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ABSTRACT.

Pineapple (4nanas cosmosus L.Merrill) has enormous potential for nutritional and health
benefits, foreign exchange earnings, industrial growth and development in Uganda. The
production of this crop is on the decline, because of outbreak of the pineapple heart rot
disease. Therefore the objective of this study was to determine the molecular identity and
pathogenicity of the phtophthora causal organism of pineapple heart rot disease. Four major
pineapple growing districts in Central Uganda were surveyed for disease prevalence and
samples collected for laboratory isolation and characterization between April-May 2016.
Twenty one (21) samples of phytophthora heart rot pathogen were isolated from diseased
pineapple tissues. Pathogenicity of the pineapple heart rot causal organisms was assessed on
invitro pineapple leaves and green apple fruits in laboratory following koch’s postulate.
Internal transcribed spacer regions (ITSI, 5.8s ITSII rDNAs, from 11 isolates of phyrophthora
were analysed by polymerase chain reaction amplification and direct sequencing. The
analysis of molecular variance (AMOVA) showed a significant genetic diversity within
population (PhiPT= -0.068, P= 0.001). Intraspecific variability was detected. The genetic
diversity of the population was measured by building phylogeneies based on these sequenced
rDNA-ITS data using Muiltiple sequence alignment tool. The results of the pathogenicity test
showed that 100% of the isolates were pathogenic apple fruits and healthy pineapple leaves
with varying levels of virulence. Based on molecular identification, the sequence of amplified
PCR products of DNA fragment of 850bp confirmed that the causal organism of pineapple
heart rot disease was P.nicotianae. AMOVA indicated the variability within populations was
(100%). These results also suggest that P.nicotianae has considerable evolutionary potential,
which enable it to adapt to the new environment and overcome management strategies over

time.
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CHAPTER ONE: INTRODUCTION

1.1 Origin and distribution of pineapple
Pineapple (Ananas comosus L. Merrill) is native to southern Brazil and Paraguay especially

the Parana-Paraguay river area where wild relatives occur. Pineapple was apparently
domesticated by the Indians and carried through south and Central America long before the
arrival of Europeans in the Indian sub continent (Purseglove, 1972; Bartholomew et al.,
2003). Pineapple was introduced to Philippines and later to Hawaii and Guam by the
Spaniards early in the 16th Century (Morton, 1987). By 1820, American missionaries found
pineapple growing wild and being cultivated in home gardens in Hawaii (Bartholomew et al.,
2012; Green and Scot, 2015). According to Purseglove (1972), pineapple was grown in China
and South Africa in 1594 and 1655, respectively. Lutheran missionaries in Brisbane,
Australia imported pineapple plants from India in 1838. The first plantings of pineapple in
Israel were made in 1938 using materials from South Africa (Purseglove, 1972).
Accordingly, pineapple is a crop of the Neotropical lowlands from Mesoamerica and the
Antilles southward to Paraguay and the humid valleys along the Pacific coast of Peru
(Clement et al., 2010). However it is not clear when exactly when pineapple reached east
Africa and Uganda in particular. Pineapple is a perennial herbaceous monocotyledonous crop
of the family Bromeliaceae (UNCTAD, 2016). In fact, many members of Bromeliaceous are

epiphytes living naturally on trees and rocks (Morton, 1987).

1.2 Production of pineapple

Pineapple is a crop of tropical and subtropical regions grown in a number of countries.
According ly, the top ten pineapple producing countries in the world are, Thailand, Costa
Rica, Brazil, Philippines, Indonesia, India, Nigeria, China, Mexico and Colombia
(FAOSTAT,2013, Adegbite and Adeoye (2015),. The major Asian Pacific producers of

pineapple are Thailand, India, Philippines, China, Vietnam and Malaysia accounting for 47%



of the global production (FAO, 2011, Rodriguez et al., 2015). Mean while in Latin America
and Africa, the main producers are Brazil, Costa Rica, Nigeria, Ivory Coast and Ghana
respectively (Ole, 2008; UNCTAD, 2013) (Figurel).

In Uganda pineapple is mainly grown south of Lake Kyoga and western Uganda (Bua er a/
2013), Jumba and Freyer (2016) indicate that pineapple is grown in the central districts of
Kayunga Luwero, Masaka.and Kayunga, is the leading pineapple growing area in the country
because of its fertile soils and cheap labour (Muyanja andTuryagyenda, 2006).

According to Bolwig (2012), bimodal rainfall and an altitude of about 1200m above sea
level, is suitable for pineapple cultivation, Total production of pineapple in Uganda is

estimated at 3,265 tonnes perannum (FAOSTAT, 2009 and Zziwa et al2017).

Production (‘000" MT)

Country

Figure 1: Major Pineapple producing countries in the world: Annual production in ‘000’
metric tonnes.

Adopted from FAOSTAT (2013)

1.3 Importance of pineapple
Pineapple has emerged as one of the most lucrative commercial crops in central Uganda,

where it contributes to increase in national revenue, household income, improved nutrition



and employment of the farming communities (Jumba and Freyer, 2016). Pineapple is an
important horticultural tropical fruit grown in many countries in the tropics and sub-tropical
regions. The fruit has a fine flavour and high nutritive value (Baruwa et al., 2013; Joy et al.,
2016). Pineapple cultivation plays a vital role in the socio-economic development of many
countries in the world. Pineapple production contributes greatly towards meeting food
needs, employment opportunities and income of over 50 % of the farming communities
especially the rural populace (Diao, 2010; WDI, 2011; Kongethavani et al., 2015; Akhilomen

etal.,2015; Joy et al., 2016).

According to Yapo ef al (2011), pineapple provides an attractive flavour and refreshing
sugar-acid balance contributing to its high demand as a dietary supplement to human
nutrition. Additionally, pineapple and its byproducts such as shoots, pineapple baits, the
thorny pandan leaves and pineapple bran are important food source to several livestock
species including cattle, poultry, goats, sheep, pigs and fish (Hasan et al., 2010; Heuze et al.,

2013; Joy et al., 2016).

Pineapple fruits are used mainly for fresh home consumption and making juice, while in
some parts of the world the fermented juice is used to make vinegar and alcoholic spirit
(Pornsuriya ef al., 2008; Larsen and Marks, 2010; Baruwa, 2013; Joy et al., 2016). More
importantly, pineapple is a source of the proteolytic enzymes bromelain (Barun, 2008; Pavan

et al.,2012; Kanojiya et al., 2013).

Green pineapple fruit is also used for making pickles (Joy et al., 2016). Pineapple is also
recommended as medical diet for certain diseased persons (Hasan er al., 2010). Accordingly,
pineapple has been identified as one of the horticultural crops with enormous potential for
nutritional and health benefits, foreign exchange earnings, industrial growth and development

(Fawole, 2008; Joy, 2010; Fakayode et al., 2012; Adegbite and Adeoye, 2015)



1.4 Pineapple production

1.4.1 Ecological requirements
Pineapple is a tropical crop and grows in areas of average rainfall ranging from 1,200mm to

1,500mm per annum (Bartholomew, 2003). The crop thrives well in a temperature range of
25- 32°C and a wide range of soil types, but well drained sandy loam with pH of 4.5-6 are
preferred (Souza et al., 1986; Py et al., 1987;Malézieux and Bartholomew, 2003). According
to Abbey (2005), the majority of pineapple plantations is rain fed and requires about 18

months to mature.

1.4.2 Constraints to pineappleproduction
Pineapple production is hindered by a number of production constraints including abiotic and

biotic. Abiotic factors affecting pineapple production globally are sunburn or sunscald which
affect fruits prior to harvest from fields (Morton, 1987). However, Donkoh and Agboka
(1997) highlighted weeds, soil fertility, harvesting and post-harvest handling methods, and
environmental degradation as the key constraints in pineapple production. Other constraints
identified were credit and price fluctuations, freighting challenges, plus several infrastructural
problems which confined production to areas near major transport routes like seaports,
Insufficient land, and little access to credit, poor roads and lack of transport is common
(Kayitesi, 2011)). Among the diseases (biotic) are Pineapple mealy bug wilt disease (PMWD)
and Pineapple heart rot disease (PHRD) (NARO, 2012; Bua et al., 2013). Pineapple heart rot
disease is a recent outbreak in Uganda with limited documentation on pathogen identity and
pathogenicity as well as economic impact.Yet, reports from other parts of the world indicate
that disease can cause 100% yield loss (NARO, 2012). Heart rot can be caused by
Phytophthora nicotianae B. de Haan var. parasitica Das frequently called Phytophthora

parasitica Dast. However heart-rot symptoms are the same, regardless of the Phyrophthora



species causing them (Green and Scot, 2015). The most widely distributed species are P.

cinnamomi and P. nicotianae B. de Haan var. parasitica.

1.5 Symptomatology of Pineapple heart rot disease
Pineapple heart rot manifest as a syndrome. The colour of the leaves changes to yellow or

light coppery brown. Later, the leaves wilt causing the leaf edges to roll under, turn brown
and eventually die. The heart leaves can easily be pulled off the mother plant and produce
offensive odour (NARO, 2012; Joy and Sindhu, 2012; Shen et al., 2013). In fact plants of all
ages are attacked, but three to four month old plants are most susceptible. Fruiting plants or

suckers on ratoon plants as well may be affected.

As the disease progresses sufficiently, the infection moves up through the fruit peduncle and
rots the fruit (Shen er al., 2013; Rodriguez et al., 2015). The lesion diameter progresses
slowly from the base of the leaf to the tip (Shener al., 2013; Green and Scot, 2015; Rodriquez

et al., 2015).

1.6 Statement of the problem

Pineapple is a tropical and subtropical fruit grown in many countries ofthe world. In Uganda
it is mainly grown south of Lake Kyoga and western Uganda (Freyer and Jumba,2016).
However, the prevalence of diseases such as pineapple heart rot disease caused by
Phytophthora severely constrains the production of pineapple for both small and largescale
farmers in Uganda (Bua et al 201; Shen et al., 2013) . Yield losses of up to 100% have been
reported from Hawai (Rohrbach and Schenck, 1985). Currently the disease is on the increase
but there is no information on the identity and pathogenicity of the causal pathogen in
Uganda.

In fact, the outbreak, of PHRD is a threat to the pineapple industry which demands an

intervention especially the identification of the causal organisms and management of the



disease. However, in Uganda, information on the causal organism is scanty and limited as
well and no attempt has been made to identify and assess pathogenecity of the causal
pathogen (Bua et al., 2013).This leaves a gap to be addressed. According to (NARO, 2012)
proper identification and understanding of the pathogenicity and genetic diversity of the
causal pathogens provides context specific entry point for development of appropriate
management options. Therefore, as the first step to understanding and developing effective
management strategy against pineapple heart rot disease, identifying causal pathogen,

assessing the pathogenicity and genetic diversity of the PHRD causal organisms is imperative

1.7Justification for the study

Pineapple is a tradable crop and generates reasonable income to the households. It is used as
a fruit as well as for producing juice for consumption.The increasing demand for pineapple in
the world requests for an intensification of the cultivation which rely on the availability of

planting material

Recent surveys conducted in Mukono, Masaka, Kayunga and Luwero districts show that
pineapple heart rot disease is wide spread and devastating (Bua er al, 2013). However.the
annual economic impacts of PHRD are impossible to estimate because of the species
diversity, versatility of host range and ecological niche (Moralejo er al., 2009). Accordingly.
unless properly managed, the disease can cause 100% yield loss (Rohrbach and Schenck,
1985). Yet pineapple producing communities derive livelihood from the sales of pineapple.
For instance, youths are employed in the pineapple production industry, pineapple fruits form
essential components of the dietary needs of the people (vitamin C), feeds for livestock and
the exported fruits generates foreign exchange for the economy of Uganda (Freyer and
Jumba,2016). While the contribution of pineapple to the economy of Uganda and the
welbeing of the general population is apparent, the alarming rate of spread of pineapple heart

rot disease in central Uganda is a threat to food security, livelihoods and loss of pineapple
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biodiversity (NARO,2012). Accordingly, there is need to identify, characterize and determine
the pathogenicity of the causal pathogen of Pineapple heart rot disease through
Morphological and Molecular means. However, morphological identification is unreliable,
hectic, time consuming, plastic and sometimes causes misidentification (Hiiberli er al. 2001;
Eggers et al., 2012). Accordingly, molecular characterisation remains the only viable option

to identify and determine the genetic diversity of PHRD causal pathogen.

1.8 Significance of the study
While no Phytophthora species has been conclusively proven a serious pathogen on the

pineapple in Uganda, the findings would provide an understanding of the molecular identity
and pathogenicity of the causal organisms in the country. It is also envisaged that the
information and knowledge generated from this study will help the researchers to devise
strategies to manage and reduce the loss of revenue and income inflicted by pineapple heart

rot disease in Uganda.

The information generated from this study will also serve as a baseline reference to the
scientists, academicians, extension workers and farmers. The findings will also provide

justified reasons for intervention through proper resource allocation by policy makers.

1.9 General objective of the study
Identify causal pathogen of Pinneaple heart rot disease in Uganda.

1.10 Specific objectives
i. .To identify the causal organisms of PHRD using molecular means.

ii To ascertain the pathogenecity of phytophthora, the causal pathogen of PHRD in Uganda



1.11 Hypotheses

i Fungal isolates obtained from leaves showing PHRD disease symptoms are able to cause

PHRD in vitro
ii. There exists genetic diversity among Phytophthora spp. causing PHRD in Uganda.



CHAPTER TWO: LITERATURE REVIEW

2.1Impacts of pineapple heart rot disease
Available literature indicates that PHRD is caused by Phytophthora species. Accordingly,

Phytophthora infection reduces both the biological diversity of plant species, availability of
food and protective cover for birds and small mammals (Cahill er al., 2008). The most
significant crop losses are caused by Phytophthora species (Ploetz., 2013; Nagel et al., 2013)
Globally, evidences indicate that the annual economic impacts of Phytophthora are
impossible to estimate because of the species diversity, versatility of host range and
ecological niche (Moralejo et al., 2009). According to Nagel ef al. (2013) and Panabieres
(2016), the real economic impacts of PHRD is the integrated productivity loss, the costs of
disease management and the eventual penalties for growing alternate crops of less value
during rotation periods among others. In fact, Phytophthora diseases cause significant
economic losses to agricultural systems on an annual basis amounting10-16% of the global
harvest (Chakraborty and Newton, 2011). Accordingly, pineapple heart rot disease has
immense impact on pineapple production emanating from a reduction in plant densities due
to plant mortality (Marrero et al., 2010). The disease lowers production, increases the risk of
crop failure, threatens food security and reduces the profitability of pineapple production

(Drenth and Guest, 2004).

Accordingly, Phytophthora causes severe diseases of many economically important crops
including pineapple worldwide (Cooke et al., 2000; Schena and Cook 2006: Zeng et al.,
2009; Spring and Thines, 2010, Das et al., 2011; Wetzel, 2011). In fact, all Phytophthora
species have the potential to cause destruction of natural ecosystems, particularly when
different species are supported by conducive conditions for disease development (Jung et al.,

2005, Scott et al., 2013, Dunstan et al., 2016)



2.2 Aetiology and epidemiology of PHRD
Pineapple heart rot disease is reportedly caused by several species of the plant pathogenic

water molds belonging to the class Oomycetes (Aghighi et al., 2012; Schreier, 2013; Green
and Scot; 2015; Dunstan ef al., 2015). Dick (2001) stated that Phytophthora genus in the
kingdom Straminipila represents an important group of plant pathogens affecting many
important crops around the world. According to Green and Scot (2015), pineapple heart rot
disease affects the basal leaf tissues and can cause fruit rot as well. Reports from elsewhere
showed the causal pathogens of PHRD as P. nicotianae and P. cinnamomi. ~ However,
cinnamomi is prevalent in the cool, wet soil at upper elevations whereas P. nicotianae is
found in a wider range of soil conditions (Rohrbach and Apt 1986:; Jung er al, 2013).
According to Green and Scot (2015), the infection process of these pathogens depends on
variables such as topography. drainage. rainfall, and soil pH. The hyphae of germinating
Chlémydospores infect roots or young leaves and stem tissues. Besides, the fruiting bodies
called sporangia develop from the mycelium and produce zoospores. The zoospores
penetrate the plant through the root and the stem where it causes decoloration of the leaves
(Li et al., 2012). Exudates increase rate of movement towards the roots of the pineapple
plant (Green and Scot, 2015). Accordingly, during overwintering, zoospores and oospores
can be dispersed by surface water, irrigation water and air currents. However, Phytophthora
species produces a large number of chlamydospores, which can persist in symptomless
plants, debris and soil for a number of years (Zentmyer and Mircetich, 1966; Meng and

Wang, 2008).

2.3 Classification of Phytophthora Species
According to Hynniewta er al., (2014), Phytophthora classification is ambiguous and highly

controversial. Different taxonomists have recognized 60 to 120 species in the genus

Phytophthora (Erwin and Ribeiro, 1996; Martin and Trooley, 2003). In fact most of the
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confusion is due to free hybridization of different species and occurrences of intermediate

forms.

Historically, a number of morphological and physiological criteria including sporangial
structure, antheridial form, host specificity and breeding system (homothallic or heterothallic)
has been used to classify members of Phytophthora genus (Martin and Trooley, 2003,2004
Martin et al., 2014). However, there is growing evidence that molecular and ecological
studies have become apparent tool for taxonomic groupings of disease causal organisms.
According to van de Peer ef al. (1996), the congruence between taxonomic inference derived
from molecular data and that based on classical morphological taxonomy is a topic of interest

in current studies.

Phytophthora resembles fungi in its morphology, since it has thread like mycelium (Stewart,
2011). However, Phytophthora and all other Oomycetes differ from the true fungi in many
physiological traits that separate them into different kingdoms. As a group, Oomycetes are
associated with aquatic habitat; their cell wall is composed of glucan and cellulose instead of
chitin in fungi. Their mycelium is coenocytic, having no-septa or divisions as in true fungi.
Also, their vegetative stage is diploid as opposed to haploid in true fungi (Drenth and Sendall,

2001).

Currently, the Phytophthora genus is assigned to the Order Peronosporales and Phylum
Oomycota within the group of heterokont, biflagellate organisms that comprise the kingdom
Chromista (Cook et al., 2000; Niklaus, 2012). Phytophthora is a diverse fungal species
causing disease on a broad range of both temperate and tropical crops (Farhana ez al., 2013).
According to Martin and Tooley (2004), Phytophthora is a complex genus within the
Oomycetes containing approximately 67 described species that occupy a variety of terrestrial

ecological habitats. Similarly, Panabieres e a/ (2016) noted that the genus Phytophthora was
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considered to comprise approximately 60 species until the end of the last century. This
number has doubled in the last 15 years, reaching approximately 120 described species
(Martin et al., 2014). Hansen et al. (2012) associated this blossom to changes in species
concepts, the refinement of identification tools and subsequent resolution of species
complexes, development of largescale surveys of natural ecosystems and new habitats,
reports on new diseases and identification of new species arising from interspecific

hybridization events.

2.4 Characterization of Phytophthora Species. causing PHRD
2.4.1 Molecular identification of Phytophthora pathogen causing heart rot in Uganda

2.4.1.1 Molecular characterising techniques
A higher number of new species and taxa of phyrtophthora were described during the last 15

years (around 56 species by 1999 (Erwin and Ribeiro, 1996; Jung et al., 1999). Over 120
species described by 2014 (Brassier. 2009; Kroon et al., 2012; Milenkovicer al., 2014).
However the characteristics of some of the newly described species are not included into
previously listed keys and are not following the natural classification of the species within
this genus (Cooke er al, 2000). Accordingly, molecular studies seem to offer very important
criteria in final identification of the species in natural phylogeny (Cooke et al., 2000; Kroon

etal., 2004).

Phytophthora belong to the Oomycete plant pathogens with several unique and identifying
characteristics. Besides, the morphological approaches, other methods have been used to
simplify and improve the accuracy of identification of isolates to a species level including use
of protein patterns (Bielenin er al., 1988), isozymes (Oudemans, 1994), serology (Oudemans
and Coffey, 1991), restriction fragment length polymorphism (RFLP) (Liu et al., 1997),
analysis of nuclear and mitochondrial DNA (Moslemi and Darin, 2007) single strand

conformational polymorphism (SSCP) (Bush er al., 2006) and analysis of the internal
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transcribed spacer (ITS) region of the ribosomal DNA (rDNA)(Salati et al., 2012:Schoch et
al., 2012). Relatedly, the improved efficiency and accuracy of the diagnostic methods used to
distinguish different Phytophthora species, serological methods and a range of molecular
techniques have been developed (Liu et al., 1997; Causin et al., 2005; Panabiéres et al.,
2016). In fact, among these techniques, PCR based diagnostics have assumed a dominant role
for some species of Phytophthora in recent years (Bonants et al., 1997; Dobrowolski, 1998;
Causin et al., 2005; Das et al., 2011). Accordingly, the use of PCR, nested PCR and DNA
sequence analysis of internal transcribed spacer (ITS) regions has become routine for the
detection, identification, classification and phylogenetic analysis of many fungi at the species

level (Taylor ef al., 2000; Bowers et al., 2007, Farhana ef al., 2013).

Kong er al., (2003) cited that several PCR protocols have been reported for detecting
Phytophthora species. According to Ippolito et al., (2002), the majority of these protocols use
primers derived from the internal transcribed spacers (ITS). Nevertheless, technical
limitations related to post amplification procedures (gel electrophoresis and ethidium bromide
staining) and cross contamination still limit large scale applications of PCR for plant

pathogen diagnosis (Ippolito et al., 2004).

However, species-specific probes and primers have proved useful in Phytophthora disease
diagnosis because of the high levels of sensitivity and specificity for accurate identification
(Kong et al., 2003). Accordingly, some DNA-based methods are advantageous because
pathogen isolation is not required and polymerase chain reaction (PCR) amplification can be
performed directly from DNA extracted from infected tissue (Luck and Gillings, 1995;
Paplomatas, 2006). According to (Meng and Wang (2000), DNA-based techniques have
become an effective means of identifying plant pathogens by assessing levels of genetic
diversity in targeted Phytophthora species. Additionally, rDNA sequence information from

representative strains of each of the species are used to reveal evolutionary relationships

13



among the different biological species of Phytophthora (Drenth er al., 2006; Meng and
Wang, 2009). DNA sequence data obtained in phylogenetic studies have also been used to
differentiate Phytophthora species. According to Cooke e al., (2000), specific regions that
have been examined include the large and small subunits of the ribosomal RNA (rRNA) and
the ITS regions of the rDNA. In fact, the population genetic studies based increasingly on
molecular methods have improved ability to identify fungal species and determine their
natural relationships. With recent methodological advances, molecular markers are
increasingly used for semi-quantitative analyses of fungal communities (Ihrmark er al.,

2012).

2.4.1.2 Genomic DNA extraction and sequencing of Phytophthora isolates

Scientists such as Moslem ef al. (2010) maintain that there is rapid and efficient method of
molecular identification involving DNA extraction, PCR amplification and sequencing.
According to Pitkdranta et al. (2008), good-quality DNA is required to perform conventional
polymerase chain reaction (PCR) for phylogenic analyses with specific primers. However.
fungal polyphenols can decrease the yield and purity of extracted DNA making DNA
viscous, glue-like and non-amplifiable in PCR by inhibiting Taq polymerase enzyme activity
as well as interfering with accurate DNA digestion (Alatar et al., 2012). In fact, a good
isolation protocol should be simple, rapid and efficient, yielding appreciable amounts of high-

quality DNA suitable for molecular analysis (Krizman ez al., 2006).

Different methods for DNA extraction have effectively been applied for many plant species.
In addition, there are several commercial DNA isolation kits, but their high cost per sample
makes it economically difficult for large scale genomic applications (Ahmed et al., 2009).

DNA is treated with DNasefree ribonuclease A, since large amounts of RNA in the sample
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can chelate Mg2+ and reduce yield in PCR. It also involves successive longterm RNAse

treatment with all steps carried out at room temperature.

RNAse treatment degrades RNA into small ribonuclectides that do not contaminate the DNA
preparation and yields RNAfree pure DNA (Jena ef al., 2010). Moreso, RNA contamination
is removed by dissolving nucleic acids in the presence of RNase (Matasyoh et al., 2008;
Muge et al., 2009). In light of new discoveries, analysis of microbial communities based on
amplification and sequencing of genetic markers has revolutionized fungal ecology (Hibbett
et al., 2009). Molecular identification through DNA barcoding of fungi has become an
integrated and essential part of fungal ecology research and has provided new insights into

the diversity and ecology of many different groups of fungi (Bellemain et al., 2010).

Additionally, in mycology study, sequences from the internal transcribed spacer (ITS) region
of the nuclear ribosomal DNA are commonly used for the identification of fungi (Naumann er
al., 2007; Nilsson et al., 2008). According to Begerow ef al. (2010) and Ihrmark et al. (2012),
the ITS regions have high evolutionary rates and are flanked by highly conserved regions
with suitable target sites for universal primers. The ITS2 region contains less genetic
information than the entire ITS. Accordingly (Ihrmark er al., (2012) and El-Elimat ez
al.(2013), observed that shorter amplicons lead to higher PCR efficiencies, meaning that
fewer cycles are needed to obtain the desired product concentration and ensure successful
amplifications is not hampered by scarcity of template or high inhibitor concentrations.
Internal transcribed spacer (ITS) regions have been used successfully to generate specific
primers capable of differentiating closely related fungal species (Conrad er al., 2012).
Interestingly internal transcribed spacer (ITS) regions located between the 18S and 28S
rRNA genes have emerged as the most common target for molecular based identification (
Crane, and Burgess,2013). Although the sequences from the internal transcribed spacer

(ITS) region of the nuclear ribosomal DNA are commonly used for the identification of
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fungi, the ITS sequences in Phytophthora species may not be the best source for development
of species-specific PCR primers because the interspecific differences in this part of the
sequence are too small (Ryeberg et al., 2008) . However, the same authors suggested that the
use of RAPD-derived fragments could be a valid alternative. Surprisingly, it was found that
attempts to overcome the problems of specificity caused by small differences in the ITS

regions, did not give satisfactory results (Gazis et al., 201 1; Blaalid et al., 2013)

Nonetheless, there are many sequences from environmental samples whose species affiliation
remains unknown because they cannot be satisfactorily matched to a sequence of known
taxonomic identity (Bastias er al., 2006). Moreover, several molecular approaches now
provide powerful adjuncts to the culturedependent techniques. These approaches in particular
are PCR and rRNA based phylogeny, the identification of uncultured organism’s techniques
dependent on DNA melting behaviour or singlestrand rDNA conformation (Bush et al.,
2006).DNAbased molecular diagnostics now offers a valuable tool to assist in the
identification of a number of plant pathogens including Phytophthora species (Li et al.,
2012). In addition, DNAbased molecular diagnostics help to trace genetic linkages between
species and isolates from different geographical origins. This diagnostic method uses a
fragment of ribosomal DNA, termed the internal transcribed spacer (ITS) region (Cook,

2000a). These primers amplify the entire ITS region (Kendall and Paul, 2005).

2.4.1.3 Markers for identifying Phytophthora species
DNA markers have now become a popular means for the identification of plant, animal and

microbial species. This technology has been widely used in the identification of germplasm
resources and determination of genetic diversity in populations of Phytophthora pathogens

(Zhang et al., 2007; Li et al., 2012).
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In the last decade, molecular markers have been widely used to study the genetic diversity of
different Phytophthora species (Ochwo et al., 2002; Yang et al., 2008; Li e al., 2012).
Sequence polymorphisms include insertions and deletions of base pairs or sections of DNA,
as well as substitutions in nucleotide sequences such as single nucleotide polymorphisms
SNPs (Paplomatas, 2006). Accordingly molecular markers should be selectively neutral, that
is they should not be under selective pressures so that they do not reflect different local

adaptations to natural or human selection (lhrmark, er al. 2012).

Fungi can therefore be identified at the species level by primers designed on selected
conserved sequences like the rRNA gene cluster followed by further characterization of the
amplified fragments (Paplomatas, 2006). . RNA genes also occur in multiple copies with up
to 200 copies per haploid genome arranged in tandem repeats with each repeat consisting of
the 18S small subunit (SSU), the 5.8S, and the 28S large subunit (LSU) genes (Horton and

Brans, 2001).

According to Erselius et al., (1998), Phytophthora isolates are identified by genotypic
markers using restricted fragment length polymorphism (RFLP) fingerprints for moderately
repetitive probe. . However, the choice of a technique to use usually depends on the research
question being addressed (Pereira ef al., 2008). For instance, when the interest is detecting
the presence or absence of a specific organism in a sample, conventional polymerase chain
reaction PCR is used with specific oligonucleotide probes (primers) to detect the organism in
question (White er al., 1990). Infact, the PCR based identification have also been widely used
in the identification of other phytopathogens (Aboshosha et al., 2007; Mwang’ombe ez al.,
2008; Zitnick-Anderson and Nelson, 2015; Lakshman er al., 2016). Sanger sequencing is
another common molecular method that is usually employed when a deeper analysis of DNA

is required (Pereira ef al., 2008). Accordingly, Sanger sequencing has been an important tool
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in the study of pathogen populations and prevalence as well as the advancement of the
molecular species concept (Sutton et al,, 2006; Bardgett, 2010; Jana er al., 2005).Sanger
sequencing of DNA enables analysis of DNA for several projects such as identification of
homologous genes across species or identification of mutations or merely identification of
individual species for determination of relationships among organisms. Identification of
species in Sanger sequencing is achieved by performing a basic local alignment tool
(BLAST) search of the sequence in NCBI database (Jamal er al. 2007). However, for fungi,
universal primers such as those targeting the ITS region of rRNA are used (White et al.,

1990).

2.4.1.4 Genetic diversity of pineapple heart rot causal pathogens
Contemporary analytical tools for the analysis of population genetic variation are powerful

resources to infer the evolutionary history of populations of pathogens (Griinwald and Goss,
2011; Griinwald, 2012). Accordingly, understanding of the evolutionary history of pathogens
can, in turn inform management of emerging epidemics (Griinwald, 2012). According to Liu
et al. (1997), species richness (number of species within a community) and species evenness
(the sizes of species populations within a community) are the two essential parameters for
defining community structure and diversity. However, interest in sequenced-based analysis
of environmental samples (‘environmental barcoding’) has increased in the past decade as it
allows to study abundance and species richness of fungi at a high rate and more reliably than

conventional biotic surveys (Bellemain ez al., 2010).

According to Ryberg et al., (2008), the possibilities of using molecular methods have
therefore facilitated a deeper understanding of fungal biology. The internal transcribed spacer
(ITS) of nuclear DNA (rDNA) is the preferred DNA barcoding marker for the identification
of single taxa and mixed environmental templates (‘environmental DNA barcoding)

(Bellemain er al., 2010). Accordingly, Choi et al. (2006) observed that internal transcribed
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spacers (ITS) sequence analysis of ribosomal DNA (rDNA) and mitochondrial encoded
cytochrome c oxidase 2 (COX-II) genes have increasing importance in evaluating the
taxonomic and phylogenetic relationships of species with different degrees of intra-specific
diversity. The genetics of Phytophthora species historically have been understudied and yet
genome size among members of the genus varies greatly. The genetic diversity of this
population is measured by sequencing DNA for several loci and building phylogenies based
on these data (Schreier, 2013). Naturally, because of this great volume of data, scientists
would like to establish DNA homologies by applying one or more of the highly innovative
alignment methods available today in an automated high-throughput fashion (Covert et al.,

2004).

The advent of the next-generation sequencing (NGS) technologies has helped in
understanding of comparative evolution and simple relationship between taxa at varying
levels of classification (Dodsworth et al., 2014). Whereas, Bybee er al., (2011), say
approaches of NGS include amplicon sequencing using barcoded primer, other authors say
NGS approach bases on phylogenomics of the full complement of protein-coding genes
(Zhou et al., 2012). According to Das et al., (2011), the rRNA genes are highly conserved
and are suitable for determining relationships among distantly related organisms. However,
understanding the trends in genetic diversity of Phytophthora is used as hypothetical
mechanisms of evolution and speciation. Genotyping techniques are allowed to track the
dissemination of clonal lineages from source points (Hulvey, 2010).In fact, a pathogen with
high genetic variation has a high evolutionary potential and is more likely to quickly adapt to
new conditions such as a resistant host or changing environment. However, the rise of new
races seems to be too rapid to be accounted for by chance mutation, gene flow, recombination

and subsequent natural reselection (Stewart, 2011).
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Several primers have been developed for species of Phytophthora that amplify both nuclear
and mitochondrial genes. The determining loci are the internal transcribed spacer (ITS)
region. This locus encodes non-structural RNA that is degraded during ribosome assembly
(Ristaino er al., 1998). Consequently, there is relatively little evolutionary pressure acting on
this locus (Baldwin, 1992). Low evolutionary pressure yields higher rates of mutation and
more inter- and intraspecific variation, making the ITS region a phylogenetic determinant
(Suh et al., 1993).The locus is used to derive phylogenetic relationships in the genus
Phytophthora and as a determinant for species identification (Cooke et al., 2000; Kroon et
al., 2004;Blair et al., 2008). The ITS sequence can be used to measure intraspecific

variability (Maeder er al., 2010; Pandey and Ali, 2012).

2.4.2 Pathogenicity of Phytophthora Species
In the recent decades, a large body of evidence has been gathered on the increased variability

in reaction and pathogenicity of Phytophthora species backed by emergence of new
populations in a number of geographical areas owing presumably to pathogen migration (Fry
2008; Michalska et al, 2016). It has also been suggested that there are numerous
physiological races for each phase of the disease and each growing region seems to have its
unique population of physiological races (Adipala and Wandera, 2001). An important aspect
of the noted variation is the variability in pathogenicity toward the host. Quantitative
assessments of the fitness parameters of pathogens have been conducted mostly with

detached-leaf or leaflet assays (Goodwin er al. 1994; Swiezyniski et al., 2000).

According to Drenth and Sendal (2001), almost all species within the genus Phytophthora are
formidable plant pathogens. A number of studies which indicate variability in pathogenicity
among isolates of Phytophthora have been conducted (Zentmyer, 1980, Kogeethavani ef al.,
2015). According to Rodriguez er al. (2010), the majority of P. micotianae isolates are

pathogenic to pineapple plants.
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When pathogenic species of PHRD is tested against a healthy pineapple plant, symptoms
developed include wilting, leaf browning, easily pulled heart leaves and offensive smell
(Stewart and Carrison1992). Plant pathologists have devoted considerable attention to the
evolution of pathogenicity, while the evolution of virulence has generally been the subject of
animal pathologists and evolutionary biologists. Virulence is fundamental to understanding
the life history of pathogens (Lenski and May, 1994). Evolution of virulence in plant
pathogens is still poorly understood but the knowledge is important for the effective use on

plant resistance and sustainable disease management (Jiao er al., 2016)

2.4.2.1 Virulence of Phytophthora spp.
The amount of disease induced by a pathogenic strain on a susceptible host is a key

component of pathogen fitness (Cook e al., 2012). Such adaptive traits (pathogen fitness)
contribute to the epidemiological success of this pathogen and closely correlate with spore
production and infection frequency. Lesion growth rate and the period from inoculation to
sporulation (incubation/latent period) are important components of aggressiveness Cooke er
al. (2012). Aggressiveness is a key adaptive trait expressed by the ability of sporangia or
zoospores to infect and colonise host tissue. When combined with efficient dissemination,
survival from season to season (fitness), aggressiveness determines the success of particular

pathogens (Liu et al., 2016).

2.5 Literature summary
Pineapple heart rot disease is reportedly caused by genus Phyrophthora belonging to the

class Oomycetes (Green and Scot; 2015; Dunstan et al., 2015), kingdom Straminipila, Dick
(2001). However evidence elsewhere, indicates that the disease is caused by Phytophthora
species including P.nicotianae and P.cinnamomi (Joy and Sindhu, 2012; Shen ef al., 2013;
Rodriguez ef al., 2015). The infection process of these pathogens depends on variables such

as topography, drainage, rainfall, and soil pH (Green and Scot; 2015). According to Joy and
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Sindhu, (2012) the primary mechanisms of spread of Phtophthora are through infected
suckers, soil and water. When pathogenic species of pineapple heart rot PHR) pathogen is
tested against a healthy pineapple plant, symptoms developed include wilting, leaf browning,
easily pulled heart leaves and offensive smell (Stewart and Carrison 1992).
Accordingly,pineapple heart rot disease has immense impact on pineapple production
emanating from a reduction in plant densities due to plant mortality (Marrero et al., 2010).On
a negative note Phytophthora heart rot infection reduces both the biological diversity of plant
species, availability of food and protective cover for birds and small mammals (Cahill ef al.,
2008). Although, reported in some parts of the world, the identity, genetic diversity and
pathogenicity of pineapple heart rot disease causal pathogen is still not well understood in
Uganda. Molecular technique targeting the internal transcribed spacers (ITS) region using
ITS primers has been adopted for identification of pathogen. The virulence or amount of
disease induced by a pathogenic strain on a susceptible host is a key component of pathogen
fitness (Cook er al., 2012). Such adaptive traits (pathogen fitness) contribute to the
epidemiological success of this pathogen. Also lesion growth rate and the period from
inoculation to sporulation (incubation/latent period) are important components of
aggressiveness which is akey adaptive trait expressed by the ability of sporangia or zoospores
to infect and colonise host tissue.Cooke ef al. (2012). Aggressiveness determines the success

of particular pathogens (Liu ef al., 2016).
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CHAPTER THREE: MOLECULAR IDENTIFICATION OF PHYTOPHTHORA
CAUSING PINEAPPLE HEART ROT DISEASE (PHRD) IN UGANDA

3.1 Introduction
Pineapple heart rot disease is one of the most common diseases of pineapple caused by the

Phytophthora species (Erwin and Ribeiro, 1996; Drenth er al., 2006; Abad er al., 2011;
Sadeghy et al 2014). Previously, the identification of many plant pathogens including
Phytophthora species was based on morphologcal characteristics (Drenth er al., (2006).
However, morphological identification may be inefficient and time wasting due to emergence
of numerous species of phytophthora and variability in pathogen population (Griinwald and
Hoheisel, 2006). Thus, molecular identification is the only effective tool that can classify
phytophthora to species level with minimal error of misidentification caused by overlaps in
pathogen characteristics. In addition, knowledge of variability in the pathogen population is
also important for plant breeding and the resulting improvement programes for disease

management (Griinwald and Hoheisel, 2006).

Therefore the objective of this study was to identify and determine the genetic diversity of the

of pineapple heart rot disease causal pathogen.

3.2. Materials and methods

3.2.1 Collection of plant samples for isolation of Phytophthora Species

Both symptomatic and asymptomatic samples (184) were collected from 92 farmer fields in
the districts of Mukono, Kayunga, Luwero and Masaka all in central Uganda. Twenty six
(46) samples were picked per district. Samples were collected between April and May 2016.
The distance between each fields was approximately 3Km. Three leaf samples were collected
from symptomatic and asymptomatic pineapple plants in each farm by cutting with sterilized
scissors. The scissors were sterilized with 20% Jik® (sodium hypochlorite) after each plant to

avoid cross contamination between samples and disease transmission between plants and
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fields (Ippolito.et al., 2004). All collected samples were placed in sampling bags, labeled and
transported in cooler boxes to the laboratory at Kyambogo University. On arrival, the

samples were stored at 4°C awaiting further processing.

3.2.2 Media preparation
Different culture media were prepared for isolation of pineapple heart rot disease causal

pathogens.

3.2.2.1 Corn meal agar (CMA)

Corn meal agar media was prepared by dissolving 17g of the CMA powder (Sigma-
AldrichChemieGmbH. Steinheim, Germany) in one litre of distilled water and autoclaved at
121°C and 15 psi for 15minutes and cooled to about 60°C before amending with 10mg/L
pimaricin, 200mg/L ampicillin, 10mg/L rifampicin, 25mg/LL  pentachloronitrobenzene
(PCNB), 10mg/L benomyl and 50mg/L hymexazol (PARBPH) as described by Kannwischer

and Mitchell (1978). The medium was dispensed into 90mm petri plates (Corning, France).

3.2.2.2 Potato dextrose agar (PDA) media
Thirty nine (39) grams of potato dextrose agar (PDA) (DifcoLaboratories, Detroit, USA) was
dissolved in one litre of distilled water, autoclaved and amended as described above. The

medium was dispensed into 90mm Petri plates (Corning, France).

3.2.2.3 Preparation of V8 broth

The V8 vegetable juice (CampbellSoup Co., Camden, NJ, USA) in aliquots of 50mL in
falcon tubes (FisherScientific, Pittsburgh, PA, USA) was centrifuged at 13000 rpm for 5 min
and 200mL of the supernatant mixed in 800 mL of distilled water and 3 g of CaCO3 were
added. The broth was autoclaved at121°C and 15 psi for 15minutes and allowed to cool. The

broth was sealed with parafilm and stored at 4°C till use (Jeffers, 2006).
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3.2.3 Isolation and culturing of pineapple heart rot pathogens

All procedures were conducted under aseptic conditions under laminar flow hood. The leaf
tissues were washed gently under running tap water to remove any adhering soil particles and
thereafter surface sterilized by immersing in 70% v/v ethanol for 30 seconds and the excess
ethanol was removed by immersing in sterile distilled water. Five leaf sections of about
0.5cm were excised from each sample using a sterile scalpel blade and subsequently
immersed in sterile distilled water for 20 seconds to remove the excess ethanol and blot dried
on sterile paper towels. Each leaf section was then plated onto a freshly prepared CMA
media. All the petri plates were sealed with parafilm (Pechiney Plastic Packaging, Chicago,

IL, USA) and incubated in the dark at 25°C for 72 hours (Mounde et al., 2012)(Figure 5).

Pure cultures of PHRD causal organism was obtained by sub-culturing the hyphal tips of
actively growing pathogens onto freshly prepared CMA media (He er al., 2016). Plates were
sealed and incubated as described above. To trigger rapid radial growth and vigor of the
different Phytophthora isolates, a Smm mycelial plug of each pureculture of each isolate
growing on CMA medium was transferred onto freshly prepared PDA media; plates were

sealed and incubated as described above (Gallegly and Hong,2008).

Figure 2: Isolation of pineapple heart rot disease causal pathogens: A) Leaf fragments from
symptomatic and asymptomatic samples before plating onto corn meal agar. B) Leaf
fragments in the corn meal agar and pure culture of PHRD causal pathogen growing on corn

meal agar(C).
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3.2.4 Sample selection
Eleven (11) out of 21 isolates of PHRD pathogens recovered from field samples used in this

study were selected on the basis of their virulence. The isolates were group into four

depending on the district of origin (Table 6 chap 4).

3.2.5. Molecular identification
From the selected isolates small pieces from the edges of young colonies grown on potatoe

dextrose agar were transferred to an autoclaved liquid V8 media (800 ml/l of distilled water,
200 ml/l of V8 juice (Tymbark, Poland), 3 g/l CaCQ3), and incubated at 22-25° C in the dark
(Jeffers, 2006). After 3-5 days of incubation, or until mycelium filled approximately the half-
filled 200ml Erlenmeyer flasks, fresh mycelia from each plate was collected, by vacuum

filtration, washed in sterile distilled water and dried out on sterile filter paper.

Mycelia from each isolate were smashed in liquid nitrogen and rDNA was extracted as

described by Bonantset al.,(2001).

3.2.5.1 .Genomic DNA extraction from Phytophthora isolates
Genomic DNA of each isolate was extracted from 150mg mycelium following the protocol

used by Mahuku (2004) with a slight modification. Pineapple heart rot pathogens isolated
from symptomatic leaf tissues were transferred from PDA plates into V8 broth in 200mL
Erlenmeyer flasks (Fisher Scientific Co., Pittsburgh, PA). Flasks were plugged with sterile
cotton wool, sealed with parafilm and incubated for 7 days in the dark at 27 °C in black
plastic tubes (Rubbermaid, Wooster, OH, USA) after which mycelial mats were collected by
vacuum filtration. The collected mycelia were then rinsed with distilled water to remove
residual growth medium. Dry mycelium mats were transferred to 1.5mL screw-top micro
centrifuge tubes. One hundred and fifty milligrams of fresh mycelial mat were weighed and
manually macerated with a micropestle in 600uL of pre- warmed (55 °C) TES extraction

buffer (0.2M Tris-HCI, pH 8; 10mM EDTA, pH 8; 0.5M NaCl; 1% w/v SDS) and acid-

26



washed sterilized sea sand. The macerated sample was vortexed for 30 seconds and an
additional 400 uL of TES extraction buffer containing proteinase K (final concentration of 50
pg/mL) was added and vortexed for 30 seconds to thoroughly mix. After incubating the tubes
on a water bath at 65°C for 15 minutes, 0.5 vol. (250 puL) of 7.5M ammonium acetate was
added, gently mixed and left to stand for 10 minutes at room temperature. The tubes were
centrifuged at 13,000 rpm for 15 minutes and the supernatant transferred to new tube. The
DNA was precipitated by gently mixing the supernatant with an equal volume (600pL) of
ice-cold isopropanol and incubating in a refrigerator at —20°C overnight. The tubes were
centrifuged at 13,000 rpm at 4°C for 10 minutes to pellet the DNA and the supernatant
discarded. The DNA pellet was washed with 800uL of cold 70% ethanol and dried by
inverting tubes on clean paper towels for 30 minutes at room temperature. The DNA pellet
was re-suspended in 100pL of nuclease-free water. The integrity of DNA of each isolate was
determined using the NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific Inc.,
Pittsburgh, PA) and adjusted to 50ng /uL for PCR amplification (Li ez al. 2012). The isolates
were further verified using PCR amplification. For each isolate the region spanning the
internal transcribed spacer (ITS1-5.85-1TS2) region of the ribosomal DNA was amplified
using the universal primers ITS4 and ITS5. The identity of 11 isolates was resolved by direct
sequencing ITS-PCR amplicons. Sequences were trimmed using MEGAG6 program, manually
edited and ITS1, 5.8s and ITS2 regions were searched using the National Center for
Biotechnology Information (NCBI) GenBank nonredundant nucleotide database in order to

confirm their identity (Appendix.1).

3.2.5.2 Amplification of PCR internal transcribed spacer (ITS) region
The PCR reactions were performed in 20uL reaction volumes containing 10 ng of genomic

DNA, 1U Taq DNA polymerase (Bioneer Corporation, Deajeon, Korea), 1x green reaction

buffer (Promega, Madison WI, USA), 2.0 ul of 10x PCR Buffer (0.4 ul of 1| mM dNTP
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mixture, 2.0 pul of 50 mM MgCl), 12.4 ul of double-distilled water, 1.0 pl of 25 uM of each
primer, 0.2 pl (1.25 units) of Platinum® Taq Polymerase (Invitrogen). The amplification
reactions were performed in MyGenie 32 thermal cycler (Bioneer, Daejeon, South Korea).
The PCR reaction consisted of initial denaturation temperature of 95°C for 3 minutes,
followed by 35 cycles of 94°C for 40 seconds, annealing at 55°C for 30 seconds, extension at

72°C for 1 minute and a final extension step at 72°C for 10 minute before cooling to 4°C.

Table 1: Sequence of polymerase chain reaction primers used to amplify the internal

. transcribed spacer (ITSZ region of the selected thtoghzhora isolates from Uganda.

Piimes Expected
Sequence (5'—3") Sense Gene amplicon

name ;
size (bp)

ITS5 GGAAGTAAAAGTCGTAACAAGG Reverse  Internal

Transcribed ‘ 850
ITS4 TCCTCCGCTTATTGATATGC Forward  Spacer rRNA

3.2.5.3 Gel electrophoresis
PCR products were subjected to electrophoresis to confirm the amplification. 10uL of

amplified PCR products and a 1 Kb ladder used as a molecular marker (MBI Fermentas,
Burlington, ON, Canada) were separated through electrophoresis in a 1.2 % w/v agarose gel
in 1x TAE buffer (0.04M Tris—acetate,ImM EDTA) at 100V for 2h. The gel was stained with
ethidium bromide (0.5ug /mL) for 10 minutes. Gel images were captured using the GBOX
Syngene gel documentation system (SYNGENE, UK). Fragment sizes were estimated based
on O’geneRuler DNA ladder mix (MBI Ferment as, Burlington, ON, Canada) (Sambrook ef

al., 1989).

3.2.5.4 Sequencing of the internal transcribed spacer (ITS) region
The amplified PCR products were cleaned using the AccuPrep PCR purification kit (Bioneer

Corporation, Deajeon, Korea).The cleaned PCR products were sent for Sanger sequencing
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with reverse universal primers ITSS commercially available (Bioneer Corporation, Deajeon,

Korea).

The DNA sequence data was returned as FASTA files. Consensus sequences were generated
from the reverse complement of the reverse read by sequence alignment using molecular

evolutionary genetics analysis version 6.0 (Mega6) (Tamurra et al., 2013).

3.2.5.5 Phylogenetic analysis
The ITS region of all amplified and sequenced isolates were for species identification.

Sequences were aligned using multiple sequence alignment programs in MEGA 6.0 (Tamura
et al, 2013) under pairwise alignment parameters. Sequences were edited visually to
eliminate indels and misaligned residues. Alignment gaps were treated as missing data. The
evolutionary history was inferred using neighbour-joining method. The consensus sequences
were queried against the National Center for Biotechnology Information:
www.ncbi.nlm.nih.gov) (NCBI) Genbanknon-redundant (nr/nt) database using the basic local
alignment search tool search (BLAST) (Altschul ez al., 1997). The matching sequences from
NCBI along with their accession numbers were downloaded and aligned with consensus
sequences using the Mega6 (Tamura ef al., 2013). Phylogenetic tree was constructed using a
maximum composite likelihood model. Bootstrap analysis was performed using 500
replicates. Sequences ofFusarium sp. Py003 was used as an out group for the phylogenetic
tree construction. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (500 replicates) is shown next to the branches. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed using the Maximum
Composite Likelihood method and are in the units of the number of base substitutions per
site. The analysis involved 12 nucleotide sequences. Codon positions included were

Ist+2nd+3rd+Noncoding. All positions containing gaps and missing data were eliminated.
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There were a total of 338 positions in the final dataset. Evolutionary analyses were conducted

in MEGAS6.

3.2.5.6 Analysis of molecular variance (AMOVA)
Analysis of molecular variance (AMOVA) among the P.nicotianae populations was done

using AMOVA input data file 1.55 programmes and generated using DCFA 1.1.The number
of permutations was determined at 1000 for significance analysis. AMOV A components were

used as estimates of the genetic diversity within populations.

3.3 Results

The primer combination of ITS4 and ITS5 amplified DNA of P. nicotianae at 55°C annealing
temperature producing band pattern which was consistent with all the eleven isolates (Figure
2). Significant variations (P < 0.001) were observed among P. nicotianae isolates from the

four districts.

3.3.1 PCR amplification of the internal transcribed spacer (ITS) region of
Amplification by using primer PCR generated unique DNA fragment of 850bp of isolates

Lu010, Ka015, Lu011, Ka016, Lu012,Ka018, Ka019, Mu002, Ma001, Ma002 and Ka(17.

In all cases a DNA banding profiles of 850bp were obtained by using ITS4 and ITS5 primer
(Figure 3). ITS amplifications of Phytophthora isolates target conserved regions in the ITSI1

and ITS2 (Figure 2)
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Figure 3: Amplified PCR products of the 11 test samples (Lane 1-11).

The lane marked M shows the DNA molecular weight standards (Ladder) used for estimating

the band sizes of the amplified PCR products. Lane N1 and N2 are negative controls.

3.3.2 Sequencing of the internal transcribed spacer (ITS) region

ITS primers obtained partial sequence information from Phytophthora isolates listed in

(Table 1). The match between the query sequence of the PCR products of the eleven isolates
obtained from central Uganda and the database showed 74-97% identity to P.nicotianae and
P.parasiticaas the causalpathogen of pineapple heart rot disease in Uganda. However, isolate

Ka015 matched pythium glomeratum sequence on the data base.

The trimmed and aligned amplicon was 881bp in length (Figure 4). The ITS sequences for
the 9 isolates was over 74% sequence homology with the different P. nicotianae accessions
in the database (Appendix1). Whereas isolate (Ka015) was found to be homologus to
Pythium glomeratium, Ka018 had no matching sequence on the NCBI database. Overall, the
sampled isolates consisted of 9 Phyrophthora isolates identified as P.nicotianae, P.parasitica

using molecular means (Appendix 1).
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District  Haplotype Code Haplotype

Kayunga 7 GCGGGAAGGTACTGCGGACGACATTACCACACCT
Kayunga 3 CCTCAGAGACTGCGGAAGACATTACCACACCTAA
Kayunga 10 GCTTTAGGGTGACTGCGGACGACATTACCACACC
Kayunga 1 CCCTGCAGCTACTGCGGAGAGACATTACCACACC
Kayunga 9 GCTTCAGAGACTGCGGAGGACATTACCACACCTA
Luwero 5 CCTTTGGGTGACTGCGGAGGATCATTACCACACCT
Luwero 4 CCTGCAGGTACTGCGGAGGACATTACCACACCTA
Luwero 2 CCGAAGTACTGCGGACGACATTACCACACCTAAA
Masak 6 CTTTGGTGACTGCGGAGGACATTACCACACCTAA
Masaka 8 GCTGAAGGTGACTGCGGAGGACATTACCACACCT

Figure 4: Multiple alignment sequence using ITS4 and ITS5 primers of P.nicotianae isolates
from central Uganda 2016.

ITS sequence from Phytophthora nicotianae examined in this study ranged from 850 bp and
the consensus length for the sequence alignment was 88 1bp.

3.3.3 Phylogenetic analysis

100 ka016
% L 1u011

lu010
51
ma002
93 ka019

ka015

a7 ka018
100 l:— ma001

E ka017
94 - mu002

py003

0.05
Figure 5: Phylogenetic relationships among Phytophthora isolates from central Uganda
using ITS of DNA sequence alignment based on Maximum Composite Likelihood model

inferred by Neighbour Joining tree search.
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3.3.3.1 Cluster analysis

The results of analysed ITS1 5.8s ITS2 sequenced data of 11 samples of PHRD revealed
phylogenetic relationships all with some significant intra-specific variation that can be
identified in the tree (Figure5). Isolate Ka017 from Kayunga Sub-population was distant from
other isolates of the same Sub-pop, and also the isolate designated Mu002 from Mukono Sub-
population was quite distant from the rest of isolates within the districts. Table 2: Pair wise
population matrix of Nei genetic Distance between 10 PHRD isolates using Maximum

Composite Likelihood model 2016.

Table 2; Pair wise population matrix of Nei genetic Distance between 10 PHRD isolates

using Maximum Composite Likelihood model 2016.

PN Binary Kayunga | Luwero | Masaka
Distance
Ka018 Ka019 lu010 LuO11 | Lu012 | ma001 ma02
Ka0l15 Ka0lée Ka017
0 Ka0l15
681 0 Ka016
566 680 0 Ka017
282 647 548 0 Ka018
616 631 646 641 0 Ka019
515 682 402 494 564 0 1u010
546 584 573 354 603 0 lull
676 563 691 678 570 632 650 0 lul2
627 526 667 626 537 645 484 451 0 mall
567 772 706 592 625 602 702 672 738 ma02

Significant differences in genetic differentiation with distance can be seen within the sub-

population, as illustrated in (Table 2). All pair wise values in this study showed a high

variation between and within sub-populations.
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Table 3: Analysis of molecular variance (AMOVA) for 9 Phytophthora nicotianae causal
organisms from central Uganda 2016 '

Source of d.f. SS MS Est.Var Total p-value  PhiPT
variation variance

Among 2 500.367 250.183 0.000 0% ks
population

Within 10 2184933 312.133 312.133 100% 0.001 -0.068
population

Total 12 2685.300 562.366 312.133 100%

d.f. — degree of freedom, SS — sum of squares, MS — mean squares, p — level of significance,
PhiPT - index for genetic differentiation among populations. Probability, P (rand >= data),
for PhiPT is based on standard permutation across the full data set.

PhiPT = AP/ (WP + AP)= AP/ TOT

Key: AP = Est. Var. Among Pops, WP = Est. Var. Within

Pops.

PhiPT and AMOVA values were negative within the sub-population.

From the result, the variation between populations is 0% as the samples were picked from
one region of central Uganda ecosystem/geographical region constituting one population. The
variation between samples (sub-population is 100%. Most of the variance came from within

samples (samples from same region).
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3.4 Discussion

3.4.1 Molecular identification of pineapple heart rot(PHR) pathogen
The ability to rapidly and accurately identify pathogens causing plant disease is extremely

important in disease management. Significant difference of (p<0.001) shows there was
variation within spp. DNA from Phytophthora samples were successfully amplified and all
isolates tested postive for P.nicotianae with ITS4 and ITS5. Variations were observed in ITS-
PCR gel patterns among gels run at different times. According to Lee and Taylor (1992),
minor gel-to-gel variation in the ITS-PCR patterns within a species is inevitable and should

not necessarily be interpreted as intraspecific variation.

The Phytophthora rDNA sequences were submitted to Genebank with accession numbers
Ka0l15 ( MF350660).Ka016(MF350661).,Ka017 (MF350662).Ka019 (MF350663),Lu010 (M
F350664),Lu011 (MF350665A),Lu012 (MF350666),Ma001 (MF350667).Ma002 (MF35066
8),Mu002(MF350669). The closest match of sequences in NCBI Genebank identified,
P.nicotianae var P.parasitica as the cause of heart rot of pineapple disease in central Uganda.
This was based on ribosomal DNA sequencing using Phytophthora genus specific primers
ITS4 and ITSS (Table 1). Phytophthora nicotianae var Phytophthora parasitica is a soil-
borne bi-flagellated Oomycete plant pathogen, which causes heart rot of pineapple in
cultivated pineapple, black shank in tobacco and root rot, leaf necrosis, and stem lesions in a
variety of plants. According to Araki ef al., (2006), P. nicotianae is able to infect a wide
range of hosts, spanning 255 genera in 90 different plant families. It devastates the production
of a number of economically important plants, and causes millions of dollars worth of
economic losses each year in the pineapple and tobacco industry alone (Araki et al., 2006).
Earlier Erwin and Ribeiro (1996) demonstrated that P. nicotianae Breda de Haan have
similar genetic composition to P. parasitica Dastur. Our findings therefore is in agreement

with Panabieres ef al. (2016), who concluded that nicotianae generally considered as a root
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pathogen, possessed a wide host range including herbaceous and woody plants and causes
crown rots as well as may attack aerial parts such as stems, leaves and fruits. Accordingly,
Phytophthora nicotianae may persist and develop on a broad range of plants and plant
organs, but it may also survive outside of hosts (Drenth and Sendal, 2004, Panabierer er

al,2016).

According to Hynniewta er al.,(2014), in order to accurately determine the extent of
variability within a species or report of new or previously unreported hosts, genetic
characters are used to identify individual isolates.Despite the particularly wide host range of
P.nicotianae, there are considerable differences in aggressiveness towards particular plants
among natural populations, and there is much evidence of host specialization among isolates
collected on various plants ( Taylor ef al., 2012; Kamoun er al., 2015; Biasi er al., 2016

Panabierer e al., 2016).

Sequencing of the ITS 1 and 2 region was the most reliable method for confirming species
identity (Farhana et al 2013, and -Elimat er al., 2013b). DNA samples from 11 isolates
identified as P.nicotianae were used. However two out of these 11 isolates had ambiguous
identities based on ITS patterns that is Ka0l5 and Ka018. Accordingly, the status of
P.nicotianae is clarified by molecular characters of species in the complex by the Center of
Phytophthora in Australia (Scott et al. 2009; Abad et al., 2011). Green and Scot (2015) also
suggested that heart and root rots of pineapple in Hawaii are caused by several species of the
plant-pathogenic water molds Pythium and Phytophthora. Phylogenetic analysis using rDNA
sequences revealed that the 9 isolates of PHRD are P. nicotianae and yielded few clusters

within the species exhibiting intraspecies variation.
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3.4.2 ITS-Phylogeny
In the present study, considerable genetic diversity of P. nicotianae was observed with direct

Sanger sequencing of rDNA of 11 isolates collected from Central Uganda. Many studies
have shown that molecular markers could detect genetic variation within populations to a
certain extent, including pathogenicity variation, geographical differences and host
differences (Nyasse et al., 1999, Li et al., 2012). The genetic diversity in sub-populations was
largely intraspecific variation within sub-populations of Kayunga, Luwero, Masaka and
Mukono. This is in accordance with the phlogenetic cluster analysis that not all isolates from
the same population clustered into one genotype (Martin,2004). The study conducted by
Lamour and Hausbeck (2001) using AFLP marker to investigate the spatio temporal genetic
structure of Phytophthora capsici in Michigan, found that population differentiation
increased with distance, indicating that the genetic distances between populations correlated
positively with geographical distances and that geographical separation posed an obstacle to
the possibility and frequency of genetic exchanges between populations. The phylogenetic
analysis of the present study revealed that some isolates from Kayunga were closely related
to those from Luwero and Masaka districts. This may lead to the conclusionthat genetic
distances and genetic differentiation may not directly be influenced by geographic
distances/origin. This analysis provides an average ITS-based phylogeny of P.nicotianae one
in which there is intra-specific relationships among the isolates. The result shows that
clustering of P.nicotianae in the phylogenetic tree ocurr at random irrespective of

geographical origin (Figure 5).

Results showed that ITS sequence variation was highbetween and withinP.nicotianae isolates
of the pineapple heart rot disease. This was high enough to support their separation into

different clusters (Ippolito et al., 2002).
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The phylogenetic tree (Figure 4) was constructed from the ITS sequence data and the various
molecular clusters of P.nicotianae formed distinct lineages. Similarly basing on sequenced
rDNA ITS regions, Oliva et al., (2010) argued that lineages which showed moderate levels
of heterozygosity, high homology and shared a good number of allelic pairs at many loci are
descended from a common origin. The intraspecific variation observed within P. nicotianae
isolates provides a close look at micro evolutionary processes, particularly when supported
by sequence data (Lassiter ez al., 2007). However, some of the molecular groups clustered
very closely suggesting recent evolvement from the ancestral origin or the ultimate merging
of some of these groups example Ka015, Ka018 and Ma 001. Surprisingly, Ka018 has no
match in the NCBI database implying that it may be a peculiar strain of P.nicotianae.
Nonetheless, this was clearly demonstrated by Bastia’s et al., (2006), who said that there are
many sequences from environmental samples whose species affiliation remain unknown
because they cannot be satisfactorily matched to a sequence of known taxonomic identity. As
previously, indicated in the direct sequencing analysis of P. Nicotianae, very close
relationships between molecular groups of the species were evident (Forster and Cofey,
1993). In particular, close relationships were found between Ka016 andLu011, Ka0O18 and
Ma001 andKa017 and Mu002 with close phylogenetic distance length. The high similarity
level observed in several P.micotianae might also indicate a high incidence of genetic
recombination (Teixeira er al., 2009). To date, there is relatively good knowledge on the
precise molecular basis of the sequence differences responsible for the generation of new

pathogen strain variation.

3.4.3 Relationships between molecular clusters within P.nicotianae
The phylogenetic analysis based on sequence data related to ITS 1, ITS 2 +5.8S loci using

maximum composite likelihood method and neighbour joining tree inference has revealed

intra-species relationships and evolution of PHRD in Central Uganda. Sequence length
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ITS1.5.8S, ITS2 fragments in the 11 accessions was 903bp. The phylogram presents two
relatively distinct clades. All isolates except Ka017 and Mu002 occupy the same clade but
different positions on the phylogenetic tree yet they come from different geographical
location. This is well demonstrated by isolate Ka017 standing on a separate clade, yet it has
common geographical origin with Ka015, Ka016, Ka018 and Ka019. Additionally Ma002
and Ka019 are the only monophyletic isolates. This peculiar difference is not reflected by
differential virulence or geographical location. The gaps in relationships between molecular

groups (Ma002 and Ka019) of the species were evident.

Py 003 falls far away from phylogeny because it originates from different genus and served
to indicate the root of evolution. By majority of isolates occupying the larger clades, it was
apparent that intra-specific variation was frequent within isolates of P.nicotianae. However,
there was some significant variation in rDNA-ITS region of isolates from different location.
This is contrary to Xu er al.(2007),who reported that P.sojae isolates from different
geographical locations show great differences in the base constitution of ITS. Taxonomic
implications of the presented phylogeny may reflects the intra species evolution of
P.nicotianae. However, some clusters are closely related while others are not. There was no
congruence between the mode of virulence habit, geographical location and the molecular
grouping of the species. Isolates from the same location did not group together (Li ef al.,

2012).

Previously the molecular variability within P. nicotianae was interpreted as evidence of
evolution of separate clusters (Forster ef @l.,2000), has five clusters of P.nicotianae with
each cluster having some genetic similarities based on ITS region ( Forbeser al., 2016).
However, these clusters originate from a common ancestry triggered by intra generic factors.
This matches very well with assertion that the evolutionary processes occurring in the

pathogen population is attributed to underlying mutational or structural change in the genome
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and length mutations in several intragenic regions (Schreier, 2013). A negative PhiPT value
indicates an increase of heterozygosity and there by an increase in genetic variation, which is

a result of random mating within a population and outbreeding (Doos, 2013).

AMOVA indicated that the genetic variation within P. nicotianae sub-populations accounts
for 100%. This variation in a population may be a product of mutation, structural changes and
clonal reproduction (Goodwin, 1995). This differential gene flow may lead to the
introduction of new virulence combinations into existing populations as described in the next
chapter (chapter four). Accordingly, epidemiological evidence for mutation leading to
changes in the virulence profile of individual members of a pathogen lineage is most apparent
in Phytophthora genus which undergoes cyclic asexual reproduction. . However, isolates or
strains that have been present in the environment for a relatively long period might
accumulate molecular variation and this may contribute to diversity within a species
(Parkinson et al.,, 2009 ; Kogeethavani, 2015). This is probably true for P.nicotianae. Ochiai
et al. (2000) exclaimed that other factors influencing the genetic variability within a pathogen
population include movements from different geographic locations or genetic variation due to
recombination or mutation in response to agricultural or environmental constraints. In this
study, P.nicotianae isolates showed a relatively high level of intra-species variation. In
general, variation in a population due to mutation and Clonal reproduction in many
Phytophthora species is the primary source of new genetic variation. Samen et al. (2003),
unearthed a considerable level of inherent genetic variability among asexual progeny from
the same parental isolate of P. infestans with RAPD and AFLP markers. Hao er al. (2003)
demonstrated that variation in virulence in P.sojae asexual reproduction was frequently
present and that the variation could not be inherited steadily after successive reproduction.
Mutation in most cases could cause no observable changes in phenotypes. but it is not

impossible that a portion of the genetic variation observed with these products of direct
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sequencing rDNA could be due to mutations. Another potential explanation for genetic
variation is hybridization. Bonants et al. (2000) clearly put it that hybridization, is possible
between the heterothallic and the homothallic P. Nicotianae. That is to say possible
exchange of genetic materials in hybrid Oospores may be an important factor in the evolution
of natural Phytophthora populations. Interspecific hybrid in P. Nicotianae are more likely to
survive if they have a fitness advantage over parent species such as increased aggressiveness
or ability to exploit new host as proposed by Darine et al.,(2007). Brasier, (1992) indicated
that the P.nicotianae has potential for zoospore fusion to produce hybrids and this was
arrived at from successful attempts performed to create hybrids in the laboratory. Proof of
hybridization was also obtained by DNA analysis (Ersek e al., 1995, Bonants er al., 2000).
Sansome et al (1991) believed that although natural hybridization has never been proven but

may have occurred with P. Meadii.

In conclusion, the clustering pattern of isolates Ka0l7 and Ma002 falling on a separate
lineage, implies that they have undergone genetic divergence from others. This is best
explained by Bonants er al. (2000) who pointed out that naturally; hybrids example P.
nicotianae * P. cactorum hybrid isolates do not belong to a single clonal lineage and this may

pose a serious threat to agriculture.

AMOVA calculated between and within sub-population from one region (Geographic
locality) and one host plant, in three sub-populations. AMOVA analysis performed in DCFA
1.1 with 1000 permutations revealed that 100% of the total genetic diversity occurred within

sub-populations (PhiPT = -0.068). AMOVA variation was highly significant (p = 0.001).
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CHAPTER FOUR: PATHOGENICITY OF PHYTOPHTHORA CAUSING
PINEAPPLE HEART ROT DISEASE (PHRD) IN UGANDA

4.1 Introduction
Pineapple heart rot disease is reported to be caused by a number of Phytophthora species.

However, the species most commonly found associated with the disease are Phyrophthora
cinammomi and nicotianae (Rohrbach and Johnson, 2003). nicotianae is known as the most
destructive plant pathogen attacking hundreds of plant species throughout the world (Hu et
al., 2008; Sadeghy ef al., 2014). The destructive ability of P. Nicotiane is due to its virulence
and diversity of the pathogens strains (Panabieres et al., 2016). According to Agrios (2005),
pathogenicity of an isolate/organism is occasioned by either its virulence (infection ability) or
aggressiveness (vigour of attack). For example, Mbaka er al, (2009), tested the
pathogenicity of Phytophthora on macadamia based on their virulence on green apple fruits.
Accordingly, the Koch’s postulates stipulates that before any serious investment can be put
on the control of any diseases, there is need to establish whether the organisms isolated from
the diseased samples can cause a disease similar to that where it is isolated (Agrios, 2005).
The pathogenicity of isolates also aids in the selection of the most virulent and aggressive
isolates which can be used for screening for resistance to any particular disease. Therefore,
understanding the variability of pathogenicity is fundamental to development of management
options (Thomidis et al., 2002). In fact, Mbaka ef al., (2009), demonstrated that pathogen
virulence can be used in the evaluation of efficacy of soil treatment for Phytophthora control.
Additionally, the difference in virulence of Phytophthora species isolated from different
regions in Iran was considered in the selection of germplasm for potential resistant gene
donors (Sadeghy et al., 2014). However, information on the pathogenicity of Pineapple heart
rot (PHR) causal organisms in Uganda are limited (NARO, 2012). Therefore, the objective of
this study was to ascertain the pathogenicity of Phytophthora species isolated from PHRD

symptomatic plants from central Uganda..
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4.2 Materials and methods
4.2.1 As described in previous chapter (chapter 3)

4.2.2 Pathogenicity of pineapple heart rot pathogens
The pathogenicity of pineapple heart rot pathogen was assessed on both green apple fruits

and healthy pineapple leaves.

Green apples used in the study were locally purchased, surface sterilized by wiping with 70%
v/v ethanol, rinsed with sterile water and blot dried with sterile paper towels. Incisions
(10mmx=10mm) were made into each apple using a sterile scalpel. A Smm agar plug of the
actively growing PHRD pathogens on PDA was inserted into the incision with mycelia facing
inwards of the incision. Controls included apples inoculated with PDA agar discs without the
pathogen. Points of inoculation were sealed with parafilm and apples kept in the dark at room
temperature for 7 days (Mbaka et al., 2009) (Figure7). The experiment was arranged in a
completely randomized design (CRD) and replicated three times. The experiment was
repeated once. The amount of disease induced by a pathogenic strain (Aggressiveness) on a
susceptible green apple fruits was estimated by measuring radial expansion (diameter) of the
lesion (Cooke er al., 2012). Measurements were taken daily for a period of one week

(Thomidis et al., 2002).

4.2.2.1Pathogenecity tests using asymptomatic pineapple leaves.

Asymptomatic pineapple leaves used for pathogenicity test were obtained from healthy
pineapple plants (var. Smooth Cayene) grown in a screen house at Kyambogo University to
test for latent infection. The leaves were surface sterilized and blot dried as previously
described. Mycelia fragments from each P.nicotianae growing on PDA was suspended in
sterile distilled water for the formation of sporangia and the release of zoospores and inocula
suspension adjusted to 1x10°zoospores per mL using haemocytometer (Rodriguez et al.,

2002). The inoculum was transferred to 200 mL Erlenmeyer flasks (FisherScientific Co.,
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Pittsburgh, PA) and a single cleaned leaf soaked into the inoculum. Pineapple leaves soaked

in sterile distilled water served as controls.

4.2.3 Aggressiveness of Pineapple Heart rot Disease

Disease severity was estimated to the nearest percent (NPE), using a scale. The severity of
PHR disease on inoculated green apples and pineapple leaves was assessed on scales of 0-3,
where 0 = no lesion, 1 =small lesion, 2 = medium lesion and 3 = large lesion (Michalska et
al., 2016). Severity was measured based on proportion of apple fruits and pineapple leaves

damaged.

Table 4: Pathogenicity of Phyrophthora isolates at Kyambogo University Laboratory,
2016

District Isolate Pathogenecity
Kayunga Ka001 ++
Kayunga Ka002 &
Kayunga Ka010 G -
Kayunga Ka0l1 +
Kayunga Ka012 ++
Kayunga Ka0l5 ++
Kayunga Kal0l6 ++
Kayunga Ka017 Ao
Kayunga Ka018 =
Kayunga Ka019 A=
Luwero Lu001 ++
Luwero Lu006 ¥k
Luwero Lu009 ++
Luwero Lu010 ++
Luwero Lu011 e
Luwero Lu012 ++
Masaka Ma001 ++
Masaka Ma002 ++
Mukono Mu002 +¥
Mukono Mu005 ++
Eigi a7 TS, pathogenic
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4.2.4 Data analysis
Severity data (lesion diameter (size) was done by one-way analysis. The variance, mean of

disease virulence was generated using Genstat computer program. Significant difference

between the means was separated using Lowest Significant test (LSD) at 5% probability level

4.3 Results
Twenty one (21) P. nicotianae was isolated from farms surveyed in this study (Table 4). All

isolates (100%) were pathogenic on both green apple fruits and pineapple plants.
Aggressiveness levels varied from one isolate to another. Most isolates showed firm brown

rot within 48 hours of inoculation.

4.3.1 Isolation of Pineapple heart rot disease pathogens
Out of 184 samples collected, pure culture of was recovered from 21 isolates of pineapple

heart rot disease. The isolates were characterised by condensed.rossette mycelial growth
pattern. The highest and lowest number of pure culture recovered from symptomatic samples

was from Kayunga and Luwero districts, respectively (Table 4).

Figure 6: Pure culture of phytophthora growing on PDA at Kyambogo, 2016.
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4.3.2 Pathogenicity of pineapple heart rot pathogen on green apples

All the pure culture of Phytophthora isolated from the PHRD symptomatic samples
produced typical symptoms of pineapple heart rot on both green apple fruits and pineapple
leaves (Figure 7).Pineapple leaves soaked in inocula showed dark brown rot at the leaf base

submerged into the inocula after 48 hours.

Symptom characteristics of PHRD were observed on green apple fruits within 72 hours after
inoculation. However, symptom appearance and virulence varied greatly among isolates. In
the sixth day of inoculation Lu011, Ka015, Ma002 and Ka016, were the most and least
virulent isolates, respectively.Nearly 100% of the apple fruits showed firm brown rots by the

trials (Table 6).

Table 5: Origin of PHRD isolates used in the study, 2016

District Isolate

Kayunga Ka-015
Kayunga Ka-016
Kayunga Ka-018
Kayunga Ka-019
Luwero Lu-010
Luwero Lu-011

Luwero Lu-012
Kayunga Ka-017
Mukono Mu-002
Masaka Ma-001
Masaka Ma-002
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Table 6: Pathogenicity of pineapple heart rot disease on green apples following inoculation
with agar plugs containing mycelia of Phytophthora spp. isolates Kyambogo University 2016

Isolates Amount of disease Mean lesion diameter at sixth day
developed
Lu011 Rapid 84
Ka015 Rapid 80
Ma 002 Rapid 76
Mu002 Rapid 75
Lu 010 Average 65
Ka017 Average 65
Ma 001 Average 67
Ka 019 Average 67
Lu012 Average 60
Ka 018 Average 55
Ka016 Slow 47
Average _ 67

Figure 7: Pathogenicity of pineapple heart rot isolates on green apples and pineapple leaves
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Apples showing a firm brown rot of pineapple heart rot disease: three days (A) and 21(B)
days post inoculation. Pineapple leaf showing signs of pineapple heart rot disease three days

(D) and twenty one days (E) post inoculation, Plates C and F are controls.

4.3.3 Virulence
The Phytophthora isolates induced hard brown necrotic lesions on green apple fruits within

48hrs (Figure 8). Lesion diameters significantly (p<0.05) varied among the isolates by the
end of six days (Table 6). During, the first day of trial I, lesion diameters of all isolateshad
covered less than 10% of the fruit surface area (Figure 9). However, by the fith day, the
highest lesion diameters had covered above 70% of the fruits and the lowest was less than
70% (Figure 9) represented by73 and 45mm for isolate Lu0O11 and Ka0l2 respectively
(Appendix 5). Overall, the mean lesion diameter was 13.1mm and 66.1 mm for the first and
six day, respectively (Appendix 5). Additionally, 100% of the isolates had lesions covering
three quarter of the apple fruits by the sixth day (Figure 9). In the second trials, the lesion
diameter for all isolates was also less than 10% coverage of fruit surface (Figure 10).The
highest and the lowest lesion diameter of 18.5mm and 8.Imm were recorded for isolates
Ka018 and Ka019 respectively on the first day (Appendix 6). Measurement on the sixth day
of the second trial indicated the highest and the lowest lesion diameter of 81.6mm and
46.3mm recorded from KaOl5 and KaOl6 respectively (Appendix 6). The mean lesion

diameter was 13.5mm and 64.8mm for the first and six day respectively (Appendix 6).

4.3.4 Aggressiveness
.The statistical analysis of the aggressiveness tests (data not shown) showed a significant

difference in leision diameter (P < 0.05). The result (Figureigure 8) showed the first eleven
isolates were more aggressive than the rest of the remaining isolates. Measurements of

symptom appearance on different green apple fruits showed that isolate Ka019, Mu-002 ,
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Luoll, Ka015,Ma001, Ma002 had shorter latent periods and formed larger lesions within 12

hours from time of inoculation than any other isolate.( Table 6, Appendices 5 and 6)

Table 7: Summary of ANOVA for the daily change in lesion diameter of apples inoculated
with isolates of Phytophthora species at Kyambogo University 2016.

Source of DF |Dayl |Day2 Day 3 Day 4 Day 5 Day 6 Day 7
variation
Lesion 10 32.0%* | 149.6** | 191.3** | 287.3*% | 396.0** |417.3** |529.2
diameter ;

Trial 11
Lesion 10 34.3%% | 153.0%* | 1850% | 270.0** | 354.1% 411.8** |5279
diameter

** means siginificance at <0.001

Figure 8: Brown rot induced by Phytophthora species on apples in different days. A) Day six.

B and C) Day three. D) Control.
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Figure 9: Mean lesion diameter caused by Phytophthora species on apples on a period of six
days at Kyambogo University, 2016
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Figure 10: Mean lesion diameter caused by Phytophthora species on apples on a period of six

days at Kyambogo University, 2016
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4.4 Discussion
The objective of this study was to assess pathogenicity of Phytophthora isolates recovered

from symptomatic pineapple leaf samples. Isolation from plant leaves produced a
phytophthora that slowly forms sparse mycelia in 5 to 10 days. Isolating phytophthora from
symptomatic and asymptomatic pineapple leaves was equally very difficult. All isolates were
virulent (Table 4). This compares well with (Mbaka, 2009, Milenkovi¢ er al., 2014), who
reported several isolates were virulent to apple fruits causing significant firm brown rot to the
apple fruits. Generally all isolates were able to infect pineapple and green apples with varying
levels of virulence and aggressiveness as observed by Michalska ef al. (2016). Higher rate of
virulence exhibited by more than 50% of isolate in (table 6) is an indication of pathogens
ability to overcome the host resistance. The same was observed by McDonald andLinde
(2002) and Petersson ((2015) of P.infestant pathogen. Therewas varyin aggressiveness of all
isolates on green apple and pineapple hosts. Matheron and Matejka (1990) argued that
phytophthora species is a multi host pathogen that can survive in an ecosystem for longer
time and this can complicate management strategy of the pathogen. Rapid expansion of
brown hard lesion was experienced by some isolates while others had slower rate of
expansion. Similarly (Thomidis et al., 2002; Mbaka et al., 2009; Petersson, 2015), agreed
that rapid expansion of the lesion (hard brown rot) was indication of aggressiveness of
P.nicotianae. The results showed that all pineapple plants used were susceptible.
Accordingly, susceptibility of pineapple to infections by Phytophthora species was previously
reported elsewhere (Jung (2009), Milenkovi¢ et al., (2014).The significant difference in
lesion diameter is probably a result of variation in soil conditions from the distrcts of
Kayunga, Luwero, Masaka and Mukono where the samples were picked. This result
compares very well with Mounde et al., (2012) in Kenya who reported significant differences
between the isolates of Phytophthora as a result of isolate origin. In Italy, Ippolito er al.,
(1992) attributed varying infection rates to temperature of samples at the time of collection,
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during storage and during incubation period of isolates in the agar media. Similarly,
Matheron and Matejka (1990), Thomidis et al.. (2002) attributed the difference in virulence
to the nature and type of the host plant. Additionally the difference in virulence could be
attributed to variation in the virulence gene and physiological races of the isolates within the
pathogen population (Jaarsveld er al., 2002, Leah ef al., 2012). This observation tally with
Liu ef al (2016), who declared that physiological races of P. nicotianae, races 0 andlin China
are predominantly observed in cultivated tobacco fields around the world. Accordingly, the
varying level of virulence of P.nicotaianae confirms the threats it poses to pineapple industry

in Uganda.
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CHAPTER FIVE: GENERAL DISCUSSIONS, CONCLUSIONS AND
RECOMMENDATIONS

5.1 GENERAL DISCUSSIONS
Pineapple Plants are generally susceptible to a range of pathogens including phytophthora

with overlapping host ranges frequently observed. Nevertheless, from the result of this study,
it became apparent that P. nicotianae is the cause of pineapple heart rot disease in Uganda.
According to Panabieres er al.(2016),,Phytophthora nicotianae is a common and destructive
pathogen of numerous ornamental, agronomic and horticultural crops, such as tobacco,

tomato and citrus.

Additionally, the results showed clear differences in the population in both the aggressiveness
and the genetic diversity. Finding by Sjéholm et al., (2013), Petersson, (2015) and Liu et al.,
(2016) are in tandem with our findings. This is because the virulence and aggressiveness
vary greatly from one species to another, depending on a range of variables, such as
pathogenic ability and environmental parameters including geographical location, soil status
or cultural practices used in crop protection. The results indicated that Kayunga Sub-
population comprised more genotypes than members of the other sub-populations. Generally
speaking, the isolates from the same sub-population (district) were divided into the different

cluster

Sexual recombination can result in the occurrence of more virulent strains (Petersson, 2015).
This has been seen in the Netherlands after the appearance of the A2 mating type (Drenth er
al., 1994). In this study a higher aggressiveness of the isolates from Kayunga compared to the
isolates from Luwero was observed when referring to the latency period and significant

differences in the lesion growth rate were found within the population.

On the basis of prevalence, incidence and severity of disease symptoms, P. nicotianae may

be locally and/or temporarily a secondary pathogen behind other pathogens that generally
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display more restricted host ranges, like P. infestans on tomato, P. capsici on pepper, P.
citrophthora or P. palmivora on citrus, P. cactorum on fruit trees (Erwin and Ribeiro, 1996),
and P. erythroseptica on potato (Taylor et al., 2008). Nevertheless, P. nicotianae displays

several characteristics that may allow it to outcompete these other Phytophthora species.

Pineapple heart rot disease (PHRD) caused by P.nicotianae was first reported in central
Uganda especially districts within the Lake Victoria cresent basin with only one soil
condition (Bua et al., 2013). However Rohrbach and Apt (1986) and Jung et al., (2013), have

divergent views and observed that P. nicotianae is found in a wider range of soil conditions.

Phytophthora nicotianae var parasitica is a diverse fungal species causing disease on a broad
range of both temperate and tropical crops. As such this has been one of the most limiting
factors to pineapple production in Uganda. This has been affirmed by (Li ef al., 2012) who
asserted that fungal pathogen has been reported to cause destructive disease on a variety of
hosts including pineapple.For effective control and management strategy of the disease, there
is need for better understanding of host ranges and genetic diversity of this plant pathogen

(McDonald and Linde, 2002).

Although more has been unravelled about the genetic structure of P. nicotianae, so far, little
is known about its pathogenicity and diversity in Uganda. According to many studies,
molecular markers could detect genetic variation within populations to a certain extent,
including pathogenicity/virulence variation and geographical differences (Nyasse et al., 1999;

Zhang et al., 2007; Li et al., 2012; Farhana et al., 2013).

In the present study, considerable genetic diversity of P.nicotianae was observed with ITS
regions, based on the 11 isolates collected from central Uganda. The differences in genetic
diversity of the selected isolates were largely due to genetic variation within populations.

This finding is in harmony with Darine er al. (2007) who recognised that the genes occur in
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multiple arrays and mutation in their non coding regions occur at a rate that approximate the
rate of species emergence. The same author asserted that such mutation over time becomes
fixed through unequal crossing over and gene deletion. This was in accordance with the ITS
cluster analysis that not all isolates from the same geographical locations clustered into one
genotype. Interestingly, the results of the present study also showed that there was correlation
between the genetic clusters of the ITS region and the pathotypes of the isolates studied
(Salati et al., 2012) or similar to that reported of Phytophthora capsici (Salati et al.,

2010;Quesada-Ocampo et al., 2011).

The PHRD was detected in four major pineapple growing areas in central Uganda.
Pathogenicity on green apple fruits showed that symptom appearance (latent period) and
virulence varied greatly among isolates. Ka019, Mu002 and Ma002 were among isolates that
had the largest lesion diameter within the first 48 hrs.On the sixth day Lu011, Ka015, Ma002
were the most virulent isolates and Ka016 was the least virulent for the first trial. This is in
line with earlier report of Matheron and Matejka (1990) which revealed that isolates of
P.parasitica of Rosemary were all pathogenic to sweet orange but varies markedly in
virulence. Considerable differences in aggressiveness of some isolates towards the apple
fruits may point to an evidence of host specialization among isolates collected from pineapple
of various geographical locations (Kamoun er al., 20135; Biasi et al., 2016; Panabieres ez al.,

2016).

The study to assess the pathogenicity of P. nicotianae in pineapple was to help identify
potential threat of P.micotianae to commercial pineapple production in Uganda so that
appropriate disease management strategy can be implemented. The results from this study
indicated that P. nicotianae is the main causal agent of pineapple heart rots disease in central
Uganda because 90% of the strains isolated from infected pineapple plants were recognized

after molecular analysis as P. Nicotianae (Burgess (2015; Blaya er al., 2015). Sequencing of
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the ITS region was a successful approach to differentiate P. nicotianae from other species.
Although ITS region is not always sufficiently diverse to allow the identification of closely
related taxa, it successfully differentiated P. nmicotianae from other Phytophthora species

(White ef al 1990).

Phytophthora nicotianae was isolated consistently from the leaf tissues of infected pineapple
plant with pineapple heart rot disease. Pathogenicity tests showed that P. nicotianae causes
heart rot disease of pineapples both in the laboratory, field and under screen house conditions.
Re-isolation of P. nicotianae from symptomatic tissue and molecular characterization
confirmed the identity of the organisms as causal pathogens of PHRD.

According to Erwin and Ribeiro (1996), Phytophthora is one of the most harmful genera of
plant pathogens worldwide known to cause seed rot, root and heart rot, seedling damping-off,
rots of lower stems, tubers and corms and soft rots of fleshy fruits in contact with the soil.
Phylogenetic analysis of the ITS rDNA region clearly showed the genetic distance between
all the isolates. The ITS rDNA region sequences, indicated that P.nicotianae are distinct

species responsible for heart rot disease of pineapple in Uganda.

5.2 CONCLUSIONS
Basing on the molecular characteristics of the 11 isolates, it was concluded that 9 of them are

P.nicotianae the causal organism of pineapple heart rot disease in Uganda. However,
significant variations were observed among P.nicotianae isolates fromKayunga, Masaka,
Luweero and Mukono, the major pineapple growing areas in Uganda. All the isolates were

pathogenic on both green apple fruits and pineapple plants.

5.3 RECOMMENDATIONS
Isolate Ka018 which occupied the same cluster with Ma001 had no genetic match in the

genetic database. Therefore, additional studies are recommended toconclusively identify

isolate Ka018. This can then be followed by depositing the unique sequence associated to this
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isolate in NCBI. In addition, further studies should be done on the mating types to
consolidate the confirmation of the identity of P.nicotianae as the causal organisms of PHRD
in Uganda. Furthermore, studies should be conducted to determine the molecular mechanisms
underlying the difference in virulence and aggressiveness between isolates of the same
species and geographical location. Variation in isolates virulence from different regions in
central Uganda suggests that appropriate integrated disease management package needs to be
developed if PHRD diseases is to be successfully managed. Above all a study should be

conducted to determine the epicenter of origin of P.nicotianae in Uganda.

57



REFERENCES

Abad, Z. G., Kelly, L. L., Abad,J.A., and Shew, H.D.(2011). Morphological and molecular
characterization of Phytophthora glovera sp. nov. from tobacco in Brazil. Mycologia,
103 (2), 2011, pp. 341-350. DOI: 10.3852/09-157

Abbey,A.(2005). the effect of pineapple farming on the livelihood of pineapple farmers in the
ga districts; dissertation submitted to the university of Ghana, legon, in partial
fulfillment of the requirement for the award of ma development studies degree.

Agrios, G.N. (2005). Plant Pathology (5th edition). Elsevier-Academic Press, San Diego, CA.
922 pp.

Ahmed, ., Islam, M., Arshad, W., Mannan, A. (2009). High-quality plant DNA extraction for
PCR: an easy approach. J. Appl. Genet. 50: 105-107.

Adipala, E. and Wandera. (200). Variation in pathogenicity of Uganda finger millet
pyricularia grisea isolates. Africa Crop Science Conference Proceedings 5:369-379.

Akhilomen, L. O.; Bivan,G. M. ;Rahman, S. A. AndSanni, S. A..(2015). Profitability analysis
and Perceived Constraints of Farmers in Pineapple Production in Edo State, Nigeria.
Analysis of Phytophthora species based on mitochondrial and nuclear DNA
sequences. Fungal Genetics and Biology. 41:766-782.

Alatar,A.A, Mahmoud,M.A., Al-Sohaibani, S.A. and Abd-Elsalam, K.A.(2012). Simple and
rapid protocol for the isolation of PCR-amplifiable DNA from medicinal plants
http://www.ugandainvest.go.ug/index.php/2013-10-24-13-08-5 1 /friuts-and-
vegetables425:83-88.Faw

Altschul, S. F., Madden, T. L., Schiffer, A. A., Zhang, J., Zhang, Z., Miller, W., & Lipman,
D. J. (1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic acids research, 25(17), 3389-3402.

Adegbite, O. and Adeoye 1. B.(2015).Technical Efficiency of Pineapple Production in Osun
State, Nigeria. http://online.agris.cz/files/2015/agris.

Araki, H., Tian, D., Goss ,E.M., Jakob, K., Halldorsdottir, S.S., Kreitman, M.and Bergelson,
J.( 2006). Presence/absence polymorphism for alternative pathogenicity islands in
Pseudomonas viridiflava, a pathogen of Arabidopsis; Proceedings of the National
Academy of Sciences of the United States of America; pp. 5887-5892.
doi:10.1073/pnas.0601431103.

Avise, J.C.(2000). The History and Formation of Species; Harvard University Press:
Cambridge, MA, USA, 2000; p. 447.

Baldwin, B. G. (1992). Phylogenetic utility of the internal transcribed spacers of nuclear
ribosomal DNA in plants: an example from the Compositae. Molecular Phylogenetics
and Evolutionl:3-16.

Bartholomew, D.P., Hawkins, R.A, and Lopez, J.A. (2012). Hawaii pineapple: The rise and
fall of an industry. HortScience 47:1390-1398.

Bartholomew, D.P., Paull, R.E., and Rohrbach, K.G. (2003). The pineapple botany,
production and uses. Department of Tropical Plant and Soil Science, CTAHR,
University of Hawai’i www. dx.doi.org/10.1079/9780851995038.000.

Baruwa, O. 1. (2013). Profitability and constraints of pineapple production in OsunState,
Nigeria. Journal of Horticultural Research, 21(2): 59-64.

Bastias, B.A,, Xu, Z, Cairney, J.W.G.(2006). Influence of long-term repeated prescribed
burning on mycelial communities of ectomycorrhizal fungi. New Phytologist172:
149-158.

Begerow, D., Nilsson, H., Unterseher, M. and Maier, W.(2010). Current state and
perspectives of fungal DNA barcoding and rapid identification procedures. Appl
Microbiol Biotechnol.87: 99-108.

58



Bellemain.E., Carlsen. T.,Christian Brochmann. C., Coissac.E., Taberlet .P. andKauserud. H.
(2010). ITS as an environmental DNA barcode for fungi: an in silico approach reveals
potential PCR biases.

Biasi A., F.N. Martin, S.0. Cacciola, G. Magnano di San Lio, N. Grunwald and L. Schena,
(2016). Genetic analysis of Phytophthora nicotianae populations from different hosts
using microsatellite markers. Phytopathology doi: 10.1094/ PHYTO-11-15-0299-R.

Bielenin, A., Jeffers, S. N., Wilcox, W. F., and Jones, A. L. (1988).Separa- tion by protein
electrophoresis of six species of Phytophthora associated with deciduous fruit crops.
Phytopathology. 78:1402-1408.

Blaalid, R., Kumar, S. Nilsson, R. H., Abarenkov, K., Kirk P M. and Kauserud, H.(2013).
ITS1 versus ITS2 as DNA metabarcodes forfungi. Molecular Ecology Resources doi:
10.1111/1755-0998.12065

Bowman, K.D., Albrecht, U., Graham, J.H. et al. (2007). Detection of Phyrophthora
nicotianae and P. palmivora in citrus roots using PCR-RFLP incomparison with other
methods. European Journal of Plant Pathology. 119: pp 143-158

Blair, J. E., Coffey, M. D., Park, S., Geiser, D. M., and Kang, S. (2008). A multi-locus
phylogeny for Phytophthora utilizing markers derived from complete genome
sequences. Fungal Genetics and Biology. 45:266-277

Blaya J, Lacasa C, Lacasa A, Martinez V, SantdAsima-Trinidad AB, Pascual JA,.
Characterization of (2015) Phytophthora nicotianae isolates in southeast Spain and
their detection and quantification through areal-time Tagman PCR; J Sci Food Agr.
95:1243+1251.

Bonants, P. J. M., Hagenaar-de Weerdt, M., Man in 't Veld, W. A., and Baayen, R. P. (2000).
Molecular characterization of natural hybrids of Phytophthora nicotianae and P.
cactorum. Phytopathology 90:867-874.

Bonants, P., Hagenaar-de Weerdt, M., van Gent-Pelzer, M., Lacourt, 1., Cooke, D., and
Duncan, J. (1997). Detection and identification of Phytophthora fragariae Hickman
by the polymerase chain reaction. Eur. J. Plant Pathol. 103:345-355.

Bowers, J.H., Martin, F.N,, Tooley P.W. and Luz, E.D.M.N. (2007). Genetic and
morphological diversity of temperate and tropical isolates of Phytophthora capsici.
Phytopathology, 97: 492-503

Bradtke, B. (2014). Pineapple growing Retrieved from Tropicalpermaculture:
http://www.tropicalpermaculture.com/pineapple-growing.htm|

Brasier, C.M. (2009). Phytophthora biodiversity: In: Phytophthoras in Forests and Natural
Ecosystems (eds.: E.M. Goheen, S.J. Frankel). Albany, USDA Forest Service.
General Technical Report, PSW-GTR-221, 101-115.

Brasier, C. M. (1992). Evolutionary biology of Phytophthora. Part 1: Genetic system,
sexuality and the generation of variation. Annu. Rev. Phytopathol. 30:153-171.

Bua B., Karungi, J. and Kawube, G. (2013). Occurrence and effects of pineapple mealy bug
wilt disease in Uganda. Journal of Agricultural Sciences and Technology, 3.410-416.

Bush, E. A., Stromberg, E. L., Hong, C., Richardson, P. A., and Kong, P. (2006). Illustration of key
morphological characteristics of Phytophthora species identified in Virginia nursery

irrigation water. OnlinePlant Health Progress doi:10.1094/PHP-2006-0621-01-RS. ]

Burgess T.1., (2015). Molecular characterization of natural hybrids formed between five
related indigenous clade 6 Phytophthora species. PLoS One 10, e0134225.

Bybee S.M., Bracken-Grissom H., Haynes B.D., Hermansen R.A., Byers R.L., Clement M.J.,
Udall, J.A., Wilcox E.R., Crandall K.A (2011): Targeted amplicon sequencing (TAS):
A scalable next-gen approach to multilocus, multitaxaphylogenetics. Genome Biol.
Evol.3:1312-1323

59



Cahill, J.F., Kembel S.W., Lamb E.G.(2008). Does phylogenetic relatedness influence the
strength of competition among vascular plants? Perspect Plant Ecol10:41-50.

Causin, R.,Scopel, C.,A.,Grendene A. and Montecchio, L. (2005). An improved method for
the detection of Phytophthora cactorumin infected plant tissues using scar markers.
Journal of Plant Pathology 87 (1):25-35.

Chakraborty, S., and Newton, A. (2011). Climate change, plant diseases and food security: an
overview. Plant Pathology60:2-14.

Choi, Y. J., Hong, S. B., & Shin, H. D. (2005). A reconsideration of Pseudoperonospora
cubensis and P. humuli based on molecular and morphological data. Mycol Res., 109,
841-848.

Choi, Y. J., Hong, S. B., & Shin, H. D. (2006). Genetic diversity within the Albugo candida
complex (Peronosporales, Oomycota) inferred from phylogenetic analysis of ITS
rDNA and COX2 mtDNA sequences. Mol Phylogenet Evol., 40, 400-409.

Clement, C.R., Ara Ara.,, Hon Eeckenbrugge, G.C., Pereira, A.L. and Rodrigues, D. P.
(2010). Origin and Domestication of Native Amazonian. Crops Diversity, 2:72-106.

Conrad L. Schocha,l, Keith A. Seifertbl Sabine H., Vincent R., John L. Spougea, C. André
L,Cooke, D. E. L., Drenth, A., Duncan, J. M, Wagels, G., and Brasier, C. M. (2000).
A molecular phylogeny of Phytophthora and related Oomycetes. Fungal Genetics and
Biology30:17-32.

Conrad L. Schocha, 1, Keith A. Seifertb,1, Sabine Huhndorfc, Vincent Robertd, John L.
Spougea, C. André Levesqueb, Wen Chenb, and Fungal Barcoding Consortium
(2012); Nuclear ribosomal internal transcribed spacer (ITS)region as a universal DNA
barcode marker for Fungi.

Cook D.E.L, Cano L.M., Raffacle S., Bain RA., Cooke L.R., Etherington G.J, (2012).
GenomeAnalyses of an Aggressive and Invasive Lineage of the Irish Potato Famine
Pathogen. PLoS Pathog8(10): €1002940. doi:10.1371/journal.ppat.1002940

Cooke, D. E. L., Drenth, A., Duncan, J. M, Wagels, G., and Brasier, C. M. (2000). A
molecular phylogeny of Phytophthora and related oomycetes. Fungal Genetics and
Biology.30:17-32

Covert, M.W., Knight, E.M., Reed, J.L., Herrgard, M.J., Palsson, B.0.(2004). Integrating
high-throughput and computational data elucidates bacterial networks.
Nature.429:92-96.

Das, A.K.. Kumar,A., Aingle, A. and Nerkar, S. (2011). Molecular identification of
Phytophthora spp. causing citrus decline in Vidarbha region of Maharashtra. Indian
Phytopath. 64 (4): 342-345.

Crane,CandBurgess, T.(2013). Luteocirrhus shearii gen. sp. nov.(Diaporthales,
Cryphonectriaceae) pathogenic to Proteaceae in the south Western Australian Floristic
Region IMA FUNGUS - volume 4 - NO 1: 111-
122d0i:10.5598/imafungus.2013.04.01.11.

Darine,T., Allagui,M.B. and Boudabbous,A. (2007). Pathogenecity and RADP analysis of
Phytophthora nicotianae pathogenic to pepper in Tunisia. Physiological and
molecular plant pathology70:142-148.

Diao, X. Hazell, P. Resnick, D and Thurlow, J. (2006). Rwanda Agricultural Policy Note,
Agricultural Growth and Poverty, Journal of International Development.18 (4):489-
- b

Diao, X.(2010).Economic importance of agriculture for sustainable development and poverty
reduction: findings from a case study of Ghana. Global forum on agriculture. Policies
for agricultural development, poverty reduction and food security OECD
Headquarters, Paris. Working party on agricultural policy and markets,Doctor of
philosophy Iowa State University

60



Dick, M.W. (2001). Straminipilous Fungi: Systematics of the Peronosporomycetes including
accounts on the marine straminipilous protists, the plasmodiophorids and similar
organisms. Dordrecht, the Netherlands,Kluwer Academic Publishers. 670p.

Dobrowolski M.P. (1998). Microsatellites in the mitochondrial genome of Phytophthora
cinnamomi failed to provide highly polymorphic markers for population genetics.
FEMS Microbiology Letters. 163: 243-248.

Dobrowolski, M. P., Shearer, B. L., Colquhoun, 1. J., Oowolsk, P. A. and Hardy G. E. (2008).
Selection for decreased sensitivity to phosphite in Phytophthora cinnamomi with
prolonged use of fungicide. Plant Pathology, 57: 928 Path

Dodsworth.S.,Chase. M.W ., Kell.L..I.,Macas.J,Novidk.P.,Piednoél.M.,Schneeweiss.H.Wand
Leitch.A.R. (2012): Genomic Repeat Abundances Contain Phylogenetic Signal.

DOI http://dx.doi.org/10.4238/2012.February.13.1

Donkoh, F. and Agboka, D. (1997).Constraints to pineapple production in Ghana. Acta
Hort.http://hubrural.org/IMG/pdf/ghana_horticultural_development_study.pdf

Doos,.S.(2013) Genetic differences in Lobesia botrana populations related to host plant or
geographic origin.http://stud.epsilon.slu.se/5614/

Drenth, A. and Guest, D.I. ed.(2004). Diversity and management of Phytophthora in
Development of a DNA-based method for detection and identification of
Phytophthora species. Australasian Plant Pathology.35: 147-159

Drenth, A. and Sendall, B. (2001). Practical guide to detection and identification of
Phytophthora in Australia. CRC for Tropical Plant Protection, 2:1-38.

Drenth, A. and Sendall, B. (2004). Isolation of Phytophthora from infected pineapple tissues
and soil: Principles and species identification pages 94-102. In Drenth and Guest, D.I.
(ed). Diversity and management of Phytophthora Diseases in South East Asia,
ACIAR Monograph No.114.

Drenth, A., Wagels, D. G, Smith, B. C., Sendall, B., Ol, B, Irwin A.
G.(2006).Development of a DNA-based method for detection and identification of
P.cinnamomi. Australasian Plant Pathology, 35: 147.

Drenth, A., Tas, I. C. Q. & Govers, F. (1994). DNA fingerprinting uncovers a new sexually
reproducing population of Phytophthora infestans in the Nether- lands. European
Journal of Plant Pathology, 100(2), pp 97-107.

Duan, C. H., Riley, M. B., and Jeffers, S. N. (2008).Characterization of Phytophthora
cinnamomi populations from ornamental plants in South Carolina, USA. Archives of
Phytopathology and Plant Protection41:14-30.

Dunstan, W.A., Howard, K., Hardy, G.E. St]. And Burgess, T. I. (2016). An overview of
Australia’s Phytophthora species assemblage in natural ecosystems recovered from a
survey in Victoria 7(1): 47-58

Eggers, J. E., Balci, Y., and MacDonald, W. L. (2012). Variation among Phytophthora
cinnamomi isolates from oak forest soils in the eastern United States. Plant
Diseases96:1608-1614.

El-Elimat T, Figueroa M, Ehrmann BM, Cech NB, Pearce CJ, Oberlies NH. (2013). High-
resolution MS, MS/MS, and UV database of fungal secondary metabolites as a
dereplication protocol for bioactive natural products. J Nat Prod. 3:1709-1716.

Ersek, T., English, J. T., and Schoelz, J. E. (1995). Creation of species hybrids of
Phytophthora with modified host ranges by zoospore fusion. Phytopathology85:1343-
1347.

Erselius, L.J., Hohl, H.R., Ordoiiez.(1999).Genetic diversity among isolates of Phytophthora
infestans from various hosts in Ecuador. In: Impact on a Changing World. Program
Report 1997-1998. Lima, Peru: International Potato Center, 39—48. Michael D.

Erwin, D.C. and Ribeiro, O.K. (1996). Phytophthora Diseases worldwide, APS Press, USA 346-353.

61



FAO, (2011) - Pineapple area, production and yield in the world for 2009. - FAOSTAT©
FAOQ Statistics Division. http://faostat.fao.org/site/567/Desktop Default.aspx
PagelD=567#ancor.

FAOSTAT, (2013). Food and Agriculture Organization of the United Nations. Consultado
Enero 2013. http://faostat.fao.org

Fakayode, S. B., Rahji, M. A. Y., Adeniyi, S. T. Economic Analysis of Risks in Fruits and
Vegetable

Farhana,M.D.,Rahamah,B.M., Khairulmazmi,A.,Wong S.K. and Sariah, M.
(2013).Morphological and Molecular Characterization of Phytophthora capsici, the
Causal Agent of Foot Rot Disease of Black Pepper in Sarawak, Malaysia
International journal of agriculture & biology: 1560-8530,; ISSN Online: 1814-9596
13-092/2013/15-6-1083—-1090 http.//www.fspublishers.org Southeast Asia. ACIAR
Monograph No. 114, 238p.

Fawole, O. P. (2008). “Pineapple Farmers’ Information Sources and Usage in Nigeria. Bulg.
J. Agric. Sci., 14: 381-389.

Forbes, G. A., Gamboa, S., Lindqvist-Kreuze, H., Oliva, R. F. and Perez, W. (2016),
Identification of an A2 population of Phythophthora andina attacking tree tomato in
Peru indicates a risk of sexual reproduction in this pathosystem. Plant Pathol, 65:
1109-1117. doi:10.1111/ppa.12531

Forster, H. & Cofey, M. D. (1993); Molecular taxonomy of Phytophthora megasperma based
on mitochondrial and nuclear DNA polymorphisms. Mycological Research97: 1101—
1112, .

Forster,H., Cummings, M. P and Coffey, M. D.(2000). Phylogenetic relationships of
Phytophthora species based on ribosomal ITS I DNA sequence analysis with
emphasis on Waterhouse groups V and VI. Mycol. Res. 104 (9): 1055-1061

Fry, W. (2008). Phytophthora infestans: the plant (and R gene) destroyer. Molecular Plant
Pathology, 9(3), 385-402.

Gallegy, M. and Hong, C.(2008). Phytophthora: ldentifying species by morphology and
DNA fingerprints. American Phytopathological Society Press, St. Paul, Mn.158pp.

Gallup C.A., M. Sullivan and H.D., Shew, (2006). Black Shank of tobacco. Plant Health
Instructor doi: 10.1094/PHI- 1-2006-0717-01

Gardes, M., White, T. F., Fortin, J. A., Bruns, T. D. and Taylor, J. W. (1991). Identification
of indigenous and introduced symbiotic in ectomycorrhizae by amplification of the
nuclear and mitochondrial ribosomal DNA. Canadian Journal of Botany, 69: 180-
190.

Gazis R, Rhener S, Chaverri P (2011) Species delimitation in fungal endo- phyte diversity
studies and its implications in ecological and biogeographic inferences. Molecular
Ecology, 30: 3001-3013.

Goodwin, S. B., Cohen, B. A., Deahl, K. L., and Fry, W. E. (1994). Mi- gration from northern
Mexico as the probable cause of recent genetic changes in populations of
Phytophthora infestans in the United States and Canada. Phytopathology 84:553-558.

Goodwin SB, Sujkowski LS, Fry WE. (1995), Rapid evolution of pathogenicity within clonal
lineages of the potato late blight disease fungus. Phytopathology. Phytopathology;:85:
669-676.

Green, J. and Scot, N. (2015). Heart and Root Rots of Pineapple. Plant disease,
www.ctahr.hawai,eduocfreepubspdfPD.106.pdf.pdf/Hall, T. A. (1999, January).
BioEdit: a user-friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. In Nucleic acids symposium series41, pp. 95-98).

Greene, M. D., Benson, M., and Ivors, K. L. (2006). Multilocus sequence analysis of
Phytophthora cinnamomi from Fraser fir in North Carolina. Phytopathology,96:S42.

62



Griinwald,N.J.(2012).Genome sequences of Phytophthora enable translational plant disease
management and accelerate research. Canadian Journal of Plant Pathology, 34:1, 13-
19

Griinwald, N.J.,Hoheisel, G.A.(2006).Hierarchical analysis of diversity, selfing, and genetic
differentiation in populations of the oomycete Aphanomyces euteiches.
Phytopathology,96: 1134—1141. Available at:
http://apsjournals.apsnet.org/doi/abs/10.1094/PHYTO-96-1134

Griinwald, N.J., & Goss, E.M. (2011).Evolution and population genetics of exotic and re-
emerging pathogens: Novel tools and approaches. Ann. Rev. Phytopathol, 49, 249-
267.

Guizhen Luo and Thomas G. Mitchell.(2002).Rapid Identification of Pathogenic Fungi
Directly from Cultures by Using Multiplex PCR.40(8): 2860-2865.

Hansen ,E.M., P.W. Reeser and W. Sutton, (2012). Phytophthora beyond agriculture. Annual
Review of Phytopathology,50, 359-378.

Hao ZN, Wen JZ and Li YG (2003). Inheritance and variation in virulence of single-zoospore
of Phytophthora sojae. Acta Phytopathol. Sin. 33: 347-352.

Hasan,S.S.,Ali,M. Aand Khalil, M. 1. (2010). A Scientific Journal of KrishiFoundation
Impact of Pineapple Cultivation on the Increased Income of Pineapple Growers. The
Agriculturists. 8(2): 50-56 (2010)

He, R., Li, C., Ma, L., Zhang, D., & Chen, S. (2016). Effect of highly branched hyphal
morphology on the enhanced production of cellulase in Trichoderma reesei DES-15.
Biotech, 6(2), 214. http://doi.org/10.1007/s13205-016-0516-5

Heuzé V.(2015). Pineapple leaves. Feedipedia, a programme by INRA, CIRAD, AFZ and
FAO. http://www.feedipedia.org/node/675, 9:54

Heuzé V., Tran G., Giger-Reverdin S. (2013).Pineapple by-products. Feedipedia.org. A
programme by INRA, CIRAD, AFZ and FAO. Http://www.feedipedia.org/node/676
Last updated on February 26, 2013, 16:46

Hibbett, D.S., Ohman A & Kirk PM (2009); Fungal ecology catches fire. New Phytol184:
279-282.

Horton, T. R., and T. D. Burns. (2001). The molecular revolution in ectomycorrhizal
ecology: Peeking into the black box. Molecular Ecology10:1855-1871

Hu, J.H., Hong, C.X., Stromberg, E.L. and Moorman, G.W. (2008). Mefenoxam sensitivity
and fitness analysis of Phytophthora nicotianae isolates from nurseries in Virginia,
USA. Plant Pathology57:728-736.

Hiiberli, D., Tommerup, 1. C., Dobrowolski, M. P., Calver, M. C., and Hardy, G. E. (2001).
Phenotypic variation in a clonal lineage of two Phytophthora cinnamomi populations
from Western Australia. Mycology Research105:1053-1064.

Hulvey, J. P,( 2010)."Investigating Genetic Diversity of Phytophthora spp. and Related
Oomycetes. "PhD diss., University of Tennessee,
http://trace.tennessee.edu/utk_graddiss/807

Hurberli,D. (1995). Analysis of variability among isolates of Phytophthora cinnamomi rands
from Eucalyptus marginata donn and eucalyptus. calophylla based on cultural
characteristics, sporangia and gametangia morphology and pathogenicity. A thesis
submitted in part fulfillment of the requirements for the degree of Bachelor of Science
(Honours) in School of Biological and Environmental Sciences Murdoch University
Murdoch, Western Australia. Pp 1 —117.

Hynniewta, M., Malik,S.K., Rao, S.R. (2014). Genetic diversity and phylogenetic analysis of
Citrus (L) from north-east India as revealed by meiosis, and molecular analysis of
internal transcribed spacer region of rDNA. Meta Gene2: 237-251.

63



Ihrmark,K..Bodeker,].T.M.,CruzMartinez.K.,Friberg, H. Kubartova,A.,Schenck,J.Strid, Y ..Sten
lid,J (2012).New primers to amplify the fungal ITS2 region evaluation by 434-
sequencing of artificial and natural communities. Indian Journal of
Biotechnology,11:30-38.

Ippolito, A., Decicco, V. and Salerno, M. (1992). Seasonal variation in root infections and
population levels of Phytophthora spp. In citrus orchards of Apulia and Basilicata,
Italy. Rev Pathol. Veg. 2:57-65.

Ippolito, A.; Schena, L. & Nigro, F. (2002). Detection of Phytophthora nicotianae and P.
citrophthora in citrus roots and soils by nested PCR. European Journal of Plant
Pathology, 108, No.9, pp. 855-868, ISSN 0929-1873

Ippolito,A., Schena, L., Nigro, F., Ligorio,V.S, and Thaer Yaseen(2004). Real-time detection
of Phytophthora nicotianae and P. citrophthora in citrus roots and soil. European
Journal of Plant Pathologyl10: 8§33—843.

Jaarsveldl, E. van Wingfield, M. J. and Drenth, A.(2002). Evaluation of Tobacco Cultivars
for Resistance to Races of Phytophthora nicotianae in South Africa. Article in
Journal of Phytopathology September Eur J Plant Pathol 132:281-296

DOI 10.1007/s10658-011-9873-4 -

Leah L. Granke Lina M. Quesada-Ocampo.,Mary K. Hausbeck Differences in virulence of
Phytophthora capsici isolates from a worldwide collection on host fruits

Jeffers, S.N. (2006). Identifying species of Phytophthora, Clemson University, USA.
http://thm.fs.fed.us/sp/sod/misc/culturing_species_Phytophthora.pdf.

Jena, R.C., Samal, K.C. and Das BK (2010). Optimization of DNA isolation and PCR
protocol for RAPD analysis of Mangifera indica.L. J. Agric. Technol. 6: 559-571

E-Jiao Wu,. Li-Na Yang, Wen Zhu, Xiao-Mei Chen, Li-Ping Shang and Jiasui Zhan (2016);
Diverse mechanisms shape theevolution of virulence factors inthe potato late blight
pathogen Phytophthora infestans sampled from China

Joy, P. P. Benefits and Uses of Pineapple. Pineapple Research Station (Kerala Agricultural

University), Vazhakulam-686 670, Muvattupuzha, Ernakulam, Kerala, India. 2010. [Online].
Available: http://www.kau.edu/prsvkm [Accessed: 13th September, 2013].

Joy, P.P. (2010). Benefits and uses of Pineapples,.Vazhakhulam, 670-686.

Joy, P.P. and Sindhu, G. (2012). Diseases of pineapple (Ananus comosus), Vazhakhulam,
670-687

Joy.p.p., Rashida.R., and Divya,B. (2016).Multiple uses of pineapple in food industries.
https://www.researchgate.net/publication/306034834 _

Jumba, F. R. and Freyer B.(2016). Perception of quality in certified organic pineapples by
farmers in Kayunga district, Central Uganda: Implications for food security Journal of
Agriculture and Rural Development in the Tropics and Subtropics.117, No 1 (2016).

Jung , T. (2009): Beech decline in Central Europe driven by the interaction between
Phytophthora infections and climatic extremes. Forest Pathology.39 : 73-94.

Jung T., Hudler, W., Jensen-Tracy, S.L., Griffiths, H.M., Fleischmann, and, Osswald W.
(2005) Involvement of Phytophthora species in the decline of European beech in
Europe and the USA. Mycologist19: 159-166.

Jung. T., Colquhoun, 1. J. and Hardy, G. E.St.J. (2013).New insights into the survival strategy
of the invasive soil borne pathogen Phytophthora cinnamomi in different natural
ecosystems in Western Australia p266-288

Jung, T., Cooke. D.E.L., Blaschke. H., Duncan. J.M. & OBwald, W. (1999) Phytophthora
quercina sp. nov. causing root rot of European oaks. European Journal of Forest
Pathology29: 169—188.http://dx.doi.org/10.1017/50953756298007734

64



Kamoun S., Furzer, O., Jones, J.D., Judelson, H.S., Ali, G.S., Dalio, R.J., Roy, S.G.,
Schena, L. (2015). The Top 10 Oomycete pathogens in molecular plant pathology.
Molecular Plant Pathology16, 413-434.

annwischer, M.E. and D.J. Mitchell. 1978. The influence of a fungicide on the
epidemiology of black shank of tobacco. Phytopathology 68:1760-1765.

Kanojiya, R., Kumar, G., Ravi, R., Tiyer, N. K., and Pandey, K. M. (2013).Extraction of
pineapple fibres for making commercial products. Journal of Environmental Research
And Development, 7(4):1385-1390

Kayitesi, R. (2011). Factors affecting small scale farmers’ pineapple production: The case
study of Ngoma District, Rwanda,MSc.Thesis, University of Wagenigen,
Netherlands.http://www.isca.in/lJSS/Archive/v5/i10/5.ISCA-IRJSS-2016-136.pdf

Kendall, J., M and Paul, T., (2005) RygiewiczBMC Microbiology5:28.DOI: 10.1186/1471-
2180-5-28.

Kendall, J., M and Paul, T., Rygiewicz, (2005). Fungal-specific PCR primers developed for
analysis of the ITS region of environmental DNA extracts. DOI: 10.1186/1471-2180-
5-28

Kirk , P.M.; Cannon, P.F.; Minter , D.W.;Stélpers, J.A. (2008): Dictionary of the Fungi. 10
th Edition. CAB International, Oxon, UK, 1-1771Kogeethavani, R.,Abdul, U. M., and
Zakaria,L.(2015). Molecular characterization and pathogenicity of Erwinia spp.
associated with pineapple [Ananascomosus (L.) Merr.] and papaya (Carica papaya
L.). Journal of plant protection research. 55, No. 4 DOI: 10.1515/jppr-2015-0053

Kong, P, Hong, C X, and Richardson, P A. (2003). Rapid detection of Phytophthora
cinnamomi using PCR with primers derived from the Lpv putative storage protein
genes Plant Pathology, 52: 681-693.

Krizman, M., Jakse J, Barievi¢, D, Javornik. B. (2006). Robust CTAB-activated charcoal
protocol for plant DNA extraction. Acta Agric. Slov. 87: 427-433.

Kroon.,L.P.N.M., Brouwer, H., DE COCK, A.W.AM., Govers ,F. (2012): The genus
Phytophthora. Phytopathology102 , 348-364.

Kroon, L. P. N. M., Verstappen, E. C. P., Kox, L. F. F., Flier, W. G., and Bonants, P. J. M.
(2004). A rapid diagnostic test to distinquish American and European Populations of
Phytophthora ramorum. Phytopathology94:613-620.

Kroon LP, Bakker FT, van den Bosch GB, Bonants PJ, Flier WG (2004). Phylogenetic
analysis of Phyrophthora species based on mitochondrial and nuclear DNA
sequences. Fungal Genetics and Biology41: 766—782

Lassiter, G.D., Shari Seidman Diamond,S.S.,Schmidt,H.C.andJennifer,K.Elek..J.K.(2007)
Evaluating VideotapedConfessionsExpertise Provides No Defense Against the
Camera-Perspective Effect.  Volume 18—Number 3

Lamour, K. H., and Hausbeck, M. K. 2001. Investigating the spatiotemporal genetic structure
of Phytophthora capsici in Michigan.Phytopathology 91:973-980.

Lebeda, A., & Cohen, Y. (2011). Cucurbit downy mildew (Pseudoperonospora cubensis)
biology, ecology, epidemiology, host-pathogen interaction and control. Eur. J. Plant
Pathol, 129, 157-192.

Lee,S.B.and Taylor ,J.W (1992).Phylogeny of Five Fungus-like Protoctistan Phytophthora
Species, Inferred from the Internal Transcribed Spacers of Ribosomal DNA’. Mol.
Biol. Evol. 9(4):636-653.

Lenski, R.E. and May, R.M. (1994). The evolution of virulence in parasites and pathogens
reconciliation between two competing hypotheses. J. Theor. Biol. 169,253-263.

65



Li, P., Cao, S., Dai, Y.L., Li, X.L., Xu, D.F., Guo, M. Pan Y.M., and Gao, Z.M. (2012).
Genetic diversity of Phytophthora capsici (Pythiaceae) isolates in Anhui Province of
China based on ISSR-PCR markers. Genet. Mol. Res. 11 (4): 4285-4296.

Liu,W.T.; Marsh,T.L.; Cheng, H.; LARRY J. and FORNEY,L.J.(1997) Characterization of
Microbial Diversity by Determining Terminal Restriction Fragment Length
Polymorphisms of Genes Encoding 16S rRNA. Applied and environmental
microbiology, p. 4516-4522.

Liu,H., Xiao Ma, Yu,H., Fang,D., Li,Y., Wang,X., Wang,W., Dong,Y., and Xiao,B,(2016)
Genomes and virulence difference between two physiological races of Phytophthora
nicotianae doi: 10.1186/s13742-016-0108-7

Luck, J.E. and M.R. Gillings. (1995). Rapid identification of benomyl resistant strains of
Botrytis cinerea using the polymerase chain reaction. Mycological Research, 99:
1283-1488.

Maeder, G., Zamberlan, P.M., Fagundes, N. J. R., Magnus, T., Salzano, F. M., Bonatto, S.L..
and Freitas, L. B. (2010). The use and limits of ITS data in the analysis of
intraspecific variation in Passiflora L. (Passifloraceae). Genetics and Molecular
Biology33:99-108.

Mahuku, G. (2004): A simple extraction methods suitable for PCR-based of plant fungal and
bacterial DNA. Plant molecular biology reporter.22: 71-81

Marrero, G. (2010). Bacterial heart rot of pineapple and the genus Dickeya. MS thesis,
University of Hawaii at Manoa, Honolulu, HI, USA.

Marrero, G., and Alvarez, A. M. (2011). Hawaiian strains of Erwinia chrysanthemi (Dickeya
sp.) associated with pineapple heart rot disease. Pineapple News. 18:57-59

Martin F.N., J.E. Blair and M.D. Coffey, (2014). A combined mitochondrial and nuclear
multilocus phylogeny of the genus Phytophthora. Fungal Genetics and Biology66.
19-32.

Martin, F. N., and Coffey, M. D. (2012). Mitochondrial haplotype analysis for differentiation
of isolates of Phytophthora cinnamomi. Phytopathology, 102:229-239.

Martin, F. N., and Tooley, P. W. (2004). Identification of Phytophthora isolates to species
level using restriction fragment length polymorphism analysis of a polymerase chain
reaction-amplified region of mitochondrial DNA. Phytopathology 94:983-991.

Matasyoh, L.G., Wachira, F.N,, Kinyua, M.G., Muigai, A.W.T. (2008). Leaf storage
conditions and genomic DNA isolation efficiency in Ocimum gratissimum L. from
Kenya. Afr. J. Biotechnol. 7: 557-564

Martin, F. G.,Simon.V., Ho, Y.W., WalesN., Schubert,M., Jean,A.S.O., Ristaino, B.,
Thomas, M.,Gilbert., P. (2016). Genomic Characterization of a South American
Phytophthora Hybrid Mandates. Reassessment of the Geographic Origins of
Phytophthora infestans, Molecular Biology and Evolution, 2016, 33, 2: 478

Martin, F.N and Tooley, P. W.(2003). Mycologia, 95(2):269-284. The Mycological Society
of America, Lawrence, KS 66044-8897

Matheron, M.E and Matejka, J.C. (1990). Differential virulence of Phytophthora parasitica
recovered from citrus and other plant to rough lemon and tomato. Plant Dis. 74:138-
140.

Mbaka J.N., Wamocho L.S., Turoop2 L. and Waiganjol M.M. (2009)The incidence and
distribution of Phytophthora cinnamomi Rands on macadamia in Kenya. Journal of
Animal & Plant Sciences,Vol. 4, Issue 1: 289 - 297. Publication date: 15
August, http://www.biosciences.elewa.org/JAPS; ISSN 2071 - 7024

66



Meng,J. and Wang,Y.(2009).Rapid Detection of Phytophthora nicotianae in Infected
Tobacco Tissues and Soil Samples Based on Its Yptl Gene. Journal of
phtophathology .DOI: 10.1111/].1439-0434.2009.01548.

McDonald, B.A and Linde, C. (2002). The population genetics of plant pathogens and
breeding strategies for durable resistance. Euphytical24: 163-180.

McDonald, B. A., & Linde, C. (2002). Pathogen Population Genetics, Evolutionary Potential,
and Durable Resistance. Annual Review of Phytopathology, 40(1), pp 349-379.

Meng, J. and Wang,.Y.(2008). Rapid Detection of Phytophthora nicotianae in Infected
Tobacco Tissues and Soil Samples Based on Its Yptl Gene

Michalska, A. M., Sobkowiak, S., Flis, B. and Guzowska, E. Z. (2016). Virulence and
aggressiveness of Phytophthora infestans isolates collected in Poland from potato and
tomato plants identified no strong specificity. Eur J Plant Pathol (2016). 144:325—
336 DOI 10.1007/5s10658-015-0769-6

Milenkovi¢,I., Nowakowska, J.A.; Oszako,T., Mladenovi.,K., Lu¢i¢, A.R; , Rakonjac,L.,
Karadzi¢, D. (2014). Morphological and molecular identification of Phytophthora
species from maple trees in Serbia genetika, 2: 353-368.

Mondal, K.K., Bhattacharya, R.C., Kaundal, K.R. (2004). Biotechnological strategies in the
detection, characterization and management of fungal diseases in plant. Botanica
54:1-20.

Mondal, K. and Shanmugam,V. (2013) Advancements in the diagnosis of bacterial plant pathogens.

Biotechnology and Molecular Biology Review. 8 (1), pp. 1-11

Mounde LG., Ateka EM., Kihurani AW. and L Wasilwa. (2012). morphological
characterization and identification of. Phytophthora species causing citrus gummosis
in Kenya. https://tspace.library.utoronto.ca/bitstream/1807/55933/1/nd12110.pdf

Moralejo, E.P.-S., Pérez-Sierra, A.M., Alvarez, L.A., Belbahri, L., Lefort, F. and Descals, E.
(2009). Multiple alien Phytophthora taxa discovered on diseases ornamental plants in
Spain. Plant Pathology, 58: 100-110.

Morton, J. F.(1987). Fruits of warm climates: Florida Flair Books, Miami. Web.
http://www.hort.purdue.edu/newcrop/morton/banana.html.

Moslem, M.A., Bahkal,i A.H., Abd-Elsalam, K.A. and Wit, P.J, (2010). An efficient method
for DNA extraction from Cladosporioid fungi. Genet. Mol. Res. 9: 2283-2291

Moslemi, A.-R., Darin, N., (2007), Molecular genetic and clinical aspects of mitochondrial
Mitochondrion. doi:10.1016/j.mit0.2007.02.002

Mostowfizadeh-ghalamfarsa,R.(2012) species specific detection of Phytophthora inundata
by simple and nested-pcr. Iran. j. plant path. 48 (2): 69 -80.

Muge, E., Burg, K., Kadu, C., Muchugi, A.(2009). Isolation of high quality DNA and RNA
from cambium of the East African Green heart (Warburgia ugandensis). Afr. J.
Biotechnol. 8: 3036-3040

Nagel, J.H., Gryzenhout, M, Slippers, B, Wingfield, M.J, (2013). The occurrence and impact
of Phytophthora on the African continent. In Phytophthora: a global perspective [ed.
by Lamour, K.]. Wallingford, UK: CABI, 204-214.
http://www.cabi.org/CABeBooks/default.aspx?site=107&page=45&LoadModule=PD
FHier&BookID=763

Natalija Arhipova (2012). Heart Rot of Spruce and Alder in Forests of Latvia.Impact and
Possibilities for Silvicultural Control Doctoral Thesis Swedish University of
Agricultural Sciences Uppsala.pp10-15.

National Agriculture Research Organization (NARO) (2012). Pineapple production,
Complementary notes for extension workers, National Agriculture Research
Laboratories, Kampala, Uganda, 1-80pp

67



Nauman, A., Navarro-Gonzalez, M., Sanchez-Hernandez, O., Hoegger, P.J., Kiies, U. (2007).
Correct identification of wood-inhabiting fungi by ITS analysis. Current Trends in
Biotechnology and Pharmacyl: 41-61.

Niklaus, J., Griinwald,N.J. (2012). Genome sequences of Phytophthora enable translational
plant disease management and accelerate research, Canadian Jowrnal of Plant
Pathology, 34:1, 13-19

Nilsson RH, Kristiansson E, Ryberg M, Hallenberg N, Larsson K-H. (2008). Intraspecific
ITS variability in the kingdom Fungi as expressed in the international sequence
databases and its implications for molecular species identification. Evolutionary
Bioinformatics 4: 193-201.

Nyasse, S., Grivet, L., Risterucci, A.M.and Blaha, (1999). Diversity of Phytophthora
megakarya in Central and West Africa revealed by isozyme and RAPD makers.
Mycol. Res. 103: 1225-1234.

Ochiai, H., Horino, O., Miyajima, K., Kaku, H. (2000). Genetic diversity of Xanthomonas
oryzae pv. oryzae strains from Sri Lanka. Phytopathology 90: 415-421.

Ochwo,,M.K.N., Kamoun, S., Adipala, E., Rubaihayo, P.R., (2002). Genetic diversity of
Phytophthora infestans (Mont.) de Bary in the eastern and western highlands of
Uganda. J. Phytopathol. 150: 541-542.

Olanyika, 1.B, (2013). Profitability and constraints of pineapple production in Osun state
Nigeria. Journal of Horticultural Research, 21(2):59-64.

Ole, O. P. (2008). Pineapple farmers’ information sources and usage in Nigeria. Bulgarian
Journal of Agricultural Science. 2008, 14, 4, p. 381-389. ISSN1310-0351.

Oudemans, P., Coffey, M.D, (1991a). Isozyme comparison with- in and among worldwide
sources of three morphologically distinct species of Phyrophthora. Mycological
Research,95: 19-30.

Oudemans, P., Forster, H., and Coffey, M. D. (1994). Evidence for distinct isozyme
subgroups within Phytophthora citricola and close relationships with P. capsici and
P. citrophthora. Mycol. Res. 98:189-199.

Panabieres, F., Marais, A., Trentin, F., Bonnet, P. and Rlccl, P. (1989). Repetitive DNA
polymorphism analyses as a tool for identifying Phytophthora species.
Phytopathology 79: 1105-1 109.

Panabieres K.,Shadall,G.,.BEchIr.M.,.Dallo,R.J.D.,.Gudmestad,N.C.,.Kuhn,M.E.,Guharoy,
S., Schena, E and Zampounis,A. (2016). Phytophthora nicotianae diseases
worldwide: new knowledge of a long-recognised pathogen, DOI:
10.14601/Phytopathol_Mediterr-16423

Pandey, A. K., and Ali, M. A. (2012). Intraspecific variation in Panax assamicus
Ban.population based in internally transcribed spacer (ITS) sequence of nrDNA.
11:30-38.

Paplomatas, E.J.(2006). Molecular Diagnostics of Fungal Pathogens. Arab J. Pl Prot. 24:
147-158.. Papers Presented in a Symposium on “Molecular Diagnostic of Plant Pest
Species” at the Ninth Arab Congress of Plant Protection held in Damascus, Syria,
November 19-23, 2006

Purseglove, J.W. (1972) Tropical crops. Monocotyledons. Long- man, London, 607 p

Parkinson N., Stead D., Bew J., Heeney J., Tsror L., Elphinstone J. (2009). Dickeya species
relatedness and clade structure determined by comparison of recA sequences.
International Journal of Systematic and Evolutionary Microbiology 59 (Pt 10): 2388—
2393.

Petersson,[.(2015),Genotypic and phenotypic variation of Phytophthora infestans on potato
in the two Swedish regions Bjire and Ostergétland

68



Pitkdranta, M., Meklin T, Hyvarinen, A., Paulin, L,(2008). Analysis of fungal flora in indoor
dust by ribosomal DNA sequence analysis, quantitative PCR, and culture. Appl.
Environ. Microbiol. 74: 233-244.

Pornsuriya, C., Wang, H.K., Lin, F.C. and Soytong, K. (2008). First report of pineapple root
rot caused by Pythium graminicola. Journal of Agricultural Technology.4(1): 139-
150.

Py, C., J.J. Lacoeuilhe, and C. Teisson. (1987). The pineapple, cultivation and uses. Editions
G.-P. Maison- neuve and Larose, Paris. 570 pp.

Quesada-Ocampo, L. M., Granke, L. L., Mercier, M. R., Olsen, J., & Hausbeck, M. K.
(2011) Investigating the genetic structure of Phytophthora capsici populations.
Phytopathology, 101, 1061-1073

Ristaino, J. B., Madritch, M., Trout, C. L. and Parra, G. (1998). PCR amplification of
Ribosomal DNA for Species Identification in the Plant Pathogen Genus Phytophthora
.Appl Environ Microbiol. 64(3): 948-954.

Ristaino., J.B., Ivors, K., Bonants, P.,Gémez-Alpizar,L., Blanco-Meneses,M (2010). Rapid
Diagnostic Tools for Phytophthora on Horticultural Crops. p.13 -19 -

Rodriguez, C.J., Nieto-Angel, D., De Leén-Garcia C., de Alba, Angel V.M., Aguilar-Pérez,
L.A., and Ayala-Escobar, Angel, D., De Ledn-Garcia C., de Alba, Angel V.M.,
Aguilar-Pérez, L.A., and Ayala-Escobar, V. (2015). Etiologia de la pudricion del
cogollo de la pifia (Ananas comosus. L. Merril) cultivar MD2 en Isla, Veracruz.

Rodriguez-Molina M.C., M.C. Morales-Rodriguez, P.C. Osorio,P.E. Nuiiez, E. Verdejo-
Alonso, M.S. Duarte-Maya and J. Picon-Toro, (2010). Phytophthora nicotianae, the
causal agent of root and crown rot (Tristeza disease) of red pepper in La Vera region
(Céceres, Spain). Spanish Journal of AgriculturalReserarch 8, 770-774.

Rohrbach, K.G., and Apt, W.J. (1986). Nematode and disease problems of pineapple. Plant
Disease 70:81 pro

Rohrbach, K.G. and Schenke, S. (1985). Control of pineapple heart rot disease caused by
Phytophthora parasitica and P.cinammomi, with metalaxyl, fosetyl and phosphoric
acid. Plant Diseases69:320-323.

Rohrbach,K.G and Johnson,M.W.(2003) Plant and Environmental Protection Sciences, Pests,
Diseases and Weeds P222-225

Ryberg, M,, Kristiansson, E., Sjokvist. E., and Nilsson, R. H. (2008): An outlook on the
fungal internal transcribed spacer sequences in GenBank and the introduction of a
web-based tool for the exploration of fungal diversity: New Phytologist181 (2), 471-
477:

Sadeghy, B., Javan-Nikkhahb, N.M., and Nayebyazdi, C. (2014). Identify and relative
virulence of seven Phytophthora spp. Causing crown and root rot of citrus trees in
Kerman, Iran. Archives of Phytopathology and Plant Protection 47(1): 69-74.

Salati, M., Sariah, M., Tan, Y. H. and Wong, M.(2012). Molecular Identification and
Phylogenetic Analysis of Pseudoperonospora cubensis Isolates in Peninsula.
Pertanika J. Trop. Agric. Sci. 35 (S): 79 - 84 (2012)

Schoch, C.L., Seifert, K.A., Huhndorf .S., Robert, V., Spouge, J.L., Levesque, C.A..Chen.W
(2012) Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA
barcode marker for Fungi. 17;109 (16):6241-6. doi: 10.1073/pnas.1117018109.

Salati, M., Wong, M. Y., Sariah, M., & Nik, M. H. (2010). Host range evaluation and
morphological characterization of Pseudoperonospora cubensis, the causal agent of
cucurbit downy mildew in Malaysia. Aft. J. Biotechnol, 9, 4897-4903.

Sopie Salomé YE, Laurent KK, Pierre Irénée BJ, Patrice K, Hilaire KT (2011) Comparison of
Pineapple Fruit Characteristics of Plants Propagated in Three Different Ways: By

69



Suckers, Micropropagation and Somatic Embryogenesis. J Nutr Food Sci 1:110. doi:
10.4172/2155-9600.1000110

Sansome, E., Brasier, C. M., and Hamm, P. B. (1991). Phytophthora meadii may be a species
hybrid. Mycol. Res. 95:273-277.

Schneider, K.L., Marrero, G., Alvarez, A.M., and Presting, G.G. (2011). Rapid identification
of plant pathogenic bacteria below the species level using a computationally derived
DNA marker. PLoS One 6:€18496. doi: 10.1371/journal.pone.0018496 (on-line
publication)

Schreier, S. (2013). Diversity among isolates of Phytophthora cinnamomi from ornamental
plants in South Carolina. http://tigerprints.clemson.edu/all_theses.

Schubert, R., Bahnweg, G., Nechwatal, J., Jung, T., Cooke, D. E. L., Duncan, J. M., Miiller-
Starck, G., Langebartels, C., Sandermann, H., & OBwald, W. (1999). Detection and
quantification of Phytophthora species which are associated with root-rot diseases in
European deciduous forests by species-specific polymerase chain reaction. European
Journal of Forest Pathology, 2:169—-188.

Scott P, Burgess, T.I, Hardy, G.E.S.tJ. (2013). Globalization and Phytophthora. In:
Phytophthora: a global perspective (Lamour K, editor. ed.). 226-233. [CABI Plant
Protection Series no. 2.] Wallingford: CAB International.

Scott, P.M, Burgess, T.I, Barber, P.A, Shearer, B.L, Stukely, M.J.C, Hardy, G.E., Jung T.
(2009). Phytophthora multivora sp. nov., a new species recovered from declining
Eucalyptus, Banksia, Agonis and other plant species in Western Australia.
Persoonia22:1-13.

Shen, H.F., Lin, B.R., Zhan, J.X., and Pu, X.M. (2013). First Report of Pineapple Heart Rot
Caused by P. nicotianae in Hainan Province, China. The American Phytopathological
Society 97(4) http://dx.doi.org/10.1094/PDIS-11-12-1017-PDN

Sj6holm, L., Andersson, B., Hogberg, N., Widmark, A.-K. & Yuen, J. (2013). Genotypic
diversity and migration patterns of Phytophthora infestans in the Nordic countries.
Fungal Biology, 117(10), pp 722-730.

Spring, O., and Thines, M. (2010). Molecular techniques for classification and diagnosis of
plant pathogenic Oomycota. Pages 35-50 in: Molecular Identification of Fungi.Y.
Gherbawy, and K. Voigt, eds. Springer, Berlin, Germany.

Stewart,A. And McCarrison, A.M. (1992). Pathogenicity and relative virulence of seven
Phytophthora species on Kiwifruit, NewZealand Journal of Crop and Horticultural
Science, 19:1, 73-76, DOI: 10.1080/01140671.1991.10418109.

Stewart, and Maria, S. (2011). "Characterization and management of genetic diversity in
Phytophthora sojae populations”.Graduate Theses and Dissertations.Paper 12189.

Suh, Y., Thien, L. B., Reeve, H. E., and Zimmer, E. A. (1993). Molecular evolution and
phylogenetic implication of internally transcribed spacer sequences of ribosomal
DNA in Winteraceae. AM.J.Bot. 80:1042-1055.

S'wieZyﬁski, K. M., Domanski, L., Zarzycka, H., & Zimnoch-Guzowska, E. (2000). The
reaction of potato differentials to Phytophthora infestans isolates collected in nature.
Plant Breeding, 119, 119-126.

Tamura K., Stecher G., Peterson D., Filipski A., and Kumar S. (2013). MEGAG6: Molecular
Evolutionary Genetics Analysis version 6.0. Molecular Biology and Evolution. 30:
2725-2729.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., and Kumar, S. (2011).
MEGAS:molecular evolutionary genetics analysis using maximum likelihood, 124
evolutionary distance, and maximum parsimony methods. Molecular Biology and
Evolution 28:2731-2739, transcribed spacers (ITS) as universal DNA barcode marker
for fungi.CABI Crop

70



Taylor, R.J., Pasche, J.S., Gallup, C.A., Shew H.D.and Gudmestad, N.C. (2008). A foliar
blight and tuber rot of potato caused by Phytophihora nicotianae: new OCCUITENCES
and characterization of isolates. Plant Disease, 92; 492-503.

Taylor R.J., J.S. Pasche, H.D. Shew, K.R. KLanno and N.C. Gudmestad, (2012). Tuber rot
of potato caused by Phytophthora nicotianae: isolate aggressiveness and cultivar
susceptibility. Plant Disease, 96: 693-704.

Taylor, J.W., Jacobson, D.J., Kroken, S. Kasuga, T. Geiser, D.M., Hibbett, D. and Fisher,
M.C. (2000). Phylogenetic species recognition and species concepts in fungi. Fungal
Genet. Biol. 31: 21-32

Teixeira A.C., Marques A.S., Ferreira M.A. (2009). Low genetic diversity among pathogenic
strains of Erwinia psidii from Brazil. Brazilian Journal of Microbiology.40 (3): 678—
684.

Thomidis, T., Tsipouridis, C. and Cullum, J. (2002). Pathogenicity and relative virulence of
11Greek Phytophthora species on apple and pear rootstocks. New Zealand Journal of
Crop and Horticultural Science. 30: 261- 264.

Uganda Investment Authority (UIA).(2013). Fruits and Vegetables Sector Profile. Retrieved
10 10, 2014, from - Uganda Investment Authority:
http://www.ugandainvest.go.ug/index.php/2013-10-24-13-08-51/friuts-and-vegetable.

United Nations Conference on Trade and Development (UNCTAD, 2016) Trust Fund on
Market Information on Agricultural Commodities New York and Geneva, 2016
http://unctad.org/en/PublicationsLibrary/INFOCOMM cp09_Pineapple_en.pdf.

UNCTAD INFOCOMM. (2013) development of refrigerated transport. From then on we saw
a surge in production no longer limited to the Caribbean and the United Source:
Anses, [French agency for food, environmental and occupational health & safety

http://unctad.org/en/PublicationsLibrary/INFOCOMM _cp09_Pineapple_en.pdf in commodity
dependent developing countries.

Van de Peer Y, van der Auwera G, De Wachter R. (1996). The evolution of stramenopiles
and alveolates as derived by‘‘substitution rate calibration’” of small ribosomal sub-
unit RNA. J Mol Evol.42:201-210.

Voglmayr, H., & Constantinescu, O. (2008). Revision and reclassification of three
Plasmopara species based on morphological and molecular phylogenetic data. Mycol.
Res., 112, 487-501.

Waterhouse, G.M. (1963). Key to species of Phytophthora de Bary. In: Kewsurrey, England:
Common Wealth Mycological Institute. Mycological papers.

Wetzel, T. (2011) Phytophthora: 1dentifying Species by Morphology and DNA Fingerprints,
Archives of Phytopathology and Plant Protection, 44:2, 202-203, DOI:
10.1080/03235408.2010.547038

White, T. J., Bruns, T., Lee, S., & Taylor, J. (1990). Amplification and direct sequencing of
fungal ribosomal RNA  genes for phylogenetics.In  M.A.Innes,D.H.
Gelfand,J.J.Sninsky, & T. J. White (Eds.), PCR protocols: A guide to methods and
applications (pp. 315-322). San Diego: Academic.

World Development Indicators (WDI) (2011).The World Bank.
http://wdi.worldbank.org/table/2.1

Wu E- Jiao,Li-Na Yang,Wen Zhu,Xiao-Mei Chen,Li-Ping Shang (2016).Diverse mechanisms
shape the evolution of virulence factors in the potato late blight pathogen
Phytophthora infestans sampled from China. doi:10.1038/srep26182

XuP.F.,Wul.J, Allen X., Li W. B., Chen W. Y., Wei L., . (2012). Differentially expressed
genes of soybean during infection by Phytophthora sojae.J. Integr. Agr.11 368-377.

Yang ZH, Zhu JH and Zhang FG (2008). Genetic diversity of Chinese isolates of
Phytophthora revealed by AFLP analysis. Mycosystema27: 351-359.

71



Zeng,H.; Hing ,H. And Zheng,F.(2009)A Survey of Phytophthora Species on Hainan Island
of South China. Journal of Phytopathology. 157, Issue 1, pages 33-39.

Zentmyer, G. A., and S. M. Mircetich. (1966). Saprophytism and persistence in soil by
Phytophthora cinnamomi. Phytopathology56:710-712.

Zentmyer, G. A. (1980). Phytophthora cinnamomi and the Disease it Causes. Monograph 10,
American Phytopathology Society, St. Paul, Minnesota, 96 pp.

Zhang J, Wu D, Wang C, Qu H, (2007). Genetic diversity analysis of Quercus mongolica
population with Inter- Simple Sequence Repeats (ISSR) technique. Biodiversity Sci.
15: 292-299.

Zziwa, A., K. R. Kyeyune, K. Allan, K. Nicholas, M. G. John, and K. Florence. 2017.
Socioeconomiccharacterization and the agronomic practices that affect the use of
pineapple waste to enhance soil fertility in Kayunga District,Uganda. Agricultural
Engineering International: CIGR Journal, 19(2): 12-21.

Zulma, D. (2006). Fresh Pineapple World Market.Harmonisation of Fruit and Vegetables.
https://www.unece.org/fileadmin/DAM/trade/agr/meetings/capacity-
building/2007_slovakia/Pineapples CO

72



APPENDICES

Appendix 1: Genetic identity of pineapple heart rot disease isolates from central Uganda

S/No. | Isolates | % Query' E-value | % Identity = GI-Acession Identification
Coverage

, Ka015 |93 3ed 97 KU210439.1 | A

2 Ka016 |96 6e81 74 JQ911773.1 | Phyiophthora parasitica |

3 Ka017 |96 0.0 96 KJ494913.1 | RiCpiiora iconenaee |

5 0. GU931702.1

6 Lu0l0 |89 %104 |77 KT148936.1 | Eiiopliorameonanaes |

7 Lu0ll |94 2¢84 74 KT148935.1 | Eiiopioraiconanes |

8 Lu012 |71 lell6 | 81 KU248812.1 | Dipiopioraniconanaes |

9 Ma001 |91 8e70 74 KJ506732.1

10 Ma002 | 62 688 89 GU931702.1 | Fiiopioranconanees |

11 Mu002 |97 0.0 95 KU248811.1 | Fiicopioranconanae: |

12 Py003 |99 0.0 99 KT582068.1 | Fusarium sp.
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Appendix 2: Qutputl: Multiple sequence alignment of phytopthora nicotianaee in central
Uganda 2016.
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Appendix 3: Output 2; Alignment parameters
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Appendix 4: Output 3: Phylogenetic analysis parameter
(TEST: Bootstrap, MODEL: Maximum composite Likelihood model, NO. OF

BOOTSTRAP REPLICATIONS/BOOTSPRAP PARAMETER: 500 and
STATISTICAL METHOD: Neighbour joining)




Appendix 5 Lesion diameter caused by Phytophthora nicotianae on apples on a period of
seven days at Kyambogo University, 2016

Trial I

Isolate Day 1 Day 2 Day 3 Day 4 Day 5 Day 6
Ka-015 15.0 30.0 45.0 61.33 71.0 80.0
Ka-016 10.5 17.0 25.0 31.0 40.0 47.0
Ka-018 7.0 14.0 24.0 35.0 41.0 53.0
Ka-019 17.0 28.0 36.0 45.0 51.0 60.0
LU-010 11.0 20.0 35.0 43.67 57.0 65.0
Lu-011 15.0 30.7 45.7 57.0 73.0 84.0
Lu-012 9.0 17.7 28.0 36.0 45.0 55.0
Mu-001 140 25.0 35.0 47.0 57.0 65.0
Mu-002 16.0 31.0 4.0 54.3 66.0 75.0
Ma-001 15.0 34.0 44.0 47.0 58.0 67.0
Ma-002 15.0 32.0 34.0 55.0 65.0 76.0
Mean 13.1 25.42 43.7 46.4 56.7 66.1
LSD %) 0.21 1.28 359 2.5 23 2.0

Appendix6 Trial IT

Ka-015 14.3 29.6 40.3 61.33 70.3 81.6
Ka-016 11.5 16.7 243 30.0 39.5 46.3
Ka-018 8.1 13.3 2.1 322 40.0 49.5
Ka-019 18.5 289 37.1 45.5 53.4 61.4
Lu-010 11.9 21.3 36.5 42.5 55.0 63.6
Lu-011 15.3 324 439 58.9 73.5 80.5
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Lu-012
Mu-001
Mu-002
Ma-001
Ma-002
Mean

LSD(s%,)

10.7

15.2

15.6

132

14.3

13.5

0.4
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24.3
313
325
21
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2.1

294
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