inoculum load especially in the upper 50cm soil layer (Table 3).
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ab

Log number of chlamydospores g”!

Herbie® 25 + B2 gross plot Herbie® 25 + 82 netplot + TR4, - Hetbie®, unsealed - TR4, - Herbie®, unsealed
Treatment
Figure 8. Anaerobic soil disinfestation (ASD) of Philippine soil naturally infested with Fusarium
odoratissimum, Tropical Race 4 (TR4). Efficacies are presented as log number of chlamydospores per
gram of soil after an eight weeks ASD treatment. The containers (no lid) with chlamydospores bags
were submerged in naturally infested soils. Artificially inoculated soil was used as positive control
(infested, no Herbie’, sealed) and autoclaved soil (non-infested, no Herbie® and unsealed) as negative
control. Values are presented as means + standard error (bars) of the means of log transformed
numbers. Letters indicate significant differences at 95% confidence level (Genstat 64-bit v8.1).
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Table 3. Analysis of the presence of Fusarium odoratissimum, Tropical Race 4, at various depths
in naturally infested soils after anaerobic soil disinfestation for eight weeks with Herbie” products
utilizing a TagMan probe-based Real-Time gPCR assay.

Plot location Net plot Gross plot
0-50cm 51-100cm 0-50cm 51-100cm
Farm 1 Present Absent Present Present
Farm 2 Present Absent Present Present
Farm 3 Absent Present Absent Absent

ASD reduces Panama disease incidence in treated plots

All gross and net plots were replanted with Cavendish cv. Williams (highly susceptible to TR4)
to investigate the efficacy of ASD by determining the recurrence of the disease over time.
Every week the plants were visually inspected for external symptoms for one cropping cycle.
At the end of the first harvesting cycle, none of the plants had developed Panama disease
in the net plots of farms 2 and 3, but three plants were affected in farm 1 (Figure 9; Figure
S3). These plants were positioned in the corner of the plot close to the gross plot and among
those that are most vulnerable for infection from adjacent sides (Figure S4). The remnants,
together with its sucker were immediately removed to avoid inoculum production. In the
gross plot, 17% and 30% disease incidences were recorded in farm 1 and 2, respectively, but
nothing in farm 3 (Figure 9). Although the controls were planted four months later than
the treated plots, control plants just outside the perimeters of the plot rapidly manifested
symptoms from the third month after planting and onwards.

In summary, collectively these results show that ASD significantly reduces TR4 inoculum in
heavily infested soils and reduces Panama disease recurrence in planted Cavendish bananas.
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Figure 9. Recurrence of Panama disease in pilot plots that underwent an anaerobic soil disinfestation
(ASD) treatment of eight weeks at three farms in Mindanao, Philippines. After the ASD treatment,
each plot was replanted with Cavendish “Williams” and recurrence of disease was monitored for one
cropping cycle.

Discussion

Pests and pathogens affect plants from moderate symptoms to devastations leading
to the abandoning of areas planted to food crops (Strange and Scott, 2005). With the
increasing impact of these destructive plant diseases, the current insufficiency of food
supply is growing (Fisher et al., 2012; Bebber et al., 2013). In order to reduce these crop
losses, it is indispensable to look for remedies either biological, chemical or integrative
disease management strategies. Anaerobic soil disinfestation is a potentially interesting
management option for Panama disease in banana, particularly since it has been deployed
to control a number of other important soil-borne disease in various crops (Butler et
al., 2012a; Butler et al., 2012b; McCarty et al., 2012; Shennan et al., 2014 ). The current
dissemination of TR4 and the limited management options for this disease urged us to
explore ASD for Panama disease management in banana. However, we preferred working
with defined and commercially available products instead of undefined organic products
or wastes. Herbie® products were successfully applied for ASD under greenhouse and field
conditions (http://thatchtec.nl/en/products/soil-resetting/), hence we explored using these
products in banana, particularly since it works in the deeper layers of the soil as opposed
to other practices commonly applied in the Philippines such as rice hull and wood burning
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(Salacinas et al., 2019). The baseline for ASD was determined in laboratory experiments
under controlled condition in container assays. We monitored the rapid decline of oxygen
and surveyed the production of various other gases that collectively reduced TR4 viability
to 0.01% of the original high dose after a four weeks ASD treatment. Oxygen was depleted
up to 1.5% after four weeks in the container assay. This level is somewhat higher than other
studies wherein oxygen dropped to <1.3% and 0.5% conducted at 20°C and 16°C, respectively
(Runia et al., 2014), which might be due to the higher temperatures (24 °C), permitting
limited but somewhat higher oxygen flow from the compartment to the container. Indeed,
spiral plating method revealed that sealing containers without Herbie-amendment did not
translate to significant reduction of TR4 chlamydospores viability after four weeks. It is likely
that a multitude of mechanisms are contributing synergistically to chlamydospores decline.
These mechanisms include the accumulation of toxic gases and production of volatile fatty
acids such as CH,, H,S and CO, as well as acetic acid, propionic acid, butyric acid and slight
valeric acid levels along with ammonia, which quickly declined after the first week, likely due
to volatilization as an effect of high temperature.

Performing a comparable experiment using Philippine amended soil also significantly
reduced the viability of TR4 chlamydospores, but not as low as the laboratory trial in The
Netherlands. This can be explained by the fact that we supplemented each container in the
Dutch trials directly with Herbie® products, whereas their concentration was much lower
in the Philippines trials where we used the infested and field amended soil without any
additional Herbie® supplements directly in the container. We also used different container
types that might have variable oxygen permeability. Under field conditions, ASD resulted in
significant 20x to 100x reductions of inoculum levels compared to the control in the gross
and net plots, respectively. We eventually demonstrated this reduced inoculum load by a
significantly lower recurrence of Panama disease once the treated plots were replanted
with susceptible Cavendish banana. The disease recurred at variable intervals, but the first
infected plants were only observed after 14 and 5.5 months after planting in the net and
gross plot, respectively. This is a significant delay relative to the untreated plot as early as
three months after planting. Compared to the laboratory assays, generating and maintaining
anaerobic soil conditions in the field was difficult. Especially during strong winds and stray
animals passing the plots and birds can also rupture the plastic cover resulting to leaks that
nullify the anaerobic conditions. We tried to minimize these effects situating a net plot
in the centre of a gross plot (Messiha et al., 2007). The applied plastic with the required
oxygen transmission specifications was employed in all test plots, but not in farm 1 as the
provided plastic unintentionally disappeared from the warehouse after custom declaration.
This might be the reason for the recurrence of Panama disease already three months after
planting and eventually even in the net plot, which strongly contradicted with the results at
the other locations.

In the field, we did not monitor the oxygen decline, but previous studies showed that

the oxygen content of the soil covered with plastic dropped quickly under 1% after a few
hours and were maintained for several weeks (Termorshuizen et al., 2000). A significant
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reduction of viable TR4 chlamydospores in ASD treatment can be correlated with toxic gases
and volatile fatty acids, as was observed in the laboratory assays. Acetic acid is effectively
used for disinfection of several pathogens (Levine and Fellers, 1940). Butyric acid proved
to be effective in eliminating plant parasitic nematodes such as Meloidogyne hapla and M.
incognita (Browning et al., 2006). In a study conducted by Runia et al. (2014), the survival
of potato cyst nematodes was strongly correlated with the accumulation of these volatile
fatty acids. Momma et al. (2006) demonstrated that acetic and butyric acid suppressed
the survival of F. oxysporum f.sp. lycopersici (Fol) and Ralstonia solanacearum in a glass
bottle experiment with artificially inoculated soil. Later, Momma (2008) showed that
chlamydospores germinated in the early (aerobic) stage of the treatment apparently due
to the stimuli from the decomposing organic source and were subsequently killed by fatty
acids production. Similarly, Okazaki and Nose (1986) revealed that acetic and butyric acid
play a significant role in eradicating F. oxysporum f.sp. raphani chlamydospores. Huang et al.
(2015) demonstrated that the incorporation of 2% maize straw in combination with flooding
resulted to the production of acetic acid, butyric acid, isovaleric acid and propionic acid
leading to the reduction of inoculum of Panama disease inducing Fusarium spp. in soil ina pot
assay and also affected the population of R. solanacearum and R. solani. The consistency of
such results in additional trials and definitely for the implementation under field conditions
is, however, questionable. Maize straw and most other applied biological amendments are
variable in quality and composition, which hampers upscaling to an eradication method.
Therefore, we have chosen to use commercialized products with consistent quality and
composition. This facilitates upscaling from the current pilot to semi-commercial trials and
after optimization to an applicable method for farm rehabilitation from TR4 infestation.

Another advantage of ASD is the gradual microbial recolonization by a range of aerobic
organisms. This process can be influenced by inoculating beneficial or competitive
microorganisms (Messiha, 2007). The facultative and obligate anaerobic fungal species that
survive ASD might take part in the suppression of TR4 in the soil, similar to observations
in experiments with Fol (Momma et al., 2005). Furthermore, the elimination of Fol was
considered to correlate with the increase of bacterial communities in the soil after ASD
(Momma, 2015). Mowlick et al. (2013, 2014) revealed that Bacillus spp. and Clostridia spp.
dominated the soil microbial community post ASD treatment, the latter being known to
be acid producers (acetic acid, propionic acid and butyric acid), which may contribute to
the reducing effect (Momma, 2008). Efficient ASD treatment using rice bran and molasses
resulted in the increase of bacterial densities from the phylum Bacteroidetes that was
considered to antagonize inhabitant phytopathogenic microbial agents (Mazzola et al.,
2016). Next generation sequencing of bacterial 16S rRNA genes from soil treated with ASD
using rice bran showed dramatic changes in bacterial community constituents, with the
predominant genera Clostridiales, Acidobacteria and Burkholderia compared to the non-
treated soils (Strauss and Kluepfel, 2015).

Organic matter plays an essential role in stimulating the biological activity which is important
for the decay of Herbie® (Runia et al., 2014). The soil we used in the Dutch laboratory trial
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had the highest organic matter content (4.3%) and, indeed, we observed a sharp decline of
viable TR4 inoculum to 0.01% in four weeks. Hence, the variable soil types may also have
contributed to experimental flux in the field trials. The soil in farm 3 had the highest amount
of organic matter (3.5%, compared to 1.4% in farm 1, 1.9% in farm 2-A) and 0.6% in farm
2-B), which may have contributed to significantly reduced recurrence of Panama disease
after one cropping cycle.

In conclusion, the management of soil borne pathogens is a complicated process once
traditional methods such as inundation and disinfection are abandoned or not anymore
allowed. Reduction of pathogens in the top soil is usually not a major problem (Gurtler,
2017), but the efficacy of any method in the deeper layers of the soil is problematic, as
recently shown by Salacinas et al. (2019). They demonstrated that viable spores of TR4
reside at depths of 100 cm, and that presumed eradicative rice hull burning only increases
the soil temperature to <40°C at 40cm, but beyond that depth, it has no effect. Also, this
procedure only reduces inoculum of the infected plant area excluding the adjacent area
that also carries pathogen inoculum. Hence, one has to consider the cost benefit ratio of
these treatments. ASD has a much higher overall effect and penetrates deeper in the soil as
demonstrated by the current data. After establishing a base-line efficacy under laboratory
conditions, we subsequently piloted ASD in trial sites that are among the heaviest infested
sites in Mindanao. Hence, our data are very encouraging, particularly since the recurrence
of Panama disease was significantly delayed, up to over 400 days after replanting, while the
controls developed Panama disease symptoms after 90 days, despite the fact that they were
planted three months later.

Clearly, we acknowledge that our field data comprise a set of pilot experiment that require
fine-tuning at a larger scale, which is currently ongoing and includes mechanization and
diversifying plastic resources as well as Herbie” concentrations. Developing reliable and
efficacious eradication methods for the control of Panama disease is a multi-year and
multi-site effort, but we demonstrate promising results that may contribute to short-term
management options to slow down the disease and enable continued banana production.
Moreover, ASD is scalable and hence can be applied at the various cropping methods from
small-holder plotstolarge scaleindustrial production. This was shown for strawberry cropping
in California (Muramoto et al., 2014; Shennan et al., 2011) as well as for the production
of melons, tomatoes and cut flowers in Japan (Momma et al., 2013) and for strawberries,
asparagus and tree nurseries in The Netherlands (Shennan et al., 2014). Taken together,
ASD is a potential sustainable non-chemical management strategy to reduce Fusarium spp.
in soil that after optimization could be considered as a rehabilitation procedure to restore
banana production in Panama disease affected farms.
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Figure S1. Containers with soil naturally infested with Fusarium odoratissimum, Tropical Race 4 (TR4),
were supplemented with nylon mesh bags containing known volumes of TR4 chlamydospores (A) and
were placed at 50 cm depth (B) in net and gross test plots that underwent anaerobic soil disinfestation
at three farms in Mindanao, Philippines. Sealed containers with the same naturally infested soil were
set aside in a compartment for eight weeks (C).
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Figure S2. Determining the concentration of Fusarium odoratissimum, Tropical Race 4 (TR4), in naturally
infested soils at various sites in Mindanao, Philippines. TagMan probe-based Real-Time qPCR assays
were conducted on samples collected at 50 and 100 cm below ground level of Farm 1 (A) Farm 2a (B)
Farm 2b (C) and Farm 3 (D). Control samples were Dutch sandy soils spiked with TR4 chlamydospores
of F. odoratissimum isolate Phil 2.6¢, prepared at Wageningen University and Research and included in
nylon mesh bags in the container experiments. As extraction control we used the same non-infested
Dutch sandy soil, which was autoclaved twice.
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Figure S3. Replanted (Cavendish cv. Williams) pilot experimental plots at three sites in Mindanao that
underwent an anaerobic soil disinfestation (ASD) treatment of eight weeks. Pictures of each replicate
(upper and lower panels) were taken three months after planting at farm 1 (A), farm 2 (B) and farm
3(C).

Figure S4. Recurrence of Panama disease symptoms after anaerobic soil disinfestation (ASD).
Photographs show initial chlorosis of the leaf margins of the older leaves of Cavendish cv. Williams
plants in one of the net plots at farm 1 in Mindanao, Philippines, which underwent an eight weeks
ASD treatment.

Table S1. Physical and chemical characteristics of soils at different field trial sites in Mindanao,
Philippines.

Soil property Farm 1 Farm 2A Farm 2B Farm 3
soil type clay loam heavy clay sandy loam clay
pH 6.7 7.3 7.5 6.6
% organic matter 1.4 1.9 0.6 3.5
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Table S2. Gases produced as a function of time during an anaerobic soil disinfection laboratory
experiment in the Netherlands for four weeks at 24°C. Containers were filled with soil amended or
non-amended with Herbie".

Treatment?
Gas + TR4, + Herbie®, sealed + TR4, - Herbie’, sealed Air compartment
0, (%)
0 week 20.90 20.90 20.90
1 week 1.89 5.55 20.90
2 week 2.15 1.96 20.90
3 week 1.72 1.77 20.90
4 week 1.48 1.44 20.90
CO, (ppm)
1 week 135475 64980 600
2 week 141500 66477 576
3 week 142700 63570 645
4 week 136500 60430 598
N,O (ppm)
1 week 42.88 50.63 0.00
2 week 110.18 1728.27 0.00
3 week 148.31 2388.90 0.00
4 week 115.31 2685.40 0.00
NH, (ppm)
1 week 6.00 0.00 1.00
2 week 4.00 0.00 1.00
3 week 0.00 0.00 1.00
4 week 0.00 0.00 1.00
CH, (ppm)
1 week 0.00 0.00 21.00
2 week 1353 66 25.00
3 week 14929 1317 24.00
4 week 41660 1833 24.00
H,S (ppm)
1 week 7288 2660 0.00
2 week 8081 10565 22
3 week 40070 7599 0.00
4 week 296000 5871 171

2Data shown are the average of 20, 15, 10 and 5 independent measurements (containers) per treatment for week

1, 2, 3 and 4, respectively.
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Table S3. Volatile acids produced as a function of time during an anaerobic soil disinfection laboratory
experiment in the Netherlands for four weeks at 24°C. Containers were filled with soil amended or
non-amended with Herbie".

Volatile fatty acid Treatment®
+ TR4, + Herbie®, sealed + TR4, - Herbie®, sealed
Acetic (hnmol L?)
1 week 6.002 0.18
2 week 7.706 0.292
3 week 8.582 0.078
4 week 8.086 0.134
Propionic (nmol L-1)
1 week 1.026 0.056
2 week 1.876 0.138
3 week 2.128 0.036
4 week 2.378 0.028
Butyric (nmol L-1)
1 week 1.758 0.048
2 week 2.186 0.088
3 week 2.552 0.032
4 week 2.956 0.034
Iso-butyric (nmol L-1)
1 week 0.072 0.01
2 week 0.176 0.042
3 week 0.24 0.012
4 week 0.318 0.006
Valeric (nmol L-1)
1 week 0.06 0.032
2 week 0.074 0.088
3 week 0.082 0.05
4 week 0.122 0.022
Iso- valeric (hmol L-1)
1 week 0.072 0.024
2 week 0.11 0.068
3 week 0.114 0.03
4 week 0.152 0.016

2Data shown are the average of five independent measurements (containers) per treatment per week
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General Discussion

Introduction

Abiotic and biotic stressors, including pests and diseases, pose a significant impact on food
security (Fisher et al., 2012; Bebber et al., 2014). Crop losses deprive humanity an estimated
10-16% of the attainable yield with an annual cost approximating USS 220 billion (Oerke,
2006). As the sensitivity to crop protection agents has significantly reduced (Fisher et al.,
2012), these devastations might prolong, leading to societal and political unrest (Ploetz,
2015a). Banana, including sweet and cooking bananas, belongs to the top five most
important staple and cash crops (Ploetz et al., 2003; Aurore et al., 2009). Currently, banana
is in jeopardy due to a re-occurring Fusarium wilt or Panama disease epidemic (Butler,
2013) affecting a wide range of commercial and sustenance banana varieties (Garcia, 2019).
The clonal (Orddfiez et al., 2015) fungal pathogen Fusarium odoratissimum, a new species
comprising a few genotypes, including the so-called called tropical race 4 (TR4) (Maryani et
al., 2019) is the culprit of this epidemic. The species is continuously expanding its area and
hence, the epidemic has moved outside the center of origin in Southeast Asia (Garcia et
al., 2014) leaving devastations at thousands of hectares of banana plantations (Chittarath
et al., 2017; Hung et al., 2017; Li et al., 2013; Molina et al., 2009; Mostert et al., 2017,
Ordodiiez et al., 2015; Orddiiez et al., 2016; Ploetz et al., 2015; Thangavelu et al., 2019;
Zheng et al., 2018). Economic damage caused by Panama disease will be disastrous once
TR4 will devastate the major export banana plantations in South America (Ploetz, 2000;
2006) specially with the recent detection in Colombia (https://www.sciencemag.org/
news/2019/07/devastating-banana-disease-may-have-reached-latin-america-could-drive-
global-prices). Evidently, there is a need for immediate action on how to control and stop
this epidemic before it is too late.

Located within the centre of banana diversity, the Philippines holds a wide variety of bananas
grown all over the archipelago both for local consumption and the export trade (Valmayor
et al., 2000). The country is a significant player in the Cavendish banana export along with
Ecuador, Guatemala, Costa Rica, Colombia, Mexico, Dominican Republic and Peru (FAOSTAT,
2017). But unlike the South American banana producing countries, the country has been
confronted with the presence of TR4 for a decade, particularly in the Cavendish banana
belt of Mindanao (Molina et al., 2009; Mostert et al., 2017). Since, the export declines
and growers increasingly cultivate new scarce areas (PBGEA, 2017) | hypothesized that the
management strategies against Panama disease are apparently ineffective or insufficiently
applied resulting in continued dissemination of TR4 despite the efforts to stop the epidemic
along with governmental and industrial awareness and extension programs. This thesis
describes various practical aspects of the epidemiology of TR4 in the Philippines, thereby
substantiating the uncertainty about the continued dispersal of the pathogen.

Continuous TR4 spread: failure of containment strategies?

The on-going TR4 incursions mentioned above and the latest report on an incidence in
the United Kingdom (Anonymous, 2018) and the final leap into Latin America, https://
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www.sciencemag.org/news/2019/07/devastating-banana-disease-may-have-reached-
latin-america-could-drive-global-prices, is a manifestation of the invasion success of TR4.
Its dispersal can be attributed by both biotic and abiotic agents. The big question for now
is when will this spread stop? Have we reached the point of maximum deliberation? TR4
infestation was initially ignored, arguably due to lack of knowledge. Like any other soil-
borne pathogen, Panama disease diagnosis through visual inspection is indeed a challenge
due to non-distinct above-ground symptoms and resemblance with symptoms caused
by drought, stress or nutrient deficiency (Raaijmakers et al., 2009). Classical laboratory-
based identification and vegetative compatibility group (VCG) testing were employed for
disease diagnosis (Leslie & Summerell, 2006). However, the most important shortcomings
of this procedure are the lengthy and cumbersome biological experiments that frequently
result in unspecific variation and hence unambiguous identification of TR4, resulting
in false positives/negatives (Garcia et al., 2014; Leslie & Summerell, 2006). DNA-based
diagnostics, on the contrary, are rapid, highly specific and reproducible, but also require
equipment, training or protocols coming with commercial kits to standardize diagnosis.
Molecular detection based on conventional PCR developed by Dita et al. (2010) was used
to confirm various new incursions (Garcia et al., 2014; Ordofiiez et al., 2015; Ordoiiez et
al., 2016; Zheng et al., 2018) and was the tipping point towards new insights and major
investments in research and development in the Netherlands and elsewhere. Alternative
molecular diagnostic tools were also developed, such as conventional PCR (Lin et al.,
2009), real time-PCR (Aguayo et al., 2017; Lin et al., 2013;Yang et al; 2015), loop mediated
isothermal amplification (LAMP) (Li et al., 2013; Zhang et al., 2013), real-time LAMP (Peng
et al., 2014) and insulated isothermal PCR (Lin et al., 2016). However, these diagnostic tools
were developed on a limited set of target and non-target isolates and lacked validation on
a global collection of TR4 isolates, which ultimately affects the specificity and sensitivity
of these assays, particularly for environmental samples, rendering them useless. Our
developed TR4 diagnostic tool, is checked on hundreds of Fusarium isolates and meets the
specificity, sensitivity and repeatability requirements (Chapter 2). Moreover, it is suitable
for on-site diagnosis. Hence, detection of new incursions or routine farm monitoring is
now possible in the Philippines. Evidently, quantitative diagnosis is equally important to
evaluate the efficacy of management practices as a function of TR4 quantity in substrates.
We, therefore, developed a TagMan probe-based quantitative PCR to detect TR4 in different
substrates, such as water and soil, which is imperative to chart the dispersal and quantity of
TR4 propagules (Chapter 3 and 5). However, molecular diagnostics for other Fusarium spp.
causing Panama disease is not yet at hand and is indispensable to unambiguously diagnose
causal Fusarium spp. in different banana cultivars.

Dispersal by human intervention through movement of infected planting material is deemed
to be one of the most important factors in short and long distance TR4 dissemination. This
is reminiscent of the spread of Fusarium spp. race 1 strains in the previous century in South
America that devastated cv. Gros Michel based industry (Stover, 1962; Marquardt, 2001;
Soluri, 2002). These race 1 strains belong to various Fusarium spp., which are even not all
known (Maryani et al., 2018). In China and the Greater Mekong Basin, the rapid spread
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of TR4 is associated with the movement of infected planting material, equipment and the
lack of strict quarantine measures. This eventually resulted in a TR4 zone reaching from the
Eastern province of Fijuan to the Southern provinces of Guangdong, Hainan and from there
to the Southwestern provinces Guangxi and Yunnan (Chittarath et al., 2017; Hung et al.,
2017; Li et al., 2013; Molina et al., 2009; Mostert et al., 2017; Xu et al., 2003; Zheng et al.,
2018). Expanding cultivation in surrounding countries, such as Vietnam, Laos and Myanmar
is driven by the increasing demand of the Chinese market along with reduced yields due to
manifold TR4 infestations in these areas. Clearly, this also facilitates international dispersal
of TR4 (Zheng et al., 2018). Moreover, farmers who do not have access to tissue culture
plantlets, might resort to use symptomless but infected suckers thereby intensifying the
spread of the disease. This also applies for the recent emergence of the bacterium Xylella
fastidiosa infecting olive trees in Italy, which is believed to be introduced via contaminated
plant material from Costa Rica (Almeida, 2016). International trade also resulted in the
introduction of Phytophthora plurivora from Europe to the USA by trading diseased nursery
plant material (Schoebel et al., 2014). Also, the Moko disease of banana was allegedly
introduced in the Philippines through infected ‘Valery’ (AAA Cavendish subgroup) planting
material from Central America (Blomme et al., 2017; Rillo, 1979; Buddenhagen, 1994). To
further complicate this, human migration with mud-stained footwear contaminated with
TR4-infested soil can greatly contribute to local, regional or intercontinental spread (Dita
et al., 2018; Ploetz, 2015), similar to the accidental spore transport of Puccinia striiformis f.
sp. tritici in Australia from Europe through contaminated clothing or goods (Wellings, 2007).
We tested soil attached to footwear used in China and Philippines positive for TR4 (Chapter
3), where disease pressure is high given the presence of large commercial Cavendish
plantations. These sizable farms have the advantage and resources to prevent disease
dissemination through biosecurity measures i.e. quarantine baths but their efficacy to stop
further dissemination is low, despite the substantial costs for implementing and maintaining
such units. Moreover, we have now for the first time show the distribution of TR4 across
one-meter vertical columns of soil. In addition, the efficacy of disinfectants used in the
guarantine baths depends on exposure time and substrate, particularly since it significantly
drops in the presence of soil (Chapter 4). Taken together, the first line of defense against
TR4 dispersal frequently fails, as recently observed in the Philippines and other TR4 affected
countries (Zheng et al., 2018). This is even more complicated for small-scale farmers who
either lack the know-how or have limited resources to install quarantine baths.

The inoculum density in naturally infested soil was significantly lower than our artificially
inoculated control soil. This brings up the question about the actual threshold inoculum
that is required for disease development and to spread the epidemic. As described by
Baker (1978), the pathogen inoculum density - plant host response relationship (inoculum
density-disease incidence) showed a strong relationship between the soil inoculum and
disease (Figure 1). After a lay fallow period and cultivation of susceptible banana will ensue,
TR4 might undergo a latent period (period of time from infection to symptom expression)
followed by an infectious period during which inoculum is produced (Gilligan, 1994). Then,
an exponential increase of TR4 will follow as a function of time until the critical threshold

149




Chapter 6

is achieved after defeating the host innate immune response and as a result disease
appears. The susceptible banana Cavendish cv. Williams and Lady Finger (AAB) were used to
demonstrate colonization of the roots by the subtropical race 4 and subsequent movement
through the plant prior to the manifestation of symptoms. The increasing abundance of
pathogen mycelium in the xylem vessels as a function of time leads to the appearance of
wilting symptoms in the leaf (Warman and Aitken, 2018). This population dynamics of TR4
is directly linked with the polycyclic nature of the disease (Ploetz, 2015), which contributes
to the differences in degree of infestations in different areas and greatly affects the efficacy
of any management strategy (Chapter 4 and 5). Hence, determining TR4 quantities in any
given substrate is required to better plan and execute quarantine strategies.

Critical threshold = disease

Exponential increase

|

Low inoculum = no disease

TR4 inoculum in the soil

Time

Figure 1. Exponential increase of Fusarium odoratissimum tropical race 4 inoculum in a susceptible
banana crop without environmental, biological or chemical barriers. In the absence of susceptible
plants, inoculum build-up will lag by the production of persistent chlamydospores or by invading
non-hosts as an endophyte. Once susceptible banana cultivation ensues, inoculum production will
be regained until a critical threshold is reached that disables control and eventually results in crop
collapse.

A further complicating factor is that TR4 is a soil-borne fungal pathogen, which is able to act
as endophyte in weeds and other plant species in the absence of banana hosts (Hennessy
et al., 2005; Su et al.,1986; Waite and Dunlap, 1953, Chapter 3). This aspect was partly
neglected and can potentially nullify any targeted control strategy and greatly affects
disease dynamics. If the density dependence of TR4 inoculum in soil is host related, then this
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mutualistic relationship with weeds might pose a non-quantifiable consequence. In previous
studies on other Fusarium spp. inoculum build-up in the rhizosphere was not observed in
alternative hosts (Banihashemi and de Zeeuw, 1975). This is further supported by the fact
that these weeds did not show wilting symptoms. We now for the first time detected TR4
in the aboveground parts of the weeds in areas abandoned due to Panama disease and in
the absence of banana hosts, which proved that these non-host plants contribute to the
survival potential of TR4 by acting as green bridge (Burdon and Thrall, 2007) (Chapter 3).
Alternative hosts have been reported as well for other banana diseases that plays a critical
role in the perpetuation of disease. Ralstonia syzygii subsp. celebesensis causing banana
blood disease used Heliconia species as alternate hosts (Elphinstone, 2005; Blomme et al.,
2017). R. solanacearum causing Moko disease was isolated from Heliconia species in Coto
valley virgin forests in southwest Costa Rica (Sequeira and Averre, 1961). This bacteria has a
wide host range though (Belalcazar et al., 2004) to include Solanaceous species influencing
the efficacy of lay fallow as disease management strategy. Therefore, elimination of weeds
acting as alternative hosts is highly recommended specially during lay fallow period (Romo et
al., 2012). Maintaining a critical level of inoculum in alternative hosts can act as a foundation
for kicking off accelerated population dynamics in soil once banana cultivation ensues, even
after a lagging period of inoculum build-up (Figure 1).

Theemergence of TR4 enforces a reformation of banana cultivation (Ditaetal, 2018), including
abandoning surface water for irrigation and a shift to underground water resources. This is
rooted in the idea that water, including rain runoff, may act as vector of fungal dispersal
(Golan and Pringle, 2017; Ploetz, 2015) like in the case of other Fusarium spp. (Palmero et
al, 2009). It was noted that aquatic environments can be a good carrier for fungal dispersal
eliminating the possibility for desiccation, UV damage and harsh temperatures as in water
temperature drops slower than in air (Golan and Pringle, 2017). In China, the rapid spread
of TR4 was associated with contamination of irrigation water from the Pearl river (Xu et
al., 2003). In Mozambique, it was reported that the intensification of TR4 spread was the
result of heavy rainfall resulting to flooding (Anonymous, 2015). This was also the case in
the Philippines wherein upsurge of disease spread ensued after the destructive typhoon
Pablo in 2012, leading to overflowing of river water in nearby banana farms (Figure 2). The
propagules of other soil-borne pathogens such as Phytophthora spp. are also reported to
spread through streams and irrigation ponds (Davidson et al., 2005). Indeed, our study
proved TR4 contamination of irrigation water sourced from rivers and reservoirs used as
irrigation water in one of the commercial banana plantations in Mindanao (Chapter 3). As a
result, information-guided decisions were made by shifting to underground water sources
as a safer option. However, this entails huge investments, which cannot be buffered by
small-scale farmers. The scenario where the need to irrigate is high to increase productivity
is discouraging for them. In addition, sourcing underground water for irrigation could result
in social problems and competing claims, particularly due to the water availability for
household use and ecological trade-offs (Skiadaresis et al., 2019).

The dispersal of TR4 operates at multiple spatial and temporal scales and is mediated by
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different vectors. Its compounded impact and devastation shape the banana industry
strategy to relocate and install farms in new disease-free areas. As sketched above, this is
currently happening in China where vast land areas were abandoned due to TR4 infestations
(Lietal.,2013). As a result, investors moved to neighbouring countries such as Vietnam, Laos,
Myanmar for banana cultivation. As a consequence, the disease also moved to these areas
most probably due to movement of planting materials, vehicles and other farm implements
(Zheng et al., 2018). Similarly, in the Philippines, Chinese banana traders are buying and
exporting banana from the Philippines, thereby contributing to farms expansions of local
farmers even in hotspot areas for Panama disease. By neglecting the epidemiological
consequences of these strategies, such policies disturb the on-going battle against Panama
disease and thereby facilitate the further dispersal of the pathogen as recently evidenced
by the incursion of TR4 into Colombia (https://www.sciencemag.org/news/2019/07/
devastating-banana-disease-may-have-reached-latin-america-could-drive-global-prices).

Figure 2. Overflowing of river water in the nearby banana farms in Mindanao, Philippines, resulted in
rapid dissemination of TR4 propagules causing Panama disease in banana. As a consequence, banana
cultivation was not feasible due to heavy infestation causing abandonment of farms.

Disease control by all means

Soil-borne pathogens are difficult to control due to their complex occurrence in the
heterogeneous soil that impedes the efficacy of any cultural or chemical treatment or by
competing with microbiological agents (Katan, 2000; Huang et al., 2019). It is even more
complicated for Panama disease due to the vast monocropping of banana on thousands of
hectares resulting in the massive build-up of pathogen inoculum in soils (Katan, 2017). There
has been much to learn from the previous Panama disease epidemic caused by Fusarium
spp. in the Gros Michel banana belts of in South America (Soluri, 2000; Marquardt, 2002).
The banana companies’ strategy was to stay ahead of the disease by claiming new land but
eventually this did not work since they simply ran out of clean land resulting in the collapse
of the Gros Michel based banana industry (Ploetz, 2008; Stover, 1962). The fear is that
the industry has not learnt from history, which consequently will lead to another Panama
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disease pandemic (Ploetz, 2015). Out of desperation, several management strategies have
been adopted and deployed that are insufficiently supported by data and hence, result in
an arm race of different uncoordinated strategies to manage the problem. This is neither
economical nor effective and calls for governmental interventions to secure the banana
industry.

In order to achieve concrete solutions, management strategies should take into account
genotype x environment interactions (Katan, 2017). As suggested by Chellemi et al. (2016),
a systematic approach to manage soil-borne pathogens should entail four principal pillars;
(1) inhibit the introduction and spread of the pathogen in the crop system, (2) minimize
inoculum density to levels that can be managed, (3) improve soil suppressiveness and
(4) minimize the impact of destructive activities such as pesticide and other chemical
application by employing integrated pest management strategies. Recently, Dita et al.
(2018) reviewed the knowledge on Panama disease epidemiology and suggested that it
is important to address the major gaps of knowledge revolving around its short distance
spatial dynamics (anthropogenic and other factors such as water, contaminated soil and
alternative hosts species) and long distance dispersal (anthropogenic-related factors).
Hence, in this thesis, the factors contributing to pathogen dispersal in the Philippines were
addressed and will be the basis for implementing applicable disease management strategies.

Deployment of biosecurity measures was used as first line of defense to prevent the
introduction or movement of the pathogen within and between farms. Therefore,
guarantine baths i.e. tire and footwear baths were installed at farm entry points. Several
disinfectants with different active ingredients were efficacious under in vitro conditions
when tested against conidia and soil-chlamydospores suspensions of the causal Fusarium
spp. (Meldrum et al., 2013; Nel et al., 2007; Nguyen et al., 2019, Chapter 4). Simulating
actual practices of routine disinfection in the field, the efficacy of these disinfectants
significantly reduced when tested against chlamydospores that were embedded in the
soil (Chapter 4). This is likely due to the fact that organic matter (soil) reduces the access
of these disinfectants to chlamydospores (Ewart, 2001; Amass, 2001) rendering it less
effective. On top of that, we observed disagreements between the required and observed
disinfectant exposure time in quarantine baths under field conditions that will impede
efficacy especially against chlamydospores embedded in soil (Chapter 4). This underscores
the need for a “come clean — go clean” strategy to effectively use these disinfectants. We
suggest that each farm - apart from the quarantine baths —implements a wash down facility
to get rid of soil or other organic particles attached to vehicles, footwear or other farm
implements. The removal of organic load comes first prior to soaking in quarantine baths.
Since this is not implemented yet along with other factors, it is not surprising that - despite
the implementation of biosecurity measures to decontaminate tools, footwear, vehicles or
any other farm implements, the disease has not stopped spreading. Thus, taken together,
the current situation is grim, particularly since the divide between large plantations where
biosecurity measures are strictly implemented and surrounding small-scale farmers that
cannot rigorously implement these measures is only expanding. Recurring traffic between
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these farms and exchange of personnel further complicate disease management (Chapter 3).

In the absence of new resistant cultivars that can replace susceptible varieties, eradicating
the pathogen is an important way to mitigate the impact and future economic losses by
reducing the availability of infectious propagules. Methods such as solarization (Butler et al.,
2012c; Chellemi, 2002; Chellemi et al., 2002; Gamliel A and Katan, 2012; Yildiz et al., 2010;
Vitaleetal., 2011) and anaerobic soil disinfestation Japan (Butler et al., 2012a, 2012b; Lamers
et al., 2004; Momma, 2008, Shennan et al., 2014) are efficacious and are also applicable in
organic production and at small holder settings (Van Bruggen et al., 2015). Recently, the
Israeli government claimed the successfully eradication of TR4 two years after its incursion
(ProMusa, 2018). However, this seemed largely driven by politics as the eradication
procedure was not disclosed. Indeed, in 2019 the disease was detected at several sites near
the original infected locations (ProMusa, 2019). In Australia, the first incursion of TR4 in
Northern Queensland - the heart of commercial banana cropping - prompted the complete
removal (herbicide injection and treatment with urea) of banana plants of a surrounding 10
ha. block eventually followed by a farm buyout and complete cessation of banana cropping
to halt the disease. This is impossible in the Philippines, especially for small-scale farmers
who depend only on their farms (usually £ 1 ha) for a living. Instead, they practice single
plant eradication by burning using either rice hull or wood even though the efficacy is not
supported with concrete experimental data. While soil sanitation is optimal in the top soil
of up to 40 cm below the surface, it is not beyond (Chapter 3) where roots and biological
processes are still active up to one meter depth (Araya et al.,,1998). This can be a big
disadvantage especially in the light of TR4 dispersal by root-to-root contact between plants
(Dita et al., 2018) and given the fact that TR4 chlamydospores are still present and alive up
to 1 m below the soil surface (Chapter 3). On top of that, this strategy also contributes to
the loss of nutrient capital e.g. nitrogen, calcium, magnesium, organic matter and beneficial
microorganisms (Neary et al., 1999; Hungerford et al., 1991) and only has a local effect
as it insufficiently affects pathogen propagules in nearby untreated (un)infected plant (at
least 1m?). Moreover, the increasing demand of rice hull drives the price thereby making
this eradication procedure very expensive (estimated at 20 USS per infected plant), useless
and biologically and economically unsustainable. A harsh conclusion that should have been
drawn at least a decade ago upon proper experimentation and data gathering (Chapter
3). We, therefore investigated a soil treatment method to generate anaerobic conditions
(Chapter 5). Previously, inundation was practiced during the Gros Michel epidemic (Stover,
1954), and also has resulted in efficacious eradication of soil-borne pathogens (Van Os et
al., 1999). However, water flooding also disseminates the Fusarium spp. inoculum if not
appropriately managed. Anaerobic soil disinfestation (ASD) or microbiome reconstruction
have been practiced for Panama disease control (Shen et al.,, 2019; Huang et al., 2015)
along with other economically important soil-borne diseases in various crops (Butler et
al., 2012a; Butler et al., 2012b; McCarty et al., 2012; Shennan et al., 2014 ). In our case
we preferred to work with a commercial product that guarantees constant quality, which
would result in a scalable technology that can be implemented across the banana sector,
whether from an industrial nature or a small holder setting. The Herbie products indeed
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significantly reduced TR4 quantity both in artificially inoculated soil (high inoculum density)
and in naturally infested soil (low inoculum density) which resulted in a slower recurrence
of disease in the highly susceptible banana compared to the controls. That is an important
observation, particularly in a time frame where agronomical solutions are not at hand
(Chapter 5). All other observations (Chapters 2-4) underpin important gaps of knowledge,
but ASD literally and curatively reduces risks and therefore contributes to effective disease
management and continuation of production (Chapter 5). The small scale application that
we piloted also guarantees that the method can be implemented at small farms and can
be applied irrespective of the banana varieties that are cropped. From an epidemiological
standpoint (Chapters 3 and 5) reduction of inoculum is a straight forward approach, which is
perpendicular on the strategy to grow less susceptible or partially resistant Giant Cavendish
Tissue Culture Variants or GCTCV clones (Hwang et al., 2004; Molina et al., 2016). The massive
promotion of these clones (Banana Asia Pacific Network, 2016; Agriculture Magazine, 2014;
Philippine News Agency, 2018) as the solution for Panama disease in Cavendish is a hoax as
basic epidemiological insight (Vander Plank, 1963; Zadoks and Schein, 1979) informs us that
partial resistance only reduces the rate of an epidemic. For annual crops and foliar diseases
this concept has worked very well in disease management, but for a soil-borne disease in a
perennial crop, it would be just a matter of time until the epidemiologically critical levels are
reached. This consideration seems to be exemplified in nearly all areas where somaclones
have been planted in an attempt to manage TR4, whether in China, Mozambique or the
Philippines. Hence, the long term and sustainable solution for Panama disease seems the
development and introduction of varieties that have a level of resistance which enables
economically feasible production even when planted in infested soils. The ultimate examples
are the Cavendish clones that are cropped for decades around the world on Fusarium spp.
race 1 infested soils. A technological proof of concept was recently delivered by developing
genetically modified Cavendish clones that survived in TR4 infested soils in Australia (Dale
etal., 2017).

Science application for a diverse audience

The current thesis has delivered critical data that underpin broadly implemented strategies
to manage Panama disease in Mindanao and elsewhere. Practical lessons that we have
learned revolve around enabled rapid diagnosis in the field, maintenance of inoculum in
plantations either in the soil but also on the survival of TR4 in weeds, reduced efficacy of
disinfectants and potential reduction of inoculum as a result of ASD. To improve disease
management a few recommendations have emerged from this thesis that apply to different
stakeholders in the banana chain.

Growers should make themselves and their personnel fully acquainted with the symptoms
of Panama disease to avoid confusion with other disease, such as the bacterial diseases
Erwinia blight or Moko. Furthermore, they should have access to diagnostic services
either through the government of through the companies Tadeco (Davao del Norte) and
Unifrutti ( Bukidnon) that have fully operational laboratories equipped for TR4 diagnosis.
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Furthermore, they should restrict traffic across their plantations and ensure full awareness
of their employees in the danger of TR4 dissemination. Logistics in and around the farm has
to be reduced and cleaning devices have to be built to assure the removal of infested soil
from tires and other parts of vehicles. This is an investment, but will render vehicles clean
and will also maintain the efficacy of disinfectants in any disinfectant dipping station as soil
contamination reduces it (Chapter 5). The overall attitude in the sector should facilitate
the exchange of best practices. One grower excelling and the other succumbing does not
help the industry in Mindanao. Furthermore, extension officers and consultants have to
be updated on the latest scientific progress and results and | recommend developing an
overarching industry-wide TR4 hotline - and back office - that enables the dissemination of
scientifically grounded advice.

Consumers are essentially unaware of the fragility of global banana production and should be
communicated properly on the unsustainable production system. Community driven change
is not impossible as is also shown by the opposition towards intensive animal husbandry.
Albeit that plant life might be regarded dissimilar from animal welfare, the manifold workers
and families depending on the banana trade brings in a societal component that warrants
much more attention in newspapers and popular journals. Wageningen University has done
a great job to inform innocent consumers on global banana production and its challenges
and should pursue and internationalize that strategy.

Governments do frequently consider the Panama disease epidemic to be an industry
problem. This attitude ignores the fact that many local banana varieties are equally
susceptible and prone to destruction, which affects local markets and livelihoods. Hence,
it is required that alliances between banana production stakeholders, irrespective of their
size, and governments will be developed to ensure efficient exchange of information as well
as the adoption of regulations to prevent new incursions of TR4. The Philippine Banana
Growers and Exporters Association is one of these industry wide agencies that could
immensely benefit from access to the latest sound information on TR4 occurrence and
control. Although stronger links with governmental agencies is recommended, it should
be reluctant for policy involvement by truly prioritizing the needs of the industry and the
reliability of adopted recommendations. This can only be guaranteed by joint investigations
and sound data analyses as a foundation for industry wide advice.

Taken together, this thesis has delivered a wealth of information on the practical impact of
the TR4 epidemic in Mindanao. Despite, its value, we also have to conclude that these data
will not result in a final control of TR4, particularly since it also ravages banana plantations
with local varieties. However, a few practical highlights should be underscored. Accurate
diagnosis is the cornerstone of disease management and should use the latest technologies
that can detect TR4 in non-symptomatic plants and weeds. Consequently, weed management
is an essential component of disease management. ASD does reduce TR4 inoculum in soil
and is scalable, thereby supporting a multitude of stakeholders. However, semi-commercial
trials need to be conducted before it can be recommended as an overall strategy. It is from
that perspective, a significant draw-back that national bureaucracy can slow down permit
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acquisition for several years, which does not support a desperate industry that is among the
top-exporters of the world and of economic significance for the country. Finally, adoption
of a mandatory “come clean — go clean” practice will eventually support all growers and
increase the efficacy of biosecurity measures.

Finally, I would like to underscore the need for continued research. The current data lifted
the tip of the veil for practical considerations of Panama disease management. However,
we should not forget - and many stakeholders do - that genetics, host resistance is a
cornerstone of effective disease management. Cavendish bananas saved the industry.
Yet, we do not understand why. Not a single gene responsible for its natural resistance to
Fusarium spp. race 1 strains has been identified and thus the underlying mechanisms of
its durable resistance are not understood. Once that is known, we can develop a suite of
new diverse varieties for both industrial and small-holder settings. The recent World Food
Price award to the founders of East-West plant breeders, https://www.worldfoodprize.org,
is therefore a genuine recognition of the contribution of plant breeding to human welfare.
Provided the importance of banana as a staple for millions of people, | cannot sufficiently
underscore, and | have history at my side, that future research should focus on everything
that is required to provide growers with healthy seed.

At the end of the day, we want science to work for us and not only in papers. The farmers
or the banana industry in general desperately look for solution(s) that are reproducible,
cost-efficient and long-lasting. In a perfect world, we want an absolute solution, enabling
continued banana production at reduced costs. This benefit comes after the spending.
Research and development to manage Panama disease is not an overnight job and needs
time, resources, concerted action and an industry-wide responsibility to achieve the desired
result. As adequately resistant banana varieties are not yet at hand, the integration of
different short to medium-term disease management strategies (Chapter 3, 4, 5) should
be implemented while investing in long-term solutions that should be spearheaded by
developing new varieties. All these efforts should be backed by governmental policies and
regulations. This will eventually result in more efficient, sustainable and economically viable
disease management strategies.
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Summary

Banana either cooking or dessert type is regarded as one of the most important crops
being staple food or cash crop. Currently the global banana production is threatened by
a destructive soil-borne fungus Fusarium odoratissimum colloquially called Tropical race 4
(TR4) causing Panama disease in banana. The on-going dispersal of the pathogen raises
the fear of the demise of our beloved banana. As of this writing, there is no concrete
solution available to combat the disease, hence manifold of management strategies are
explored. With the use of molecular diagnostic tools, this thesis describes the spatial
dispersal, epidemiology and management options of Panama disease in the banana belt of
the Philippines. This contributes to the development of evidence-based and cost-effective
management strategies.

In Chapter 1 the subject is presented by unfolding the biology of banana, brief history of
its origin, distribution and its cultivation as a staple and cash crop. Having limited genetic
variation, the vulnerability of banana to various diseases is described. Panama disease causing
serious devastation in banana is elaborated with emphasis on its disease development,
spatial and temporal dispersal, disease diagnostics employed and management strategies
explored. Statement of the scope of the thesis and outline of the different chapters
concluded this chapter.

Chapter 2 describes the development of DNA-based diagnostic tool for TR4. In here, a rapid
and highly specific detection assay based on Loop Mediated Isothermal Amplification (LAMP)
was developed that is pertinent under laboratory and field conditions. The TR4-specific DNA
sequence was obtained by Diversity Arrays Technology sequencing of representative genetic
diversity of Foc. The specificity of the assay was tested extensively on both target and non-
target isolates and successfully used to detect TR4 in artificially inoculated and naturally
infected Cavendish banana corm and pseudostem in the Philippines. Hence, the developed
assay offers a powerful tool for epidemiological study on TR4 and is indispensable for
implementing quarantine measures.

Chapter 3 uncovers the unknown epidemiological phenomena of TR4 dissemination in the
banana belt of the Philippines and validate the efficacy of applied management strategy. In
here, the spatial distribution of TR4 across soil profiles cropped with either Cavendish or
local banana cultivars reveals that the pathogen is distributed across soil layers of up to 1 m
below. The dissemination through contaminated soil and water is presented suggesting the
importance of deploying biosecurity measures. In the absence of banana host, the long term
survival of TR4 on weeds was confirmed emphasizing the importance of weed management
in combating Panama disease. Data supporting the efficacy of field sanitation by burning was
presented revealing the inefficiency of the procedure to eliminate TR4 propagule in the soil
and should be reconsidered. Together, this findings emphasize the need for an integrated
and evidence-based Panama disease management strategies.
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Chapter 4 put emphasis on the efficacy of disinfectants used as front-line defense against
TR4 spread in the banana production areas in the Philippines. In this study, disinfectants of
different active ingredients, rate and exposure time were tested in vitro against different
propagules of TR4 to include mycelia, conidiospores, chlamydospores suspensions and
chlamydospores-infested soil. The TR4 mycelia and conidia are sensitive to disinfectants
tested at the manufacturer’s recommended concentration. The thick-walled chlamydospores
were remarkably sensitive to disinfectants in suspension but the same compounds were
largely ineffective against chlamydospores in soil except for diamidine-based disinfectant.
Summing up, the rational choice of appropriate disinfectants should be facilitated by
reliable data on efficacy under various biological, environmental and temporal conditions,
corrosiveness and costs. The utilization of disinfectants should be maximized and properly
implemented to stop or slow down TR4 dissemination within and between farms at local,
regional or international scale.

Chapter 5 investigates the potential of anaerobic soil disinfestation (ASD) as a biological
option for Panama disease management. In this study, two commercially available organic
amendments were tested both under laboratory and field conditions in the naturally infested
soils in the Philippines. Controlled condition in the laboratory resulted to reduction of viable
TR4 chlamydospores to 0.01% in plastic containers after four weeks treatment supported
by the production of toxic gases and volatile fatty acids. The pilot field experimentation
displayed a hundred-fold reduction of TR4 chlamydospores level relative to the control
after eight weeks field treatment. A significant reduction of Panama disease recurrence
was recorded on replanted Cavendish “Williams” banana monitored for one cropping cycle.
These promising results might contribute to short-term management options to continue
banana production in Panama disease affected farms.

Chapter 6 summarizes the findings gathered in this PhD project. The continued local
and international TR4 dispersal is discussed in relation to containment strategies and
management options currently employed. The importance of the molecular diagnostic tool
to chart progression of disease spread is discussed. The systematic approach to manage
soil-borne pathogens are reviewed linking to the current practices to continue banana
production despite the presence of TR4. The pathogen inoculum density and disease
incidence curve was correlated to the current knowledge. This gives rise to the statement
that partial resistance to Panama disease does not ultimately contributes to sustainable
disease control. The intended long-term perspective for banana growing lies in an integrated
management strategy that includes the use of multiple resistant banana varieties.
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Samenvatting

Bananen, of het nu kook of dessert types betreft, worden in het algemeen beschouwd als
een belangrijk onderdeel van de primaire voedsel- of handelsgewassen. Momenteel wordt
de wereldwijde bananenproductie bedreigd door de destructieve bodemschimmel Fusarium
odoratissimum, in de volksmond “Tropical Race 4” (TR4) genoemd, die Panamaziekte in
bananen veroorzaakt. De huidige verspreiding van dit pathogeen roept de vrees op voor
de ondergang van de geliefde banaan. Tot op heden is er geen concrete oplossing om
Panamaziekte te beheersen en daarom worden er allerlei managementstrategieén geopperd
enonderzocht. In dit proefschrift worden de ruimtelijke verspreiding en de epidemiologie van
Panamaziekte beschreven door gebruik te maken van moleculaire diagnostica in de context
van de huidige praktijken in de Filipijnse bananengordel. Daarmee draagt dit proefschrift bij
aan de ontwikkeling van een kostenbewuste en op data gebaseerde managementstrategie.

In Hoofdstuk 1 wordt het onderwerp gepresenteerd door het ontvouwen van de biologie
en een korte geschiedenis van de herkomst, verspreiding en de teelt van de banaan als
voedsel- en handelsgewas. De beperkte genetische diversiteit die leidt tot de kwetsbaarheid
van de banaan voor verschillende ziekten wordt beschreven, met name ten aanzien van
Panamaziekte. De ziekteontwikkeling, ruimtelijke en historische verspreiding, gebruikte
ziekteherkenningsmethodieken en beheersingsstrategieén worden beschreven. Het
hoofdstuk sluit af met diverse hypothesen en een overzicht van de inhoud van het
proefschrift.

Hoofdstuk 2 beschrijft de ontwikkeling van een nieuwe, op DNA gebaseerde methode
om TR4 aan te tonen. De snelle en zeer specifieke detectiemethode is gebaseerd op Loop
Mediated Isothermal Amplification (LAMP) en is zowel in het laboratorium als het veld te
gebruiken. TR4-specifieke DNA-sequenties werden verkregen door een representatieve
collectie van Fusarium soorten die geassocieerd zijn met Panamaziekte te analyseren met
een hoge resolutie genotyperingsmethode die is gebaseerd op Diversity Arrays Technology.
Vanaf het moment dat een specifieke sequentie werd bepaald, is de methode gevalideerd
op vele soorten schimmels om daarna succesvol gebruikt te worden om TR4 aan te tonen in
geinoculeerde en natuurlijk besmette Cavendish planten in de Filippijnen. De ontwikkelde
methode is daarom een krachtig gereedschap om de epidemiologie van TR4 te onderzoeken
en is daarmee onmisbaar voor de implementatie van quarantainemaatregelen.

Hoofdstuk 3 beschrijft de ontdekking van onbekende epidemiologische feiten met
betrekking tot de verspreiding van TR4 in de Filipijnse bananengordel en valideert daarmee
de effectiviteit van toegepaste beheersingsstrategieén. De ruimtelijk verdeling van TR4
door het profiel van bodems waarin Cavendish of lokale bananenvariéteiten worden
geteeld laat zien dat het pathogeen tot zeker 1 meter onder de grond voorkomt. De
verspreiding door gecontamineerde grond en besmet water is vastgesteld, hetgeen het
belang van quarantainemaatregelen onderstreept. De lange-termijn overleving van TR4 in
onkruiden tijdens de afwezigheid van waardplanten werd bevestigd waarmee het belang
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van onkruidbeheersing om Panamaziekte te beheersen werd benadrukt. Verder werden er
data verzameld om na te gaan wat de effectiviteit is van diverse beheersingsstrategieén,
waaronder het verbranden van het kaf van rijst. Dit bleek inefficiént om TR4 uit de grond te
verwijderen en moet daarom heroverwogen worden. Tezamen onderstrepen deze gegevens
de noodzaak van een geintegreerde en empirische beheersingsstrategie voor Panamaziekte.

Hoofdstuk 4 gaat in op de effectiviteit van desinfecterende middelen die worden gebruikt als
eerstelijns verweer tegen de verspreiding van TR4 in de bananen-producerende gebieden
van de Filipijnen. In dit onderzoek werden verschillende desinfecterende middelen met
diverse actieve ingrediénten getest onder in vitro condities in uiteenlopende concentraties
en blootstellingstijden op mycelium, conidiosporen, chlamydosporen in suspensie en in
grond. Alle desinfecterende middelen zijn effectief in de door de producenten aanbevolen
concentraties, zelfsvoor de dikwandige chlamydosporen. Zodra deze echterin grondmonsters
werden getest was alleen een op diamide gebaseerd desinfecterend middel effectief.
Samengenomen is de les dat de juiste desinfecterende middelen alleen kunnen worden
ingezet na een zorgvuldige analyse van hun effectiviteit onder diverse condities, waarbij
rekening wordt gehouden met biologische variatie, omgevingsfactoren, blootstellingsduur,
de corrosie van diverse metalen en de te maken kosten. Het gebruik van desinfecterende
middelen moet worden gemaximaliseerd en op de juiste wijze worden geimplementeerd
om de lokale, regionale en internationale verspreiding van TR4 te vertragen of te stoppen.

Hoofdstuk 5 beschrijft experimenten waarin werd onderzocht of anaerobe bodem
desinfectie een biologische bestrijdingsoptie is voor Panamaziekte. In dit onderzoek
werden twee commercieel beschikbare organische producten getest onder laboratorium-
en veldomstandigheden in natuurlijk besmette bodems in de Filippijnen. In de
laboratoriumexperimenten - gedurende vier weken onder gecontroleerde omstandigheden
in plastic emmers - werd de hoeveelheid levende TR4 chlamydosporen gereduceerd
tot 0.01% door een combinatie van toxische gassen en vluchtige vetzuren. De pilot-
experimenten in het veld leverden ook een honderdvoudige reductie van TR4 inoculum
op bij een behandeling van acht weken. Dit resulteerde in een sterk vertraagde terugkeer
van Panamaziekte tijdens een volledige gewascyclus nadat deze behandelde veldjes weer
werden beplant met het Cavendish ras “Williams”. Deze bemoedigende resultaten kunnen
bijdragen aan het ontwikkelen van korte-termijn opties om Panamaziekte te beheersen en
de bananenteelt op besmette bedrijven te continueren.

Hoofdstuk 6 is een samenvatting van de resultaten die in dit PhD project werden behaald. De
voortgaande lokale en internationale verspreiding van TR4 wordt besproken in relatie tot de
huidige quarantainemaatregelen en managementstrategieén. Het belang van moleculaire
diagnostica om de verspreiding van TR4 beter in kaart te brengen wordt besproken in de
context van een systematische aanpak om bodemgebonden ziekten te beheersen. Daarbij
wordt de voortzetting van de bananenteelt ondanks de aanwezigheid van TR4 afgezet tegen
de huidige praktijken die daarmee worden geévalueerd. Op basis van de verzamelde gegevens
is een gewijzigde hypothese opgesteld ten aanzien van de hoeveelheid TR4 in de bodem en
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de incidentie van Panamaziekte. Dit geeft aanleiding tot de stelling dat partiéle resistentie
tegen Panamaziekte uiteindelijke niet bijdraagt aan een duurzame ziektebeheersing. Het
beoogde lange-termijn perspectief voor de bananenteelt is gelegen in een geintegreerde
managementstrategie waar het gebruik van meerdere resistente bananenrassen deel van
uitmaakt.
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Pagpalaktod

Ang saging nga pangluto o panghimagas nga klase usa sa mga pinaka importanteng tanom
tungod inila kini nga ‘staple food ug cash crop’. Ang kasamtangang produksyon sa saging
naapektuhan tungod sa pagkuyanap sa sakit nga anaa nagpuyo sa yuta, ang Fusarium
odoratissimum o mas naila nga tropical race 4 (TR4) hinungdan sa Panama nga sakit sa
saging. Ang pagdaghan sa nasaysay nga kagaw naghatag ug dakong kahadlok nga mapapas
ang atong gikahimut-an nga saging. Kining panahuna sa akong pagsulat, walay konkretong
solusyon sa pagsumpo niini, maong adunay daghang stratehiya ang gi-istudyuhan. Pinaagi
sa paggamit sa ‘molecular diagnostic tools’, kining pag-istudyo agig thesis naghatag ug
deskripsyon sa pagkatag-katag, pagtakod, ug managlahing pamaagi sa pagdumala sa
Panama disease sa mga kasagingan sa Pilipinas. Kini magdugang sa kalamboan sa paghimo
ug mga bag-ong istratehiya sa pagdumala sa maong sakit base sa nakuhang ebidensya ug
adunay ekonomikanhong konsiderasyon.

Ang unang bahin, ang hilisgutan gipresentar ang ‘biology’ sa saging, mubo nga kasaysayan
sa gigikanan niini, ang pagkatag-katag, ug pag-apod-apod ug pagpananom niini ingon nga
usa ka pangunang pagkaon ug tinubdan sa kita. Tungod sa limitadong klase sa genetics
niini, ang kahuyang sa saging sa lainlaing sakit gihulagway. Ginatuki niining dokumento ang
dakong kadaot nga gihatag sa Panama disease, ang iyang dali ug dakong pagkatag, ang pag
ila niini, ug ang mga istratehiya sa pagdumala niini. Ang gilangkuban niining thesis ug ang
outline sa nagkalain laing bahin gipakita niining bahina.

Ang ikaduhang bahin naghisgot sa pagmugna sa DNA-based diagnostic nga himan alang sa
TR4. Dinhi, usa ka pinadali nga pagdetik base sa Loop Mediated Isothermal Amplification
(LAMP) ang naugmad nga may kalabotan sa laboratoryo ug mga kahimtang sa umahan.
Nakuha ang TR4-specific DNA sequence pinaagi sa Diversity Arrays Technology nga gikan sa
pag-sequence sa nagkalain laing klase sa Foc. Ang pagkaespisipiko sa assay gi testingan sa
mga target ug dili target nga mga isolates ug malampuson nga gigamit sa pag-ila sa TR4 sa
artipisyal ug natural nga natakdan nga Cavendish nga klase sa saging sa Pilipinas. Mao nga
ang namugna nga assay naghatag ug usa ka maayong pamagi sa pag-istudyo sa pagkalap sa
TR4 ug ang mga gikinahanglan sa pag implementar sa mga pamaagi sa kwarentina.

Ang ikatulong bahin nagbutyag sa mga wala pa mailhi ug talagsaong panghitabo sa
epidemolohiya sa pagkatag sa TR4 sa mga kasagingan sa Pilipinas ug pagbalido sa pagka-
epektibo sa mga gihimong istratehiya sa pagdumala niini. Diri mahibal-an ang pagkuyanap
sa TR4 sa mga nagkalain laing pamaagi ug sa yuta hangtud sa usa ka metro nga tinamnan
sa saging nga Cavendish ug lokal nga klase. Ang pagkaylap niini mahitungod sa mga
kontaminadong yuta ug tubig nga nagpagsabot nga gikinahanglan ang pag-implementa ug
‘biosecurity measures’. Kung walay saging nga taptanan sa sakit, nakompirma nga mabuhi
ang TR4 sa mga sagbot nga nagpasabot sa importansya sa pagdumala sa sagbot aron
masumpo ang Panama disease. Gi - presenta usab ang mga datos sa kalidad sa paglimpyo
sa uma pinaagi sa pagsunog og nagpakita nga dili kini epektibong pamaagi sa pagwagtang
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sa TR4 sa yuta, busa kinahanglan kining istudyuhan. Gipakita niini nga mga kaplag ang
panginahanglan alang sa usa ka hiniusa og datus na basehan sa pagdumala sa Panama
disease.

Ang ikaupat nga bahin, nag-hatag ug importansya sa mga nagkalain laing kemikal para
pang-disinpeksyon isip paunang depensa sa pagkuyanap sa sakit sa mga yutang gitamnan
ug saging sa Pilipinas. Sa pag-istudyo, gi-testing ang mag nagkalain laing kemikal para
pang disinpeksyon nga adunay lain laing aktibo nga sangkap, kadaghanon, ug panahon
sa pagkaladlad pinaagi sa laboratoryo nga pag istudyo gamit ang lain laing klase sa TR4
sama sa mycelia, conidiospores, chlamydospores suspensyon ug chlamydospores sa
mga nataptap nga yuta. Ang mycelia ug conidia sa TR4 sensitibo sa kemikal para pang
disinpeksyon basi sa rekomendasyon sa kadaghanon sa mga naghimo niini. Ang baga’ng
chlamydospores sa solusyon sensitibo sa mga kemikal para pang disinpeksyon apan dili
epektibo sa chlamydospores nga anaa sa yuta pwera sa diamidine-based nga kemikal
para pang disinpeksyon. Sa paglaktod, ang pagpili sa saktong disinfectant kinahanglan
base sa mga kasaligan nga mga datos sa iyang ka epektibo sa nagkalain lain biyolohikal,
kinaiyahanhong palibot ug temporaryong kondisyon, makadaot nga epekto ug gasto.
Gikinahanlang masuyod ang paggamit ug sakto nga pag implementar niini aron mahunong
o mohinay ang pagkuyanap sa TR4 sulod sa uma, sa mga kasigbit nga umahan, sa ubang
lugar sulod ug gawas sa nasod.

Sa ikalimang bahin gina imbestigahan ang posilibidad sa paggamit sa anerobic soil
disinfection (ASD) isip usa ka pamaagi’'ng kinainyanhon sa pagsugpo sa Panama disease.
Diri, duha ka organikong materyal ang gi-testingan sa laboratoryo ug sa uma sa mga yutang
nataptan sa Pilipinas. Ang kontrolado nga kondisyon sa laboratoryo miresulta sa pagkunhod
sa mabatbat nga TR4 chlamydospores ngadto sa 0.01% sa mga plastik nga sudlanan human
sa upat ka semana nga pagtambal nga gisuportahan sa produksyon sa mga makahilo nga
mga gas ug mga volatile fatty acids. Ang gibuhat nga paunang testing sa umahan nagpakita
sa usa ka gatus ka pilo nga pagkunhod sa TR4 chlamydospores kalabot sa kontrol human sa
walo ka mga semana og ang taas nga pagkunhob sa Panama disease sa mga tinanom nga
Cavendiah “Williams” nga saging sulod sa usa kapanahon sa pagtanom. Kining malaumon
nga resulta makatampo sa mga kapilian sa pagdumala aron magpadayon ang produksyon sa
mga kasagingan nga naapektuhan sa Panama disease.

Ang ikaunom nga bahin, naglaktod sa mga resulta sa pagpanukiduki niining PhD project.
Gisaysay ang pagpadayon nga pagkuyanap sa TR4 sa lokal ug internasyonal nga adunay
kalambigitan sa istratehiya sa kasamtangang pagdumala niini. Gihisgutan usab ang
importansya sa molecular diagnostic tool aron masubay ang pagkalap niini. Gi-rebyu usab
niini ang sistematikong pamaagi sa kasamtangang pagdumala sa hinundang kagaw nga
anaa sa yuta aron mapadayon ang produksyon sa saging bisan pa man ug adunay TR4.
Ang kadaghanon sa kagaw ug ang kadaghanon sa mga kaso sa nataptan ug sakit adunay
kalambigitan sa kasamtangang kahibalo.
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