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ABSTRACT

Tree tomato (Solanum betaceum Cav.) is a significant emerging horticultural
cash crop in Kenya with an estimated economic value of over KES 0.5 billion and has
many nutritional and health benefits. Root-knot nematode (RKNSs) infestations which
results in significant yield losses, pose a threat to tree tomato growing in Kenya.
Chemical nematicides have been the main method of controlling RKNs. However,
chemical nematicides can be harmful to the environment and human health. Thus, safer
alternatives to current techniques of management are needed. The study's objectives
were: (i) to determine effects of the endophytic fungi associated with tree tomato roots
on second stage juveniles (J2s) of RKN in vitro; (ii) to characterize endophytic fungi
with potential against J2s of RKN:; (iii) to ascertain whether Velum® Prime SC 500 (ai =
fluopyram 500g/L) is compatible with endophytic fungi in vitro and under greenhouse
conditions, and (iv) to assess the effectiveness of combining Velum® Prime, Lantana
camara L. leaf extract, and the most effective endophytic fungus (Colletotrichum
nigrum) against RKNs on tree tomatoes in both in vitro and in vivo settings. The
experiments were laid down in completely randomized and randomized complete block
designs in the greenhouse and in the field, respectively, with four replicates per
treatment and terminated 90 days after transplanting. Data on initial and final nematode
populations, total number of RKN J2s, the galling and egg mass indices, the nematode
reproduction factor, height of shoot, and weights of dry roots and shoots were all
recorded. The data were analysed using ANOVA with SAS software version 9.2, and
significant means were separated using Tukey's Honest Significant Difference test at a
5% level (P<0.05). Regression and correlation analyses were performed to ascertain the
connections between RKN disease parameters. Forty four endophytic fungi isolated
from tree tomato roots belonged to nine genera (Fusarium sp., Colletotrichum sp.,
Aspergillus sp., Penicillium sp., Didymella sp., Periconia sp., Microsphaeropsis sp.,
Rhizoctonia sp. and Purpureocillium sp.). Fusarium sp. (37%) and Purpureocillium sp.
(34%) were most abundant in roots and eggs of RKNs respectively. Colletotrichum
nigrum caused the highest mortality of J2s of 87 % followed by Aspergillus ustus and
Fusarium solani with 63.5% each in-vitro. Velum® Prime did not inhibit colony growth
of C. nigrum on PDA media. Colletotrichum nigrum combined with Velum® Prime
significantly reduced J2s in soil and nematode reproduction factor in the greenhouse
and were therefore compatible. Undiluted Lantana leaf extract + 1 x 10° C. nigrum
caused mortality of J2s with 81% and 83 % in tests | and I, in-vitro. Colletotrichum
nigrum + Lantana leaf extract + Velum® Prime significantly reduced plant disease
parameters (J2s, gall and egg mass indices and nematode reproduction) and also
increased plant growth parameters (shoot height and dry weights) in the greenhouse and
in the field compared to control. New knowledge on integrated nematode management
using endophytic fungi and Lantana leaf extract against second stage juveniles of RKNs
will help farmers in adopting affordable and eco-friendly methods to improve tree
tomato production and increase yield. There is need to commercialize C. nigrum
product and promote use of safe strategies to manage RKNSs.

XViii



CHAPTER ONE: INTRODUCTION

1.1 Background information

Tree tomato, (Solanum betaceum Cav.), is a significant horticultural crop in
Kenya and globally (Muriithi et al., 2013; Ramirez, 2017). It has a significant economic
benefit (AFA, 2021) for smallholder farmers in Kenya since it improves food security
and their standard of living through income generation (Muriithi et al., 2013). Tree
tomatoes are becoming increasingly appreciated as an economic crop with nutritional
and health benefits (AFA, 2021). When ripe, the fruits are consumed raw or turned into
juice. Iron, phosphorus, potassium, calcium, antioxidants, and vitamins A, B, C, and E
are abundant in the fruits (Pedrosa, 2016).

Tree tomatoes are parasitized by RKNs (Meloidogyne spp.), fungi, bacteria and
viruses which limit production (Prohens and Neuz, 2001). There are 90 known species
of Meloidogyne spp. with M. javanica, M. arenaria, M. incognita, and M. hapla being
the most significant for agriculture. It is predicted that RKNs cause lose of up to USD
80 billion annually in agricultural damage worldwide (Navia et al., 2017). Root-knot
nematodes attack wide variety of plant hosts with vast distribution across the world and
form disease complexes with other plant pathogens (Jones et al., 2013). Root-knot
nematodes attack tree tomatoes reducing their yields in many parts of Kiambu and
Embu counties in Kenya (Waswa et al., 2020). The actual extent of damage has not
been documented but it could be more than 30% (Sikora and Fernandez, 2005).

One of Kenya's top tree tomato growing areas is Nyandarua County (AFA,

2021). The County's tree tomato production, area and value, as of 2019 was 9,479



metric tons, 316Ha and 4.71 Million USD (KES. 658.9 million), respectively, while in
2020 it was 9,525 tons, 318Ha, and 4.73 Million USD (KES. 661.5 million),
respectively, translating into 55.1 % of the overall fruit production value in the county
(AFA, 2021).

Chemical nematicides, physical means, cultural approaches, resistant cultivars,
and biological control are some of the methods used in the management of Meloidogyne
spp. Chemical nematicides are considered toxic to humans, detrimental to beneficial
microorganisms, expensive, and lose their effectiveness with extended usage (Onkendi
et al., 2014). Finding a control strategy that is safe for users, efficient and
environmentally beneficial is therefore necessary.

Since RKNs are sedentary endoparasites, rhizosphere soil microorganisms are
unable to effectively regulate them. One low-cost and environmentally benign way to
manage RKNSs is to use local fungal endophytes (Oono et al., 2015; Potshangbam et al.,
2017). Plant development is stimulated by Fusarium spp., whereas plant pathogenic
nematodes are suppressed by Trichoderma spp. (Oono et al., 2015; Potshangbam et al.,
2017). Most agricultural crops are colonized by local endophytic fungal antagonists,
which are becoming more and more well-known as possible antagonists against plant
parasitic nematodes (Oono et al., 2015; Potshangbam et al., 2017).

Consequently, to manage RKNs in tree tomatoes, it is necessary to determine
local endophytic fungi connected with plant roots and with Meloidogyne eggs. This
study aimed at identifying endophytic fungi (EF) associated with tree tomatoes and
assesses their effectiveness against RKN on a susceptible tree tomato cultivar

(Goldmine) when applied in combination with Lantana camara L. leaf extract.



1.2 Statement of the research problem

Root-knot nematodes are polyphagous and prominent plant parasitic nematode
(PPN) that damage most agricultural crops globally. The RKNs have been extracted
from tree tomato roots in many areas of Kiambu and Embu counties. Their occurrence
seriously damages the roots (Waswa et al., 2021) thereby affecting plant growth and
performance. The current management strategies have not been effective. Since the
infective RKNs (J2s) live in the soil and in roots of plants, generate symptoms akin to
those of mineral and water deficits, they have short live cycles and hence they are more
difficult to control than other pathogens (Jones et al., 2013; Chen et al., 2020).
Meloidogyne species are the most devastating to crops and are among the topmost ten
primary plant parasitic genera globally (Jones et al., 2013; Chen et al., 2020). Root-knot
nematodes pierce and penetrate roots of plants which serve as ports of entry for other
pathogenic microbes that form diseases complexes which compounds the losses. As
such, they represent a significant risk to the production of tree tomatoes. It's becoming
more crucial to manage RKNs using environmentally friendly alternatives because of
the growing worries about chemical usage and its consequences on human health and
the surrounding environment. Therefore, use of biological control and integrated
nematode management approaches can offer alternative methods that are not hazardous
as compared to chemicals such as aldicarb and carbofuran which are currently widely
used by farmers. Research on the biological control and integrated management of
RKNs in tree tomato using locally available endophytic fungi has not been done. It is
therefore necessary to explore local endophytic fungi species for antagonism to RKNs

on tree tomato and test their efficacy in integrated nematode management.



1.3 Justification of the study

The approach of using endophytic fungi in suitable integrated RKN management
systems has the potential to enhance tree tomato production in Kenya. This is because
fungal endophytes and RKNs inhabit the same ecological niche. As a result, using
endophytic fungi to manage RKNs may be a practical and environmentally beneficial
solution. Furthermore, there has not been any research or documentation on the
combined use of botanical extracts from Lantana and fungal endophytes to manage
RKNs on tree tomatoes in Kenya. It is therefore necessary to assess the endophytic
fungi associated with tree tomatoes and identify the best isolate to combat RKNSs.
Fungal endophytes and Lantana camara L. leaf extract are environmentally beneficial,
they have no risk to human health, they reduce nematode damage, they are economical
to use and hence reduces the production costs. Tree tomato farming is a lucrative
venture that generates income to farmers through fruit sales. Managing RKNs using
endophytic fungi and Lantana leaf extract will boost production, increase the sales and
improve rural livelihoods. Tree tomato growers will have a safer alternative way to
manage RKNs by utilizing integrated nematode management (INM), which combines

the use of fungal antagonists with Lantana leaf extract and Velum® Prime.

1.4 Objectives

1.4.1 General objective
To enhance tree tomato yield and productivity through sustainable integrated

management of RKNs.



1.4.2 Specific objectives

1.5

To determine the effects of endophytic fungi associated with tree tomato roots
and eggs of RKNs on mortality of RKN second stage juveniles (J2s) in vitro.

To characterize local endophytic fungi that are effective on RKN J2s (in i
above) in Nyandarua County.

To determine the compatibility of a synthetic nematicide (Velum® Prime) with
the most effective endophytic fungus against J2s of RKN in vitro and in the
greenhouse.

To evaluate the efficacy of combining the most effective endophytic fungus with
Lantana camara leaf extract and Velum® Prime against RKN second stage

juveniles on tree tomato in vitro and in vivo.

Hypotheses

Endophytic fungi isolated from tree tomato roots do not cause significant
mortality of RKN second stage juveniles in vitro.

Fungal endophytes associated with tree tomato roots and eggs of RKN in
Nyandarua County are not culturally, morphologically and genetically diverse.
Velum® Prime combined with selected endophytic fungus does not significantly
suppress RKN second stage juveniles on tree tomato in vitro and in the
greenhouse.

Combined application of selected endophytic fungus, Lantana camara leaf
extract and Velum® Prime does not significantly suppress RKN second stage

juveniles on tree tomato in vitro and in vivo.



1.6 Significance of the study

This research determined endophytic fungi associated with tree tomato and
their effectiveness when applied with Lantana leaf extract and Velum® Prime SC 500
(ai = fluopyram 500g/L) in the management of RKNs. Farmers that grow tree tomatoes
can use the research's findings to manage RKNs. As an alternative to harmful
nematicides, the most potent fungal endophytes (Colletotrichum nigrum, Aspergillus
ustus, Fusarium solani and Fusarium oxysporum) have the potential to be
commercialized. To effectively manage RKNs, an integrated nematode management
technique which combines Lantana camara leaf extract and endophytic fungi can be
used. The integrated nematode management strategy that can be a part of the RKN
integrated management system has been made possible through the findings of this
work. The ability to use an affordable, efficient and environmentally friendly integrated
nematode management strategy against RKNs will give farmers the opportunity to
increase tree tomato yields and increase revenue generation.

Pathogenicity tests were carried out in the greenhouse to ensure that the
Colletotrichum nigrum strain used was not pathogenic. This study has shed light on the
compatibility of Velum® Prime with Non-pathogenic endophytic Colletotrichum nigrum
against RKNs on tree tomato. Velum® Prime had no adverse effects on the performance
of endophytic fungus. New knowledge on compatibility of Velum® Prime SC 500 (ai =
fluopyram 500g/L) with endophytic Colletotrichum nigrum offers new strategies in

integrated nematode management.



1.7 Conceptual framework
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CHAPTER TWO: LITERATURE REVIEW

2.1 Origin and economic importance of tree tomato

The tree tomato or tamarillo (Solanum betaceum Cav.), is a native of Latin
America. According to Ramirez et al. (2017), the plant, which belongs to Solanaceae
family, is cultivated for its fruits, which are consumed raw or processed into juice. Tree
tomato is a perennial crop with broad, simple leaves that reach heights of two to three
metres. This plant has a woody stem with branches starting at a distance of around 1.5
metres. The plant bears pink-white blooms in clusters of ten to fifty and yields oval-
shaped fruits.

The nutritious and health-promoting qualities of tree tomatoes have led to a
steady increase in their production in Kenya (AFA, 2021). The production and value of
tree tomatoes in Kenya as in 2019 was 17,443 metric tons translating into US$
7,447,908 (about KES.1 Bllion), respectively, (AFA, 2021) while in 2020 it was 21,776
metric tons translating into US$ 8,461,371.7 (about KES.1.2 Billion), respectively,
representing 1.35 % of the overall value of fruits and 0.68 % of the overall value of all
horticultural crop produce in Kenya (AFA, 2021). Thus, tree tomato is a lucrative
economic venture. Sales of tree tomato fruits generate revenue for farmers in rural
areas, enhancing their standard of living (Muriithi et al., 2013). Tree tomato seedling
propagators sell them for income. In other countries, it is grown as raw materials for
industrial processing of syrup and chutney. It is also used in preparation of juice, fruit

salads and making of sauce (Rana and Brar, 2019).



2.2 Nutritional importance of tree tomato

Tree tomatoes offer significant nutritional and health benefits because the fruits
are loaded with minerals (iron, phosphorus, potassium, and calcium), vitamins (A, B, C,
E, and K) and antioxidants (Pedrosa, 2016, Rana and Brar, 2019). The fruit also
contains high fiber and low calories in addition to proteins, pectins and carotenes (Rana
and Brar, 2019). High levels of vitamin A are important for eyesight improvement,
increasing red blood cells (RBCs), and maintenance of skin health. Vitamin C is
essential for improved body immunity, healing of wounds and health of the bones. Tree
tomato fruits are an important remedy for anemia and respiratory disorders. The
proteins present have antimutagenic effect as they reduce oxidative damage and inhibit
formation of uric acid in the body. High anthocyanin content shields the body against
neurological disorders, diabetes, aging, and some types of cancer. Lycopene in fruits is
important in keeping off degenerative diseases; it protects the skin against ultra violet

(UV) radiation and improves heart health (Rana and Brar, 2019).

2.3 Production of tree tomato in Kenya

The area under production and production volumes of tree tomato in Kenya was
1,156 Ha, yielding 17,443 metric tons in 2019 (AFA, 2021) while in 2020, it was 1,321
Ha, yielding 21,776 metric tons, respectively (AFA, 2021). Tree tomatoes thrive in
tropical and subtropical regions with annual temperatures between 15 and 26 °C,
rainfall ranging from 600 to 4000 mm, and elevations between 1500 and 3000 meters
above sea level (masl). The plant thrives in pH 5 - 8.5 rich, free-draining soils (Prohens
and Neuz, 2001). It is grown in western Kenya, the Rift Valley, and the counties
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surrounding Mount Kenya including Nyandarua, Meru, Embu, Kiambu, Nyeri and
Muranga. Goldmine, Rothamer, Red Oratia, Ruby Red, and grafted variants are the

principal cultivars in Kenya.

2.4 Tree tomato production constraints in Kenya

The productivity of tree tomato in Kenya is below its potential due to a number
of reasons. The main obstacles to production include pests, diseases, and a shortage of
certified seedlings and approved seeds. The most dangerous disease is powdery mildew,
which is brought on by Erysiphe and Oidium spp. and can cause the plant to die and
lose its leaves. Another issue that many farmers face is shortage of high-quality planting
materials (AFA, 2021). In Kenya, there lack of a comprehensive and well-documented
scheme for tree tomato seed certification. Seed purity is being challenged by the fact
that private nurseries produce the majority of the seed and seedlings. For many small-
holder farmers, the average cost of a certified seedling is one US dollar, making it
expensive.

Tree tomatoes are also impacted by pests including insects and root-knot
nematodes (Muriithi et al., 2013; AFA, 2021). A significant challenge to the production
of tree tomatoes is posed by root-knot nematodes, which are known to create severe
damage and have been extracted from roots of tree tomato in several areas around
Kiambu as well as Embu counties (Ramirez et al., 2017; Waswa et al., 2020).
Meloidogyne javanica, M. hapla, and M. incognita severely harm tree tomatoes. When
pathogenic bacteria and fungi combine with nematodes to generate disease complexes,
there can be a 100% loss (Prohens and Neuz, 2001). Because they consume sap and
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spread viruses, aphids (Myzus persicae) are another significant pest of tree tomatoes. Up
to 75% of crops can be lost due to infestation by green house white fly (Trialeurodes
vaporariorum), which attacks foliage and fruits. Fruits fall prematurely due to larvae of
the tomato worm (Neoleucinodes elegantalis) infestation (Prohens and Neuz, 2001).
The most significant virus that affects tree tomato is the tamarillo mosaic virus (TaMV).
Aphids carry this potent virus, which causes severe fruit browning and chlorotic
mottling (Prohens and Neuz, 2001). Other viruses affecting tree tomato includes, tomato
aspermy virus (TAV), cucumber mosaic virus (CMV), tamarillo spotted wilt virus
(TSWV), arabis mosaic virus (ArMV), tobacco streak virus (TSV), alfafa mosaic virus
(ALMV), potato virus Y (PVY) and potato aucuba virus (PAMV) (Prohens and Neuz,

2001).

2.5 Root-knot nematode damage to plants

Root-knot nematodes are sedentary endoparasites of warm tropical and sub-
tropical climates around the world and are the top most PPNs that are polyphagous.
Root-knot nematodes penetrate roots of plants using a stomato-stylet and move
downwards intercellularly to the tip. They enter into the vascular cylinder and
eventually reach the zone of differentiation where they induce formation of feeding
cells (Escobar et al., 2015). Plant nutrients are redirected to the feeding sites and they
inject the vascular cells with secretions which cause their redifferentiation into
multinucleate hypertrophied cells called giant cells (Bozbuga et al., 2018). This result
into formation of galls called root-knots. Infected plants exhibit symptoms of galling
and root shortening below ground, which obstructs the absorption of minerals and
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water. Additionally, plants exhibit indications of wilting, chlorosis of the foliage,
thinning, stunting and mortality above ground (Noling, 2000; Jones et al., 2013;
Agenbag, 2016). Root-knot nematodes damages roots of crops making entry of
bacterial, viral and fungal pathogens easier. They also form disease complexes with

pathogenic bacteria and fungi resulting into serious damage or even death of plants.

2.6 General life cycle of root-knot nematodes

About 3000 eggs are laid by adult RKN females in a gelatin matrix and as figure
2.1 illustrate, the initial juvenile (J1) molts while in the egg to become the second
juvenile stage (J2). After emerging from out of the egg, the RKNs infective stage,
known as J2, uses a stylet to pierce roots and moves toward the tip of the root (Figure
2.1). The RKNs have stomato stylet, a structure they use to puncture, inject secretions
and feed from the cells. Entering the vascular cylinder from the root tip, it starts
permanent feeding sites made up of large cells. The J2s mature into the third juveniles
(J3s) after molting and growing in size. The J3 molts into the J4. The J4 then matures
into adult females or males which are sexually mature. Male and female RKNs exhibit
sexual dimorphism. While the males stay vermiform and exit the roots, the females
enlarge and take on a pear-like shape within roots (Jones et al., 2013; Agenbag, 2016;
Chen et al., 2020). The J2s are usually vermiform or worm-like and are mostly found in

the soil.
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Figure 2:1: Root-knot nematode disease cycle
The second juvenile stage is the RKN infective form that infects the roots of plants
inducing formation of galls (Mitkowski and Abawi, 2003)

2.7 Management of root-knot nematodes

Numerous management strategies have been developed in trying to address the
RKN issues to reduce losses. Several methods are employed to combat root-knot
nematodes, including chemical nematicides, crop rotation, resistant cultivars, organic
amendments, physical procedures, local fungal soil isolates and endophytes, and
integrated management strategies. On tree tomatoes in Kenya, however, application of
an integrated strategy combining endophytic fungus and Lantana camara leaf extract

against RKNs has not been investigated.

13



2.7.1 Use of crop rotation strategy

By utilizing crops that are poor-nematode hosts, crop rotation offers the
possibility to manage RKNs. However, this approach has proven unreliable because of a
number of reasons. The first impediment is that RKNs have vast host ranges (Sikora
and Fernandez, 2005). Over 2000 plant species are parasitized by RKNs (Jones et al.,
2013), and the method's applicability is restricted by the polyphagous nature of RKNSs.
Secondly, poor hosts like sorghum and sun hemp have been effectively employed
against RKNs. However, weeds that act as substitute hosts need to be managed in order
for poor host plants to be effective (Noling, 2000). Thus, for efficient crop rotation, an
integrated strategy to manage weeds and RKNs should be taken into account (Noling,
2000). Thirdly, this approach may not work effectively especially if the poor host crops
are not of high economic value and without ready market (Luna, 1998). This may make
them unacceptable by farmers because of low profits and interference in production
(Luna, 1998; Kimenju et al., 2010). Therefore, identifying high value poor host
rotational crops to RKNs is important in the successful implementation of a rotational
program. Other crops that have been used as poor-nematode host include sorghum and
Sudan grass. Some sorghum varieties produce glycoside in their cells which produces
hydrogen cyanide that is highly toxic to nematodes (Kimenju et al., 2010) while Sudan
grass has been known to produce dhurrin which produces hydrogen cyanide in the soil

when it decomposes (Kimenju et al., 2010).
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2.7.2 Use of resistant cultivars

The most common tree tomato varieties planted in Kenya are grafted on
Solanum mauritianum rootstock and non-grafted which are Ruby Red, Red Light
Oratia, Rothamer, Goldmine and Red Oratia. In research conducted on the prevalence
of PPNs and the biological control of RKNs on tree tomato in the Kenyan counties of
Kiambu and Embu, it was discovered that Goldmine variety was sensitive to RKNs,
while Ruby red, Rothamer, and Red oratia were somewhat resistant (Waswa, 2021).
Managing RKNs in an environmentally acceptable way involves using resistant plant
varieties. The infectious J2s are prevented from penetrating plant roots, maturing, and
reproducing by resistant cultivars. These cultivars might be a part of an integrated pest
control strategy (Karuri et al., 2017; Sujatha et al., 2017). The foregoing approach has
presented difficulties because resistance in plants decreases over time when RKN
populations and environmental factors change. Furthermore, formation of extremely
virulent pathotypes that can overcome plant resistance is caused by considerable

diversity in RKN genes (Singh and Khurma, 2007; Maleita, 2011).

2.7.3 Use of soil organic amendments

Use of organic amendments (OAs), such as animal manures and agro-industrial
wastes, has shown to decrease the numbers of RKNs (Nchore et al., 2016). When added
to soil, organic amendments break down and release harmful compounds such as
nematotoxic ammonia. They also enhance soil structure, water adsorption, and cation
exchange capacity. Antagonistic micro-organisms in the soil develop and multiply by
the incorporation of organic matter.
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2.7.4 Use of biological control agents

Biological control reduces the damaging effects of the target pathogen and
encourages plant growth by utilizing advantageous microorganisms, their by-products,
or their genes (De Silva et al., 2018). Biological control agents (BCAs) have two ways
of interacting with pathogens: directly through antagonistic interactions (antibiosis,
competing for nutrients and or space, etc.) or indirectly through the host plant by
causing plant resistance, referred to as induced systemic resistance (ISR) and systemic
acquired resistance (SAR) (Stirrling, 2018; Xiang et al., 2018). Most organisms
currently function as biological control agents against PPNs. The bacteria, fungi,
viruses, protists, nematode antagonists, and certain invertebrates are among these
mircobes (Poveda et al., 2020). In integrated management of pest, use of BCAs,
physical methods, and cultural practices has proven to be beneficial when combined
with low chemical dosages (Poveda et al., 2020).

The usage of endophytic fungi against Meloidogyne spp. has previously been
demonstrated using Aspergillus spp., Trichoderma spp., Gliocladum spp., Patriella
spp., non-pathogenic Fusarium spp., and Purpureocillium spp. (Bogner et al., 2016;
Herrera et al., 2016; Larran et al., 2016; De Silva et al., 2018; Kariuki et al., 2021;
Musango et al., 2021). In both the greenhouse and the field, Trichoderma asperellum
reduced the soil and root J2s of RKN significantly on tree tomato (Waswa et al., 2021).
Using local fungal isolates to control RKNs on tomatoes proved effective in a study
carried out in Mwea, Kenya (Kariuki et al., 2021). Thus, use of local endophytic fungi

in biocontrol is a viable approach for managing root-knot nematodes.
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However, for fungal BCAs to be as effective against nematodes as possible, a
few obstacles must be overcome. Certain plant cultivars and other crops in the farm's
rotation have an impact on the effectiveness of certain endophytic fungi; for example,
crucifers can decrease endophytic fungi's survivability. Additionally, it is challenging to
guarantee that nematode trapping occurs at the same time as RKN and cyst nematode
infecting stages. They are also hard to formulate because they don't produce resting
spores. Several factors affect the establishment and activity of BCAs for nematodes,
including the species of nematode, soil composition, development rates, density, and
host plant. The development of the target nematode and the proliferation and
sporulation of BCAs are directly impacted by temperature. Moisture rarely inhibits the
growth of most fungus, although it does have an impact on the spread of spores. The
growth, dissemination, and activity of nematodes are influenced by the texture and

structure of the soil (Kerry, 1997).

2.7.4.1 Potential of fungal endophytes as biological control agents

The richness of endophytic fungi offers resources for possible biocontrol agents
(Oono et al., 2015; Potshangbam et al., 2017). For a part of their life cycle, fungal
endophytes reside in plant tissues asymptomatically and defend plants from disease.
They also enhance plant fitness by keeping off abiotic and biotic stresses and improve
plant growth and development (Kumar et al., 2023). They can proliferate within or
across cells, locally or throughout their host without presenting any signs of disease

(Schulz et al., 2015; Lo Presti et al., 2015). Endophytic fungi benefit from internal plant
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colonization, which allows the host to protect them from external hazards (Latz et al.,
2018). Endophytic fungi have demonstrated to be effective against migrating
endoparasitic nematodes (Pratylenchus, Hirschmanniella and Radopholus) and
sedentary ones (Meloidogyne, Globodera, Sphaeronema, and Heterodera spp.). Certain
root endophytes are effective against nematodes at different stages of their life cycle by
preventing root penetration, delaying development, and reducing reproduction
(Schouten, 2016). Many fungi including Aspergillus flavus, Penicillium chrysogenum
and Pochonia chlamydosporia have been used against RKNs (Naz et al., 2021). Yao et
al. (2023) demonstrated the efficacy of endophytic Acremonnium sclerotigenum
isolated from tomato roots against Meloidogyne incognita. Endophytic Colletotrichum
spp. isolated from tomato plants showed protective and plant promoting abilities (Diaz-
Gonzalez et al., 2020; Silva Santos et al., 2022).

Several biological approaches are shown by endophytic fungi, such
as generation of antibiotics, competing for nutrients and space, development of
resistance, and mycoparasitism (Bogner et al., 2016; Latz et al., 2018; Poveda et al.,
2020) as well as producing metabolites during antibiosis that suppress nematodes (Khan
et al., 2020; Liu et al., 2020). Among these metabolites are alkaloids, phenols, peptides,
flavonoids, steroids, quinones, polyketides, terpenoids, and volatile organic compounds
(Lugtenberg et al., 2016; Latz et al., 2018). These metabolites produced by endophytic
fungi are toxic to nematodes. Plants harbouring endophytic fungi stimulate an enhanced
defense system against pathogen invasion. For instance, Serendipita indica has been
shown to confer nematode resistance and improve rice plant growth (Nassimi and

Taheri, 2017). In mycoparasitism, one fungus parasitizes another, taking nutrients from
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it, and finally causing its death (Lecomete et al., 2016). Endophytic fungi can be
applied in a number of ways, such as adding them to organic fertilizers, drenching
in soil, seedling root dips and using them as seed treatments, which reduce the amount

of inoculum applied compared to field applications.

2.7.4.2 Factors that influence the efficacy of fungal endophytes in the management

of root-knot nematodes

When used in controlled environments, biological control agents
show significant effectiveness (Spadro and Gullino, 2005). But when used in the field, a
variety of environmental factors such as humidity, wetness, UV radiation, salt, soil
texture, temperature change, and soil pH reduce their efficacy (Koll et al., 2011). Thus,
concentrating on local isolates could reduce this difficulty. Host-dependent BCASs are
ideal for biological control because they are shielded from environmental influences
that could hinder their growth and effectiveness (Card et al., 2016). Other microbial
rhizosphere colonizers, weather, and plant host species all have an impact on their
success. Research on tree tomato using fungal endophytes in the management of root-
knot nematodes has not been investigated in the current areas of study. Thus, the goal of
this work was to assess the potential antagonistic effects of locally isolated fungal

endophytes against RKNs on tree tomato.
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2.7.5 Integrated root-knot nematode management
Root-knot nematodes are one of the main constraints to the production of tree
tomato. Considering that there is no single way for eradicating this pest, and because of
rising environmental and human health risks, an alternate, environmentally safe strategy
of management is required. Combining botanicals with antagonistic fungi in biocontrol
have been used for the management of RKNs. Trichoderma harzianum when applied
along with rape seed, Lantana, African marigold, and neem botanicals, the parameters
associated with tomato nematode disease decreased (Feyisia et al., 2016). Kiriga et al.
(2018) also reported efficacy of Trichoderma spp. and Purpureocillium lilacinum on
Meloidogyne javanica in commercial farming of pineapple in Kenya. Purpureocillium
lilacinum strain PL251 combined with Velum® (active ingredient, Fluopyram)
significantly reduced RKN populations and disease parameters in tomatoes (Dahlin et
al., 2019). Antibiotic chemicals synthesized by fungal endophytes are important as
biocontrol agents in integrated disease control (Adeleke et al., 2022). Endophytic fungi
have also been known to secrete plant growth hormones such as indole acetic acid
which enhances root development thereby increasing nutrients as well as water
accessibility by host plants (Suebrasri et al., 2020; Adeleke et al., 2022). This research
work evaluated the combined utilization of Lantana camara L. leaf extract and
endophytic fungus as an integrated approach to RKN control.
It has been possible to extract terpinoids, steroids, and flavanoids from Lantana
camara L. (Verbenaceae). This plant has a variety of bioactive chemicals that have
demonstrated nematocidal effectiveness against M. incognita. Several compounds have

been identified from L. camara, including lantadene A, oleanoic acid, lancamarolide,
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11a-hydroxy-3-oxours-12-en-28 oic acid, betulinic, lantaninilic acid, and lantadene B
among others (Begum et al., 2015).

After 72 hours, oleanoic acid was found to be the most effective substance tested
, with 82% of J2s dead (Begum et al., 2015). Although it was first brought to Africa as
an ornamental plant, Lantana camara L. has since spread throughout the continent as an
invasive weed (Qin et al., 2016; Mahloatjie et al., 2021). However, allelochemicals
present in Lantana extracts decreases plant growth at high concentrations but
concentrations of 50 % and below stimulates growth of plants (Bordoloi et al., 2021;
Gebreyohannes et al., 2023). Akram et al. (2022) demonstrated the efficacy of
integrating botanical with biocontrol fungi and Velum® against Meloidogyne
graminicola on wheat. Integrated use of metam sodium with neem cake and
Purpureocillium lilacinum significantly reduced RKN disease parameters and increased
plant growth parameters in cucumber (Thakur et al., 2020). The plant’s abundance
makes it a good source of raw materials for nematicidal products. The goal of this work
was to assess the effectiveness of synthetic nematicide (Velum® Prime), endophytic
fungi, and leaf extract from L. camara singly and when combined to prevent RKNs on a
susceptible variety of tree tomato. The combination under this work has not been tested

for managing of nematodes in the areas under study on tree tomato.

2.7.6 Use of chemical control strategy

Crop yield losses resulting from root-knot nematodes are significantly large
(Tranier et al., 2014). For the most part, chemical management has been utilized to
manage soil RKNs and is preferred in intensive cropping systems (Chen et al., 2020).
Extended use of carbamates and organophosphate nematicides builds nematode
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resistance and makes them ineffective in the field (Zhang et al., 2017; Chen et al.,
2020). Environmental contamination is also caused by chemicals (Schouten, 2016).
Aldicarb and methyl dibromide contaminate underground water while methyl bromide
has an effect on the depletion of atmospheric ozone (Chitwood, 2002; Jones et al.
2017). Chemical nematicides are hazardous to un-intended creatures as well as humans.
Due to their vast range of effects, chemical nematicides drastically change the flora and
fauna of the soil, potentially removing nematode rivals in terms of competition,
predation, and parasitism. Methyl bromide for instance, destroys mycorrhizae, which
hinders plant growth. Both aldicarb and carbofuran are costly and deadly to birds
(Lamovsek et al., 2013; Bhattacharjee and Dey, 2014; Onkendi et al., 2014; Jones et al.,
2017). However, use of chemicals with low profile toxicities like systemic non-
fumigants alone or in integrated RKN management could be explored. Finding more
environmentally acceptable ways to manage RKN to raise the yield and production of
tree tomato has become necessary due to market removal of nematicidal chemicals such

as carbofuran and methyl bromide (Chitwood, 2002; Ebone et al., 2019).
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Sampling and experimental field sites

Sampling of endophytic fungi and field experiments for seasons | and Il were
carried out at Kinangop sub-county (-.5546 ° S, 36.5536 ° E) located in Nyandarua
County lying at 0.1804°S and 36.5230°E (Figure 3.1). The field season | experiments
were carried out between March to June, 2023, at Njabini and season Il between August
to November 2023, at Engineer (Figure 3.1). Njabini lies at latitude 070053 and
longitude 36.66165 and altitude 2584 meters above sea level (masl). Engineer lies at
latitude 0606501 and longitude 36.584450, and altitude of 2565 masl. These two areas
in Kinangop are located in Upper Highland one (UH1) agro-ecological zone (Jaetzold et
al., 2010; CIDP, 2023).

The pattern of rainfall in Nyandarua County is bimodal. The long rains fall from
March to May with a maximum rainfall of 1700 mm while short rains fall from
September to December with a maximum rainfall of 700 mm. The average annual
rainfall in Nyandarua County is 1500 mm (CIDP, 2023). The county has temperature
range of 12 °C in July to 25 °C in December. Night frost occurs before dawn almost
every month (CIDP, 2023). The soils are acidic, sand clay loam. The farmers plant
different crops such as tree tomato, Irish potatoes, green grams, cabbages, carrots and
wheat.

Laboratory and greenhouse experiments were carried out at Kenyatta University

main campus (1.1805° S and 369348° E).
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Figure 3:1 Map of Nyandarua county showing Kinangop where sampling and field
experiments were conducted.
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3.2 General methodologies

3.2.1 Sampling of tree tomato roots for extraction of endophytic fungi

Using the purposive random sampling technique (Suri, 2011), tree tomato roots
were sampled from thirty randomly chosen farms in Kinangop, Nyandarua County
(Figure 3.1). Three hundred samples were required and ten samples were taken in a zig
zag pattern in each farm. The criteria for choosing farms included: farms with more
than thirty tree tomato trees, farms that were not on the slope, farms where tree
tomatoes were growing alone i.e without intercrops or mixed crops and farms that were
0.5 kilometers apart. Three requirements were taken into consideration while selecting
the plants on the farm: they had to be in a physiologically mature stage, devoid of
chemical pesticides, and visually healthy. The plants were considered healthy if they
were firm strong or vibrant, not wilting, with dark green normal or large leaves without
spotting, yellowing or browning. Ten healthy and galled root samples were taken at
random in a zigzag fashion from each chosen farm. Plant samples were put inside
polythene zip-lock bags, labelled, and stored within a cool box until transportation to
the agriculture laboratory at Kenyatta University for further processing.

The proportion of tree tomato plants colonized by endophytic fungi in the farms
in Nyandarua County is not known. Therefore, the required sample size was determined
using Naing et al (2006) formula, where an assumption of 80 % colonization of tree

tomato roots by endophytic fungi was adopted using the formula:
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pqz>
n= P

Where n = minimum sample size required;

p = proportion of the target plants estimated to be colonized by endophytic fungi;
q=1-p;

z = precision level (1.96) corresponding to 95 % confidence level;

d = degrees of freedom (p-value) set at 0.05.

_0.8x0.2 x (1.96)?

_ = 24
n 0.052 6

Two hundred and forty six tree tomato plants were required for this study but 300 plants
were randomly selected for endophytic fungi isolation from 30 farms located 0.5
kilometers apart. The distribution of the farms was as follows: Magumu = 3; Nyakio =

4; Njabini = 6; Githabai = 4; Engineer = 5; Murungaru = 4 and North Kinangop = 4.

3.2.2 Isolation of endophytic fungi from tree tomato roots

In order to extract fungal endophytes, tree tomato roots that were healthy were
gathered from tree tomato farming fields in Nyandarua County. Sterilization of the roots
was done as stated by Dababat et al. (2008). To get rid of surface epiphytes, the roots
were cut into 5-cm-long portions, carefully cleaned with tap water in a sink, and
sterilized with 70 % ethyl alcohol for three minutes. The roots were then sterilized using
1.5 % NaOCI (Sodium hypochlorite) for a period of three minutes under a laminar flow
hood (BBS-H1100). Sterilized roots were subjected to three rinses with sterilized

distilled water; blot dried using sterile blotting papers and cut into 0.5 cm lengths using
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sterilized scalpel blades (Dababat et al., 2008). Thin roots were sterilized for one minute
each in 70 % ethanol and in 1.5 % NaOCI respectively. The 0.5 cm root pieces were
equally distributed over potato dextrose agar (PDA) medium, which was autoclave-
sterilized for 15 minutes at 121 °C (39 g of PDA in 1L of sterile distilled water). To
ensure that there were no bacterial contaminants in the media, 150 mg/I of streptomycin
sulfate was added. Potato dextrose agar plates were sealed and incubated (BJPX-
H230J1) at 25 °C for seven days. The water from the final rinse was plated onto fresh
PDA media and incubated at 25 °C for seven days in order to assess the sterilization
integrity. Each isolate was purified on fresh PDA using discs from the leading mycelia
margins obtained with a 5 mm flame-sterilized cork borer and placed in an incubator
(BJPX-H230JI) for two weeks in order to obtain pure cultures, which were then

maintained on fresh PDA media before further use.

3.2.3 Isolation of endophytic fungi from Meloidogyne eggs

Meloidogyne egg masses were picked from galled roots under a dissecting
microscope using sterile transfer needles, sterilized with 0.5 % of NaOCI (Hussey and
Barker, 1973) for 4 minutes to dissolve the egg masses. The egss were rinsed on 20um
sieve and rinsed with sterile distilled water for 5 minutes and placed aseptically on PDA
amended using streptomycin (150 mg/l). The media plates were wrapped with parafilm
and incubated (BJPX-H230J1) for seven days at 25 °C. To obtain pure cultures, freshly
prepared PDA was subjected to sub-culturing. For 14 days, observations were made

every three days. Prior to use, the pure cultures were maintained on fresh PDA media.
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3.2.4 Preparation of fungal inoculum

The fungal isolate that exhibited the greatest nematicidal activity on J2s in vitro
(Section 3.3.1) was selected, purified and kept at 25 °C for 14 days on PDA media
(Section 3.2.2). For mortality of J2s tests, spore suspensions were made by flooding the
surface of seven day old pure fungal cultures with 10 ml of sterilized distilled water
amended with 1 % tween 20. Then, a sterile microscope slide was used to dislodge the
fungal spores by gentle scrapping of the mycelia on the surface of PDA. A
hemocytometer was used to measure the spore densities under the microscope after the
contents had been filtered through three layers of muslin cloth (Niranja et al., 2009).
Water that had been distilled and sterilized was added to adjust the spore density to 1x
10° spores per ml for use.

Using dried sorghum grains, the spores of the most potent endophytic fungal
isolate (assessed against J2s in vitro) were mass-multiplied in accordance with
Cumagun and Moosavi's (2015) protocol for greenhouse and field experiments. Four 5
mm discs from five-day-old cultures per 200g were used to inoculate the grains after
they had been soaked in water, autoclaved, and then placed in polythene bags for a 14-
day incubation period. After being air-dried, the grains were ground into powder and
sieved using a 50um sieve. The spore powder was then carefully combined with sterile
talc powder as the carrier material in a 1:2 ratio and 5 g/kg of carboxymethyl cellulose
as sticking agent (Sing et al., 2016). One gram of dried product was suspended, and the
fungal isolate’s desired spore density was determined by serially diluting it. A calibrated
hemocytometer was used to quantify the fungal isolate's precise spore density (1 x 10°

spores/ml) for use in further investigations.
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3.2.5 Preparation of root-knot nematode inoculum

For three months in the greenhouse, the second stage juveniles of RKN were
raised on the susceptible tomato cultivar, Cal-J. To produce nematode inoculum, galled
roots from tree tomato plants in Nyandarua County were collected. To obtain pure
cultures for the studies, a needle was used to remove one egg mass from a single
female. Four-weeks-old transplanted susceptible tomato plants were placed in pots (12
cm diameter) containing sterile 2 sand to 1 soil mixture with Meloidogyne egg mass
placed at the roots. Pots were maintained in the greenhouse and the plants were
removed after three months, their galled roots cleaned, and cut into one-centimeter
pieces, macerated in 1.5 % NaOCI solution in a blender and the suspension passed
through 500 pm, 106 pum and 20 pum sieves into a beaker (Hooper et al., 2005). The
ensuing suspension containing RKN eggs was incubated on plates lined with a serviette
in darkness for a period of 14 days. The J2s (freshly hatched) were recovered from the
fourth day and thereafter every two days (Coyne et al., 2007). Using a grid-49
nematode counting dish, the number of newly hatched J2s per millilitre was counted
under a microscope at x40 (Hussey and Barker, 1973). The suspension of nematodes
was diluted with sterile distilled water to 50 J2s/ml for use in the laboratory and to 2000
J2s/ml for use in the greenhouse. The freshly prepared nematode suspensions were used

immediately.
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3.2.6 Nursery establishment

A certified nursery (Kenya Agriculture, Livestock and Research Organization at
Horticulture Research Institute) provided the susceptible cultivar (Goldmine) of tree
tomato seeds, which were then immersed in sterilized distilled water for a day. After
soaking, the seeds were placed in sterile petri plates, lined with moist tissue paper and
wrapped with Parafilm. The petri plates were covered with aluminium foil and kept on
the benches in the greenhouse for 12 to 15 days. Following germination, the seeds were
placed in sterile media-filled germination trays and maintained for four weeks before

being transplanted into pots.

3.2.7 Preparation of growth media for greenhouse experiments

A 2:1 proportion of sand to soil was thoroughly mixed and heat-sterilized to
100 degrees Celsius for 48 hours. To prevent contamination, 2 kgs of the sterilized
media were placed in thoroughly cleaned plastic pots (12-cm-diameter) that had been

sterilized with 1.5 % of NaOCI.

3.2.8 Seedbed preparation for field experiments

The land, with RKN infestation (10*) occurring naturally was demarcated,
ploughed, and prepared into plots of 3 m by 4 m. On every plot, the initial nematode
populations (Pi) were established. To do this, 100 cm*-soil samples were randomly
taken at ten locations throughout each plot in a zig-zag pattern. The samples were

composited and 200 cm® sub-sample was used to extract nematodes for each plot.
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Before planting, this process was carried out for every other plot. Twelve plants were

planted in each plot, with spacing of 80 cm within rows and 100 cm inter rows.

3.2.9 Evaluation of root-knot nematode disease parameters

Using a modified Baermann method, the J2s of RKN were recovered from 200
cm® of composited sub-sample of soil or 5 g of composited sub-sample of roots (Hooper
et al., 2005; Coyne et al., 2007). A five-gram of roots composited sub-sample was
cleaned, cut into one-centimeter pieces, and macerated for one minute and the method
described above was used to extract nematodes. In order to extract the nematodes, the
set-ups were incubated for 48 hours. The suspension of nematodes was then transferred
onto a 20um sieve, gently backwashed, collected into a beaker, and then concentrated
using a test sieve to 10 ml. Subsequently, a 2 millilitre suspension of nematodes was
pipetted into a dish for counting nematodes. Under a dissecting microscope, the
nematodes were counted at x40 and tallied from the initial concentrated suspension for
every aliquot. Two hundred cubic centimetres of dry soil or 5 g of dry roots were used
to express the nematodes.

On a scale of 0 to 5, the indices of galling and egg masses were evaluated
(Quesenberry et al., 1989) as shown in Table 3.1 below. Individual root systems were

washed and galling/egg mass indices were scored.
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Table 3.1: Scoring scale for root-knot nematode galling and egg mass indices

Score Description
0 No galls or No egg masses
1 1-2 galls or egg masses
2 3-10 galls or egg masses
3 11-30 galls or egg masses
4 31-100 galls or egg masses
5 >100 galls or egg masses

The galls and egg masses were scored per root system.

Root systems were stained with phloxin-B using Holbrook et al. (1983) protocol
in order to observe RKN females and egg masses. After soaking in phloxine-B for 20
minutes, stained roots were washed using tap water to get rid of any leftover stain
before being examined under a dissecting microscope (Daykin and Hussey, 1985).

After termination of the experiments, final nematode populations (Pf) were
evaluated on each plot. To execute this, 100 cm® soil samples were randomly taken at
ten locations at root rhizosphere of each plant on each plot. The samples were
composited and 200 cm® sub-sample was used to extract nematodes for each plot using
modified Baermann method. The ratios of final nematode populations (Pf) to initial

nematode populations (Pi) were used to calculate the nematode reproduction factor (Rf).
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3.2.10 Evaluation of plant growth parameters

A centimeter graduated ruler was used in the measurement of plant shoot height
from the newest apical shoots and the soil baseline at the conclusion of the experiment.
At closure of the experiment (90 days after transplanting), the dry weights of root and
shoot were measured in grams. Plants were gently removed from soil, and shoots and
roots were separated by cutting at the base. To remove adherent soil, roots were washed
in flowing water under the tap and dried with blotting paper. The roots and shoots were
placed in paper bags with clear labels. To get consistent mass, the samples were oven-

dried for three days at 60 °C.

3.3 Specific methodologies

3.3.1 Efficacy of endophytic fungi on mortality of RKN J2s in-vitro

Five millilitre sterile falcon tubes were filled with one millilitre of the
suspension of the fungi containing 1 x 10° spores of each isolate. Fifty Meloidogyne J2s
in 1ml were added into the tubes and kept for seventy two hours at room temperature of
23 °C (Shawky et al. (2010). A hemocytometer was used under a microscope to
measure the spore density. One millilitre of sterilized distilled water with J2s made up
the control treatment. The suspension of nematodes was passed through a tiny (11pm)
sieve that was set over a 250 ml glass beaker filled with water and kept in the dark for
an hour in order to separate the active and healthy J2s from the docile ones. The active
and healthy J2s settled at the bottom of the beaker after swimming through the sieve.

The water above was pipetted off to concentrate the J2s, which were then used
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immediately. Each treatment had four replicas set up in completely randomized design
(CRD) in the laboratory. At the end of 24, 48, and 72 hours, the number of dead J2s was
counted in a counting dish under a microscope. Nematode J2s were deemed dead if they
were rigid and straight and showed no reaction when a mounting needle was used to
probe the tail (Abbasi et al., 2008). The experiment was repeated once. At the closure of
the experiments, the J2s of RKN were transferred into sterile distilled water and left for
72 hours to check for any recovery. The J2s did not recover from mortality. Data of
dead J2s was converted into percentage mortality using the formula by Abbot. (1925)
before statistical analysis:

Dead ]2s

————— X 100 (Abbot, 1925
Total J2s (Abbo )

Percent mortality of J2s =

3.3.2 Identification of endophytic fungi causing mortality of RKN J2s

3.3.2.1 Morphological identification of endophytic fungi

Endophytic fungi that showed 50 % and above mortality of J2s from the in vitro
experiments were identified microscopically, macroscopically and by DNA sequencing.
Mycelia discs with diameter of five millimetres, derived from pure cultures of distinct
isolates, were cultured onto fresh PDA media in petri plates and maintained for seven
days at 25 °C. The color of the colonies and morphology was determined
macroscopically (Appendix 6). Microscopically, features at a magnification of x1000
were identified. On a slide, mycelia and spores from colonies that were actively
growing were stained in a drop of lactophenol cotton blue. The conidia images (Plate

4.2) were taken by Euromex VC 3036 camera mounted on Euromec microscope
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connected to a monitor. Using fungal identification keys in addition to the kind of
mycelia, conidia morphology, and the presence or absence of macroconidia,
microconidia, and chlamydospores, isolates were identified down to the species level

(Watanabe, 2010).

3.3.2.2 Molecular identification

Each fungus was inoculated onto PDA culture plates to produce mycelia. Five-
day old plate cultures were used to harvest mycelia, which were then frozen, lyophilized
for a day, and ground. The DNA was extracted from 20 mg of pure lyophilized mycelia
using the Quick-DNA™ Fungal minirep kit (Zymo Research, Ingaba Biotech, South

Africa) as per the manufacturer's instructions.

3.3.2.3 Polymerase chain reaction

The PCR mixture had a final reaction volume of 20 pl (consisting of 10 pl of
NEB OneTag 2 x Master Mix with standard buffer, 1 pl of genomic DNA, 1 pl forward
primer, 1 ul reverse primer, and 7 pl of nuclease free water). Internal transcribed spacer
(ITS) region of the ribosomal DNA (rDNA) was amplified using ITS1 (5°-
TCCGTAGGTGAACCTGCGG-3") and ITS4 (5’-TCCTCCGCTTATTGATATGC-3)
primer sets (White et al., 1990). The amplification was carried out in a gradient thermo
cycler (Applied Biosystems) with the following conditions: initial denaturation at 94 °C
for 5 minutes, followed by 35 cycles of denaturation at 94 °C for 30 seconds, annealing

at 50 °C for 30 seconds and extension at 68 °C for 1 minute. The final extension was
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carried out at 68 °C for 10 minutes. To determine the success of PCR amplification, gel

electrophoresis was carried out to confirm the products.

3.3.2.4 Gel electrophoresis

On 1 % (w/v) agarose (1 g agarose powder into 100 mg of 1 x TBE buffer), the
PCR amplicons were electrophoresed, stained with 2ul of SYBR Green and 2ul of
Ethidium bromide dye. The mixture was poured into a casting tray containing a comb to
solidify. A 2ul volume of each product was loaded in each well. A voltage of 100V was
passed to the gel and ran for 30 minutes to enable movement of PCR products while
visualization of the gel was done under UV light whereby appearance of clear bands
signified the success of PCR amplification.

The products of PCR were purified using ExoSAP protocol. The purified
products of PCR were sent to Ingaba African Genomic platform in South Africa for

Sanger sequencing.

3.3.2.5 Bioinformatic analysis

The ambiguous sections on the sequences were trimmed and deleted from the
chromatogram in Chromas version 2.6.6. The consensus sequences were generated for
each endophytic fungus generating the reverse complement of the forward sequences in
Biological sequence alignment Editor (BioEdit). The consensus sequences were BLAST

(Basic Local Alignment Search Tool) against NCBI (National Centre for Biotechnology
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Information) nucleotide databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi) using
BlastN tool. The phylogenetic analysis and ITS consensus sequences obtained for each
fungal isolate and those retrieved from GeneBank’s NCBI database were aligned in
clustalW with gamma parameter of 1.00, an opening gap penalty of 15.00 and extension
of 6.66 in both pairwise and multiple alignments using MEGA 11 (Molecular
Evolutionary Genetic Analysis) package (Tamura et al, 2021) to determine their
evolutionary relationships. The Phylogenetic tree was built in MEGA 11 using
Neighbor-joining method (Saitou and Nei et al, 1987) with 1000 bootstrap replications
(Felsenstein, 1985). The evolutionary distances of the number of base substitutions

were computed using Tamura method (Tamura, 1992).

3.3.3 Compatibility of Velum® Prime with selected endophytic fungus

3.3.3.1 In vitro experiment

Velum® Prime SC (suspension concentrate) 500 (ai = fluopyram 500g/L) was
procured from Elgon Kenya limited (BAYER). Before solidification, 1 ml of Velum®
Prime suspension (1 ml Velum/L) was dispensed into a 1 L conical flask containing 1L
sterilized molten PDA media and gently agitated in order to mix evenly. After pouring
the mixture into 90 mm petri dishes, it was left to cool and solidify. Commercial
Trichoderma asperellum (TRC900)® was obtained from Real IPM in Kenya. Using a
sterile 5 mm cork borer, the discs from the actively growing edge of the endophytic

Colletotrichum nigrum or Trichoderma asperellum fungal colonies were removed

and inoculated onto PDA media modified with Velum® Prime. Control plates contained
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un-amended sterile PDA media. The PDA plates were sealed with parafilm and
incubated for seven days at 25 °C. The treatments were replicated four times each and
arranged in CRD. The treatments included:
1) Plates amended with Velum® Prime + endophytic Colletotrichum nigrum
isolate
i) Plates amended with Velum® Prime + Commercial Trichoderma
asperellum
iii) Un-amended plates treated with C. nigrum (control)
iv) Un-amended plates treated with T. asperellum (control)
From the underside of each petri dish, the colony diameter (radial growth) was
measured. The percentage inhibition of growth over the control was calculated using the

formula;

C-T
I= < X 100 (Behdani et al.,2012)

Where | = percent inhibition, C = colony diameter in control plate, and T = colony

diameter in treated plate. The experiment was repeated once for accuracy.

3.3.3.2 Greenhouse experiment

In the greenhouse, sterile plastic pots (12 cm diameter) were filled
with unamended sterile soil media (2 sand: 1 soil). Forty millilitres (40 ml) of 1 ml/L
Velum® Prime (ai = fluopyram SC 500g/L) nematicide was poured into the planting
holes in the soil in pots prior to transplanting. One tree tomato seedling that was four

weeks old was transplanted into each pot. Before being transplanted, seedlings were
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treated with 1 x 10° spores/ml of either commercial or endophytic fungal isolate as

seedling root dip for 2 hours. Pots were inoculated with 2000 J2s of RKN each one

week after transplanting. Pots inoculated with J2s of RKN only served as positive

control while un-treated pots without nematode J2s served as negative control. The

treatments had six replicates each arranged in CRD. The treatments were:

xii)

Colletotrichum nigrum + Velum® Prime + RKN J2s
C. nigrum + Velum® Prime — RKN J2s

Trichoderma asperellum + Velum® Prime + RKN J2s
T. asperellum + Velum® Prime - RKN J2s

C. nigrum + RKN J2s

C. nigrum - RKN J2s

T. asperellum + RKN J2s

T. asperellum - RKN J2s

Velum® Prime + RKN J2s

Velum® Prime - RKN J2s

RKN J2s alone

Untreated and un-inoculated

Ninety days after transplanting, the experiments were concluded. Plant growth

measurements and severity of RKN disease were assessed at the end of the experiments,

as stated in sections 3.2.9 and 3.2.10, respectively. One repetition of the experiment was

conducted.
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3.3.4 Efficacy of endophytic fungus combined with Lantana camara leaf extract

and Velum® Prime against root-knot nematodes

In vitro tests were set up in a lab and repeated once, whereas the greenhouse and
field trials were set up over the period of two seasons. Mature Lantana leaves were
picked from the hedges of Kenyatta University agricultural farm, in their natural habitat.
After being shade-dried for 3 weeks and processed through an electric grinder to a fine
powder, 20 grams of the leaf powder were soaked for 24 hours in 100 ml of sterilized
distilled water in a 500 ml conical flask. The filtrate was passed through two folds of
muslin clothes. For in vitro investigations, the suspensions were filtered through
Whatmann No. 1 filter paper after 24 hours and the ensuing filtrate centrifuged at 2400
revolutions per minute (rpm) for 10 minutes. The extract was treated as a ‘standard
solution’ or the base (100 percent concentration). Using sterile distilled water,
suspensions at concentrations of 25, 50, 75, and 100 percent (Taye et al., 2012) were
made from the standard solution. The extract was used immediately after constitution.
For greenhouse experiments, the 50 % concentration was added to pots after nematode
inoculation, and for field tests, it was drenched around the roots during transplanting.
The 50 % concentration was chosen because a concentration above 50 % is known to

inhibit plant growth parameters due to phytotoxicity (Bordoloi et al., 2021).
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3.3.4.1 Efficacy of Lantana camara leaf extract and endophytic fungi on J2s of
RKN in vitro

One millilitre of 0, 25, 50, 75, 100 percent concentrations of Lantana camara L.
extract were pipetted into sterile Eppendorf tubes and 1 ml of juvenile suspension
containing 50 J2s pipetted into each.

In another set, 1 ml containing 50 J2s was pipetted into sterile Eppendorf tubes
having 1 ml of varying concentration of Lantana leaf extract and 1 ml of 1 x 10° of the
endophytic fungal isolate. The control treatment had 1 ml of sterilized distilled water in
Eppendorf tubes containing 1ml of 50 J2s. Four replicates of each experiment were set
up in CRD in the laboratory. The number of dead and active J2s in each treatment was
counted after 24, 48, and 72 hours. The juveniles (J2s) were deemed dead if they were
rigid and straight and showed no reaction when a mounted needle was used to probe the
tail (Abbasi et al., 2008). The experiments were repeated once. At the closure of the
experiments, the RKN J2s that were dead were transferred into sterilized distilled water
and left for a period of 72 hours to check for any recovery. The dead J2s did not recover
from mortality. Data of dead J2s was converted into percentage mortality before

statistical analysis using the formula by Abbott. (1925) as follows:

P t tality of J2s = Dead J2s x 100
ercent mortality of J2s = Total |25

The treatments of using L. camara leaf extract alone were as follows:
i) 25 % Lantana leaf extract + 50 RKN J2s
i) 50 % Lantana leaf extract + 50 RKN J2s

iii) 75 % Lantana leaf extract + 50 RKN J2s
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iv) 100 % Lantana leaf extract + 50 RKN J2s
v) Sterile distilled water + 50 RKN J2s

The treatments of combining L. camara leaf extract with C. nigrum were as follows:
i) 25 % Lantana leaves extract + C. nigrum (1 x 10°spores/ml) + 50 RKN J2s
ii) 50 % Lantana leaves extract + C. nigrum (1 x 10°spores/ml) + RKN J2s
iii) 75 % Lantana leaves extract + C. nigrum (1 x 10°spores/ml) + RKN J2s
iv) 100 % Lantana leaves extract + C. nigrum (1 x 10°spores/ml) + 50 RKN J2s
v) C. nigrum (1 x 10%spores/ml) + 50 RKN J2s

vi) Sterile distilled water + 50 RKN J2s

3.3.4.2 Greenhouse experiment

In the greenhouse on Goldmine tree tomato, the effectiveness of Colletotrichum
nigrum isolate selected based on exhibiting the highest mortality of J2s (section 3.3.1),
L. camara leaf extract, Velum® Prime SC 500 (ai = fluopyram 500g/L), and
commercialized Trichoderma asperellum against J2s of RKN were evaluated. Sterilized
soil media (2 sand: 1 soil) was put into 12 cm diameter pots. Four-week old Goldmine
tree tomato seedlings were put in a suspension of fungal endophytes by their roots
(before transplanting, the fungal isolates were applied as root dips for seedlings,
containing 1 x 10° spores/ml, for two hours). One week after transplanting, pots were
inoculated with 2000 J2s of RKN by making three 1cm holes around the roots. A week
from nematode inoculation (two weeks after transplanting), 250 ml of 50 %
concentration of the botanical leaf extract of L. camara was administered as soil drench

around roots in pots. Forty millilitres of Velum® Prime (ai = fluopyram 500g/L) was
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applied around the roots in pots together with leaf extract of L. camara. Commercial
Trichoderma asperellum was applied at 40 ml containing 1 x 10° spores/ml in each pot.
Control pots received 40 ml drench of sterilized distilled water. Every treatment had
four replicas in the greenhouse in CRD and kept at 26 °C. Two control treatments were
set up: positive controls pots were infected with nematodes only and left untreated,
while negative controls pots were not inoculated and left untreated. Ninety days after
transplanting, the greenhouse tests were terminated. The parameters of nematode
disease and growth of plants were determined at the end of research, as outlined in
sections 3.2.9 and 3.2.10, respectively. The greenhouse treatments were as follows:

1) Colletotrichum nigrum + RKN J2s

i) C. nigrum - RKN J2s

i) Trichoderma asperellum + RKN J2s

1v) T. asperellum - RKN J2s

v)  Velum®Prime + RKN J2s

vi)  Velum® Prime - RKN J2s

vii)  Lantana leaf extract (LE) + RKN J2s

viii)  Lantana leaf extract - RKN J2s

ixX)  C.nigrum + LE + Velum® Prime + RKN J2s

x)  C.nigrum + LE + Velum® Prime - RKN J2s

xi)  T.asperellum + LE + Velum® Prime + RKN J2s

xii)  T.asperellum + LE + Velum® Prime - RKN J2s

xiii)  C. nigrum + LE + RKN J2s

xiv)  C.nigrum + LE - RKN J2s
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xv)  T.asperellum + LE + RKN J2s
xvi)  T.asperellum + LE - RKN J2s
xvii)  RKN J2s alone (positive control)

xviii)  Untreated and un-inoculated (negative control)

3.3.4.3 Field experiments

Experiments were set up on 3 m by 4 m plots naturally infested with RKNs (10%)
at Kinangop with four replicas of treatments using Randomized Complete Block Design
(RCBD). Before transplanting, the fungal isolates (1 x 10° spores/ml) were
applied as root dips for seedlings for two hours. A 250 ml solution containing 50 %
Lantana leaf extract suspension was drenched around the seedlings' roots. Fifty percent
concentration of L. camara was chosen because research has shown that concentrations
above 50% reduce plant growth. Velum® Prime (ai = fluopyram 500g/L) was applied as
soil drench at 40 ml during transplanting. Commercial Trichoderma asperellum was
applied at 40 ml containing 1 x 10° spores/ml in each planting hole. Plots without
treatments served as control. Ninety days away from transplanting, the field tests
were ended and the findings regarding nematode disease and plant development
determined as detailed in sections 3.2.9 and 3.2.10, respectively. SAS version 9.2
software was used to do an Analysis of Variance on the data involving disease variables
and plant development that were recorded both in the greenhouse and field. The field

treatments were as follows:
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1) Colletotrichum nigrum + RKN J2s

i) Trichoderma asperellum + RKN J2s

1)) Lantana leaf extract (LE) + RKN J2s

iv)  Velum® Prime + RKN J2s

v)  C.nigrum + LE + Velum® Prime + RKN J2s

vi) T. asperellum + LE + Velum® Prime + RKN J2s
vii)  C.nigrum+ LE + RKN J2s

viii)  T.asperellum + LE + RKN J2s

iX) RKN J2s alone (un-treated plots-positive control)

3.4 Data analysis

The data organization was done in excel sheets and subjected to analysis of
variance (ANOVA) using SAS (version 9.2) computer software. To distinguish between
means that were significant, the Tukey's Honestly Significant Differences test (HSD,
where P < 0.05) was employed. The obtained data was checked for normality before
ANOVA using Shapiro-Wilki test. Relationship between plant disease variables was

assessed using regression and correlation analyses.
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CHAPTER FOUR: RESULTS

4.1 Efficacy of endophytic fungal isolates on mortality of RKN J2s

All the 44 fungal isolates were tested for efficacy against RKN J2s based on
mortality in-vitro. Out of the 44 isolates, 20 showed more than fifty percent mortality of
J2s in both in-vitro tests (Tables 4.1 and 4.2; Plate 4.1 A-E). Colletotrichum nigrum
caused highest mortality of J2s at 87 % followed by Aspergillus ustus and Fusarium
solani (63.5 % each) and F. oxysporum (63.0 %) while the least was Colletotrichum
coccodes, (50.5 %) in test | (Table 4.1; Plate 4.1 E). There were statistical differences
(P<0.05) in the efficacy of fungal isolates on mortality of J2s (Tables 4.1 and 4.2). In
the in-vitro test Il, C. nigrum had the highest mortality of J2s of 85 % followed by
A.ustus (66 %), F. solani (65 %) and F. oxysporum (63 %) while the least was

Rhizoctonia solani (51.5 %) after 72 hours (Table 4.2).
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Table 4.1: Efficacy of endophytic fungal isolates on mortality (%) of RKN J2s in in-vitro test |

% Mortality of RKN J2s treated with endophytic fungi isolates

Code Endophytic fungal isolate 24 Hours 48 Hours 72 Hours
N2 Colletotrichum nigrum 33.00 + 3.14a 51.50 + 3.50a 87.00 + 2.08a
N5 Fusarium oxysporum f. sp. ciceris  23.00 £ 1.29abd 34.50 = 1.71bcdef 63.00 £ 1.91bc
N10 Aspergillus oerlinghausensis 11.00 £1.30e 19.50 + 3.29ij 55.00 + 1.73bcd
N11 Fusarium oxysporum 15.00 + 0.58de 30.00 = 1.83cdefghi 52.00 + 0.96d
N14 Microsphaeropsis arundinis 17.00 +1.29bde 24.50 £ 1.50fghij 51.50+1.71d
N17 Aspergillus spp. 10.5 £ 1.50e 39.50 + 1.89bc 56.0 + 0.82bcd
N18 Aspergillus ustus 27.00 = 4.04ab 31.00 * 3.79cdefgh 63.50 £ 1.71b
N20 Penicillium onobense 26.00 + 2.58ab 35.50 + 1.71bcdefg 53.00 +1.91d
N24 Penicillium janthinellum 1450 £ 1.71e 18.50 + 1.50j 52.00 +1.83d
N26 Fusarium solani 24.00 £ 1.41abd 45.50 £ 2.22ab 63.50 + 1.71b
N27 Rhizoctonia solani 25.30 + 3.64ab 39.00 £ 1.29bc 51.50+1.73d
N28 Colletotrichum coccodes 18.50 £ 0.96bde 23.5 + 1.71ghij 50.50 + 1.26d
N29 Didymella bellidis 23.50 + 1.89 ahd 27.50 £ 1.89defghij 56.00 + 0.82bcd
N31 Periconia spp. 11.50 + 1.71e 22.00 £ 1.41hij 55.00 + 2.65bcd
N33 Didymella bellidis 24.00 = 1.83abd 34.50 + 0.96bcdefg 57.00 = 1.29bcd
N34 Aspergillus spp. 8.50 £ 0.96ef 27.50 * 2.87defghij 54.50 + c1.71d
N36 Fusarium fujikuroi 27.00 £ 2.08ab 37.00 + 3.11bcd 56.50 + 2.63bcd
N41 Colletotrichum coccodes 15.00 £ 1.29de 25.00 £ 3.11fghij 54.00 = 1.41d
N43 Aspergillus fumigatus 17.00 £ 1.08 bde 33.80 * 0.85cdefg 54.00 £ 0.85d
N44 Purpureocillium lilacinum 17.50 + 0.65bde 36.30 + 1.11bcde 54.75 + 1.08cd
Control 0.0 £ 00f 0. 25 £ 0.25k 0.50 + 0.29%
P-Value <.0001 <.0001 <.0001

Means with different letter(s) in a column are statistically different according to Tukey’s Honestly significant difference
(HSD) test at P<0.05. Every value (n = 4) is the average of four replicates.
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Table 4.2: Efficacy of endophytic fungal isolates on mortality (%) of RKN J2s in in-vitro test 11

% Mortality of RKN J2s treated with endophytic fungi isolates

Code Endophytic fungal isolate 24 Hours 48 Hours 72 Hours
N2 Colletotrichum nigrum 32.50 + 2.50a 52.00 £ 0.82a 85.00 + 2.38a
NS Fusarium oxysporum f. sp. ciceris ~ 21.00 * 1.29bcdefg 38.50 + 01.71bcd 63.00 + 1.29bcd
N10 Aspergillus oerlinghausensis 12.00 + 1.41hij 17.00 + 1.29j 55.50 + 0.96de
N11 Fusarium oxysporum 18.50 + 1.71bcdefgh 24.50 + 1.71fghij 53.00 + 1.29¢
N14 Microsphaeropsis arundinis 17.50 + 1.26bcdefghi 21.50 * 0.96ij 54.00 + 1.63e
N17 Aspergillus spp. 16.00 + 183efghi 38.00 + 1.83bcd 57.00 + 1.29¢
N18 Aspergillus ustus 27.50 £ 2.99abc 34.50 + 3.30bcdef 66.00 £ 2.16b
N20 Penicillium onobense 24.00 + 2.45bcde 37.50 + 1.71bcd 54.00 + 2.16e
N24 Penicillium janthinellum 13.50 + 1.50ghij 18.00 + 1.41j 54.00 + 1.63
N26 Fusarium solani 19.50 + 0.96cdefgh 42.50 + 2.75ab 65.00 + 1.73bc
N27 Rhizoctonia solani 29.00 + 1.91ab 42.00 + 1.41abc 51.50 + 1.50e
N28 Colletotrichum coccodes 15.00 + 0.96fghij 24.00 + 1.41ghij 53.00 + 1.73e
N29 Didymella bellidis 22.00 + 1.41bcdef 26.00 + 2.16efghij 55.00 + 1.89de
N31 Periconia spp. 7.50 £ 0.96j 22.00 £ 2.16hij 54,50 + 2.87de
N33 Didymella bellidis 21.00 + 1.29bcdefg 31.50 £ 2.22defghi 57.50 £ 1.50bcde
N34 Aspergillus spp. 9.50 + 0.96i] 29.50 * 2.75defghi 56.50 + 1.71cde
N36 Fusarium fujikuroi 25.00 £ 2.08abcd 36.00 £ 2.94bcde 57.00 £ 1.73cde
N41 Colletotrichum coccodes 13.50 +1.50ghij 32.00 £ 2.94cdefgh 55.00 + 1.29de
N43 Aspergillus fumigatus 18.50 + 0.65bcdefgh 36.00 + 1.08bcde 53.30 £ 1.25e
N44 Purpureocillium lilacinum 16.00 + 0.82efghi 33.00 * 1.08bcdefg 52.30 + 1.65e
Control 0.0 £0.00k 0.0 £0.00k 0.50 £ 0.209f
P-Value <.0001 <.0001 <.0001

Means with different letter(s) in a column are statistically different according to Tukey’s Honestly Significant difference
(HSD) test at P<0.05. Every value (n = 4) is the average of four replicates.
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Plate 4.1: Appearance of RKN second stage juveniles after exposure to endophytic

fungi in-vitro
A= J2 exposed to Aspergillus spp. filtrate; B; C; and E= J2 exposed to Colletotrichum
spp. filtrate; D= J2 exposed to Fusarium spp. filtrate and F= Live RKN J2s in control

test. Source: Own photos

The fungal isolates’ efficacy against J2s of RKN increased with a corresponding

increase in the time of exposure to endophytic fungi in both experiments (Figure 4.1).
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Figure 4:1: Mean mortality of J2s at different times of exposure to fungal
endophytes in vitro

Regression analysis indicates a positive linear association between mortality of
J2s and the time of exposure (Figure 4.2). On further analysis, mortality of J2s was
found to have a correlation that was positive and significant (r=0.91, P<0.05) with time

of exposure in vitro.
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Figure 4:2: Relationship between time of exposure and mortality of J2s in vitro

4.2 ldentification of endophytic fungal isolates

A total of forty four endophytic fungi were recovered in Nyandarua County
from roots of tree tomato that were healthy and eggs of RKN. They had members in,
Colletotrichum spp. (C. nigrum; C. coccodes); Fusarium spp. (F. oxysporum, F.
oxysporum f.s.p ciceris, F. solani. F. fujikuroi); Aspergillus spp. (A. oerlinghausensis,
A. ustus, A. fumigatus); Microsphaeropsis sp. (M. arudinis); Penicillium spp. (P.
onobense, P. janthinellum); Rhizoctonia spp. (R. solani); Didymella spp. (D. bellidis);
Periconia sp., and Purpureocillium spp. (P. lilacinum). Five genera were found in the
roots of tree tomato while four genera (Aspergillus spp., Fusarium spp., Penicillium
spp. and purpureocillium spp.) were found in RKN eggs. Aspergillus spp., Fusarium
spp. and Penicillium spp. were found both in the roots and eggs of RKN while

Purpureocillium spp. only occurred in eggs of RKN. In roots, Fusarium spp. had the
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highest absolute frequency of occurrence of 37 % followed by Penicillium spp., (22 %),
Colletotrichum spp., (13 %), Aspergillus spp., (16 %) and others (12 % =
Microsphaeropsis spp., Rhizoctonia spp., Didymella spp., and Periconia spp.,) as shown
in figure 4.3. Isolates with lower frequencies of occurrence in roots were classified

together as others.

Aspergillus spp.
16%

Colletotrichum

spp.
13%

Figure 4:3: Distribution of endophytic fungi isolated from roots of tree tomato
Others are: Microsphaeropsis spp., Rhizoctonia spp., Didymella spp., and Periconia

Spp.

In RKN eggs, Purpureocillium spp. was highest with 34% frequency seconded

by Penicillium spp., Aspergillus spp. and Fusarium spp. at 22 % each (Figure 4.4).
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Figure 4:4: Occurrence of endophytic fungi from eggs of RKNs on tree tomato

4.2.1 Morphological descriptions of fungal conidia

Based on endophytic fungi being effective against RKN J2s mortality, twenty
isolates were identified using conidia characteristics under the microscope (Table 4.3

and Plate 4.2).
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Table 4.3: Conidia characteristics of fungal isolates

Fungus

Conidia shape and appearance

Size of conidia

Colletotrichum
nigrum

Conidia are smooth, narrow

hyaline, cylindrical, slightly

constricted at the center and

aseptate with one end being smaller.

20.2 um to 27.3 pum by
3.2 um to 4.8 pum (mean
23.75 by 4.0 um)

Plate 4.2 N2

C. coccodes Smooth, broad, hyaline, cylindrical, | 20.0-22.1um by 5.0-6.9 pum
straight, aseptate conidia that is (mean 21.05 by 5.95 pum)
Plate 4.2 N28 and N41
rounded at ends and slightly sunken
at the center.
Fusarium Microconidia present and numerous | Microconidia 10.9-18.0 um
oxysporum appearing  singly, ovoid and | by 3.2-6.8 um (mean 14.45

aseptate. Macroconidia are slightly
curved but with ends being almost
pointed, thin walled, ellipsoidal and

kidney shaped with 3-5 septations.

by 5.0 um)

Macroconidia:20.2-47.1
pum by 4.5-10.5 pm (mean
33.65 by 7.5 um) Plate 4.2

N5 and N11

Fusarium solani

Microconidia are oval and hyaline
with no septa or with up to 2

septation;

Macroconidia are slightly curved,

Microconidia are 4-9 pm -
7.11 pum by 3.0-5.1 pm

(mean 6.01 by 4.05 pm)

Macroconidia are 12.0-35.0
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broad with 3-5 septations.

um by 2.3-4.9 pm (mean
23.5 by 3.6 um) Plate 4.2 N

(Plate 4.2 N26)

Fusarium fujikuroi

Macroconidia are sickle shaped to
nearly straight and narrow at both

ends and with 0-5 septa.

Microconidia are 1-2 celled, oval

and in chains.

Macroconidia are 20.3-80.0
by 2.1-6.3 (mean 50.1 by

4.2 um)

Microconidia are 6.1-24.9
by 2.0-4.1 (mean 15.2 by

3.5 um) Plate 4.2 N36)

Rhizoctonia solani

Conidia absent

Conidia absent

Microsphaeropsis

Conidia are one celled, short,

3.0-4.2 pm by 1.21- 151

arudinis cylindrical with both ends round. pum (mean 3.6 by 1.36 pm)
Plate 4.2 N14
Aspergillus Small conidia making chains from | 2.0 pm t03.1 pum by 2.6 pm

oerlinghausenensis

an enlarged cell. Conidia are
globose to ellipsoidal, smooth to

finely roughened.

to 3.2 um (mean 2.55 by

2.9 um) Plate 4.2 N10

Aspergillus ustus

Conidia are globose to ellipsoidal,

brown with tiny warty

ornamentations.

35 um to 5.1 um by 3.0
pum to 4.5 pm (mean 4.3 by

3.75 um) Plate 4.2 N18
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Aspergillus Conidia are in chains, elliptical, | 2.1-23.2 by 2.3-3.5 (mean

fumigatus globose and oblong. 2.2 by 3.4 pum) Plate 4.2
N43

Penicillium Conidia produced in chains from | 2.21 umto 2.2 um by 2.2

onobense the phiallide tips. to 4.1 (mean 2.21 by 3.15
pum) Plate 4.3 N20

Penicillium Conidia are roundish to elliptical. 2.1-4.2 pm by 2.0-4.0 um

janthinellum (mean 6.3 by 3.0) Plate 4.2

N24

Didymella bellidis

Conidia are aseptate and elliptical,

hyaline and unicellular.

3.0-4.1 pym by 2.0-2.6 pm

(mean 3.55 by 2.3 um)

Plates 4.2 N29 and N33

Periconia sp.

Conidia are spherical, dark brown

with thick walls and aseptate.

44 pm to 6.1 um by 4.1
pm to 6.2 um (mean 5.25

by 5.15 um) Plate 4.2 N31

Purpureocillium

lilacinum

Conidia are elliptical with smooth
wall but slightly rough hyaline with

purple hue.

2.6-3.0 um by 2.0-2.3 um

(mean 2.8 by 2.15 um)

Plate 4.2 N44
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Plate 4.2: Conidia of fungal isolates

4.2.2 Molecular identification of endophytic fungi from tree tomato
4.2.2.1 PCR amplification of genomic DNA

Out of the 20 isolates that exhibited > 50 % efficacy on mortality of J2s,
eighteen were identified by DNA sequencing. Isolate N17 could not be sequenced
probably due to low DNA yield while isolate N34 was sequenced but could not be
identified due to the high level of ambiguities in its sequence. To validate the
morphological identification of the endophytic fungal isolates, universal primers
targeting the ITS1 and ITS4 genes of rDNA were used for identification. The amplified

ITS region produced 500-600 base pairs (Figure 4.5).
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Figure 4:5: Gel electrophoresis of amplified PCR for ITS region of endophytic
fungi

N2=  Colletotrichum  nigrum, N5=Fusarium  oxysporum, N10=Aspergillus
oerlinghausenensis, N11= F. oxysporum, N14= Microsphaeropsis arudins, N18= A.
ustus, N20= Penicillium onobense, N24= P. janthinellum, N26= Fusarium solani, N27=
Rhizoctonia solani, N28= C. coccodes, N29= Didymella bellidis, N31= Periconia sp.,
N33= D. bellidis, N36= F. fujikuroi, N41= C. coccodes, N43= A. fumigatus and N44=
Purpureocillium lilacinum

4.2.2.2 Phylogenetic identification of tree tomato endophytic fungal isolates

Molecular identification of endophytic fungi from tree tomato was inferred on
18 ITS sequences (Appendix 7). After sequencing, Fusarium spp. had four isolates,
Colletotrichum spp. and Aspergillus spp. had 3 isolates each while Penicillium spp. and
Didymella spp. had two isolates each. Microsphaeropsis spp., Rhizoctonia spp.,
Periconia spp., and Purpureocillium spp. had one sequence each as shown in Table 4.4.
The closest percentage similarity between isolates from this study and those from
GeneBank ranged between 93 to 100 % with 96 — 100 % query cover as shown in Table

44.
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Table 4.4: GeneBank accession numbers obtained for isolates from this study and NCBI Accession reference
numbers used in identification of species from ITS sequences

ITS Sequences

GeneBank

accession _ _ _ Accession ref. %
Isolates number_s Highest identity to numbers from Similarit Query cover (%)

from this GeneBank y

study
N2 0Q953744  Colletotrichum nigrum ON102024.1 100 98.63
N28 0Q953754  C. coccodes GU93588.1 100 99.13
N41 0Q953758  C. coccodes KU821175.1 99 99.83
N5 0Q953745 Fusarium oxysporum MKO74845.1 100 100
N11 0Q953747 F. oxysporum MT420611.1 98 100
N26 0Q953752  Fusarium solani KP265362.1 98 99.64
N36 0Q953757 Fusarium fujikuroi MH084746.1 100 96.09
N10 0Q953746  Aspergillus oerlinghausenensis NR-138362.1 100 99.83
N18 0Q953749  A. ustus KF534498.1 100 100
N43 0Q953759 Aspergillus fumigatus MT558940.1 100 98.66
N14 0Q953748 Microsphaeropsis arudins EF094554.1 93 99.66
N20 0Q953750  Penicillium onobense MK450706.1 97 99.33
N24 0Q953751 P. janthinellum KM268648.1 99 99.33
N27 0Q953753  Rhizoctonia solani MT747193.1 99 96.39
N29 0Q953755 Didymella bellidis MN274963.1 99 99.63
N31 0Q953761 Periconia sp. MT420640.1 99 99.65
N33 0Q953756 D. bellidis MN202254.1 97 99.25
N44 0Q953760  Purpureocillium lilacinum MK724002.1 100 98.31
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4.2.2.3 Phylogenetic relationship among fungal endophytes

The phylogeny tree was built using 18 ITS sequences of endophytic fungi from
tree tomato to determine their evolutionary closeness. The tree was built in MEGA 11
by clustalw using Neighbor-Joining (NJ) method with 1000 bootstrap replicates to
determine their support for phylogenetic branching or clades. Alignment and
phylogenetic analysis on the sequences produced two main clades with clade 1 having
two sub-clades separated with different bootstrap values (Figure 4.6).

The alignment of sequences and phylogenetic analyses produced two clades
separated with different bootstrap support values (Figure 4.6). Clade | is composed of
seventeen isolates supported by 51-100 % bootstrap values. This clade has two sub
clades with the first sub-clade comprising Fusarium sp., Purpureocillium sp.,
Colletotrichum sp., Aspergillus sp., and Penicillium sp. Isolates N36, N11 and N5 are
clustered together with F. oxysporum GeneBank species. Isolates N36 is clustered with
F. fujikuroi. Isolate N26 is clustered with F. solani as sister taxons with 100 %
bootstrap support value while isolate N44 is clustered together with Purpureocillium
lilacinum as sister taxons with 100 % bootstrap support value. Isolates N2, N41 and
N28 are clustered together with Colletotrichum nigrum and C. coccodes with 73-99 %
bootstrap support values. Isolate N18 is clustered with Aspergillus ustus as sister taxons
with 100 % bootstrap value while isolate N43 and N10 are clustered together with A.
fumigatus and A. oerlinghausenensis respectively with 86-99 % bootstrap support
values. Isolate N20 is clustered together with Penicillium onobense as sister taxons
while isolate N24 is clustered with P. janthinellum as sister taxons with 92-99 %
bootstrap values. Isolate N29 and N33 are clustered with Didymella bellidis. In the

62



second sub-clade, isolate N14 is clustered with Microsphaeropsis arudinis while N31 is
clustered with Periconia sp. with 96 % bootstrap support value.
In the second clade, isolate N27 is clustered with Rhizoctonia solani with 100 %

bootstrap support value (Figure 4.6).
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Figure 4:6: Neighbor-Joining phylogenetic tree indicating the relationship between endophytic fungal based on ITS

sequences.
Analyses were performed using 1000 bootstrap replications. Numbers near each branch show replicate trees in percentage of

by which the related taxa are clustered together in the bootstrap test (1000 replicas) values in each clade.
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4.2.2.4 Nucleotide frequencies (%)

The average nucleotide frequencies for the 18 endophytic fungal isolates were

24.0 for T, 27.6 (C), 23.1 (A) and 25.3 (G) as depicted in Table 4.5.

Table 4.5: Nucleotide frequencies

Code |solate Thymine Cytosine Adenine Guanine Total
N2 Colletotrichum nigrum 24.5 26.4 23.7 25.4 583
N5 Fusarium oxysporum f. sp. ciceris 24.1 26.0 27.1 22.8 543
N10  Aspergillus oerlinghausensis 21.2 30.3 20.1 28.4 598
N1l Fusarium oxysporum 24.3 25.9 26.7 23.1 555
N14  Microsphaeropsis arundinis 25.4 28.2 21.3 25.1 634
N18  Aspergillus ustus 21.5 29.8 19.8 28.9 567
M20  Penicillium onobense 21.8 29.7 19.9 28.7 593
N24  Penicillium janthinellum 20.3 31.4 18.8 29.4 595
N26  Fusarium solani 21.4 28.5 25.8 24.4 562
N27  Rhizoctonia solani 33.1 20.2 26.7 20.0 610
N28  Colletotrichum coccodes 23.6 27.3 23.8 25.3 572
N29  Didymella bellidis 27.0 24.3 25.2 23.5 622
N31  Periconia sp. 24.4 29.2 23.0 23.3 996
N33  Didymella bellidis 28.4 24.4 24.0 23.3 550
N36  Fusarium fujikuroi 24.8 25.7 25.9 23.7 630
N41  Colletotrichum coccodes 23.9 26.8 23.7 25.6 578
N43  Aspergillus fumigatus 22.9 29.1 19.4 28.5 597
N44  Purpureocillium lilacinum 17.7 33.1 22.8 26.5 593
Average 24.0 27.6 23.1 25.3 590.6

4.2.2.5 Tajma’s neutrality test

Tajmas’s neutrality test for 18 nucleotide sequences of endophytic fungal
isolates are as shown in Table 4.6. All positions with less than 95% site coverage were
eliminated, i.e., fewer than 5% alignment gaps, missing data, and ambiguous bases were

allowed at any position (partial deletion option). The final dataset had a total of 426
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positions. The evolutionary analyses were conducted in MEGAL1. With a Tajma's test
score of 2.084823, the diversity of nucleotides from aligning the 18 isolate sequences

recorded 0.227487 (Table 4.6).

Table 4.6: Neutrality (Tajma’s) test for endophytic fungal sequences

m S Ps (0] n D
36 259 0.607981 0.146615 0.227487 2.084823

Abbreviations: The Tajma test statistic is D. The other variables are: m = number of
sequences, n = total number of sites, S = number of segregating sites, ps = S/n, © =
ps/al, = = nucleotide diversity

4.2.2.6 Estimate of the nucleotide substitution matrix’'s maximum probability

Each entry's result indicates the likelihood of transitioning from one base (row)
to another base (column). The rates of various transitional substitutions are displayed in
bold, whereas the rates of transversional substitutions are displayed in italics (Table
4.7). The relative values of concise susbstitution should be taken into account when

evaluating them.

Table 4.7: Substitution of nucleotides

A T/U C G
A - 6.34 7.30 8.37
T/U 6.12 - 16.63 6.69
C 6.12 14.44 - 6.69
G 7.66 6.34 7.30 -

Pattern and rates of substitution were estimated under the Tamura-Nei (1993) model
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4.3 Compatibility of Velum® Prime with endophytic Colletotrichum nigrum and
Trichoderma asperellum isolates against J2s of RKN on tree tomato
4.3.1 Effect of Velum® Prime on colony growth of Colletotrichum nigrum and
commercial Trichoderma asperellum in vitro
Regarding to isolated endophytic C. nigrum, there was no significant change
(P>0.05) in the colony diameter when exposed to Velum® Prime compared to the
untreated control (C. nigrum alone) as shown in Table 4.8 (experiment | and II) and
plate 4.3. Commercial T. asperellum growth did not differ statistically from the un-
treated control (T. asperellum only) on exposure to Velum® Prime in experiment | and

Il as shown in Table 4.8 and plate 4.3.

Table 4.8: Effect of Velum® Prime on Colletotrichum nigrum and Trichoderma
asperellum growth (colony diameter)

Expt. | Expt. 11
Treatment % Inhibition % Inhibition
C. nigrum + Velum® Prime 1.00+0.79a 1.02+0.73a
C. nigrum alone (control) 0.00+£0.00a  0.00 +0.00a

Commercial T. asperellum+ Velum® Prime 1.01+0.58a  0.99 +0.33a

Commercial T. asperellum alone (control)  0.00£0.00a  0.00 + 0.00a

P-value 0.29 0.27

Values are means + SE of four replicates. With Tukey's Honestly significant difference
(HSD) test at P<0.05, the means in a column having the same letter are not statistically
different
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Velum® + C. nigrum

T ———

Velum® + T. asperellum T. asperellum alone S

Plate 4.3: Effect of Velum® Prime on colony diameter of endophytic Colletotricum
nigrum and commercial Trichoderma asperellum

4.3.2 Efficacy of Colletotrichum nigrum and Trichoderma asperellum combined

with Velum® Prime against RKNs on tree tomato in the greenhouse
)} Effect on population of second stage juveniles of RKN in soil and roots
The soil population of J2s differed significantly (P<0.05) among the treatments
(Tables 4.9 and 4.10). Nematode-inoculated plants treated with C. nigrum + Velum®

Prime had the lowest population of J2s per 200 cc of dry soil followed by those treated
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with T. asperellum + Velum® Prime and Velum® Prime alone, respectively (Tables 4.9
and 4.10). All treatments significantly reduced nematode populations in the rhizospheric
soil compared to the positive control.

The second stage juvenile populations (J2s) in roots were statistically different
(P<0.05) between all treatments. Nematode-inoculated plants with C. nigrum + Velum®
Prime treatment had the lowest J2s per 5g of dry roots followed by those treated with T.
asperellum + Velum® Prime and Velum® Prime alone, respectively (Tables 4.9 and

4.10). All treatments significantly reduced RKN J2 populations in roots as compared to

the positive control.

i) Effect on RKN reproduction factor
The RKN reproduction factor was statistically different (P<0.05) between
different treatments as shown in Tables 4.9 and 4.10. The C. nigrum + Velum® Prime
treatment significantly reduced RKN reproduction factor followed by T. asperellum +

Velum® Prime and Velum® Prime alone relative to positive control.
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Table 4.9: Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum with Velum® Prime on J2
populations and RKN reproduction factor on tree tomato in the greenhouse test |

Treatment J2s/200cc dry soil ~ J2s/5g dry roots Rf
Colletotrichum nigrum + RKN J2s 549.17 + 24.85b 186.25 +23.04b  0.28 £ 0.01b
Trichoderma asperellum + RKN J2s 580.83 £+ 18.00b 198.75+12.14b  0.29 £ 0.01b
C. nigrum + Velum® Prime + RKN J2s 215.83 + 9.26d 45.00 + 28.50d 0.11 £ 0.01cd
T. asperellum + Velum® Prime + RKN J2s 226.67 £ 5.27d 57.50 = 12.50d 0.14 £ 0.02cd
Velum® Prime + RKN J2s 303.27 £ 6.21c 111.35 +9.05¢c 0.17+0.03c
Positive control (RKN J2s alone) 3223.33 + 30.46a 516.25+ 30.44a 1.61 +0.02a
Negative control (untreated/uninoculated) 0.00 £ 0.00e 0.00 + 0.00e 0.00 £ 0.00d
P-value <.0001 <.0001 <.0001

The values are means = SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the means
in a column having different letter(s) are statistically different. J2s = second stage juveniles of RKNs. The final (Pf) to initial
(Pi) nematode populations ratio constituted nematode reproduction factor (Rf). Negative control = untreated control without
RKN J2s.
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Table 4.10: Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum with Velum® Prime on J2
populations and RKN reproduction factor on tree tomato in the greenhouse test |1

Treatment J2s/200cc dry soil J2s/5g dry roots Rf
Colletotrichum nigrum + RKN J2s 542.50 + 12.96b 182.50 + 31.52b 0.27 £ 0.01b
Trichoderma asperellum + RKN J2s 574.17 £ 31.56b 191.25+4.73b 0.29 £ 0.02b
C. nigrum + Velum® Prime + RKN J2s 208.33 £12.29d 41.25 + 4.27d 0.10 £ 0.01cd
T. asperellum + Velum® Prime + RKN J2s 219.17 +9.44d 51.23 +2.39d 0.11 £ 0.01cd
Velum® Prime + RKN J2s 312.00 + 14.07c 107.25 =+ 9.08c 0.15+0.02c
Positive control (RKN J2s alone) 3211.67 £ 113.81a 498.75 £ 14.63a 1.610.06a
Negative control (untreated and uninoculated)  0.00 + 0.00e 0.00 £ 0.00e 0.00 £ 0.00d
P-value <.0001 <.0001 <.0001

The values are means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the means
in a column having different letter(s) are statistically different. J2s = second stage juveniles of RKNs. The final (Pf) to initial
(Pi) nematode populations ratio constituted nematode reproduction factor (Rf). Negative control = untreated control without
RKN J2s.
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Regression analysis indicated a positive linear association between nematode
reproduction factor (Rf) and RKN J2 populations (Figure 4.7). A further investigation

showed that the Rf and soil J2 populations correlated positively (r=1, P=0.05).

4000 - y = 2000x + 6E-13

3500 - R2=1
3000 -
2500 -
2000 -
1500 -
1000 -
500 -
0 . . . .

J2s/200cc of soil

Rf

Figure 4:7: Regression analysis between nematode reproduction factor and
populations of J2s in the soil (Greenhouse experiment)

iii) Effect on gall and egg mass indices
There was an existence of statistical difference (P<0.05) in terms of indices on
gall and egg masses among the treatments (Table 4. 11). Plants treated with C. nigrum +
Velum® Prime had the lowest gall and egg mass indices followed by those treated with
T. asperellum + Velum® Prime and Velum® Prime alone as shown in Table 4. 11. The

least gall and egg mass indices reduction was shown in T.asperellum treatment.
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Table 4.11: Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum with Velum® Prime on indices
of galling and egg masses on tree tomato in the greenhouse test I and 11

Greenhouse test | Greenhouse test 11

Treatment Gall index Egg mass index | Gall index Egg mass index
Colletotrichum nigrum + RKN J2s 3.67 £0.21b 2.75 + 0.25bc 3.83£0.09b 3.00 £ 0.00b
Trichoderma asperellum + RKN J2s 3.83+0.17b 3.25+0.25b 3.67 £ 0.56b 3.33 £ 0.50b

C. nigrum + Velum® Prime + RKN J2s 1.50 £ 0.43cd 1.50 £ 0.29cd 1.00 £ 0.45d 1.17+0.31d

T. asperellum + Velum® Prime + RKN J2s 2.00 +0.43cd 2.00 £ 0.00c 1.50 £ 0.43d 1.33+£0.33d
Velum® Prime + RKN J2s 2.25+0.51c 2.05+ 0.01c 2.00 + 0.50c 2.00 + 0.00c
Positive control (RKN J2s alone) 5.00 + 0.00a 5.00 + 0.00a 5.00 + 0.00a 5.00 = 0.00a
Negative control (untreated/uninoculated) 0.00 + 0.00d 0.00 + 0.00d 0.00 + 0.00e 0.00 = 0.00e
P-value <.0001 <.0001 <.0001 <.0001

The values are means = SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the means
in a column followed by different letter(s) are statistically different. Negative control = untreated control without RKN J2s.
Gall and egg mass indices were scored on a scale of 0-5 (Quesenberry et al., 1989) as indicated in Table 3.1.
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1v) Effect on plant shoot height

The heights of plants in various treatments significantly differed (P<0.05) from
one another. The heights of uninoculated (without nematodes) plants treated with C.
nigrum and Trichoderma asperellum as standalone treatments had statistically higher
(P<0.05) shoots than those of the negative control (without nematodes and without
treatments) as shown in Tables 4.12 and 4.13. The heights of C. nigrum + Velum®
Prime + J2s, T. asperellum + Velum® Prime + J2s, C. nigrum+ J2s and T. asperellum +
J2s treated plants were significantly higher than those of the positive control (J2s alone).

The results showed that all treatments increased the height of shoots of tree tomato

relative to the positive control (Plate 4.4, Tables 4.12 and 4.13).
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Plate 4.4: Differences in growth of tree tomato under different treatments in the
greenhouse.

a - h represents treatments where; a = inoculated + Colletotrichum nigrum; b =
inoclated + Trichoderma asperellum; ¢ = inoculated + C. nigrum + Velum® Prime; d =
inoculated + T. asperellum + Velum® Prime; e = negative control (un-treated and un-
inoculated); f = Positive control (un-treated and inoculated); g = C. nigrum alone; and h
=T. asperellum alone
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V) Effect on weight of dry roots

The weight of dry roots significantly varied (P<0.05) amongst treatments
(Tables 4.12 and 4.13). The heaviest weight of dry root was recorded in uninoculated
(without J2s) plants treated with C. nigrum followed by uninoculated plants treated with
T. asperellum and negative control (untreated and uninoculated). All uninoculated
treated (other treatments other than J2s) plants had significantly higher weights of dry
root than those of inoculated treatments. The weights of dry root of inoculated and
treated tree tomato plants were significantly higher than those of the positive control
(J2s alone). Colletotrichum nigrum + Velum® Prime had significantly higher weight of
dry root among nematode inoculated treatments relative to the positive control (Tables

4.12 and 4.13).

Vi) Effect on weight of dry shoot

There were statistical differences (P<0.05) among the weights of dry shoot of
plants among the treatments (Tables 4.12 and 4.13). Un-inoculated plants treated with
C. nigrum, T. asperellum and negative control (untreated and uninoculated) had higher
weights of dry shoot as compared to nematode inoculated and treated plants. All plants
in the treatments without nematodes had higher weights of dry shoot than those of
inoculated treatments. The weights of dry shoot of inoculated treatments were higher
than those of the positive control (J2s alone). For nematode inoculated plants, C. nigrum
+ Velum® Prime treatment had the highest mean weight of dry shoot followed by T.

asperellum + Velum® Prime relative to the positive control (Tables 4.12 and 4.13).
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Table 4.12: Shoot height (SH), dry root weight (DRW) and dry shoot weight (DSW) of tree tomato treated with
Colletotrichum nigrum and Trichoderma asperellum combined with Velum® Prime in the greenhouse test |

Treatment SH DRW DSW
Colletotrichum nigrum + Velum® Prime + RKN J2s 35.18 £ 0.64c  4.56 £ 0.07b 8.25+1.5b

C. nigrum + Velum® Prime - RKN J2s 4398 +1.49ab 6.84 +0.65ab  10.25 + 0.25ab
Trichoderma asperellum + Velum® Prime + RKN J2s 3437+1.76c 3.99+0.79c 8.08 £ 0.92b
T. asperellum + Velum® Prime - RKN J2s 43.81 +1.44ab 6.72+£0.69b 10.13 £ 0.96ab
C. nigrum + RKN J2s 3322+1.77c 3.11+0.12c 7.87 +0.31c
C. nigrum - RKN J2s 46.87 +1.41a 7.64 +0.16a 11.65+0.43a
T. asperellum + RKN J2s 33.02+0.59¢ 3.00+0.66c 7.10 £ 0.53c
T. asperellum - RKN J2s 46.53+0.50a 7.31+0.48a 11.22 £ 0.27a
Velum® Prime + RKN J2s 34.01+1.70c 4.14+0.88b 6.99 + 1.45¢
Velum® Prime - RKN J2s 39.10+.057b 4.85+0.81b 7.03+041c
Positive control (RKN J2s alone) 26.08 +0.64d 2.03 +0.33d 5.09 £ 0.20d
Negative control (untreated and uninoculated) 42.63 +1.52ab 6.37 £0.64ab  10.02 £ 0.26ab
P-value <.0001 <.0001 <.0001

The numbers depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different. Negative control = untreated control without RKN

J2s.
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Table 4.13: Shoot height (SH), dry root weight (DRW) and dry shoot weight (DSW) of tree tomato treated with

Colletotrichum nigrum and Trichoderma asperellum combined with Velum® Prime in the greenhouse test I1

Treatment SH DRW DSwW
Colletotrichum nigrum + Velum® Prime + RKN J2s 35.67 £2.57d 4.20 £ 0.40b 9.19+1.32b
C. nigrum + Velum® Prime - RKN J2s 4587 +1.11b 6.27+£0.58ab  11.34 £0.50a
Trichoderma asperellum + Velum® Prime + RKN J2s 35.05+2.00d 3.85+0.21b 9.01+1.14b
T. asperellum + Velum® Prime - RKN J2s 45.03+1.10b 6.23+£0.50ab 11.17+£0.53a
C. nigrum + RKN J2s 3492+225d 3.09+0.34bc 8.71£1.06b
C. nigrum - RKN J2s 48.67 +0.77a  7.15+ 0.26a 12.14 + 0.38a
T. asperellum + RKN J2s 3391+1.15d 293+0.24bc 8.64+0.51b
T. asperellum - RKN J2s 48.33+0.98a 7.05+0.39 11.80 £ 0.56a
Velum® Prime + RKN J2s 34.47+£2.21d 4.03+0.38b 6.09 £ 1.12c
Velum® Prime - RKN J2s 40.21+0.99c  4.22 £ 0.40b 7.06 £ 1.09c
Positive control (RKN J2s alone) 29.25+191e 197 +0.20c 5.84 £ 0.43d
Negative control (untreated and uninoculated) 4450+1.68b 6.15+0.49ab  10.47 £ 0.44ab
P-value <.0001 <.0001 <.0001

The numbers depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different. Negative control = untreated control without RKN
J2s.
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4.4 Efficacy of combining Colletotrichum nigrum, Lantana camara leaf extract and

Velum® Prime against Root-knot nematodes on tree tomato

4.4.1 Effect of Lantana leaf extract on mortality of RKN J2s in vitro

The outcome of this research showed that different concentrations of Lantana
leaf extract applied alone were able to kill J2s of RKN at the end of 24, 48 and 72 hours
of exposure periods (Table 4.14). The numbers of juvenile mortality in varying
concentrations of Lantana leaf extract after 24, 48, and 72 hours in experiments | and Il,
respectively, showed statistical difference (P<0.05) as indicated in Table 4.14. In both
experiments the highest mortality of J2s was seen in the 100 % followed by 75 %, 50
%, and 25 % concentrations in decreasing order. Lantana leaf extract at 100 %
concentrations caused the highest mortality of J2s in experiment | and Il at the end of

24, 48, and 72 hours, respectively.
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Table 4.14: Effect of varying concentrations of leaf extract of Lantana camara on mortality of RKN J2s in-vitro

% Mortality of RKN J2s treated with varying concentrations of Lantana leaf extract

Experiment I Experiment 11
Concentration of
Lantana leaf extract | 24 Hours 48 Hours 72 Hours 24 Hours 48 Hours 72 Hours
25% 27.00£1.29d 47.00£1.00d  57.0+01.29d 27.00£0.58d 48.00+0.82d  56.50+0.96d
50 % 46.00£2.00c 57.00+1.29c  66.50+0.96¢ 45.50+0.96c 56.50+0.96c  68.00+1.83c
75 % 58.00+0.96b 67.50+1.00b  78.50+0.96b 56.00£1.15b 70.00+0.82b  80.00+0.82b
100 % 68.00+0.82a 79.00+1.29a  89.00+1.29a 69.00+0.58a 81.00+2.58a  91.500+1.71a
Control(distilled water) | 0.00£0.00e  0.00+0.00e 0.00£0.00e 0.00£0.00e  0.00%0.00e 0.00£0.00e
P-Value <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

The numbers depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different.
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On the effect of time, it was observed that the length of time of exposure had a
correlation on the rate of mortality of J2s and hence the duration of 72 hours produced
the highest mortality of J2s among the concentrations as compared to the control in

experiment | and 11 (Figure 4.8 and Table 4.14).
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Figure 4:8: A line graph showing the relationship between time of exposure to
Lantana leaf extract and mortality of J2s in vitro

In both experiments, there was a general trend of increasing mortality of J2s
with increasing Lantana leaf extract concentrations and vice versa (Figure 4.9 and
Table 4.14). The 100% concentrations had the highest mortality of J2s compared to

other concentrations (Figure 4.10)
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Figure 4:9: Line graphs showing the relationship between various concentrations
of Lantana leaf extract and mortality of J2s in vitro

Regression analysis revealed a positive linear relationship between Lantana leaf
extract concentrations and the time of exposure. On further analysis, the time of
exposure with regard to mortality of J2s was found to be correlated positively (r=0.91,
at P<0.05) with concentration in in vitro test | (Figure 4.10) and similar trend was

observed in in vitro test I1.
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Figure 4:10: Relationship between the concentration of Lantana leaf extract and
mortality of J2s after exposure for 72 hours in vitro

4.4.2 Effect of combining Lantana leaf extract with Colletotrichum nigrum on
mortality of RKN J2s in vitro

The various concentrations of Lantana leaf extract in combination with C.
nigrum caused significant mortality of RKN J2s after 24, 48, and 72 hours in
experiments | and Il respectively (Table 4.15). Colletotrichum nigrum (1 x 10°
spores/ml) gave the highest (P<0.05) mortality of J2s followed by 100 % Lantana leaf
extract in combination with C. nigrum in both experiments at the end of 24, 48, and 72
hours, respectively (Table 4.15).

In comparison the 100 % concentration of Lantana leaf extract applied alone
had the highest (P<0.05) mortalities of J2s in experiment | and 1l after 72 hours (Table
4.14) as compared to when combined with C. nigrum in both experiments after 72 hours

of exposure (Table 4.15).
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Table 4.15: Efficacy of combining Lantana camara leaf extract with Colletotrichum nigrum on mortality of RKN J2s

in-vitro

% Mortality of RKN J2s treated with varying concentrations of Lantana leaf extract combined with C. nigrum

Experiment | Experiment 11
Treatment 24 Hours 48 Hours 72 Hours 24 Hours 48 Hours 72 Hours
25% LE + C. nigrum 18.50+£0.96e 35.0+01.29d 46.00+2.16e 19.50+0.50e  33.50+1.71e 42.00+1.41e
50% LE + C. nigrum 32.00£1.41d 41.50+0.96¢ 53.00£1.29d 33.00£1.29d  45.00£1.26d 62.50£1.71d
75% LE + C. nigrum 45.00£1.29c 63.00£2.08b 69.00£1.29c¢ 44.50+1.71c  57.00+1.29c 71.00£1.29c
100% LE + C. nigrum 52.00+4.14b 67.00£0.58a 81.00£1.29b 51.00£1.29b 66.00£1.41b 83.00£1.29b
1 x 10°C. nigrum 53.00+1.29a 67.50+3.50a 88.00+2.08a 53.50+2.50a 67.00+0.82a 89.00+2.38a
Control (distilled water) | 0.00+0.00f  0.00+0.00e 0.00+0.00f 0.00+0.00f  0.00+0.00f 0.00+0.00f
P-Value <.0001 <.0001 <.0001 <.0001 <.0001 <.0001

The numbers depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different.
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The results indicate that duration of exposure to concentrations of Lantana leaf
extract combined with C. nigrum influenced mortality of RKN J2s with 72 hour period
producing the highest mortality.

In both experiments, there was a general trend of increasing mortality of J2s
with increasing Lantana leaf extract concentrations combined with C. nigrum and vice

versa (Figure 4.11)
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Figure 4:11: Effect of varying concentration of Lantana leaf extract combined with
C. nigrum on mortality of J2s in vitro

On further analysis, the time of exposure and mortality of J2s were found to
have a correlation that was significantly positive (r=0.94, at P<0.05) with concentration

in in vitro tests (Figure 4.12) and the same trend was observed in in-vitro test 1.
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Figure 4:12: Relationship between the time of exposure to various concentrations
of Lantana leaf extract combined with C. nigrum in in vitro test

4.4.3 Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum
with Lantana leaf extract and Velum® Prime against RKNs on tree tomato in

the greenhouse tests
)] Effect on population of J2s in soil and roots
All treatments except the control statistically (P<0.05) lowered the soil J2
populations relative to untreated (positive) control which increased (Tables 4.16 and
4.17). The endophytic C. nigrum local isolate + Lantana extract + Velum® Prime
treatment had the highest significant (P<0.05) J2 population reduction in 200cc of dry
soil although not significantly different in comparison to commercial T. asperellum +
Lantana extract + Velum® Prime treatment. This was followed by Velum® and Lantana
extract treatments whose J2 reductions were not significant (P>0.05) between them. The

trend in experiment | was similar to the one in experiment Il (Tables 4.16 and 4.17).
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In roots, the treatments significantly lowered the J2s relative to the un-treated
control. The C. nigrum isolate + Lantana extract + VVelum® Prime treatment had the
highest J2 reduction in 5g of roots compared to other treatments although not
statistically different from commercial T. asperellum + Lantana extract + Velum®
treatment (Tables 4.16 and 4.17). This was followed by Velum® and Lantana extract
treatments. The C. nigrum + Lantana extract and T. asperellum + Lantana extract
treatments had a significant difference in terms of J2 reduction in roots relative to
control. The least significant J2s population reduction in roots was recorded in

biocontrol fungi standalone treatments compared to positive control.

i) Effect on RKN reproduction factor

The treatments had significant (P<0.05) reduction in the RKN reproduction (Rf)
in comparison to the control (Tables 4.16 and 4.17). The C. nigrum + Lantana extract +
Velum® Prime and T. asperellum + Lantana extract + Velum® Prime treated plants
significantly (P<0.05) had higher reduction of RKN reproduction factor in comparison
to other treatments followed by Velum® Prime and Lantana extract treatments (Tables
4.16 and 4.17). The treatment with C. nigrum + Lantana extract treatment did not
statistically differ (P>0.05) with that of T. asperellum + Lantana extract in terms of
reproduction factor reduction. The least significant reproduction factor reduction was
observed in C. nigrum and T. asperellum standalone treatments relative to positive

control.
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Table 4.16: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on RKN J2 populations and reproduction factor on tree tomato in the greenhouse test I (March- June

2023)

Treatment J2s/200cc dry soil  J2s/5g dry roots  Rf
Colletotrichum nigrum + RKN J2s 601.25 £ 27.57bc  229.25 £ 0.75b 0.30 £ 0.01b
Trichoderma asperellum + RKN J2s 608.75 £ 15.46b 235.75 £ 0.48b 0.30 £ 0.01b
Velum® Prime + RKN J2s 34750 £17.50de  137.50 + 14.51de 0.17 £0.01cd
Lantana extract (L.E) + RKN J2s 401.75 + 2.02de 171.25+1.25cd  0.20 + 0.00bcd
C. nigrum + L.E + Velum® Prime + RKN J2s 271.25 + 8.99% 102.50 + 5.20e 0.14 + 0.00d
T. asperellum + L.E + Velum® Prime + RKN J2s  280.00 + 3.54¢ 107.50 £ 13.15e  0.14 + 0.00d
C. nigrum + L.E + RKN J2s 545.00 £22.73bcd 205.00 + 7.91bc  0.27 £ 0.01bc
T. asperellum + L.E + RKN J2s 553.75+£17.96bc  207.50 £ 6.61bc  0.28 + 0.01bc
Positive control (RKN J2s alone) 3877.50 + 128.35a 483.75+14.34b  1.94 +0.06a
Negative control (untreated and uninoculated) 0.00 = 0.00f 0.00 = 0.00f 0.00 + 0.00e
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different. J2s = second stage juveniles of RKNs. The ratio
of final (Pf) to initial (Pi) nematode populations constituted nematode reproduction factor (Rf); L.E= Lantana extract;
Negative control = untreated control without RKN J2s.



Table 4.17: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on J2 populations and RKN reproduction factor on tree tomato in the greenhouse test 11 (Aug — Nov
2023)

Treatment J2s/200cc dry soil J2s/5g dry roots Rf
Colletotrichum nigrum + RKN J2s 597.50 + 17.97b 188.75 + 17.49b 0.29 £ 0.01b
Trichoderma asperellum + RKN J2s 605.00 + 7.36b 193.75 +12.31b 0.30 £ 0.00b
Velum®Prime + RKN J2s 326.25 £+ 37.99d 117.50 £ 4.79cd 0.16 + 0.02d
Lantana extract (L.E) + RKN J2s 393.75 + 28.31cd 131.25 + 2.39cd 0.19 £ 0.01cd
C. nigrum + L.E + Velum® Prime + RKN J2s 278.75 £ 16.50d 101.25 + 9.66d 0.13 +0.02d
T. asperellum + L.E + Velum® Prime + RKN J2s 287.50 £ 15.07d 105.00 + 7.91d 0.14 £ 0.01d
C. nigrum + L.E + RKN J2s 540.00 £ 6.46bc 153.75 £ 14.63bc 0.27 £ 0.00bc
T. asperellum + L.E + RKN J2s 528.75 + 7.47bc 156.25 + 4.27bc 0.26 £ 0.00bc
Positive control (RKN J2s alone) 3795.00 £ 102.69a 466.25 + 10.08a 1.90 + 0.05a
Negative control (untreated and uninoculated) 0.00 £ 0.00e 0.00 + 0.00e 0.00 £ 0.00e
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different. J2s = second stage juveniles of RKNs. The ratio
of final (Pf) to initial (Pi) nematode populations constituted nematode reproduction factor (Rf); L.E= Lantana extract;
Negative control = untreated control without RKN J2s.
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A regression analysis revealed a positive linear relationship between nematode
reproduction factor (Rf) and RKN J2 populations. A further investigation indicated a
relationship that was significant (r=0.10, at P=0.05) among the soil's Rf and population

of J2s (Figure 4.13).

4500 - y = 2000x - 3E-13
4000 - R2=1

0.00 0.50 1.00 1.50 2.00 2.50
Rf

Figure 4:13: Regression analysis between nematode reproduction factor and
population of J2s in the soil (Greenhouse test)

iii) Effect on indices of gall and egg masses
In relation to the positive control, other treatments had a significant (P<0.05)
reduction on the indices of galls and egg masses on roots (Table 4.18). Colletotrichum
nigrum + Lantana extract + Velum® Prime had statistically (P<0.05) higher reduction of
indices of gall index d egg masses than other treatments (Plate 4.5). This was followed
by T. asperellum + Lantana extract; Velum® Prime and Lantana extract treatments. The
least indices on galls and egg masses reductions were recorded in C. nigrum and T.

asperellum standalone treatments (Table 4.18).
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Plate 4.5: Effect of root-knot nematode infestation on indices of galling and egg
masses on roots of tree tomato in the greenhouse test.

A: positive control, gall index =5; B: Negative control, gall index = 0; C: Roots from
plants treated with Velum® Prime in combination with Lantana extract and C. nigrum
treatment and D: RKN egg masses pointed at by the arrows. Source: Own photos, 2023
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Table 4.18: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on indices of galls and egg masses on tree tomato in the greenhouse tests (March- June, 2023)

TEST | TEST Il
Egg mass Egg mass

Treatment Gall index index Gall index index
Colletotrichum nigrum + RKN J2s 3.75 £ 0.48ab 3.50+£0.29b |3.50+0.29b 3.50 £ 0.29b
Trichoderma asperellum + RKN J2s 3.75 £ 0.48ab 3.50+£0.29b |3.50+0.29b 3.50 £ 0.29b
Velum®Prime + RKN J2s 2.25 £ 0.25bcd 2.00 £ 0.00de |2.25+0.25cd  2.00 £ 0.00cde
Lantana extract (L.E) + RKN J2s 2.50 = 0.29bcd 2.50£0.29cd | 2.50 +£0.29bcd  2.50 + 0.29bcde
C. nigrum + L.E + Velum® Prime + RKN J2s 1.75+0.48d 1.50+0.29e | 1.50 £0.29d 1.25 + 0.25ef
T. asperellum + L.E + Velum® Prime + RKN J2s | 2.00 + 0.00cd 2.00 £ 0.00de | 2.00+0.00cd 1.75+ 0.25de
C. nigrum + L.E + RKN J2s 3.25 £ 0.25bcd 3.00£0.00bc |2.75+0.25bc  3.00 £ 0.041bcd
T. asperellum + L.E + RKN J2s 3.50 £ 0.29abc 3.25+£0.25bc | 3.00 £0.00bc  3.25 % 0.48bc
Positive control (RKN J2s alone) 5.00 £ 0.00a 5.00+£0.00a |5.00+0.00a 5.00 £ 0.00a
Negative control 0.00 £ 0.00e 0.00 £ 0.00f 0.00 + 0.00e 0.00 £ 0.00f
P-Value <.0001 <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different; Negative control = untreated control RKN J2s.
Gall and egg mass indices were scored on a scale of 0-5 (Quesenberry et al., 1989) as indicated in Table 3.1. L.E = Lantana

extract
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1v) Effect on plant shoot height

The heights of uninoculated and treated plants were significantly higher
(P<0.05) than the ones of inoculated plants (Tables 4.19 and 4.20). Colletotrichum
nigrum + Lantana leaf extract + Velum® Prime treated plants produced the highest
height of shoot though not significantly different from that of Trichoderma asperellum
+ Lantana leaf extract + Velum® Prime and C. nigrum + Lantana leaf extract treatments
(Tables 4.19 and 4.20). This was followed by C. nigrum and T. treatments. The least
height of shoot increase was exhibited on velum® Prime treated plants followed by
those treated with Lantana leaf extract.

The heights of shoot of nematode-inoculated plants significantly differed
(P<0.05) among the treatments (Tables 4.19 and 4.20). Nematode-inoculated plants
treated with C. nigrum + Lantana leaf extract + Velum® Prime had the highest height of
shoot followed by those treated with T. asperellum + Lantana leaf extract + Velum®
Prime and Velum® Prime in relation to the positive control. The least height of shoot
increase was recorded in C. nigrum and T. asperellum treated plants.

V) Effect on weights of dry root and shoot

The weights for dry root of uninoculated plants were significantly heavier
(P<0.05) than the ones inoculated and the positive control (Tables 4.19 and 4.20).
Uninoculated plants treated with C. nigrum + Lantana leaf extract + Velum® Prime had
the highest dry root weight followed by T. asperellum + Lantana leaf extract + Velum®
Prime and C. nigrum + Lantana leaf extract treatments in relation to the negative
control (Tables 4.19 and 4.20). The nematode-inoculated and treated plants showed

significantly heavier (P<0.05) weights of dry root in comparison to positive control as
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indicated in Tables 4.19 and 4.20). The C. nigrum + Lantana leaf extract + Velum®
Prime treated plants had the highest weights of dry root followed by T. asperellum +
Lantana extract + Velum® Prime and C. nigrum + Lantana leaf extract treatment
compared to positive control.

The weights of dry shoot of uninoculated plants were significantly heavier
(P<0.05) relative to those inoculated and positive control as shown in Tables 4.19 and
4.20. Uninoculated plants treated with C. nigrum + Lantana leaf extract + Velum®
Prime had the highest weight of dry shoot followed by T. asperellum + Lantana leaf
extract + Velum® Prime and C. nigrum + Lantana leaf extract treatments in relation to
the negative control. The weights of dry shoot of inoculated and treated plants were
statistically higher (P<0.05) relative to the positive control (Tables 4.19 and 4.20). The
C. nigrum + Lantana leaf extract + Velum® Prime treated plants had the highest weights
of dry shoot followed by T. asperellum + Lantana leaf extract + velum and C. nigrum +

Lantana leaf extract treatments relative to positive control.
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Table 4.19: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on shoot height and dry weights of tree tomato in the greenhouse test | (March- June, 2023)

Dry root
Treatment Shoot height  weight Dry shoot weight
Colletotrichum nigrum + RKN J2s 32.75+298g 4.54 +0.49d 7.90 + 0.32¢
C. nigrum - RKN J2s 58.14+0.31a 11.92+0.12a 14.31%0.02a
Trichoderma asperellum + RKN J2s 32.25+0.92g 4.49+0.38d 7.83 £ 0.24e
T. asperellum - RKN J2s 5791+0.35a 11.71+0.14a 14.29+0.02a
Velum®Prime + RKN J2s 39.40+0.6le 539+0.14cd  9.57 +0.49d
Velum® Prime - RKN J2s 46.33+£0.53c 9.13+0.62b 11.77 £ 0.31c
Lantana extract (L.E) + RKN J2s 36.23+0.26f 5.14+0.29cd  9.04 £0.30d
Lantana extract (L.E) - RKN J2s 48.94 +0.48c 10.57+0.50b 12.26 £0.01a
C. nigrum + L.E + Velum® Prime + RKN J2s 48.45+0.45¢c  7.07 £ 0.40b 11.91£0.03c
C. nigrum + L.E + Velum® Prime - RKN J2s 59.07+0.28a 12.09+0.06a 15.89+0.0la
T. asperellum + L.E + Velum® Prime + RKN J2s 43.75+0.48d 6.45+0.27c 11.61 £ 0.36¢
T. asperellum + L.E + Velum® Prime - RKN J2s 58.88+0.29a 12.06 £0.06a 15.43 +0.02a
C. nigrum + L.E + RKN J2s 35.75+1.01f 5.09+0.26cd  8.71+0.39de
C. nigrum + L.E - RKN J2s 58.37 £0.27a  12.03+£0.07a  14.66 +0.03a
T. asperellum + L.E + RKN J2s 34.68 +0.91f 4.85+0.44d 8.62 = 1.56de
T. asperellum + L.E - RKN J2s 5459+0.21b 11.99+0.11a 14.11 +0.05a
Positive control (RKN J2s alone) 25.45+0.84h  3.70 £ 0.33e 4.93 £ 0.35f
Negative control (untreated and uninoculated) 52.63+0.39b  9.22 +0.02b 13.28 £ 0.25b
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different; L.E = Lantana leaf extract; Negative control =

untreated control RKN J2s.
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Table 4.20: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on shoot height and dry weights of tree tomato in the greenhouse test 11 (August — November, 2023)

Treatment Soot height Dry root weight  Dry shoot weight
Colletotrichum nigrum + RKN J2s 30.88 + 1.86f 4.24 +£0.29d 7.17 £ 0.10de
C. nigrum - RKN J2s 57.39 £ 0.41a 11.77 £ 0.10a 14.09 + 0.24ab
Trichoderma asperellum + RKN J2s 29.63 £ 1.70f 3.80 = 0.06e 7.04 £0.10de
T. asperellum - RKN J2s 56.79 £ 0.43a 11.59 £ 0.12a 14.01 £ 0.21ab
Velum®Prime + RKN J2s 38.00 £ 3.75cd  5.43+0.17cd 8.92 + 0.49d
Velum®Prime - RKN J2s 45.44 + 0.52c 9.07+£1.01b 11.63+£1.12b
Lantana extract (L.E) + RKN J2s 35.00 + 1.57d 5.020 +.27d 8.71 + 0.06d
Lantana extract (L.E) - RKN J2s 47.88 +0.67c 10.23 £ 2.21ab 12.05+£1.10b
C. nigrum + L.E + Velum® Prime + RKN J2s 47.70 £ 0.77c 7.19+0.27c 10.83 £ 0.26¢
C. nigrum + L.E + Velum® Prime - RKN J2s 58.69 + 0.38a 12.03 £ 3.16a 15.34 £ 1.01a
T. asperellum + L.E + Velum® Prime + RKN J2s  45.98 + 1.04c 6.54 + 0.26¢ 9.97 £ 0.04c
T. asperellum + L.E + Velum® Prime - RKN J2s 57.95 + 0.50a 11.97 £ 0.09a 15.07 £ 1.04a
C. nigrum + L.E + RKN J2s 33.50 + 2.04e 4.83 + 0.40d 8.52 + 0.52d
C. nigrum + L.E - RKN J2s 57.51 +0.44a 11.96 £ 0.11a 14.57 + 0.29ab
T. asperellum + L.E + RKN J2s 33.00 + 3.95e 452 +0.21d 8.19 + 0.06d
T. asperellum + L.E - RKN J2s 55.19+1.23ab 11.90+0.11a 14.15 £ 0.25ab
Positive control (RKN J2s alone) 2245+ 1119 2.63 = 0.28f 4.77 £ 0.45e
Negative control (untreated and uninoculated) 54.38 + 0.66b 9.60 £ 0.49a 12.83 £ 0.04b
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different; L.E = Lantana leaf extract; Negative control =

untreated control without RKN J2s.
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4.4.4 Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum
with Lantana leaf extract and Velum® Prime against RKNs on tree tomato in

the field, season | and Il at Njabini and Engineer respectively
)} Effect on population of J2s in soil and roots

All treatments reduced the soil final nematode populations (Pf) relative to
positive control (untreated control) (Tables 4.21 and 4.22). The local C. nigrum +
Lantana extract + Velum® Prime exhibited significantly (P<0.05) highest J2 reduction
in 200cc of dry soil followed by commercial T. asperellum + Lantana extract + Velum®
Prime; Velum® Prime ; Lantana extract; C. nigrum + Lantana extract and commercial
T. asperellum + Lantana extract treatments. The local C. nigrum and commercial T.
asperellum standalone treatments had the least final soil nematode reduction relative to
positive control.

In roots, the treatments lowered the J2s relative to the positive control. The local
C. nigrum + Lantana extract + Velum® Prime and commercial T. asperellum + Lantana
extract + Velum® treatments statistically (P<0.05) reduced the J2s in plant roots though
not significantly different from each other (Tables 4.21 and 4.22). This was followed by
Velum® Prime; Lantana extract; C. nigrum + Lantana extract and commercial T.
asperellum + Lantana extract treatments. The least J2 reductions in roots were observed

in local C. nigrum and commercial T. asperellum standalone treatments.

i) Effect on RKN reproduction factor
The nematode reproduction factor (Rf) showed significant (P<0.05) reduction by
the treatments except the positive control (Tables 4.21 and 4.22). The local C. nigrum +

Lantana extract + Velum® Prime had the highest significant reduction of nematode Rf
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followed by commercial T. asperellum + Lantana extract + velum® Prime; velum®
Prime; Lantana extract; C. nigrum + Lantana extract and commercial T. asperellum +
Lantana extract treatments. The least RKN Rf reductions were observed in local C.

nigrum and commercial T. asperellum standalone treatments relative to positive control.

Table 4.21: Effect of combining Colletotrichum nigrum and Trichoderma
asperellum with Lantana leaf extract and Velum® Prime on J2 populations and
RKN reproduction factor on tree tomato in the field season I (March- June, 2023)

J2s/200cc dry

Treatment soil J2s/5g roots Rf
Colletotrichum nigrum 227.50 £10.10bc  61.25 £ 6.25bc 0.74 £ 0.03b
Trichoderma asperellum 241.25 £5.57b 65.00 £ 6.77b 0.76 £ 0.02b
Velum® Prime 122,50 + 8.54def  25.00+9.79de  0.24 +0.01c
Lantana extract (L.E) 151.25+ 14.05de 28.75+9.44cde  0.69 £0.07b
C. nigrum + L.E + Velum® Prime 86.25 + 21.05f 11.25 +2.3% 0.21 + 0.06¢
T. asperellum + L.E + Velum® Prime  91.25 + 25.61ef 13.75 £ 4.27e 0.22 + 0.06¢
C. nigrum + L.E 170.00 £ 2.38cd  48.75+6.25bcd  0.59 £ 0.02b
T. asperellum + L.E 17250+ 4.33cd  51.25+5.54bcd 0.59 £0.03b
Positive control (RKN J2s alone) 1441.25+8.51a  196.75+9.10a 3.53+0.12a
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant
difference (HSD) test at P<0.05, the means in a column followed by different
letter(s) are statistically different. J2s = second stage juveniles of RKNs. The ratio of
final (Pf) to initial (Pi) nematode populations constituted nematode reproduction factor
(Rf); Positive control = untreated control with RKN J2s.
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Table 4.22: Effect of combining Colletotrichum nigrum and Trichoderma
asperellum with Lantana leaf extract and Velum® Prime on J2 populations and
RKN reproduction factor on tree tomato in the field season 11 (August - November,
2023)

J2s/200cc dry
Treatment soil J2s/5g in roots Rf
Colletotrichum nigrum 21250 +£3.23bc  58.75+6.88b  0.72+0.01b
Trichoderma asperellum 231.25+10.68b 62.50+5.20b  0.75%0.08b
Velum® Prime 118.75 + 14.63ef  23.75+4.27d  0.30 + 0.04de
Lantana extract (L.E) 14750 £ 3.23de  27.50 £ 3.23cd  0.48 + 0.03cd
C. nigrum + L.E + Velum® Prime 77.50 + 8.29f 8.75+554d  0.15%0.0le

T. asperellum + L.E + Velum® Prime  85.00 + 12.75f 10.00 £2.04d  0.21 £ 0.04e

C. nigrum + L.E 167.50 + 3.23d 46.25 +4.27bc  0.56 £ 0.03bc
T. asperellum + L.E 170.00 £ 7.92cd  50.00 £3.53b  0.69 £ 0.04b
Positive control (RKN J2s alone) 1540.00 + 10.41a 135.00+£5.40a 3.06 +£0.07a
P-Value <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant
difference (HSD) test at P<0.05, the means in a column followed by different
letter(s) are statistically different. J2s = second stage juveniles of RKNs. The ratio
of final (Pf) to initial (Pi) nematode populations constituted nematode reproduction
factor (Rf); Positive control = untreated control with nematodes.

A regression analysis revealed a positive linear relationship between nematode
reproduction factor (Rf) and RKN J2 populations. A further analysis showed a strong
correlation that was positively significant (r=0.99, at P=0.05) between nematode

reproduction factor and populations of J2s in the soil (Figure 4.14).
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Figure 4:14: Regression analysis between nematode reproduction factor and
population of J2s in the soil (Field expt.)

iii) Effect on indices of galls and egg masses

There was existence of statistical differences (P<0.05) shown by the treatments
except control on reduction of indices of galls and egg masses on tree tomato (Table
4.23). The C. nigrum + Lantana extract + Velum® Prime treated plants had the highest
reduction of indices of galls and egg masses followed by commercial T. asperellum +
Lantana extract + Velum® Prime; Velum® Prime; Lantana extract; C. nigrum +
Lantana extract and commercial T. asperellum + Lantana extract treatments. However,
the least indices on galls and egg masses were recorded in plants treated with C. nigrum

and commercial T. asperellum standalone treatments relative to positive control.
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Table 4.23: Effect of combining Colletotrichum nigrum and Trichoderma asperellum with Lantana leaf extract and
Velum® Prime on indices of galling and egg masses on tree tomato in the field (season I - March - June; season 11 -

Aug - Nov. 2023)

Season | Season Il
Treatment Gall indices Egg mass indices | Gall indices Egg mass indices
Colletotrichum nigrum 3.00£0.41abc  2.93 +0.22bc 2.75 £ 0.25b 2.74 £ 0.14b
Trichoderma asperellum 3.25+0.63ab 3.05+0.26b 3.15+ 0.00b 3.00 £ 0.00b
Velum® Prime 1.50 £ 0.20cde  1.38 £ 0.08de 1.25+0.14c 1.31 £ 0.12de
Lantana extract (L.E) 150 £0.35cde  1.49 +0.09de 1.30£0.12c 1.44 + 0.16cd
C. nigrum + L.E + Velum® Prime 0.75 £ 0.25e 0.56 £ 0.06e 0.75+0.14c 0.50 £ 0.00e
T. asperellum + L.E + Velum® Prime 0.90 £ 0.28de 0.81+£0.16e 0.880 * .24c 0.75 £ 0.18de
C. nigrum + L.E 2.50 £0.00bcd  2.00 = 0.24cd 2.25 +0.25b 2.31+0.21bc
T. asperellum + L.E 2.63 £ 0.29bc 2.13 £ 0.22bcd 2.63+£0.24b 2.56 + 0.41b
Positive control (RKN J2s alone) 4.25 £+ 0.25a 4.13+£0.32a 4.00 £ 0.20a 4.00 £ 0.00a
P-Value <.0001 <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant difference (HSD) test at P<0.05, the
means in a column followed by different letter(s) are statistically different; Negative control = untreated control without RKN
J2s. Gall and egg mass indices were scored on a scale of 0-5 (Quesenberry et al., 1989) as indicated in Table 3.1. L.E =

Lantana extract.
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iv) Effect on plant shoot height
The heights of treated plant shoots were higher relative to positive control
(untreated plants) as shown in Tables 4.24 and 4.25. The C. nigrum + Lantana extract +
Velum® Prime and T. asperellum + Lantana extract + Velum® Prime treated plant
shoots exhibited significantly (P<0.05) higher height relative to other treatments. This
was followed by Velum® Prime; Lantana extract; C. nigrum + Lantana extract and T.
asperellum + Lantana extract treatments. The C. nigrum and T. asperellum treated

plants had lower height of shoot relative to positive control.

V) Effect on weights of dry root and shoot
There was an increase in weights of dry shoot and root by the treatments except
the positive control (Tables 4.24 and 4.25). The plants treated with C. nigrum + Lantana
extract + Velum® Prime and those treated with T. asperellum + Lantana extract +
Velum® Prime produced the highest significant (P<0.05) weights of dry shoot and root
relative to positive control followed by Velum® Prime and Lantana leaf extract
treatments (Tables 4.24 and 4.25). The C. nigrum and T. asperellum treated plants

recorded lower weights of dry shoot and root but more than the positive control.
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Table 4.24: Effect of combining Colletotrichum nigrum and Trichoderma
asperellum with Lantana leaf extract and Velum® Prime on shoot height (SH); dry
root weights (DRW) and dry shoot weight (DSW) of tree tomato in the field season

I (March- June, 2023)

Treatment SH DRW DSW
Colletotrichum nigrum 31.93+1.90cd 8.10+0.51bcd 25.95 + 2.76de
Trichoderma asperellum 31.60+1.70cd 8.01+1.10bcd 24.12 +3.10de
Velum® Prime 38.45+140ab 10.11+1.54ab 30.71+1.29bc
Lantana extract (L.E) 36.34 +0.64ab  9.70 £ 0.41abc  29.14 + 5.50bc
C. nigrum + L.E + Velum® 43.24 +1.62a 10.82+2.14a 34.18+1.21a
T. asperellum + L.E + Velum®Prime  42.72+217a  10.26+1.0la  33.30  2.35ab
C. nigrum + L.E 34.78 £ 2.77bcd 9.59 +0.78abc  28.93 £ 3.28bc
T. asperellum + L.E 33.71+152bcd 8.93+1.22bc  26.56 + 1.52de
Positive control (RKN J2s alone) 29.61 + 3.03d 6.84 + 0.84d 20.13 + 3.89f
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant
difference (HSD) test at P<0.05, the means in a column followed by different
letter(s) are statistically different; Positive control = untreated control with RKN J2s.
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Table 4.25: Effect of combining Colletotrichum nigrum and Trichoderma
asperellum with Lantana leaf extract and Velum® Prime on shoot height (SH); dry
root weights (DRW) and dry shoot weight (DSW) of tree tomato in the field season

Il (August - November, 2023)

Treatment SH DRW DSW
Colletotrichum nigrum 32.21+£1.08cd 7.99+0.27bcd 25.21 +0.27de
Trichoderma asperellum 3116 £1.13cd  7.77 £0.25cd  23.96 + 0.69ef
Velum® Prime 37.67+1.09ab 9.64+0.20ab  30.20 + 0.54bc
Lantana extract (L.E) 36.75+0.94ab  9.02 +0.48abc  28.96 + 0.26¢
C. nigrum + L.E + Velum® Prime 41.25+1.11a 10.08 £ 0.67a  33.82+0.71a
T. asperellum + L.E + Velum® Prime  40.08 + 0.89a 9.97 £ 0.28a 32.84 + 0.59ab
C. nigrum + L.E 34.16 £ 0.40bc  8.56 + 0.15abc  28.31 + 0.29cd
T. asperellum + L.E 33.22 +0.87bcd 8.00 +£0.44bc  27.33 £ 0.24cd
Positive control (RKN J2s alone) 28.98 + 0.74d 6.38 + 0.06d 21.77 + 1.56f
P-Value <.0001 <.0001 <.0001

The values depict means + SE of four replicates. With Tukey's Honestly significant
difference (HSD) test at P<0.05, the means in a column followed by different
letter(s) are statistically different; Positive control = untreated control with RKN J2s.
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CHAPTER FIVE: DISCUSSION

5.1 Efficacy of endophytic fungal isolates on mortality of RKN J2s

Most of the endophytic fungal isolates tested for mortality of RKN J2s showed
significant differences in their activity after 24, 48 and 72 hours respectively. Twenty
isolates out of the forty four achieved J2 mortality rates of 50 % and above at the end of
72 hours. Among these, Colletotrichum nigrum, Aspergillus ustus, Fusarium solani and
F. oxysporum caused more than 60 % mortality of J2 after 72 hours with C. nigrum
achieving more than 80 %. These results corroborate other studies on tomatoes where
Colletotrichum spp., Fusarium spp. and Aspergillus spp. were established to be
effective against J2s in vitro (Dorcus et al., 2010; Kariuki et al., 2021). Naz et al.
(2021) reported significant mortality of Meloidogyne incognita J2s using fungal filtrates
of Aspergillus flavus, Penicillium chrysogenum and Pochonia chlamydosporia at 100 %
concentration with 72 hours of exposure. Endophytic Acremonium sclerotigenum
isolated from tomato root galls caused by M. incognita significantly increased mortality
of J2s up to 95.5 % and inhibited egg hatching of M. incognita in-vitro by up to 43 %
(YYao et al., 2023). Ganeshan et al. (2021) reported five endophytic fungal filtrates that
showed 100 % inhibition of egg hatching and over 80 % mortality of M. incognita J2s
after 72 hours exposure.

Endophytic fungi act against nematodes by parasitism, paralysis, antibiosis, and
by production of lytic enzymes (Poveda et al., 2020). Many endophytic fungi have also
been reported to parasitize nematode J2s or use their hyphae to trap nematodes or
produce nematicidal compounds (Kumar and Dara, 2021; Grabka et al., 2022; Kumar et
al., 2023). Colletotrichum spp. is known to produce tyrosol (Talukdar et al., 2021) and
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colletotricholides A and B while Fusarium oxysporum is known to produce 4-
hydroxybenzoic acid (Meyer et al., 2020) and other nematotoxic substances against
nematode J2s (Bogner et al., 2017). The observed mortality of J2s in this study could
have been caused by endophytic fungi producing toxic substances, lytic enzymes and
through parasitim. The 0.25 and 0.5% mortalities of J2s found in the control may have
been due to lack of oxygen in the suspension or due to shock that could have come from
the extraction process especially during blending.

Colletotrichum sp. has been reported as an endophyte but their potential as
biocontrol agent had not been clearly elucidated (Guevara-Suarez, et al., 2020). This
study reveals that endophytic Colletotrichum nigrum has potential use as a nematode

antagonist.

5.2 Endophytic fungi of tree tomato from Nyandarua County

Several endophytic fungi were extracted from healthy roots of tree tomato and
eggs of RKN from Nyandarua County in this study. The endophytic fungi comprised
Colletotrichum spp., Fusarium spp., Aspergillus spp., Penicillim spp., Didymella spp.,
Periconia spp., Purpureocillim spp., Rhizoctonia spp. and Microsphaeropsis species.
Dong et al. (2021) observed that endophytic fungal diversity was highest in roots as
compared to other parts because roots are in the soil environment which is rich in
microbes and root surface area is larger than other parts. Roots are the major entry
points of soil-borne fungi into the host plants.

This study identified Fusarium spp. as the most abundant in roots from the
sampled farms in Nyandarua County (Figure 4.1). Fusarium spp. has also been isolated
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at higher frequencies from farms in other parts of Kenya (Kibunja, 2015; Kariuki et al.,
2021). This reveals that endophytic Fusarium spp. is abundant and widespread in tree
tomato growing areas. Many fungal endophytes including Fusarium spp., Penicillium
spp., Aspergillus spp., Alternaria spp., Phoma spp., Periconia spp., Microsphaeropsis
spp., Talaromyces spp., and Trichoderma spp. were isolated from roots of rice in
irrigated and upland ecosystems in Kenya (Pili, 2016). Kariuki et al. (2021) also
extracted Trichoderma spp., Penicillium spp., Purpureocillium spp. and Fusarium
species from roots of tomato and Meloidogyne eggs in Mwea, Kirinyaga County in
Kenya. Similar study carried out in Bangladesh found that Fusarium spp., Aspergillus
spp. and Penicilliums spp. were associated with RKN eggs and females (Aminuzzaman
et al., 2018). Other studies have also isolated Aspergillus spp., Colletotrichum spp.,
Fusarium spp., Penicillium spp., Phyllostica spp., and Alternaria spp., with the highest
frequency on high-risk imported ornamental plants (Gioia et al., 2020). Colletotrichum
endophytes have also been extracted from roots, stems and leaves of Nothapodytes
pittosporoides plants in China (Zhou et al., 2019) and from stems of Artemisia annua
(Liu et al., 2000). Many endophytic fungi with antagonistic potential against RKNs
have been isolated on cotton (Zhou et al., 2020). Colletotrichum spp occur in many
plants as endophytes, pathogens or as saprobes (Guevara-Suarez et al., 2022).
Morphological characteristics were used in identification of endophytic fungal
isolates into various species. Colony colour, presence or absence of microconidia,
macroconidia and chlamydospores and colony characteristics were used to differentiate
between species. These features have been used to identify various fungi (Kibunja,

2015).
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However, the morphological features alone cannot be used to conclusively
identify the fungal endophytes. Therefore, ITS region of the rDNA was used to separate
the taxa further to the level of species complex. From the twenty isolates that were
effective against RKN J2s, eighteen isolates were conclusively identified through
molecular DNA sequencing. From the results of phylogenetic study, it was shown that
ITS sequences can be effectively used to identify and show relationships among the
endophytic fungi (Guevara-Suarez, et al., 2020). Molecular identification on the
sequences in BLASTn database was determined by percentage similarity (93 - 100 %)
and query cover (96 — 100 %). The genebank accession codes for the isolates from this
research study have been deposited at the NCBI database. Clade | had 17 isolates
belonging to phyllum Ascomycota while Clade Il had only one isolate (Rhizoctonia
solani) that belong to Basidiomycota. The difference in phylla abundance could be due
to their different ways of reproduction and spore development. Ascomycetes have
highly explosive mechanisms of dispersal of endogenous sexual spores which leads to
wider ranges of distribution as compared to exogenous asexual spores of
Basidiomycetes. All Aspergillus sp. and Penicillium sp. were clustered together. These
two species belong to the same class separated with 99 % bootstrap value which means
that they may have diverged recently. Isolates N31, N14, N33 and N29 affiliated with
Periconia sp., Microsphaeropsis arudinis and Didymella bellidis, respectively, were
more diverged from the remaining fungal isolates in clade I. This suggests that, as
indicated by a higher C/T occurrence, they may have recently diverged as a result of a

faster frequency of substitution (transitional) that has led to variance in the DNA.
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5.3 Compatibility of Velum® prime with endophytic Colletotrichum nigrum and
commercial Trichoderma asperellum against RKNs on tree tomato

Velum® Prime (ai = fluopyram 500g/L) did not inhibit the colony growths of C.
nigrum and T. asperellum on PDA media. This showed that the two biocontrol fungi are
compatible with Velum® Prime. Kibunja.(2015) tested the compatibility of Mocap
(active ingredient: ethoprophos= organophosphate) and Trichoderma spp. and reported
that Mocap had no significant effect on Trichoderma spp. This could be explained that
Velum® Prime being systemic non-fumigant is relatively less toxic to soil microflora
(Wada and Toyota, 2008). Non-fumigants have little effect on organisms that lack the
nervous system since they act as cholinesterase inhibitors in the neurons (Bhattacharjee
and Dey, 2014).

The reduction in plant disease parameters could be due to production of
nematotoxic secondary metabolites (flavonoids, terpenoids, trichodermin, fusaric acid,
colletonoic acid among others) and direct parasitism by the biocontrol fungi. Other
studies have shown that endophytic fungi used for biocontrol produce toxic metabolites
against RKNs (Meyer et al., 2020; Kumar et al., 2023; Yao et al., 2023). Velum® Prime
is known to act against soil pathogens and enhance plant health (Chen et al., 2020). This
could explain the reduced disease parameters by the combined application of biocontrol
fungi with Velum®. Other studies have highlighted the nematicidal effect of Velum®
Prime (Dahlin, et al., 2019). Colletotrichum nigrum could have worked synergistically
with Velum® against the RKN J2s resulting into decreased disease parameters. The
results from this work are in agreement with Dahlin, et al. (2019) who noted that

combining Purpureocilliun lilacinum (strain PL251) with Velum® Prime (active
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ingredient = fluopyram) reduced J2 populations of M. incognita by 68 % and gall index
to 1.8 as compared to control (3.8). The same treatment also enhanced yield of tomatoes
under greenhouse tests.

The biocontrol fungi enhanced growth parameters of tree tomato when applied
alone and in combination with Velum® Prime (ai = fluopyram 500g/L) in the
greenhouse tests. As standalone applications, these biocontrol fungi (C. nigrum and T.
asperellum) could be possessing plant growth promoting abilities. This could explain
the increased shoot heights and dry weights of root and shoot of tree tomato plants.
Some fungi like Trichoderma spp. are known to act as biofertilizers which improves
plant growth (Kubheka and Ziena, 2022) and have been commercialized in Kenya.
Trichoderma spp. have been used to produce volatile chemicals (alkaloids, colletonoic
acid, esters, alcohols, ketones etc) against soil pathogens, solubilizes phosphates to
make them available for plant absorption in acidic soils and also enhances uptake of
micro and macro- nutrients by plants (Kubheka and Ziena, 2022). The endophytic fungi
are also known to confer protection to plants against other pathogens (Silva Santos et
al., 2022) and this could explain the reduced plant disease parameters upon their
application. Another research study showed that endophytic Colletotrichum tofieldiae
promoted plant growth of maize and tomato in-vitro resulting into higher shoot heights
and weights (Conzalez-Diaz Sandra, et al,. 2020). Silva Santos et al. (2022) also found
out that inoculating tomato plants with Colletotrichum siamense increased plant
biomass. As combined treatments (Biocontrol fungi + Velum® Prime (ai = fluopyram

500g/L) were able to enhance plant growth parameters (shoot height and dry weights)
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and reduced plant disease parameters (nematode populations, egg masses and gall
indices and reproduction factor).

The findings of this study could be used to promote integrated nematode
management using less toxic nematicides and biocontrol agents especially under field

conditions where efficacy of BCAs is limited (Koll et al, 2011).

5.4 Efficacy of combining Colletotrichum nigrum and Trichoderma asperellum with
Lantana camara leaf extract and Velum® Prime against root-knot nematodes
on tree tomato

In-vitro test revealed that 25, 50, 75 and 100 % concentrations of Lantana leaf
extract had significant mortality of J2s at 24, 48 and 72 hours of exposure. The 100 %

Lantana leaf extract concentration was the most effective against the J2s. Increase in the

time of exposure directly increased the rate of mortality of J2s. These findings agree

with Feysia et al. (2016) who reported 96 % mortality of J2s at 72 hours of exposure to

Lantana leaf extracts. Khan et al. (2019) on evaluation of some botanicals (Coccinia

grandis, Commelina benghalensis, Leucas cephalotes, Phyllanthus amarus and

Trianthema portulacastrum) against RKN, Meloidogyne incognita on carrot found out

that 5000 ppm concentration of the botanical extracts had the highest mortality of J2s

compared to 1000 ppm concentration. Research by Bordoloi et al. (2021) reported 91.6

% mortality of J2s in-vitro in 100 % concentration after 96 hours when working on

mechanism of L. camara leaf extract in the management of M. incognita on tomato.

Plant extracts contain nematicidal chemical compounds (Chitwood, 2002; Bordoloi et
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al., 2021). It has been shown that plant extracts contain bioactive compounds such as
organic acids, phenolics, alkaloids, terpinoids and terpenes, coumarins and secondary
metabolites that possess nematicidal properties (Shaukat et al., 2002; Bordoloi et al.,
2021). Lantana camara has been shown to release camaric acid, camarinic acid,
Lantanolic acid, Linaroside, Oleanoic acid, Lantadene A and B, betulinic acid,
Lancamarolide and 11a-hydroxy-3-oxours-12-en-28-oic acid that have nematicidal
properties (Begum et al., 2015; Gebreyohannes et al., 2023). However, Bordoloi et al.
(2021) reported that lower concentrations (25-50 %) of Lantana camara extracts
stimulated plant growth on tomato while higher concentrations of 75-100 % inhibited
tomato plant growth. The author further noted that peroxidase; polyphenoloxidase and
total phenol were highest in 100 % concentrations and lowest in 25 % and 50 %
concentrations. This explains the high mortality of J2s in 100 % concentrations. From
these results, it is evident that Lantana leaf extract has nematicidal effects and this
could be due to the presence of nematotoxins of phytochemicals that are soluble in
water. Use of plant extracts is an economical and safe method of controlling RKNs.
Shaukat et al. (2002) showed that plant extracts that contain alkaloids and flavonoids
have orvicidal and larvicidal properties on RKN eggs. The reason for Lantana leaf
extract having nematicidal activity could also be attributed to lipophilic properties of
oxygenated compounds which dissolve cytoplasmic membranes of nematodes thus
interfering with enzyme protein structure. Plant extracts suppress acetylcholine esterase
enzyme activity. These mechanisms could be responsible for mortality of nematode J2s

in this research.
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The combination of different concentrations of Lantana leaf extract with C.
nigrum significantly (P<0.05) killed J2s although lower than when applied as
standalone treatments. The reduced mortality of J2s in the combination of Lantana leaf
extract and C. nigrum could be due to either both having some level of inhibition to the
other. The length of time of exposure was directly proportional to the mortality of J2s.
The results from this work are in agreement with Feysia et al. (2016) who reported that
the combination of Lantana extracts with Trichoderma harzianum had 66 % mortality
of J2s compared to Lantana alone which had 96 %. In the same findings, Feysia et al.
(2016) found that all botanicals in combination with T. harzianum had lower mortality
of J2s as compared to when applied alone after 24, 48 and 72 hours. This agrees with
the research findings of this study where Lantana extracts applied singly significantly
reduced J2 populations than when combined with endophytic C. nigrum.

Endophytic fungi reduce attack of nematodes to plants by parasitism, paralysis,
and antibiosis, production of lytic enzymes and through space competition. They also
induce plant defenses like activating systemic acquired resistance (SAR), induced
systemic resistance (ISR) and strigolactones production (Poveda et al., 2020). Many
endophytic fungi have been used in the management of RKNs with different
mechanisms of antagonism (Forghan and Hajihassan, 2020).

In this study, the biocontrol fungi (C. nigrum and T. asperellum) in combination
with Lantana camara extract and Velum® Prime reduced the J2s population
significantly (P<0.05), nematode reproduction, indices of galls and egg masses as well
as enhancing plant growth parameters. These research findings are similar with those of

Akram et al. (2020) studying the integrated approach of managing root-knot nematodes,
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Meloidogyne graminicola Golden and Birchfield parasitizing on wheat. The author
found out that a combined treatment of Cartap (chemical), Trichoderma harzianum and
neem extracts was most effective in inhibiting egg hatching, increased shoot height and
root weight. Similar results were reported where biocontrol fungi as standalone
treatments showed slightly reduced efficacy as compared to the chemical nematicides
and therefore noted that repeated application is necessary to achieve the desired and
sustainable RKN control (Ding et al., 2020). El-Ashry et al. (2021) working on
integrated management of M. incognita on tomatoes using combinations of biocontrol
agents (abamectin, Purpureocillium lilacinum, rhizobacteria and botanical) compared
with nematicide significantly reduced nematode populations, reduced galling and egg
mass indices. Abd-Elgawad. (2020) noted that integrated nematode management cannot
only involve compatible RKN strategies but can also utilize different BCA components
in combination to friendly chemical nematicides. In his study, the number of potato
tubers and tuber weight per plant increased significantly when Pochonia
chlamydosporia, Pseudomonas fluorescens and Trichoderma viridae were combined
with nematicide carbofuran than either using these BCAs or carbofuran alone. The
combined treatment of the BCAs significantly reduced J2 population and eggs (Abd-
Elgawad, 2020).

In this study, C. nigrum and T. asperellum singly or in combination with
Lantana leaf extract and Velum® Prime statistically (P<0.05) reduced RKN disease
parameters and improved tree tomato parameters of growth. Other studies have
documented the potential of endophytic fungi as biocontrol agents against RKNs

(Ganeshan et al., 2021; Naz et al., 2021; Kumar et al., 2023; Yao et al., 2023). The
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protective and plant growth promoting abilities of endophytic Colletotrichum spp. has
not been elucidated on tree tomato. However, tomato plants colonized by endophytic
Colletotrichum spp. showed growth promotion effects in the greenhouse and in the field
(Diaz-Gonzalez et al., 2020). In their research work, the authors noted that 7 days after
inoculation with Colletotrichum tofieldiae, tomato seedlings significantly had increased
shoot and root length and higher fresh weights relative to untreated control. Further,
there was significant increase in the number of buds (64 %), open flowers, (54 %) and
dry weight of 2 % that was higher than control. Other research findings were
documented on the effects of Colletotrichum on different plants such as Phaseolus
vulgaris (Oliveira et al., 2020) and Arabidopsis thaliana (Hiruma et al., 2016). In other
research findings, tomato plants inoculated with Colletotrichum siamense (strains JB,
224.91 and JB, 252.g1) and Diaporthe masirevicii (JB, 270) extracted from Mexican
shrimp plant (Justicia brandegeana) increased the plant biomass and these strains were
also positive in the solubilization of phosphate on soil medium and therefore making
phosphorous available to plants (Silva Santos et al., 2022). This could be the reason for
the increased shoot heights and dry weights of tree tomato plants treated with
Colletotrichum in this study. Marra et al. (2012) noted that micro-organisms can
produce low molecular weight organic acids that solubilize precipitated forms of
phosphorous such as iron and aluminium phosphates in acidic soils and calcium
phosphate in basic soils.

Endophytic fungi produce plant hormones such as gibberellins and cytokinins
which promote plant growth and enhance plant defense (Skider and Vestergard, 2020).

Colletotrichum spp. are known for production of plant hormones such as indole-3-acetic
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acid which have promoting abilities for plant growth. Both antibiosis and plant growth
promoting abilities by Colletotrichum enhances plant adaptation and resistance to
pathogens by the host plants (Lu et al., 2000; Zhou et al., 2000). Colletotrichum
gloeosporioides from Artemisia mongolica produces colletotric acid with antibacterial
activities (Zhou et al., 2000) while Colletotrichum gloeosporioides/ XL1200 produces
colletotricholides A and B (Zhao et al., 2020). In other studies Kiriga et al. (2018)
working on the effect of Trichoderma spp. and Purpureocillium lilacinum on M.
javanica on commercial pineapple farming reported that Trichoderma asperellum
effectively reduced galling and egg mass indices by over 82 and 88 %, respectively,
and increased root fresh weights by 91 %. In pot experiments, two endophytic fungal
culture filtrates of BF7 and BF28 isolates were found to be significantly effective
against M. incognita on bananas by significantly reducing soil and root J2 populations,
reducing indices of galling and egg masses on bananas as relative to untreated control
(Ganeshan et al., 2021).

The idea of integrated nematode management (INM) is gaining attraction in the
management of RKNs compared to standalone strategies. Thakur et al. (2020) found out
that integration of metam sodium with neem cake and Purpureocillium lilacinum
significantly reduced J2 populations in 200cc of soil as compared to control. The same
treatment reduced galls and egg masses and improved yield, root weight and shoot
height of cucumber compared to control. Similar results were documented by Dahlin et
al. (2019) who noted that combining Velum® Prime (ai = fluopyrum) with
Purpureocillium lilacinum strain 251 (PL 251) enhanced control of M. incognita and

enhanced tomato yield compared to when applied alone in the greenhouse trials.
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Velum® Prime protects plants from RKNs by reducing their populations in the soil and
protecting plants from nematode penetration. Velum® Prime which is an organochlorine
compound is a succinate dehydrogenase inhibitor (SDHI) (Beeman and Tylka, 2018;
Chen et al.,, 2020; Touray et al., 2020). It selectively inhibits complex Il of the
mitochondria respiratory chain thereby causing rapid energy depletion in the cells of
nematodes which finally kills them. Velum® Prime has excellent quick knock-down
effects on nematodes at low concentrations (Chen et al., 2020).

Integration of BCAs with compatible nematicides and Lantana leaf extract can
be used to leverage on their synergistic effects against RKNs to improve plant health

and production.
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CHAPTER SIX: CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

i)

i)

Twenty isolates of endophytic fungi caused significant mortality (> 50 %) of
RKN J2s in vitro and hence have a potential application as nematode
antagonists. Among the isolates, Colletotrichum nigrum caused the highest
mortality of RKN J2s.

This study shows that roots of tree tomato are a host to diverse community
of endophytic fungi. There were forty four endophytic fungi from various
genera isolated from roots of tree tomato.

Velum® Prime SC 500 (ai= fluopyram 500g/L) was compatible with
endophytic Colletotrichum nigrum. Their co-application significantly
reduced second stage juveniles of root-knot nematode populations in the soil
and roots of tree tomato and therefore have potential use in integrated
nematode management especially under field conditions where efficacy of
BCAs is limited.

Endophytic C. nigrum combined with Lantana leaf extract and Velum®
Prime was significantly effective against RKNs on tree tomato. Their co-
application effectively reduced RKN disease parameters on tree tomato and
therefore has potential of being incorporated into integrated nematode

management strategies.
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6.2 Recommendations

i)

i)

Non- pathogenic Colletotrichum nigrum which was the most effective
endophytic fungus against RKN J2s should be considered for
commercialization and be made available to farmers to control nematodes.
This endophytic fungus can be incorporated into plant propagation
establishments to produce healthy tree tomato seedlings.

There is need to engage extension officers to sensitize farmers about RKN
damage on tree tomato and promote use of safe strategies of RKN
management such as the use of commercial biocontrol products like the
proposed C. nigrum based product.

Further research should be conducted to:

a) Establish if other endophytic fungal isolates are compatible with Velum®
Prime and other similar synthetic nematicides.

b) Characterize all endophytic fungi associated with tree tomato.

c) Determine the mechanisms of action of the endophytic fungi that were
effective against RKN J2s.

There is need to identify other types of bio-nematicides from different plants
to replace the harmful and expensive chemical nematicides in use.
Integration of BCAs with compatible nematicides and Lantana leaf extract
to leverage on their synergistic effects against RKNs is preferable. Farmers
can start using Lantana leaf extract against RKNs as it is readily available

and easy to make into the leaf extract with minimal instructions for use.
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DOl:https://doi.org/10.51193/IJAER.2024.10604.

2. Waswa, Stanlous Juma, Waceke, J. Wanohi and Maina, Mwangi. (2024).
Compatibility of Velum® (Synthetic Nematicide) with Endophytic
Colletotrichum nigrum and Commercial Trichoderma asperellum against
Root-Knot Nematodes on Tree Tomato. International Journal of Plant & Soil
Science, Volume 36, Issue 11, Page 278-292, 2024; Article no.lJPSS.126494

ISSN: 2320-7035. DOI: https://doi.org/10.9734/ijpss/2024/v36i115143

3. Waswa, Stanlous Juma, Waceke, J. Wanohi and Maina, Mwangi. (2024.
Integrated Management of Root-knot Nematodes on Tree Tomato. Elsevier,
Rhizosphere. Rhozosphere 33 (2025) 101012.

https://doi.org/10.1016/j.rhisph.2024.101012.

4. 16™M-19" Sept. 2024: African Crop Science Conference at Eduardo Mondlane
University Main Campus Maputo, Mozambique: Stanlous J. Waswa, J. W.

Waceke and M. Mwangi: Compatibility of Endophytic Fungus (Colletotrichum

141


https://doi.org/10.9734/ijpss/2024/v36i115143
https://doi.org/10.1016/j.rhisph.2024.101012

nigrum) With Velum ® (Synthetic Nematicide) Against Root-Knot Nematode

(Meloidogyne spp.) On Tree Tomato.

142



Appendix 3: Research authorization

143



Appendix 4: Approval of research proposal letter

144



Appendix 5: Research permit

\~/

—

—

 REFUBLIC OF KENYA 5 NATIONAL COMMISSION FOR
. SCIENCE TECHNOLOGY & INNOVATION

" Ref No: 886664 Daic of lssuc! 08/November/2022 :

RESEARCH LICENSE

. This s to Cersify that M. Stanbous Juma Wasws of Keayatta University, has been Neensed to conduct research as per the

- provision of the Science, Techuolegy and Innovation Act, 2013 (Rev 2014) in Nyandarea on the teplc: ANTAGONISTIC

. POTENTIAL OF LOCAL ENDOPHYTIC FUNGEAGAINST ROOT-KNOT NEMATODES (Mcleddogyne spp.) ON TREE
U TOMATO (Solanuns betacenm} IN NYANDARUA COUNTY, KENY A for the period ending : 08/ November/2023.

Licemse No: NACOSTEP/ 22221621

- oV T

Director General
NATIONAL COMMISSION FOR
SCIENCETECHNOLOGY &
INNOVATION

Applicant [dentification Number

NOTE: This is a computer geserated Licease. To venify the auth ty of this &
Scan the OR Code wsing QR scanner application.

- See overleaf for conditioas

145



Appendix 6: Morphological descriptions of endophytic fungal isolates

Twenty endophytic fungi that had more than 50 % mortality of J2s were
identified using colony characteristics as described and shown below:
Colletotrichum nigrum (N2): The colonies on PDA appeared at first white with raised
centre and changed to black with age on the front with irregular margins and sparse in
density with no media alteration. The colony had pale cream white colour on the
reverse. The margin colour was black (Plate N2 below).
Colletotrichum coccodes (N28): The colony appeared flat and grey black on both sides
with irregular margin having dense black spores (Plate N28 below).
Colletotrichum coccodes (N41): The colony was sparse, appeared black on both sides of
the PDA plate with raised centre and irregular margin (Plate N41 below).
Fusarium oxysporum f. sp ciceris (N5): The colony was pink-white to purple on the
front with irregular margin and fast growing with cottony appearance on PDA media.
The colour on the reverse appeared dark pink. The microconidia were oval while
macroconidia were sparse and 3-4 septate (Plate N5 below).
Fusarium oxysporum (N11): The colony was pink-white to purple with irregular margin
and fast growing with cottony appearance on PDA media. The microconidia were oval
and numerous while macroconidia were curved slightly, sparse, and 3-4 septate (Plate
N11 below).
Fusarium solani (N26): The colony appeared dense, cottony-white on the front side and
cream-white on the reverse with irregular margin (Plate N26 below).
Fusarium fujikuroi (N36): The colony was flat, sparse and appeared white on both sides

of the PDA plate with regular margin (Plate N36 below).
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Aspergillus oerlinghausenensis (N10): Showed scattered colonies with raised margins
having dark centre and whitish edges producing dark spores that quickly covered the
PDA plate.The colonies were dark blue-green on the front and ginger —brown on the
reverse (Plate N10 below).

Aspergillus spp. (N17): The colony was creamy-white on the front but yellow on the
reverse side with irregular white margin. The colony was dense with media alteration
from colourless to yellow (Plate N17 below).

Aspergillus ustus (N18): The colony appeared scattered with cream-yellow colour on
the reverse while it appeared white on the front side (Plate N18 below).

Aspergillus spp. (N34): The colony appeared yellow on the reverse and cream white on
the front side on the PDA plate. The surface appearance was cottony-white but with
time changed colour to grey. The colony was dense with irregular margin and changed
media from colourless to yellow with concentric rings (Plate N34 below).

Aspergillus fumigatus (N43): The colonies appeared yellowish-brown on the reverse
and grey on the front side. The colonies were dense with concentric rings and irregular
margins and had grooves radiating from the centre (Plate N43 below).
Microsphaeropsis arudinis (N14): The colony was cream white on the reverse but white
on the front side with raised centre. The colony was dense with regular margin (Plate

N14 below).

Penicillium onobense (N20): Colony appeared green-grey on the front side and white on
the reverse with grooves. The colony was densely powdery with white margin that was

regular (Plate N20 below).
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Penicillium janthinellum (N24): Colony appeared as grey-yellowish with small grooves.
The colony appeared scattered on the PDA plate appearing faint yellow on the reverse
side but white on the front side (Plate N24 below).

Rhizoctonia solani (N27): The colony was flat, appeared brown-yellow on the reverse
and brown on the front side on PDA media with moderate density having irregular
margin. The colony with time altered PDA media from coloulrless to yellow. The
colony margin was yellow (Plate N27 below).

Didymella bellidis (N29): The colony appeared dense and white pink on the front while

it was pink on the reverse side on PDA plate with irregular margin (Plate N29 below).

Didymella bellidis (N33): The colony appeared dark purple on the reverse and grey on
the front side on the PDA plate with irregular margin. The colony was dense with a
raised centre containing dark grey spores (Plate N33 below).

Periconia sp. (N31): The colony appeared white brown on the reverse and white on the
front with a raised surface texture. The colony was dense and slow growing with
irregular margin (Plate N31 below).

Purpureocillium lilacinum (N44): At first the colonies appeared white but changed to
pink with time. The colony appeared pale brown on the reverse but pink on the front
and scattered into smaller colonies with irregular margins but with raised centre (Plate

N44 below).
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P. janthinellum F. solani
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Rhizoctonia solani C. coccodes

D. bellidis

i ;

F. fujikuroi C. coccodes

A. fumigatus P. lilacinum

Colony characteristics (reverse and front) of endophytic fungal isolates
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Appendix 7: ITS sequences for 18 endophytic fungi of tree tomato

>N2

TTCCGTAGGTGAACCTGCGGAGGGATCATTACTGAGTTACCGCTCTATAACC
CTTTGTGAACATACCTAACTGTTGCTTCGGCGGGCAGGGGGTGCCGCCTGCG
GACCCCCCTCCCGGCCCTGCCCTCACGGGCGGAGCGCCCGCCGGAGGATAC
CTAAACTCTATTTTAACGACGTTTCTTCTGAGTGGCACAAGCAAATAAATTA
AAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCG
AAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTT
GAACGCACATTGCGCCCGCCAGCATTCTGGCGGGCATGCCTGTTCGAGCGT
CATTTCAACCCTCAAGCTCTGCTTGGTGTTGGGGCCCTACGCGTTGATTCGT
AGGCCCTTAAAGGTAGTGGCGGACCCTCTCGGAGCCTCCTTTGCGTAGTAAC
TAACGTCTCGTCACTGGTATTCGGAGGGACTCTTGCCGTAAAACCCCCAAAT
TTTAAAGGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATA
TCAATAAGCGGAGGAA

>NS

CGTAGGTGAACCTGCGGAGGGATCATTACCGAGTTTACAACTCCCAAACCC
CTGTGAACATACCACTTGTTGCCTCGGCGGATCAGCCCGCTCCCGGTAAAAC
GGGACGGCCCGCCAGAGGACCCCTAAACTCTGTTTCTATATGTAACTTCTGA
GTAAAACCATAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGC
ATCGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAATTGCAGAATTC
AGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGG
GCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGCACAGCTTGGTGTTGGGA
CTCGCGTTAATTCGCGTTCCTCAAATTGATTGGCGGTCACGTCGAGCTTCCA
TAGCGTAGTAGTAAAACCCTCGTTACTGGTAATCGTCGCGGCCACGCCGTTA
AACCCCAACTTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAA
CTTAAGCATATCAATAAGCGGAGGAA
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>N10

TTCCGTAGGTGAACCTGCGGAAGGATCATTACCGAAGTGAGGGCCCTCTGG
GTCCAACCTCCCACCCGTGTCTATCGTACCTTGTTGCTTCGGCGGGCCCGCC
GTTTCGACGGCCGCCGGGGAGGCCTCGCGLCCLLCCGGGLLCLCGLCGLCCCGLCGA
AGACCCCAACATGAACGCTGTTCTGAAAGTATGCAGTCTGAGTTGATTATCA
TAATCAGTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAG
AACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCAT
CGAGTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGT
CCGAGCGTCATTGCTGCCCTCAAGCACGGCTTGTGTGTTGGGCCCCCGTCCC
CCTCTCCCGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGLGTLCLCGGTCC
TCGAGCGTATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCCAGCC
GACACCCAACTTTATTTCTAAGGTTGACCTCGGATCAGGTAGGGATACCCGC
TGAACTTAAGCATATCAATAAGCGGAGGAA

>N11

CCGGGAGATATTTCCGTAGGGTGAACCTGCGGAGGGATCATTACCGAGTTT
ACAACTCCCAAACCCCTGTGAACATACCACTTGTTGCCTCGGCGGATCAGCC
CGCTCCCGGTAAAACGGGACGGCCCGCCAGAGGACCCCTAAACTCTGTTTC
TATATGTAACTTCTGAGTAAAACCATAAATAAATCAAAACTTTCAACAACG
GATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCAAAATGCGATAAGTAA
TGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCC
CGCCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAAGC
ACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCTCAAATTGATTGGCG
GTCACGTCGAGCTTCCATAGCGTAGTAGTAAAACCCTCGTTACTGGTAATCG
TCGCGGCCACGCCGTTAAACCCCAACTTCTGAATGTTGACCTCGGATCAGGT
AGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAG
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>N14

CCCCGGAGCCCCGGCCCCCCCGTTGAATTGGTAAAGATCCTTCCGTAGGGTG
AACCTGCGGAAGGATCATTACCAATTCAACGGTGTGGTCGCGGCCTCCGGG
GGCTCCCCCCGGGCGGTAGAGGTAACACTCTTACGCGCCACATGTCTGAAT
CCTTTTTTTACGAGCACCTTTCGTTCTCCTTCGGTGGGGCAACCTGCCGTTGG
AACTTATCAAAACCTTTTTTGCATCTAGCATTACCTGTTCAGATACAAACAA
TCGTTACAACTTTCAACAATGGATCTCTTGGCTCTGGCATCGATGAAGAACG
CAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAA
TCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGGGCATGCCTGTTCGA
GCGTCATCTACACCCTCAAGCTCTGCTTGGTGTTGGGCGTCTGTCCCGCCTC
TGCGCGTGGACTCGCCCCAAATTCATTGGCAGCGGTCTTTGCCTCCTCTCGC
GCAGCACATTGCGCTTCAGAGGGGTGTGGGCCGCGTCCACGAAGCAACATT
ACCGTCTTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATC
AATAAGCGGAGGA

>N18

CGTAGGTGAACCTGCGGAAGGATCTTTACCGAGTGCAGGTCTGCCCCCGGG
CAGGCCTAACCTCCCACCCGTGAATACCTGACCAACGTTGCTTCGGCGGTGC
GCCCCCCCGGGGGTAGCCGCCGGAGACCACACCGAACCTCCTGTCTTTAGT
GTTGTCTGAGCTTGATAGCAAACCTATTAAAACTTTCAACAATGGATCTCTT
GGTTCCGGCATCGATGAAGAACGCAGCGAACTGCGATAAGTAATGTGAATT
GCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTGGCA
TTCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTTCAAGCCCGGCTT
GTGTGTTGGGTCGTCGTCCCCCCCGGGGGACGGGCCCGAAAGGCAGCGGLG
GCACCGCGTCCGGTCCTCGAGCGTATGGGGCTTTGTCACCCGCTCGATTAGG
GCCGGCCGGGCGCCAGCCGGCGTCTCCAACCTTCTATTTTACCAGGTTGACC
TCGGATCAGGTAGGGATACCCGCTRAACTTAAGCATATCAATAAGGGGAGG
A
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N20

CTTCCGTAGGTGAACCTGCGGAAGGATCATTTACTGAGTGAGGGCCCTCTG
GGTCCAACCTCCCACCCGTGTTTATTGTACCTTGTTGCTTCGGCGAGCCCGC
CTCACGGCCGCCGGGGGGCACTTGCCCCCGGGCCCGCGCCCGCCGAAGACA
CCATTGAACTCTGTCTGAAGATTGCAGTCTGAGTAGATTAGCTAAATCAGTT
AAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGC
GAAATGCGATACGTAATGTGAATTGCAGAATTCAGTGAATCATCGAGTCTTT
GAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGAGCGT
CATTGCTGCCCTCAAGCACGGCTTGTGTGTTGGGCTTCGCCCCCCGTTCTTC
GGGGGGCGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCGAGCG
TATGGGGCTTTGTCACCCGCTCTGTAGGCCCGGCCGGCGCCCGCCGGCGAC
ACCCAAATCAATCTATCCAGGTTGACCTCGGATCAGGTAGGGATACCCGCT
GAACTTAAGCATATCAATAAGCGGAGGAA

>N24

CTTCCGTAGGGTGAACCTGCGGAAGGATCATTACCGAGTTGCCAGGGCCCT
CTGGGTCCAACCTCCCACCCGTGTTTATCGTACCTTGTTGCTTCGGCGGGCC
CGCCGTTCCGGCCGCCGGGGGGCATCCGCLCLCCCGGGLCLLCGCGLCCLCGLCCGAA
GACACCATTGAACGCTGTCTGAAGATTGCAGTCTGAGCGATTAGCTAAATC
AGTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACG
CAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAG
TCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCGA
GCGTCATTGCTGCCCTCAAGCACGGCTTGTGTGTTGGGCCCCGCCCCCCGGC
TACCGGGGGGCGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCGA
GCGTATGGGGCTTCGTCACCCGCTCTGTAGGCCCGGCCGGCGCCLCGLLGGL
GACCCCCCTCAATCTTTCTCAGGTTGACCTCGGATCAGGTAGGGATACCCGC
TGAACTTAAGCATATCAATAAGCGGAGGAA
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>N26

CGTAGGTGAACCTGCGGAGGGATCATTACCGAGTTATACAACTCCCAAACC
CCTGTGAACTTACCTATAACGTTGCTTCGGCGGGAACCGACGGCCCCGTAAC
ACGGGCCGCCCCCGCCAGAGGACCCCCTAACTCTTGTTATTTATATGTTICT
CTGAGTAAAACAAGCAAATAAATTAAAACTTTCAACAACGGATCTCTTGGC
TCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCA
GAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTC
TGGCGGGCATGCCTGTCCGAGCGTCATTACAACCCTCAGGCCCCCGGGCCT
GGCGTTGGGGATCGGCGGAGCCCTCTGGGCACACGCCGCCCCCTAAATCTA
TTGGCGGTCTCGCTGCAGCCCACTGCGTAGTAGCTAACACCTCGCAACTGGA
AAGCGGCGCGGCCATGCCGTAAAACACCCAACTTTATGATGTTGACCTCGG
ATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA

>N27

CTGAATTTAATGTAGAGTTGATTGGAGCTGACTCCCTCCGGGTTAATATTTT
TGGGTGCGCACGCCCCCCCTTTTTTTTCATCCCACACACACCTGTGAACCTG
TGAGATAGTAGTTGGGGACTTTAATGGACCCACTTCTGTCTACTTAATTCAT
ATAAAATCAATTTAATTTAAAACGAATGTAATGGATGTAACGCATCTAATA
CTAAGTTTCAACAACGGATCTCTTGGCTCTCGCATCGATGAAGAACGCAGC
GAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTT
TGAACGCACCTTGCGCTCCTTGGTATTCCTTGGAGCATGCCTGTTTGAGTAT
CATGAAATCTTCAAAGTAAATCTTTTGTTAATTCAATTGGTTTCTACTTTGGT
ATTGGAGGGCATTGCAGCTTCACACCTGCTCCTCTTTGTCCATTAGCTGGAT
CTCAGTGTTATGCTTGGTTCCACTCAGCGTGATAAGTTATCTATCGCTGAGG
ACACTGTAAAAGGTGGCCAAGGTAAATGCAGATGAACCGTTTCTAATAGTC
CATTGACTTGGACAATAAATTAATTTTTATGATCTGATCTC
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>N28

CGTAGGTGAACCTGCGGAGGGATCATTACTGAGCTCCCGCTCTATAACCCTT
TGTGAACATACCTAACTGTTGCTTCGGCGGGCAGGGGGTGCCGCCTGCGGA
CCCCCCTCCCGGCCCTGCCCTCACGGGCGGAGCGCCCGCCGGAGGATACCA
AACTCTATTTTAACGACGTTTCTTCTGAGTGGCACAAGCAAATAATTAAAAC
TTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAAT
GCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAAC
GCACATTGCGCCCGCCAGCATTCTGGCGGGCATGCCTGTTCGAGCGTCATTT
CAACCCTCAAGCTCTGCTTGGCGTTGGGGCCCTACGGTTGACGTAGGCCCTT
AAAGGTAGTGGCGGACCCTCTCGGAGCCTCCTTTCCGTAGTAACTAACGTCT
CGCACTGGGATTCGGAGGGACTCTTACCGTAAAACCCCCAAATTTTTAAAG
GTTGACCTCGGATCAAGTAGGAATACCCGCTGAACTTAAGCATATCAATAA
GCGGAG

>N29

GGACCCGCCGAGGAAACGAAGGTACTCAACAGACATGGGTAAGATAGCAG
CCAACGCCTACAACTCTAGGTAAATTCTTTCCGTAGGGTGAACCTGCGGAA
GGATCATTACCTAGAGTTGTAGGGCTTTGCCTGCTATCTCTTACCCATGTCTT
TTGAGTACCTTCGTTTCCTCGGCGGGTCCGCCCGCCGATTGGACAATACTTA
AACCCTTTGTAATTGAAATCAGCGTCTGAAAAACTTTAATAGTTACAACTTT
CAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCG
ATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCA
CATTGCGCCCCTTGGTATTCCATGGGGCATGCCTGTTCGAGCGTCATTTGTA
CCTTCAAGCTTTGCTTGGTGTTGGGTGTTTGTCTCGCCTCTGCGCGCAGACTC
GCCTCAAAACAATTGGCAGCCGGCGTATTGATTTCGGAGCGCAGTACATCT
CGCGCTTTGCACTCATAACGACGACGATCCAAAAGTACATTTTTACACTCTT
GACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCG
GAG
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>N31

AGCTTTTGCATTTCCCCCAACTTATACSCACTTTCGCCCTTTTTTAAAGCGCA
AGCACCCAAACTCCATTGTTCAAACTGGCATAATTAGTTGTATAGAAGTTTC
GGAAGCCCACCGGTTTGTGTGTTCCGGCGGCGGCGGGCCGCCGGGAGGTTG
TGGGTACATATAGGCAAAGGCCAAAAGCAGCGCGCAACCCCCGGGGLLGG
GGCCGGTATTTTGTAATCCCTCCGTAGGGTGAACCTGCGGAAGGATCATTAC
AAAATACCTGCGCCGGCCCCCCGGGGTTGCGCGCTTCTATTTCACCCTTTGC
CTATGTGTACCCTCATCGCTTCCTCGGCAGGCCCGCCTGCCGCCAGGAACCA
CACAAAACCCTTGCATCTATACACGAAAACTTCTGATAACAACCTAAATTAT
TACAACTTTTAACAATGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGC
GAAATGCGATAAGTAGTGTGAATTGCAGAATTCAGTGAATCATCGAATCTT
TGAACGCACATTGCGCCCCTCGGTATTCCGTGGGGCACGCCTGTTCGAGCGT
CATTTACACCCTCAAGCCCAGCTTGGTGTTGGGCGTCTGTCCCGCTCCCGTA
GCGCGGACTCGCCTCAAAGTCATTGGCGGCGGTCGTGCCGGCTCCTCGCGC
AGCACATTTGCGCTTCTCGGAGGCCCGGCGGATCAGCACCCAGCAAGCTAC
ACTTTATGACTTGACCTCGGATCAGGTGAGGATACCCGCTGAACTTAAGCAT
ATCAATAAGCGGAGGAAGATCATTACAAAATACCTGCGCCGGCCCCGGGGT
TGCGCCTTCTATTTCACCTTTGCCTATGTGTACCTCATCCTTCTCGGCGGGCC
GCCTGCGCCGGAACACACAAACCCTTGCATTCTCCCGAAAACTTCTGATAAC
AACTAAACTTATTACACTTTTTAACAATGGGATCTCTTGGGTTTCTGGCATC
ATGAAAAAACGCAC

>N33

CTTCCGTAGGTGAACCTGCGGAAGGATCATTACCCCTAGAGTTGGTAGGGC
TTTGCCTGCTATCTCTTACCCATGTCTTTTGAGTACCTTCGTTTCCTCGGCGG
GTCCGCCCGCCGATTGGACAATACTTAAACCCTTTGTAATTGAAATCAGCGT
CTGAAAAACTTTAATAGTTACAACTTTCAACAACGGATCTCTTGGTTCTGGC
ATCGATGAAGAACGCAGCGAAATGCGATAAGTAGTGTGAATTGCAGAATTC
AGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATTCCATGGG
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GCATGCCTGTTCGAGCGTCATTTGTACCTTCAAGCTTTGCTTGGTGTTGGGT
GTTTGTCTCGCCTCTGCGCGCAGACTCGCCTCAAAACAATTGGCAGCCGGCG
TATTGATTTCGGAGCGCAGTACATCTCGCGCTTTGCACTCATAACGACGACG
ATCCAAAAGTACATTTTTACACTCTTGACCTCGGATCAGGTAGGGATACCCG
CTGAACTTAAGCATATCAATAAGCGGAGGAA

>N36

CCCGTCCCGTTTTCCCGGAGCGGATTTTCCGCGAGGCAACAATTGTATTTTC
GCAGGGTTGGGAGTTGTAAACTCGGTAAGACCTCCGTAGGGTGAACCTGCG
GAGGGATCATTACCGAGTTTACAACTTCCAAACCCCTGTGAACATACCACTT
GTTGCCTCGGCGGATCAGCCCGCTCCCGGTAAAACGGGACGGCCCGCCAGA
GGACCCCTAAACTCTGTTTCTATATGTAACTTCTGAGTAAAACCATAAATAA
ATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGC
AGCAAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAAT
CTTTGAACGCACATTGCGCCCGCCAGTATTCTGGCGGGCATGCCTGTTCGAG
CGTCATTTCAACCCTCAAGCACAGCTTGGTGTTGGGACTCGCGTTAATTCGC
GTTCCTCAAATTGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAGTAAA
ACCCTCGTTACTGGTAATCGTCGCGGCCACGCCGTTAAACCCCAACTTCTGA
ATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAAT
AAGCGGAGGAA

>N41

CTCCGTAGGTGAACCTGCGGAGGGATCATTACTCAGTTACCGCTCTATAACC
CTTTGTGAACATACCTAACTGTTGCTTCGGCGGGCAGGGGGTGCCGCCTGCG
GACCCCCCTCCCGGCCCTGCCCTCACGGGCGGAGCGCCCGCCGGAGGATAC
CAAACTCTATTTTAACGACGTTTCTTCTGAGTGGCACAAGCAAATAATTAAA
ACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAA
ATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGA
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ACGCACATTGCGCCCGCCAGCATTCTGGCGGGCATGCCTGTTCGAGCGTCAT
TTCAACCCTCAAGCTCTGCTTGGTGTTGGGGCCCTACGGTTGACGTAGGCCC
TTAAAGGTAGTGGCGGACCCTCTCGGAGCCTCCTTTGCGTAGTAACTAACGT
CTCGCACTGGGATTCGGAGGGACTCTTGCCGTAAAACCCCCAAATTTTTAAA
GGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAAGCATATCAATA
AGCGGAGGAA

>N43

TCCGTAGGTGAACCTGCGGAAGGATCATTACCGAGTGAGGGCCCTCTGGGT
CCAACCTCCCACCCGTGTITATCGTICCTTGTTGCTTCGGCGGGCCCGCCGTTT
CGACGGTCtCCGGGGAGGCCTTGCGCCCCCGGGCCCGCGCCCGCCGAAGAC
CCCAACATGAACGCTGTTCTGAAAGTATGCAGTTTGAGTTGATTATCGTAAT
CAGTTAAAACTTTCAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAAC
GCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATCGA
GTCTTTGAACGCACATTGCGCCCCCTGGTATTCCGGGGGGCATGCCTGTCCG
AGCGTCATTGCTGCCCTCAAGCACGGTTTGTGTGTTGGGCCCCCGTCCCCCT
CTCCCGGGGGACGGGCCCGAAAGGCAGCGGCGGCACCGCGTCCGGTCCTCG
AGCGTATGGGGTTTTGTCACCTGCTCTGTAGGCCCGGCCGGCGCCAGCCGAC
ACCCAACTTTATTTTTCTAAGGTTGACCTCGGATCAGGTAGGGATACCCGCT
GAACTTAAGCATATCAATAAGCGGAGGA

>N44

TAGGTGAACCTGCGGAGGGATCATTCCCGAGTTATCCACCTCCCACCCCCCC
TGTGACCCTTACCTCAGTTGCCTCGGCGGGAACGCCCCGGLLGLLTGLCCCC
GCGCCGGCGCCGGACCCAGGCGCCCGLCCGCAGGGACCCCAAACTCTCTTGC
ATTACGCCCAGCGGGCGGAATTTCTTCTAGGAGTTGCACAAGCAAAAACAA
ATGAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGATGAAGA

ACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCATC
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GAATCTTTGAACGCACATTGCGCCCGCCAGCATTGGGGCGGGCATGCCTGTT
CGAGCGTCATTTCAACCCTCGAGCCCCCCCCGGGGGCLCTCGGTGTTGGGGEG
ACGGCACACCAGCCGCCCCCGAAATGCAGTGGCGACCCCGCCGCAGLCCTCC
CCTGCGTAGTAGCACACACCTCGCACCGGAGCGCGGAGGCGGTCACGCCGT
AAAACGCCCAACTTTCTTAGAGTTGACCTCGGATCAGGCAGGAATACCCGC
TGAACTTAAGCATATCAATAAGCGGAGGA
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