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ABSTRACT
Soil properties such as physico-chemical and water holding capacity affect plant growth
and the ability to resist soil-borne diseases. In tomato production, soil-borne disease such
as Fusarium wilt, caused by Fusarium oxysporum f. sp. Lycopersici (FOL)cause serious
yield losses and their severity is influenced by the interaction of soil biotic and abiotic
factors. Despite their role as a store house for nutrients and a physical habitat for
biological interactions, the influence of soil abiotic properties in driving mechanisms of
disease suppression on Fusarium wilt and other soil-borne diseases, remain largely
unexplored. Moreover, due to the nature of using organic amendments to improve soll
physicochemical properties under greenhouse and field conditions as opposed to
biological properties, which are amenable to analysis under laboratory conditions, the
effects of physicochemical properties on disease development have only been briefly

examined.

To the best of our knowledge, the suppression of Fusarium oxysporum in tomato plants
by physicochemical properties after amending soils with chicken compost and
manipulating water-holding capacity, as exhibited in the current study, has not been
reported previously. In line with these observations, the effects of amending soil with
chicken compost coupled with manipulation of water deficit levels were investigated on
soil physicochemical properties, plant growth parameters and subsequent suppression of
Fusarium wilt of tomato. To achieve this, a 3 x 3 factorial pot experiment with four
replications was performed under greenhouse conditions at the Green Biotechnologies
Research Centre, University of Limpopo. The treatments included a control (non-
amended soil), compost amended soil comprising of a mixture of 2/3 soil and 1/3 compost,
mixture of 1/2 soil and 1/2 compost, irrigated to 100%, 60% and 30% water holding
capacities. Pearson’s correlation analysis was employed to determine relationships
between soil chemical and physical properties, plant growth parameters and disease

suppression.

Applied treatments yielded varying effects on measured parameters. For instance, soll
organic carbon significantly increased in the order: no-compost < 25% compost < 50%

compost soils with mean values of 39.4, 88.2 and 193.1 g kg™, respectively. Increases in



SOC were positively correlated with EC (r = 0.83), porosity (r = 0.81), air-filled porosity (r
= 0.69), plant height (r = 0.68), fresh shoot weight (r = 0.81), fresh root weight (r = 0.57),
chlorophyll content (r = 0.68), and negatively correlated bulk density (r = -0.81), shoot
severity (r = -0.79) and vascular discoloration (r = -0.70). Moreover, no significant
interaction effects of chicken compost and water deficit levels were observed in all the
other soil and plant variables explored, except for SOC and EC. Effective suppression of
Fusarium wilt was observed in soils receiving increased application rates of chicken
manure, which correlated with increased gravimetric soil moisture and promotion of plant

growth and development of tomato plants.

Taken together, these results suggest the importance of SOC as a component of SOM in
improving the fertility status of soils and of soil water relations, thus leading to the
subsequent involvement in mechanisms of disease suppression. Such information
advances our understanding of how soil physicochemical properties influences the
suppression of Fusarium wilt; however, this needs to be tested in a wide range of soils

and horticultural crops, and especially under field conditions.

Keywords: Soil physiochemical properties, Fusarium wilt, compost, irrigation, water

holding capacity



CHAPTER 1

GENERAL INTRODUCTION
1.1. Background

The agricultural productivity of any soil as a medium for plant growth is dependent upon
the interaction of soil physical, biological and chemical properties (Abbott and Murphy,
2003). There are four major soil constituents that bring about this interaction, and these
include air (20-30%), water (20-30%), mineral materials (49.9-45%) and organic matter
(0.1-5%) (Mandal, 2016). Under conducive conditions, the soil constituents exist in a
mixed state to sustain plant growth and optimize crop yields by increasing water holding
capacity and availability of mineral nutrients, improving soil texture, and suppressing soil-
borne diseases (FAO, 2012).

The ability of soils to supply water, oxygen and mineral nutrients and ultimately suppress
diseases is largely dependent on the general fertility status of the soil, however, not all
soils can provide these functions. As such, the incorporation of organic amendments,
especially in low fertile soil, improves the solil fertility status through the provision of a
habitat for beneficial microorganisms. The soil biota through their burrowing and binding
activities can also stabilize soil aggregates and consequently, promote the development
of biogenic macropores and micropores (DAFF, 2010; Zaffar and Lu, 2015). It is these
changes in pore size distribution of soils that indirectly improve the texture of the soils,
which in turn improves soil conditions such as water holding capacity and porosity,

thereby affecting plant growth and disease development (FAO, 2012).

The prevailing soil conditions for plant growth influences the occurrence and severity of
plant diseases, especially those caused by soil-borne pathogens. For example,
manifestation of Fusarium wilt in host plants is influenced by soil conditions such as soil
texture and nutrient availability, which play a major role in host susceptibility (Orr and
Nelson, 2018). The interaction of these soil factors is necessary for improved microbial
activity, provision of nutrients, oxygen, energy, moisture, and porosity, thus improving
plant growth and resistance (Orr and Nelson, 2018). The plant’s susceptibility to diseases
increases when the soil environment becomes favourable for the growth and

development of soil-borne pathogens (Ghorbani et al., 2008).



The soil-borne fungal vascular disease, Fusarium wilt, is caused by several Fusarium
species, especially Fusarium oxysporum, which includes both pathogenic and non-
pathogenic strains (Okungbowa and Shittu, 2002). Globally, the disease occurs under
diverse environmental conditions, but it is more prevalent in sub-tropical agro climates
(McGovern et al., 2001). Soil conditions where the prevailing agro-climatic conditions are
characterized by moisture content ranging from 28% to 75% and pH of 6-7 have been
widely reported to promote the development and prevalence of Fusarium wilt (Glen et al.,
2003). According to Nelson et al. (1994), the frequent association of the pathogenic
strains with plant roots, as either parasites or saprophytes result in devastating effects on
most horticultural crops of economic importance such as tomato, avocado, banana, and
cucumber. The pathogen can cause yield losses and destroy the crop especially under
conducive environmental conditions (Singh et al., 2017). To mitigate these deleterious
effects, studies have focused on sustainable soil management practices including the
manipulation of soil physicochemical properties such as soil pH, soil moisture content and
soil texture to manage soil-borne diseases including Fusarium wilt (Orr and Nelson, 2018;
Singh et al., 2017).

Fusarium oxysporum, the causal agent of Fusarium wilt, is host-specific, and as such,
management strategies relate to specific host plant. Tomato is arguably one of South
Africa’s most consumed and exported vegetable crop (DAFF, 2010). The successful
production of tomatoes is associated with proper management of soil conditions including
pH values ranging from 6 to 7 and well-managed sandy loam and clay loam textured soils
(DAFF, 2010). To meet the requirements for tomato production while suppressing F.
oxysporum, water and animal manures, which are a source of organic matter are added
to facilitate plant nutrient ions uptake, facilitate good air circulation, and provide good
drainage in agricultural soils (DAFF, 2010; Zucco et al., 2015).

1.2. Problem statement

The relationship between soil properties and plant disease development has been studied
for most soil-borne diseases due to soil being a medium for plant growth and a habitat for
pathogenic organisms (Orr and Nelson, 2018). Poor soil fertility and reduced water

holding capacity promotes physical stress in plants resulting in their increased



susceptibility to soil-borne pathogens. The occurrence of soil-borne pathogens, including
F. oxysporum f.sp. lycopersici (FOL) is influenced by the interaction of the soil physical
and chemical properties. Moreover, farming practices such as water management,
integrated disease management and manuring used in tomato production further
increases the soil conditions that favour disease development (McGovern, 2015). This is
because FOL as a saprophyte, can survive in the field for a period of more than 10 years
to sometimes indefinitely in the absence of a susceptible host plant (McGovern, 2015).
Management of Fusarium wilt is mostly based on cultural practices such as crop rotation
with a non-host plant, mulching and the application of conventional fungicides (Joshi,
2018).

The above-mentioned management practices have their own limitations. For instance,
crop rotation improves the chemical and physical soil environment and suppresses the
Fusarium wilt disease, however, its success to suppress the disease depends on planting
non-host crops until the pathogen’s population is reduced to a level that deemed
negligible crop damage (Bonanomi et al., 2007). However, the secondary spread of FOL
through contaminated seeds and planting equipment can result in re-infestation
(Okungbowa and Shittu, 2014). On the other hand, the use of fungicides can be limiting
due to the accumulation and migration of toxins in soil systems associated with their
application (Joshi, 2018). Farmers also depend on the incorporation of organic mulch,
which necessitates granular type aggregates that are necessary for the suppression of
the pathogen through the protection of organic matter in the soil. Nelson et al. (1994),
reported that FOL is saprophytic in nature and can survive on decomposing organic
matter, which makes it more difficult to manage via the incorporation of organic mulch
(Bonanomi et al., 2007). In addition, decomposing organic matter can decrease the soll
pH thus promoting FOL (Abbott et al., 2018). Upon successful infestation or re-infestation,
the pathogen infiltrates the soil environment. Once in the soil, the parasitic pathogen
enters the epidermis of host plant roots, moves through the root, and attacks the water
conducting vessels, leading to clogging of the vessels. Once the host plant is affected by
reduced water movement, it develops wilt symptoms and this subsequently decreases in
crop yield (Singh et al., 2017).



1.3. Rationale

In South Africa, tomato is second only to potato as an essential vegetable crop and
contributes about 24% of the total crop production areas (DAFF, 2010). Tomato is grown
in all the provinces of South Africa, with the Limpopo province producing about 72.1% of
the country’s tomatoes (Statistics South Africa, 2017). Although there has been a general
decrease in the area planted, the last agricultural census conducted in 2017 reported that
261 123 metric tons of fresh tomato produce was generated from only 3 381 hectares of
the area planted in the Limpopo province (Statistics South Africa, 2017). As such, the
importance of the crop is beyond its consumption by households as a stable food source,
but it is also a source of income for both subsistence and commercial farmers in the
province (Statistics South Africa, 2017). However, despite this high production levels,
tomato production is negatively affected by various abiotic and biotic factors resulting in
high yield losses. Reports show that FOL is a major constraint in the production of
tomatoes in Limpopo province, South Africa (Jacobs et al., 2013). FOL attacks the plant
roots and multiplies in the vascular system of the tomato plant, obstructing water thus
resulting in wilting of the infected plant (Miller et al., 2011). The economic losses are
primarily due to the pathogen’s ability to reduce the photosynthetic ability of the plant
resulting in either deformed fruit or no fruit at all (Nogues et al., 2002). As a soil-borne
organism, the survival and spread of FOL is influenced by soil conditions such as physical

and chemical properties (Orr and Nelson, 2018).

The manipulation of soil pH, moisture content and organically sourced amendments can
improve the soil environment and consequently enhance soil fertility by stimulating soil
microbial activity necessary for disease suppression (Abbott et al., 2018). Organic
amendments are known to suppress weeds and improve soil structure through increased
aggregate stability, soil porosity and water infiltration (Urra et al., 2019). Improved soil
porosity allows adequate soil moisture content which in turn facilitates important soil
processes such as soil aeration, decomposition of organic matter and microbial activity
(FAO, 2005). As stated earlier, FOL is a soil-borne pathogen, thus the interaction of soll
physical and chemical properties will govern the resources available for the fungus and

influence the severity of the disease (Orr and Nelson, 2018).



Alabouvette (1999), noted that soils have the potential of suppressing Fusarium wilt and,
there is currently ample evidence from existing literature which shows that organic matter
(Bonanomi et al., 2010), soil pH (Orr and Nelson, 2018) and the amount and nature of
clay in the soil (Orr and Nelson, 2018) are the most important factors that interact with
the microbial populations responsible for suppressing Fusarium wilt (Bonanomi et al.,
2007). From the literature gathered in this work, suppression of the disease generally
involves enhancing the pre-existing suppressiveness of every soil through the
manipulation of the level of soil nutrients. Insightful understanding of the relationship
between soil structural properties, pH, moisture content and organic matter content with
Fusarium wilt will aid in the development of agriculturally sustainable practices that
suppress the soil borne pathogen in tomato vegetable crops and alleviate poverty by

increasing food security.

1.4. Purpose of the study

1.4.1. Aim

This study aimed to investigate the effects of amending soil with varying chicken compost
and soil moisture regimes on selected soil physicochemical properties, plant growth

parameters and the development of Fusarium wilt of tomato.

1.4.2. Objectives

The objectives of the proposed study are:

I.  To quantify the effects of variable chicken compost and manipulation of water
levels on selected soil physicochemical properties.

. To determine the subsequent effect of the changes in soil physicochemical
properties on plant growth parameters and the suppression of Fusarium wilt.

1.4.3. Research questions

The proposed research project seeks to answer the following questions:

I.  How does chicken compost and manipulated water levels influence the various
physicochemical properties of the soil?
II. How does the changes in soil physicochemical properties affect the growth of

tomato plants and subsequently influence the suppression of Fusarium wilt?
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CHAPTER 2

LITERATURE REVIEW

2.1. The importance of soil as a medium for plant growth

In crop production, soil serves as a medium through which plants can establish their roots
and obtain nutrients for growth and development (Hatfield et al., 2017). In addition to
offering a physical habitat for plant growth, the soil’s physicochemical properties affect a
complex web of microorganisms which are intimately involved in numerous processes
affecting plant growth. These include the supply of nutrients, air and water, the stimulation
of plant growth through production of growth hormones, influencing the activity of soil
organisms including plant pathogens, and maintaining soil structure (Juyal et al., 2020).
There exists direct correlation between nutrient availability and agricultural productivity
since sufficient total quantities of essential nutrients are absorbed by plants in a soil and,
therefore, favour plant growth and metabolism (Scotti et al., 2015).

Soil pH, for instance, influences the availability of nutrients and how nutrients interact with
each other (Hatfield et al., 2017). At a low pH (pH < 5), beneficial elements such as
phosphorus (P), calcium (Ca) and magnesium (Mg) become less available to plants.
Other elements such as aluminium (Al), iron (Fe) and manganese (Mn) may become
more available, and Al and Mn may reach levels that are toxic to plants. As pH rises,
micronutrients bond to the soil or become insoluble minerals and cannot be taken up by
plant (Hatfield et al., 2017). Generally, soil pH of 6.5 is considered optimum for nutrient
availability and is compatible to plant root growth. However, it is important to note that
nutrient availability in plants varies with the specific nutrient as well as soil structural

properties (Bashir et al., 2018).

Both soil texture and structure affect water retention and thereby water availability. Once
water has moved into the soil, water may be bound to colloidal materials by electrostatic
forces, adhere to pore surfaces by cohesive forces, or percolate through the soil under
the action of gravity (Usharani et al., 2009). Clayey soils have a large number of
micropores which are important for water retention, but their small grain diameters
compromise root penetration, and are poorly aerated when wet (Hillel, 2003).

Consequently, roots remain at or near the surface, exposing plants to severe water deficit



under drought conditions. Conversely, sandy soils are well-drained and aerated, but the
large pores retain relatively little water (Hillel, 2003). As a result, a balance between soll
micropores which retain water and macropores which mainly influence water movement

are essential for soil water relations.

2.2.Role of soil abiotic properties on soil-borne disease development and growth of
plants

Basic soil abiotic properties such soil pH and clay content, can greatly affect the
physiology of the host plant and subsequent disease development, as well as alter the
interactions between the pathogen and its host plant (Larkin and Fravel, 2002). The
prevailing soil conditions for plant growth play a greater role in nourishment of all living
things, including soil-borne pathogens. For example, various reports show that in a variety
of crops, extractable Fe and Mn contents and bulk density are positively correlated with
disease severity, whereas pH, availability of soil moisture, organic matter content, total
porosity, nitrate: ammonium ratio, and extractable calcium, potassium, phosphorus, and

boron content are negatively correlated (Gupta et al., 2017; Orr and Nelson, 2018).

Adverse soil structural conditions due to soil compaction or poor drainage creates
conducive conditions for soil-borne disease development in susceptible crops. Poor soll
aeration caused by poor soil structure and soil type was for example associated with the
development of cavity spot (Pythium spp.) disease in carrot (Hiltunen and White, 2002).
Chandrashekara et al. (2012), showed that the severity of root rot in pea plants
significantly increased with increasing bulk density, and subsequently led to the reduction
of plants’ fresh weight. These findings were attributed to the influence of soil structural
properties on the increased virulence of causal pathogens thus resulting in high disease
incidence and severity. On the other hand, disease development in heavy and light-
textured soils can possibly be explained in terms of water holding capacity, nutrient status,
and gas exchange. These conditions increase the stress conditions of the host plant,
which increases its susceptibility to soil-borne pathogens. The severity of the soil-borne
diseases is proportional to the amount of soil moisture and is greatest near the saturation
point (Peng et al., 1999). This was also confirmed by Pathak and Srivastava (2001), when

the incidence of Rhizoctonia bataticola in sunflower decreased as soil moisture



decreased. This can be attributed to low oxygen supply when soil pores are saturated

with moisture.

The soil environment influences disease severity by providing action exchange sites and
acting as a reserve of essential nutrients, especially nitrogen (N), phosphorus (P) and
sulphur (S), along with micronutrients. When a plant becomes infected by a pathogenic
organism, its natural defences are triggered, and it causes increased production of
pathogen growth inhibiting phenolic compounds and flavonoids both at the site of infection
and in other parts of the plant. The production and transport of these compounds is
controlled in large part by the nutrition of the plant. Therefore, shortages of key nutrients
such as K, Mn, Cu, Zn, and B in the soil and then in plants, reduces the amount of the

plant’s natural antifungal compounds at the site of infection (Dong et al., 2016).

There are numerous incompletely understood interactions between soil abiotic properties
and disease suppression (Orr and Nelson, 2018). Among these interactions are those
between soil pH and micronutrient availability, buffering by organic matter and clay, and
the effect of nutrients on plant defence mechanisms. Though not all soil attributes can be
managed, pH, organic matter content and availability of nutrients show promise for

manipulation to reduce disease severity and mitigate risk.

2.3.Use of soil amendments and their effect on soil abiotic properties, soil-borne
diseases, and plant growth
The use of organic amendments is increasing in popularity due to adverse effects of
chemical applications in the soil and their toxicity to the environment (Shafique et al.,
2016). Organic amendments are generally used to improve crop growth, increase
agricultural productivity, and have been proposed as a strategy for the management of
soil-borne plant diseases (Figure 1, Table 1) (Trivedi et al.,, 2017). As such, their
application including in the form of organic wastes, composts, and peats, have been

widely reported to effectively manage soil-borne diseases (Bonanomi et al., 2007).



F. oxysporum Nutrient interactions Organic manure

Figure 1: A diagram illustrating the typical interrelationship between a host plant, organic

matter, and a pathogen in a soil environment



Table 1. Some examples of soil-borne diseases and their causal pathogens managed

with organic amendments.

Organic amendment Test crop  Causal pathogen Reference
Animal
manures
Bloodmeal and Tomato Verticillium dahliae Bailey and
fishmeal Lazarovits, 2003
Chicken manure Tomato F. oxysporum f.sp. Borrego-Benjumea
lycopersici etal, 2014
Cattle and chicken  Lettuce F. oxysporum f.sp. Gilardi et al., 2016
manures lactucae
Chicken manure Strawberry Macrophomina phaseolina Dominguez et al.,
2014
F. oxysporum f.sp. Zhang et al., 2021
fragariae
Municipal
biosolids
Mature biosolids Chilli Sclerotium rolfsii Danon et al., 2007
compost
Municipal bio- Lettuce Pythium ultimum Pane et al., 2011
waste
Municipal solid Tomato F. oxysporum f.sp. Akhter et al., 2015
lycopersici
Municipal solid Lettuce F. oxysporum f.sp. Gilardi et al., 2016
compost lactucae
Green
manures
Rice straw compost Chilli Sclerotium rolfsii Kausar et al., 2014
Brassica leaves Cabbage Rhizoctonia solani Ascencion et al.,
2015
Greenhouse Cucumber F. oxysporum f. sp. Bradley and Punja,
compost radicis-cucumerinum 2010
Organic waste Potato Ralstonia solanacearum Mengesha et al.,
2017
Cabbage, garlic, Tomato F. oxysporum f.sp. Gurama and

and onion

lycopersici

Haruna, 2018
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Various modes of action are involved in disease suppression by organic amendments.
These includes stimulation of microbial activity and diversity resulting in high competition
for nutrients and space with pathogenic organisms. This reduces pathogen virulence and
ability to infect plants. In addition, beneficial soil microorganisms act as binding agents
that improve the arrangement of soil particles as well as their adsorptive properties (Urra
et al., 2019). This improvement in soil structure is followed by improved water holding
capacity, porosity, and aggregate stability (Rasoulzadeh and Yaghoubi, 2014). Improved
adsorptive properties of agricultural soils lead to the retention of plant nutrients, and their
availability through the alteration of soil pH, which are a prerequisites for healthy plant
growth (Abbott et al., 2018). Moreover, soil amendments are widely characterized by their
ability to alter the soil environment, facilitate high porosity and high water-holding
capacity, and serve as an excellent source of plant macro-and micronutrients (Mehta et
al., 2014). Although some of these nutrients are present in inorganic forms and are readily
available to plants, most are released gradually through mineralization of organic matter,
thus constituting a slow-release fertilizer that supplies the plant with a gradual and

constant source of nutrients (Siedt et al., 2021).

As previously stated, organic amendments do not only improve soil conditions and plant
growth, but they can also reduce incidences of soil-borne diseases. Different control
measures used to manage soil-borne diseases such as application of organic amendment
such as composted animal manure and irrigation management frequently influence
disease incidence through nutrient interactions (Mehta et al., 2014). Viana et al. (2000),
reported that matured cattle manure and sugarcane husks are efficient alternatives for
control of bean damping-off (Sclerotinia sclerotiorum). The role of organic matter in plant
production is associated with increased microbial activity and reduced infestation of
pathogens (Ghorbani et al., 2008).

Yasmin and Ali (2016), noticed effective suppression of F. oxysporum f.sp gladioli in the
gladiolus flower when poultry manure was amended in the soil resulting in maximum
germination of 99%. Their results showed the lowest disease severity (26%) in soil
amended with poultry manure, and only 2% of plants wilted. In an in vivo study by Mukesh

et al. (2017), all five organic amendments, viz. groundnut cake, neem cake, castor cake,

11



mustard cake and poultry manure significantly suppressed Fusarium wilt of coriander
caused by F. oxysporum f.sp corianderii. Although, poultry manure was the least
suppressive amendment and could only suppress the soil-borne disease up to 41%. The
addition of organic amendments improved the vigour of the plants because of physical
and chemical improvement of the soil and increased plant’s resistance to the soil-borne
diseases (Ferreira et al., 2022). The application of organic amendments in the soil has
shown beneficial alternative to chemicals for controlling soil-borne diseases including
Fusarium wilt of tomato (Vida et al., 2020). Bonanomi et al. (2010), further corroborated
that the increment in disease incidence and severity was attributed to the decomposition

of organic matter.

2.4. Fusarium wilt as an important soil-borne disease and its interaction soil properties

2.4.1. Causal organism and major disease symptoms of Fusarium wilt

Fusarium spp. is a large class of filamentous fungi widely distributed in soil and in
association with plants. Most species are harmless saprophytes and are relatively
abundant members of the soil microbial community (Okungbowa and Shittu, 2014). A
large diversity of formae speciales of Fusarium oxysporum causes vascular wilt diseases
and crown rot roots limiting the productivity of major crops (Srinivas et al.,, 2019),
ultimately causing economic problems. In tomato plants, Fusarium wilt caused by
Fusarium oxysporum f. sp. lycopersici (FOL), is one of the most damaging soil-borne

diseases, causing heavy yield and economic loss (Srinivas et al., 2019).

In susceptible tomato plants, the pathogen enters the host plant through the roots and
interferes with the water conducting vessels of the plant. Upon successful infection, the
pathogen grows and spreads up causing the foliage to wilt and turn yellow, and the
vascular system to turn brown (Singh et al., 2017). Symptoms often appear later in the
growing season and are first noticed on older leaves and are apparent during flowering
and fruiting stages. As the disease progresses, the younger leaves will also be affected,
and the plant eventually dies. The fungi become established readily in most soils and can
remain in the soil for years (Agrios, 2005). It can survive in the soil as a saprophyte, and

in agricultural solil it is regarded as a prevalent fungus (Gupta et al., 2017).
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2.4.2. Soil properties and their impact on Fusarium wilt

Soil pH

A review by Ghorbani et al. (2009), described the utilization of soil pH as one of sustainable
management practices to control plant diseases. Furthermore, this study reported that
increased competition, combined with reduced availability of nutrients, implies that F.
oxysporum is less likely to meet its metabolic requirements at higher pH levels. Due to the
direct correlation between higher soil pH with lower levels of Fusarium wilt in tomato plants,
numerous reports have consequently suggested increasing soil pH as a strategy for
disease suppression. In conformity, Orr and Nelson (2018), mentioned that along with

other factors, soil pH is linked with disease suppression.

Nonetheless, it is important that the soil pH level is not too acidic (below 5.0) as soil pH
affects the ability of the soil to absorb nutrients needed by the crop. The lack of soil
nutrients will not only lead to a reduction in yield production, but will also increase disease
susceptibility (Gupta et al., 2017). According to DAFF (2010), the best suitable soil pH
levels for tomato production in South Africa range from 6.0 to 7.0. A study conducted by
Fang et al. (2012), reported less severe F. oxysporum f. sp. fragariae in soils with pH
levels of 6.7, and high disease severity in very acidic soil with pH of 5.2 where the greatest
impact was noticed on the growth of strawberry plants. Similarly, a study by Singh et al.
(2017), on sandy loam soils showed that tomato wilt incidence varied with increasing soll
pH. The authors reported tomato wilt incidences of 64%, 89%, 42%, 32% and 29% on
soils with pH levels of 5, 6, 7, 8 and 9, respectively. These variations were related to the
positive interaction of soil pH with soil texture. This is because soil pH is known to regulate
a series of processes including the decomposition of soil organic matter, which is also
known to be protected by the fine silt particles from being further decomposed. Such an
interaction does not foster a suitable environment for disease incidence (Zhou et al.,
2020).

Soil macro- and micronutrients

The potential of altering the nutrients to suppress Fusarium wilt is complex due to the
complications that arise from the plant host and pathogen interactions (Jayaraman et al.,

2021). However, soil chemical nutrients form an integral part in the mechanisms of disease
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suppression. Nutrients are important for the growth and development of both plants and
microorganisms, which could affect the disease tolerance or resistance of plants to
pathogens (Gupta et al., 2017). Panth et al. (2020), noted that the mineral nutrients that
are measured in relation to disease suppression include N, K, P, Ca, Mg, Zn, Fe, and Mn.
Although none of these mineral elements alone would be useful in reducing disease
severity, maintaining a correct nutritional balance is important for disease suppression,

plant health and prolonging the life of the plant (Orr and Nelson, 2018).

The contribution of organic composts to soil fertility must also be taken into account
because the nutrient released upon decomposition may influence the severity of
pathogens as explained previously. Most high carbon to nitrogen (C/N) ratio composts
(70:1) immobilize N. Thus, plants grown in such products suffer from chronic N deficiency
resulting in lack of growth and increased susceptibility to stress pathogens or insects.
High C/N ratio tree bark compost may suppress Fusarium wilt, but with lower C/N ratio
composts they may become more severe because of the excess N, which favours

Fusarium (Bailey and Lazarovits, 2003).
Soil structural properties

The occurrence, survival, and growth of FOL is virtually found in all soil types (Fravel et
al., 2003). However, the characteristics of coarse-textured soils including low water
holding capacity have been commonly linked to higher disease incidence (Singh et al.,
2017; Orr and Nelson, 2018). These studies further showed that infection of a host plant
depends on the high-water content of soil. Coarse-textured soils are associated with
higher disease suppression due to their better water drainage system when compared
with heavy textured soils (Jayaraman et al., 2021). In contrast, the impacts of fine-textured
soils on disease suppression involve interactions with inherent soil characteristics such
as pH, water retention capacity and micronutrient availability. As noted by Singh et al.
(2017), increased water retention capacity in the soil significantly aids the distribution and
spread of the disease. For instance, in a study by Peng et al. (1999), Fusarium wilt in
banana crops caused by F. oxysporum f.sp. cubense was suppressed at 80% field

capacity of the soil. The authors concluded that the diffusion process limited pathogen
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spore germination resulting in the suppression of the disease in saturated or near

saturated soils.

Another pathway of disease suppression in relation to soil texture is through its effect on
soil nutrients (Orr and Nelson, 2018). One of the two ways that soil stores nutrients are on
the surfaces of clay particles. Clay particles store nutrients because they have many
negatively charged surfaces in which the positively charged nutrients (e.g., Mg?*, Zn*,
NH4*, Ca*, etc.) can be attracted to (Chandrashekara et al., 2012). An adequate balance
of these nutrients is important in suppressing Fusarium wilt (Orr and Nelson, 2018).

Soil moisture

Another important physical property that noticeably affects pathogen activity in the soil
and subsequent disease incidence and severity is soil moisture content. Although, soll
moisture stress enhances Fusarium wilt development and the dissemination of the causal
pathogen, soil moisture stress also affects the host plant more than it affects the pathogen
(Singh et al., 2017). Plants perform photosynthesis and accumulate dry matter through
water supply, and the amount of accumulation is directly reflected in the dynamic changes
of plant height, stem thickness and yield. Low soil moisture negatively affects plant growth
and decreases yield (Walter, 2018). Conversely, the effect of moisture stress on F.
oxysporum f.sp lycopersici directly affects the marketability of tomato crops (Singh et al.,
2017). A study by Ghaemi et al. (2009), showed that moisture stress reduced plant growth
in sandy clay soils that were infested with F. oxysporum f.sp. lycopersici. Furthermore,
the authors noticed that disease symptoms appeared first in severely moisture stressed
plants. Symptoms initially appeared on days 60, 55, 46, 34 and 23 when irrigation
intervals (days) of 1, 3, 5, 7 and 9 were respectively used as treatments. A study by Singh
etal. (2017), on sandy loam soils reported increasing tomato wilt incidences of 31%, 34%,

47%, 54%, and 58% on irrigation intervals (days) of 2, 4, 6, 8 and 10, respectively.
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2.5. Mechanisms of disease suppression by soil physicochemical properties following
addition of soil organic amendments

F. oxysporum is highly competitive as a saprophyte and therefore competes with
beneficial microbes for infection sites and nutrients (Orr and Nelson, 2018). In addition,
Bonanomi et al. (2010), reported that the soil physical, chemical, and biological properties
that play key roles in disease suppression are modified during the process of composting.
However, due to the differing results that have been obtained concerning disease
suppression, it is difficult to identify the mechanisms of suppression attributable to
changes in soil abiotic properties such as soil moisture and bulk density following organic
amendments (Bonanomi et al., 2007). Reviews linking organic soil amendments to
mechanisms of disease suppression have had mixed success at identifying consistent
trends (Bonanomi et al., 2007; Termorshuizen et al., 2007). Suppression of Fusarium wilt
associated with organic amendments is generally attributable to a combination of
interlinked biotic and abiotic properties (Baum et al.,, 2015). This is because organic
amendments improve the physical and chemical properties and characteristics of soils,
which results in more vigorous growth of plants with an increase in resistance to
pathogens (Dong et al., 2016). It is evident that as far as mechanisms of disease
suppression in organic amendment are involved, microbial activity and nutrients have
shown more consistent results. Therefore, there is much scope for further evaluating the
potential use of organic soil amendments for improving soil abiotic factors that influence

the development Fusarium wilt.

16



CHAPTER 3

METHODOLOGY AND ANALYTICAL PROCEDURES

3.1. Site description

The study was conducted under greenhouse conditions at the Green Biotechnologies
Research Centre, located at the University of Limpopo, Capricorn District, Limpopo
Province, South Africa (Figure 2). The greenhouse facility is a single tunnel-type with
thermostatically activated fans that control the internal temperature and keep enough air
circulation. The wet-walls, which are mounted opposite to the fans consists of cooling
pads, through which water is circulated using a pump. The average minimum/ maximum

temperatures inside the greenhouse can be moderated to vary between 16 °C to 24 °C.

South Africa

Legend

:] Capricorn
E Limpopo
:l Polokwane

Mokopan es
(Potgietersrus)

Coordinate System: GCS WGS 1984

Datum: WGS 1984
Units: Degree { Legend

@ Green Biotechnologies Research Centre

0 700 1400 2800 4 200 5 G(rJv(')eterS \ ‘ D Uiiivéisity oF Liinipopo

Figure 2: Maps showing the location of the Green Biotechnologies Research Centre,

University of Limpopo, Capricorn District, Limpopo province of South Africa
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3.2. Collection, preparation and mixing of soil samples and chicken compost

Prior to establishing the pot experiment, bulk soil samples were collected from the surface
layer (0-20 cm) of six randomly dug soil pits using a spade (1.5 x 1.5 x 1.5 m) of a 0.5ha
virgin savanna grassland in Mokopane, Limpopo. The soil belonged to the Bainsvlei soill
from (Soil Classification Working Group, 1991) equivalent to Ferralsol (IUSS Working
Group WRB, 2014). The collected bulk soil samples were combined to form composite
samples that are representative of the study area. The collected bulk soil samples were
pasteurized at 300°C for 1 hour and later spread out evenly in aluminium pans to air-dry.
The air-dried soil was gently crushed with a mortar and pestle to pass through a 2 mm
sieve prior to potting and analyses of soil chemical and physical properties in the Soil

Science laboratory at the University of Limpopo.

In addition, six months old chicken compost consisting of chicken manure and wood chips
was collected from a farm in Dalmada, Polokwane, South Africa. It was prepared by
combining chicken manure with wood chips and composted in a pile/hip. The purpose of
the wood chips was to serve as a carbon source to offset the burning effect on plants due
to high ammonia content in the chicken manure. The compost pile was periodically
turned, and enough water was added to maintain adequate oxygen levels.
Representative samples of the compost were taken at the end of the composting process
to determine the chemical and physical properties. The samples were placed in
polyethylene bags and transferred to the laboratory for analysis. Prior to use, feathers
and wood chips were removed from the air-dried chicken compost and it was sieved to
pass through a 2 mm sieve. Thereafter, selected soil samples were set aside for the
control (no compost application) and other soil samples were thoroughly mixed with the

chicken compost according to different treatment combinations.

3.3. Experimental layout of pot experiment

The soil pots were arranged in a 3 (three chicken compost levels) x 3 (three water levels)
factorial design in a randomized complete block design, each replicated four times (Table
2). Blocking was done for the wind currents that are blown by the thermostatically
controlled fans and wet-wall. Three levels of compost used were tested in this experiment

and entail the following: Co — no-compost, Ci - mixture of 2/3 soil and 1/3 compost, and
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C2 - mixture of 1/2 soil and 1/2 compost. Chicken compost levels were coupled with
manipulation of different water levels (Table 3). The determination of soil's water levels
was done on a mass basis following a modified protocol by Imakumbili (2019). To achieve
the varying water levels, three replicates of perforated 30 cm pots were filled with 3 kg
air-dried soil and with water to wet the soil until both macro- and micropores were
saturated with water, then allowed to drain for 24 hours (Hanks, 1992). Thereafter, 3 kg
of the drained soil was weighed to get the wet weight, then confirmed after 48 hours to
get the field capacity, referred to here as optimum water level. The difference between
the amount applied and the amount drained was the optimum soil water level, denoted
by 100% - W1 and was found to be 240 ml. The determination of moderate (W2) and
severe (W3) water levels were achieved by changing the percentage volume of soil

moisture content at water level at 100% field capacity to 60% and 30%, respectively.

The water content at field capacity, herein referred to as, the amount of moisture held in
the soil after excess gravitational water has drained, was calculated using the following

equation adopted from Asher et al. (2002):

Water content at FC (%) = (mass of wet soil (g)-mass of air dry soil (g)) /

(mass of air dry soil (g)) Equation 1
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Table 2: Greenhouse experimental layout of the treatments with four replications,
arranged in a randomized complete block design

REP 2 REP 3 REP 4
CoWi CoWzo CoWs | CiWi CiW2 CiWs3 | CoWi CoWo CoWs | CsWi C3W2 C3Wz

CiWi CiW2 CiW3 ] CoWi CoWz  CoWz | CsWi CsWz CasWs | CoWi CoWz  CoWs
CWi1 CoWo CoWs | CsWi CsW2 C3Ws | CoWi CoWzo CoWs | CiWi1 CiW2 CiW3
I CsWi1i CsW2 Cs3Ws I CoWi1i CoWz CoWs | CiWi CiW2 CiWs | CoWi CoWz CoWs

*C, Chicken compost level; W, water level.

Table 3: Treatment code names and levels for chicken compost and water regimes

Treatment code Description

CoW1 Soil only irrigated at 100% optimum water level (control)
CoW2 Soil only irrigated at 60% water level

CoWs Soil only irrigated at 30% water level

CiW1 3:1 (soil: compost) irrigated at 100% optimum water level
CiW2 3:1 (soil: compost) irrigated at 60% water level

CiWs 3:1 (soil: compost) irrigated at 30% water level

C2W1 1:1 (soil: compost) irrigated at 100% optimum water level
C2W2 1:1 (soil: compost) irrigated at 60% water level

C2Ws3 1:1 (soil: compost) irrigated at 30% water level

*C, Chicken compost level; W, water level.

3.4. Planting, FOL inoculum preparation and soil/compost inoculation

Four weeks old healthy tomato seedlings (cv. Roma) were collected from Maribashoek
Nursery, Limpopo Province, South Africa (24°11'00.9"S, 29°00'30.2"E). The seedlings
were transplanted into 30 cm pots containing soil and chicken compost mixtures irrigated
every second day. F. oxysporum f.sp. lycopersici (FOL) was prepared using isolate Plant
Protection Research Institute (PPRI) 5457 Race 3 from Agriculture Research Council-
Plant Protection Research Institute (ARC-PPRI) Mycology unit, Biosystematics division.
FOL isolate was previously isolated from infected tomato plants. To prepare inocula of
FOL, 25 g of long grain rice and 18 ml of distilled water were transferred into a 500 ml
Erlenmeyer flask and autoclaved for 1 hour at 121°C for two consecutive days prior to
use. Four discs of potato dextrose agar (PDA) were cut from the edges of seven-day-old
actively growing FOL culture, then transferred into 500 ml Erlenmeyer flasks and
incubated at 25 £ 2°C for seven days (Guney and Guldir, 2018). The flasks were shaken

daily by hand for uniform colonization of the rice grains. Fusarium infected rice grains
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were then used to inoculate the soil and chicken compost potting mixture. Inoculation was
done during flowering stage by placing 5 g FOL colonized rice grains in four small holes
in the rhizosphere of tomato plants and the holes were covered with soil (Giney and
Guldar, 2018).

3.5. Analyses of soil physicochemical properties and chicken compost material

The basic physical and chemical characteristics of soil and chicken compost were
determined prior use and at the end of the experiment. The determination of weight
percent organic matter and eventually organic carbon was estimated following the
modified loss on ignition method (Nelson and Sommers, 1996). In the first reaction, 10 g
of each sample was placed in pre-weighed crucibles (recorded as weight 1) and oxidised
to carbon dioxide and ash at 400°C in a muffle furnace for 2 hours. The crucibles were
then placed in a desiccator and allowed to cool for 30 minutes (weight 2). In the second
reaction, the cool crucibles were again placed in a furnace set at 900°C and combusted
at this temperature for 2 hours. The crucibles with samples were cooled down again for
another 30 minutes in a desiccator, reweighed (weight 3) and loss on ignition was

calculated as follows:

Organic matter (%) = (weight 2 — weight 3) + (weight 2 — weight 1) * 100 Equation 2
A conventional conversion value of 1.724 was used to divide organic matter values to

organic carbon (Pribyl, 2010).

Particulate organic matter (POM) defined by Lavallee et al. (2020), as the macro organic
matter fraction which constitutes the intermediate products of the decomposition of plant
litter as well as root fragments in various stage of decomposition was determined using
the dry sieving method by Cambardella and Elliot (1992). Briefly, ten grams of each soil
and chicken compost subsample was dispersed in 60 ml of a 0.5% (w/v) sodium
hexametaphosphate solution by shaking for 15 hours on a reciprocal mechanical shaker
at a speed of 20 revolutions per minute. After shaking, the slurry material was allowed to
settle for about 5 minutes and decanted thereafter. The suspension was then passed
through a 53 um sieve that retained the flocculated material, defined as POM. This

material was transferred to an aluminium tray and oven-dried at 50°C for 24hrs. The mass
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of the oven dried material was weighed, and POM was calculated and expressed as a
percentage of the original sample.

Soil and chicken compost samples were also electrometrically measured for pH and EC.
In glass beakers, 10 g of sample and 25 ml of 1 M KCI solution was added and the
suspension was stirred using a glass rod for about a minute. The supernatant suspension
was allowed to stand for about 30 minutes, and the pH and EC were measured using a
gel-filled glass electrode of Hanna Edge pH model HI763100 0-200 um/cm meter and
SenslON* EC meter, respectively (Rhoades, 1982). Exchangeable Ca and Mg were
extracted by adding 2.5 ml of each soil sample in 1M KCI solution, the suspension was
stirred at 400 rpm for 10 minutes using a multiple stirrer. The extracts were filtered using
Whatman no. 1 paper. The filtrate (5 mL) was diluted with 20 mL of 0.0356 M SrCl2, and
C and Mg were by atomic absorption. Extractable P, K, Mn, Zn, Cu and Fe were extracted
in Ambic-2 extractant consisting of 0.25M NH4HCOs3 + 0.01 M Naz2EDTA + 0.01 M NH4F
+ 0.05 g L Superfloc (N100). The pH was adjusted to 8 with a concentrated ammonia
solution, 25 ml of this solution was added to 2.5 mL soil sample, and the suspension was
stirred at 400 rpm for 10 minutes using a multiple stirrer. The extracts were filtered using
Whatman no. 1 paper. Phosphorus was determined on a 2 mL aliquot of filtrate using a
modification of the Murphy and Riley (1962) molybdenum blue procedure (Hunter, 1974).
Potassium was determined by atomic absorption on a 5 mL aliquot of the filtrate after
dilution with 20 mL de-ionised water. While Zn, Cu and Mn were determined by atomic
absorption on the remaining undiluted filtrate.

Chicken compost samples were dried at 75°C and milled to pass through a 0.84 mm
sieve. Subsamples were then dry ashed at 450°C overnight and taken up in 1 M HCI. The
P concentration was determined colorimetrically by the same method used for soill
extracts, and K, Na, Ca, Mg, Cu, Mn, Fe and Al were determined on Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-OES). N was determined using near-infrared
reflectance (Eckard et al., 1988).

In this study, soil physical properties were also analysed. A portion (25 g) of the samples
was dispersed in sodium hexametaphostate and analysed for particle size distribution

using the hydrometer method (Bouyoucos, 1962). Samples were collected for bulk
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density measurement by hammering a cylindrical core sampler (5 x 5 cm?) into the soll
(Al-Shammary et al., 2018). The total volume of the soil was estimated as the internal
volume of the cylinder. Samples were oven-dried at 105 °C for 24 hours and reweighed.

Bulk density was calculated as follows:

BD = 7 Equation 3

Where BD is the soil bulk density (g cm3), MD is mass of dry soil (g), and V is the volume

of core (cm3).

The determination of bulk density provided the basis for calculating the total porosity, air-
filled and water-filled porosities, gravimetric and volumetric moisture content. Based on

bulk density results, remaining water parameters (DeSutter, 2013) were computed as

follows:
Total porosity (%) = [1 - (bulk density: particle density)] * 100 Equation 4
Air-filled porosity (%) = Total porosity — Volumetric soil moisture Equation 5
£ . __ Water by volume Equation 6
Water — filled porosity (%) = Totalporosity q
Gravimetric soil moisture (%) Equation 7
weight of wet soil (g) — weight of dry soil (g)
- weight of dry soil (g)
Volumetric soil moisture (%) = BD * Gravimetric soil moisture Equation 8

3.6. Tomato plant growth parameters

At harvest, tomato plant physiological parameters were measured simultaneously under
steady-state conditions between 10:00 AM and 2:00 PM. Plant height and stem diameter
were measured using a field ruler and vernier calliper, respectively. Plant biomass,

expressed as fresh shoot and root weights, was measured by uprooting and weighing the
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shoot and root systems using a weighing scale. Leaf chlorophyll content was measured
using a non-destructive method with a SPAD 502 chlorophyll meter (Konica Minolta Co.
Ltd., Tokyo, Japan) (Lekgoathi et al., 2022).

3.7. Assessment of disease severity in stems, roots and shoots of tomato

Fusarium wilt severity was recorded at harvest by examining shoot, root and stem
symptoms. Below and aboveground plant parts were assessed using a disease severity
scale of 0-5 (Jarvis and Thorpe, 1976; Shazia et al. 2015). Shoot symptoms were
assessed on a severity scale of 0-5 where: 0 = Healthy; 1 = Moderate leaf yellowing 10%;
2 = Moderate wilting 30%; 3 = Stunted plant with yellowing 50%; 4 = Severe stunting with
majority of leaves wilted 70%; 5 = Dead plant 100% (Shazia et al., 2015). Lower stem
and root symptoms were assessed on a severity scale of 0-5 where: 0 = Healthy; 1 = No
internal browning, discrete superficial lesions on taproot or stem base; 2 = Superficial
taproot lesions, slight internal vascular discolouration (30%); 3 = Entire taproot brownish
and moderate vascular discolouration (50%); 40 = Severe vascular discolouration (70%);
5 = Dead plants (100%) as described by Jarvis and Thorpe, (1976).

3.8. Statistical analyses

Firstly, basic statistics of the soil/compost physicochemical properties and tomato plant
growth parameter data including minimum, maximum, average, median, standard
deviation, and coefficient of variation were computed in Microsoft Excel following Webster
(2001). Secondly, the effects of amending variable chicken compost levels and varying
water-holding capacities and their interactions on measured soil physicochemical
properties, plant growth parameters and disease suppression variables were subjected
to a two-way analysis of variance using GenStat 215t Edition (VSN International, 2020).
Duncan’s multiple range test was then used to separate significant treatment means at a
significance level set at p<0.05. Bar graphs which represented the categories of soil and
plant data were computed using SigmaPlot 14.0 (Systat Software Inc., Richmond,
California, USA). Finally, Pearson’s correlation matrix was employed to the data set using
GraphPad Prism 9.4.1 (GraphPad Software, California, USA) to identify relationships
between soil abiotic properties, plant growth parameters and disease suppression

variables.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. Results

The chemical and physical properties of the soil and chicken compost used in the current
study are presented in Tables 4 and 5, respectively. The textural class of the soil used in
the pot experiment was sandy clay loam, with an average of 67% sand, 30% clay and 3%
silt. The soil was found to be neutral (pH = 6.9) and had low EC (335 uS cm). The soils
had low fertility, attributed to the low availability of macronutrients such as N (0.1%), P
(56 mg L?), K (960 mg L), and low SOC content (1%).

Table 4: Initial characteristics of the soils used in the pot experiment.

pH EC oC Clay Silt Sand N P K Ca Mg Mn
uS/cm % mg kgt
6.9 335 1 30 3 67 0.1 56 239 960 297 18

*EC, electrical conductivity; uS/cm, micro-Siemens per centimetre; OC, organic carbon; N, Nitrogen; P, Phosphorus;
K, Potassium; Mg, Magnesium; Zn, Zinc; Cu, Copper; Mn, Manganese; mg L%, milligram per litre.

Table 5 shows that the chicken compost used in this study had considerably high amounts
of organic carbon (39%), coupled with moderate acidity (5.7), and a high EC value of
8115 uS cmt. Micronutrients including Fe (9933 mg kg™?) and Al (4931 mg kg™?) in the
chicken compost were found in high concentrations. Similarly, the concentration of
exchangeable cations such as Ca (1.8%), Na (1389 mg kg) was high, while Mg (0.53
mg kg?) was low.

Table 5: Initial characteristics of the chicken compost used in the pot experiment.

pH EC OC N P K Ca Mg Na Cu Mn Fe Al
mS/cm % mg kg
5.7 8 39 2 10 05 138 0.53 1389 96 755 9933 4931

**EC, electrical conductivity; S/cm, milli-Siemens per centimetre; OC, organic carbon; N, nitrogen; P, phosphorus; K,
potassium; Ca, Calcium; Mg, Magnesium; Na, Sodium; Zn, Zinc; Cu, Copper; Manganese; Fe, Iron; Al, Aluminium; mg
kgt, milligram per kilogram.
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4.1.1. Impact of amending soil with chicken compost and manipulation of water regimes
on soil chemical properties

In this study, amending the soils with chicken compost and concurrently manipulating
water-holding capacity (WHC) levels yielded varying effects on soil chemical properties
(Figure 3). Specifically, SOC, significantly changed both with chicken compost
amendment (p<0.001) and the interaction of chicken compost and soil water content
(p<0.05) (Table 6). As depicted in Figure 3(a), SOC in soils amended with increasing
levels of chicken compost significantly increased compared to the non-amended soils.
The concentration of SOC followed this order: no-compost < 25% compost < 50%
compost soils with mean values of 39.4, 88.2 and 193.1 g kg%, respectively.

Another soil property that was significantly driven by the main effects of chicken compost
and WHC treatments (p<0.05) (Table 6) was POM. Following amendments with chicken
compost, the levels of POM significantly increased from 53% in non-amended soils to
55% and 57% in 25% and 50% compost-amended soils, respectively. On the other hand,
decreasing the WHC of the soils through irrigation significantly increased POM.
Specifically, POM observed in soils irrigated to 100%, 60% and 30% was 53%, 56% and
57%, respectively [Figure 3(b)].

The addition of chicken compost in the studied soils led to significant variations in soil pH
(p<0.05) (Table 7). There were, however, no significant interactive effects of chicken
compost and WHC on soil pH between the control and all the other treatments. Generally,
a higher soil pH value was observed for soils amended with 25% chicken compost (6.44),
while lower soil pH value was determined for 50% chicken compost amended soils (6.22)
[Figure 3(c)].

The EC at the end of the pot experiment was significantly affected by both chicken
compost application (p<0.001) and varying WHC treatments (p<0.01) and their
interactions (p<0.001) (Table 7). All treatments in non-amended soils resulted in a
significantly lower EC than those amended with chicken compost. Soil EC increased from
113 pS/cm in non-amended soils (control) to 282 and 438 uS/cm in 25% and 50% chicken
compost amended soils, respectively [Figure 3(d)]. Similarly, there were statistically
significant effects of WHC in relation to soil EC. Overall, EC decreased with decreasing
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WHC levels, with high values measured in 100% WHC manipulated soils (307 uS/cm),
and low values measured in 30% WHC manipulated soils (230 pS/cm).
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Figure 3: The effects of different levels of chicken compost and water-holding capacities
on soil chemical properties; (a) soil organic carbon (SOC), (b) particulate organic matter
(POM), (c) soil pH and (d) soil electrical conductivity (EC). Error bars represent standard
errors of four replicates for each treatment. Means accompanied by the same letter are

not statistically different (p < 0.05).
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4.1.2. Impact of amending soil with chicken compost and manipulation of water regimes
on soil physical properties

In the case of soil physical properties measured in the current study, no significant effects
of WHC and its interaction with chicken compost were observed. The only notable
significant changes were observed when soils were amended with increasing levels of
chicken compost (p<0.01) (Table 6). Soil bulk density, for instance, was significantly
decreased with increasing levels of chicken compost, except for soils amended with 25%
chicken compost and irrigated to 100% WHC level (p<0.001) [Figure 4(a)]. Non-amended
soils generally had a high soil bulk density value of 1.35 g cm3, which was reduced to
1.09 g cm= and 0.76 g cm2 in 25% and 50% compost-amended soils.

Figure 4(b) shows that changes in total soil porosity were not significantly different
between non-amended soils and soils amended with 25% chicken compost irrigated to
100% WHC (p<0.001). Considering all treatments, total porosity ranged in the increasing
order: non-amended < 25% < 50% compost amended soils with values of 49 to 55%, 56
to 62% and 68 to 74%, respectively. Non-amended soil had the lowest total porosity of
49%, while 50% chicken compost application increased the total porosity of soils to 74%,
which was the highest recorded value.

The notable increase in air-filled porosity was significantly affected by increasing levels
of chicken compost (p<0.001) [Figure 4(c)]. Air-filled porosity increased from 25% in non-
amended soils to 40% and 53% in 25% and 50% chicken compost amended soils,
respectively. On the other hand, water-filled porosity was significantly different in non-
amended soils, 25% chicken compost amended soils irrigated at 30% and 60% WHC
and, 50% chicken compost soils at 60% and 100% WHC [Figure 4(d)]. The lowest
decrease was found in 50% chicken compost and 100% WHC treatments (20%) relative

to 56% found in non-amended soils.

Figure 4(e) shows that while gravimetric soil moisture content in 50% compost-amended
soils was slightly higher, there were no significant differences observed between the
control and all the other treatments. The exception was for soils amended with 50%
chicken compost and irrigated to 30% WHC. Notably, the latter treatment increased the

gravimetric soil moisture to 27% compared to 20% in the control. Variations in volumetric
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soil moisture were significant for 25% compost-amended soils irrigated to 30% WHC, and
50% compost-amended soils irrigated up to 60% and 100% WHC when compared to the
control (p<0.01). Comparatively, higher volumetric soil moisture contents were observed
in non-amended soils, ranging from 24% to 27%. In addition, soils in the control treatment
recorded the highest value (27%), while soils amended with 50% compost and 100%

WHC level had significantly lower volumetric soil moisture content (14%) [Figure 4(f)].
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Figure 4: The effect of different levels of chicken compost and water-holding capacities on soil physical properties; (a) bulk
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4.1.3. Impact of amending soil with chicken compost and manipulation of water regimes
on tomato plant growth parameters

Although there were no main effects of WHC on tomato plant height, fresh shoot and root
weight, and chlorophyll content, this effect was significant for stem diameter (p<0.001).
Chicken compost significantly influenced all the tomato plant growth parameters
(p<0.001). However, no significant interaction effects of chicken compost and WHC was
observed in all measured plant parameters (Table 6). Plant height, for example,
significantly increased with increasing levels of chicken compost (p<0.001) [Figure 5(a)].
Comparable mean plant heights of 73 to 77 cm, 99 to 107 cm and 110 to 119 cm were
found in non-amended soils, 25% and 50% compost amended soils, respectively. The
highest plant height of 119 cm was observed in soils receiving 50% chicken compost
levels irrigated to 100% WHC and the lowest mean height of tomato plants (73 cm) was

recorded in the control.

In the case of stem diameter, increasing levels of chicken compost and WHC significantly
affected stem diameter of tomato plants (p<0.001) [Figure 5(b)]. Increasing levels of
chicken compost significantly increased the stem diameter of tomato (p<0.001). Tomato
plants with the lowest stem diameter (3.42 cm) were grown in non-amended soils, while
those with highest stem diameter (4.92 cm) were grown in 50% compost-amended soils.
In contrast, reducing the water content through irrigation significantly reduced stem
diameter, with the lowest stem diameter observed for plants receiving 30% WHC level
(3.42 cm).

Tomato fresh shoot weight at harvest increased in all compost amended treatments, and
this increase was significantly higher (p<0.001) when compared to control treatment
[Figure 5(c)]. Higher plant shoot weight was observed in 50% and 25% chicken compost
amended soils, with values ranging from 167.83 to 210.35 g and 107.25 to 125.38 g,
respectively. The highest fresh shoot weight (210.35 g) was recorded in pots receiving

50% chicken compost.

Likewise, the application of 50% chicken compost was more effective in increasing the
growth and weight of the roots, leading to highest fresh root weight of 17.69 g as shown
in Figure 5(d). The fresh root weight of tomato plants was significantly higher in chicken
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compost-amended soils compared to the control (p<0.001). Fresh root weight of non-
amended soils ranged between 3.20 to 4.34 g, with the lowest root weight observed in
the control (3.20 g).

The chlorophyll content of tomato leaves significantly increased with increasing levels of
chicken compost (p<0.001) [Figure 5(e)]. The most significant increase was observed in
tomato plants grown in soils amended with 50% chicken compost (42.35 pmol m-?)
compared to the control (19.65 pmol m?). Reduction in the chlorophyll content was

observed in non-amended soils (ranging between 16.20 to 21.40 pmol m2).
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Figure 5: The growth of tomato plants in no compost, 25% and 50% chicken compost-amended soils irrigated to 30, 60 and
100% water-holding capacities. Measured growth parameters of tomato plant included, (a) plant height, (b) stem diameter,
(c) fresh shoot weight, (d) fresh root weight and (e) chlorophyll content. Means accompanied by the same letter are not

statistically different (p < 0.05). Errors bars represent standard errors of four replicates for each treatment.
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4.1.4. Impact of amending soil with chicken compost and manipulation of water regimes
on the suppression of Fusarium wilt of tomato

Figure 5 shows that individual chicken compost treatments varied in their ability to
suppress Fusarium wilt of tomato. The results obtained in this study revealed that the
manipulation of WHC in the absence of chicken compost led to a significant increase in
the severity of below and aboveground symptoms of Fusarium wilt in inoculated tomato
plants (p<0.001) (Table 6). Plants grown in non-amended soils developed vascular
discoloration, and with a stem and root disease severity score of 2.75 [Figure 6(a)]. The
least suppression of Fusarium wilt was recorded in non-amended soils with a mean value
of 3.67 [Figure 6(b)]. All tomato plants in non-amended soils irrespective of water regime
manipulation, displayed high disease severity, with all showing stunted growth, wilting
and high numbers of yellow leaves than plants grown in chicken compost-amended soils.
Although no significant interaction effects were observed, plants grown in 50% chicken
compost soils receiving 60% WHC level showed reduced disease severity. Tomato plants
grown in combined treatments of 50% chicken compost and 60% WHC levels were all

healthy resulting in a shoot disease severity score of zero (Figure 5).
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Figure 6: The response of Fusarium wilt following applications of no compost, 25% and 50% compost levels in soils irrigated
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Table 6: A general two-way ANOVA analysis of the main effects (compost and irrigation) and their interactions
(compost*irrigation) on soil physicochemical properties, plant growth parameters and disease suppression variables.

Significant differences (p < 0.05) are indicated in bold.

Factors

Compost Irrigation Compost * Irrigation

F P F P F P
Soil chemical properties
SOC 135,95 <0,001 1,68 0,21 2,73 0,05
POM 4,65 0,02 3,93 0,03 1,18 0,35
pH 4,81 0,02 0,26 0,77 0,03 0,99
EC 87,11 <0,001 5,73 0,01 13,33 <0,001
Soil physical properties
Bulk density 47,32 <0,001 0,49 0,62 2,09 0,11
Total porosity 47,32 <0,001 0,49 0,62 2,09 0,11
Air-filled porosity 23,28 <0,001 0,57 0,57 2,25 0,09
Water-filled porosity 12,76 <0,001 0,77 0,47 1,84 0,16
Gravimetric moisture content 5,74 0,01 0,53 0,59 1,39 0,27
Volumetric moisture content 6,26 0,01 0,59 0,56 1,96 0,13
Plant parameters
Plant height 77,91 <0,001 0,56 0,58 0,93 0,47
Stem diameter 13,18 <0,001 20,83 <0,001 1,28 0,31
Fresh shoot weight 76,68 <0,001 1,06 0,36 0,67 0,62
Fresh root weight 19,92 <0,001 0,95 0,39 0,82 0,52
Chlorophyll content 18,01 <0,001 0,03 0,97 0,32 0,86
Disease suppression
Shoot severity 208,58 <0,001 2,05 0,15 1,11 0,38
Vascular discoloration 37,69 <0,001 0,17 0,85 1,10 0,38

*SOC, soil organic carbon; POM, particulate organic matter; EC, electrical conductivity.
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4.1.5. Relationship between soil physicochemical properties, plant growth parameters
and disease suppression variables

The ranking of the Pearson’s correlation coefficients between soil abiotic properties, plant
growth parameters and disease suppression variables are exhibited in Figure 7 (p<0.05).
The results indicate that soil organic carbon was positively correlated with electrical
conductivity (r = 0.83), porosity (r = 0.81), air-filled porosity (r = 0.69), plant height (r =
0.68), fresh shoot weight (r = 0.81), fresh root weight (r = 0.57), chlorophyll content (r =
0.68), but negatively correlated with bulk density (r = -0.81), shoot disease severity (r = -
0.79) and stem and root disease severity (r = -0.70). Strong positive correlations were
found between electrical conductivity and porosity (r = 0.78), air-filled porosity (r = 0.77),
plant height (r = 0.60), fresh shoot weight (r = 0.85), fresh root weight (r = 0.70), but
moderately correlated with chlorophyll content (r = 0.58). Soil electrical conductivity was
negatively correlated with soil bulk density (r = -0.68), water-filled porosity (r = -0.61),
volumetric soil moisture (r = -0.61), shoot disease severity (r = -0.78) and stem and root

disease severity (r = -0.60).

Soil bulk density was positively correlated with water-filled porosity (r = 0.84), volumetric
soil moisture content (r = 0.67), shoot disease severity (r = 0.76), stem and root disease
severity (r = 0.56) and negatively correlated with total porosity (r =-1.00), air-filled porosity
(r =-0.94), plant height (r = -0.59), fresh shoot weight (r = -0.83), fresh root weight (r = -
0.65) and chlorophyll content (r = -0.70). Total porosity correlated positively with air-filled
porosity (r = 0.94), plant height (r = 0.59), fresh shoot weight (r = 0.83), fresh root weight
(r = 0.65) and chlorophyll content (r = 0.70) and was negatively correlated with water-
filled porosity (r = -0.84), volumetric soil moisture content (r = -0.67), shoot disease
severity (r = -0.76), stem and root disease severity (r = -0.56). Positive correlations
between air-filled porosity and fresh shoot weight (r = 0.80), fresh root weight (r = 0.64)
and chlorophyll content (r = 0.68), while negative correlations were observed for water-
filled porosity (r = -0.97), volumetric soil moisture content (r = -0.89), shoot disease
severity (r = -0.71) and stem and root disease severity (r = -0.49). Water-filled porosity
was positively correlated with gravimetric soil moisture content (r = 0.52), volumetric soil
moisture content (r = 0.95), shoot disease severity (r = 0.65) stem and root disease

severity (r = 0.43), and negatively correlated with fresh shoot weight (r = -0.71), fresh root
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weight (r = -0.58) and chlorophyll content (r = -0.64). Gravimetric moisture content
correlated positively with volumetric soil moisture content (r = 0.73). The correlation
analysis results further revealed that volumetric soil moisture content was correlated
positively with shoot severity (r = 0.50), and negatively correlated with fresh shoot weight
(r =-0.60), fresh root weight (r = -0.51) and chlorophyll content (r = -0.53).

Tomato plant height was correlated positively with stem diameter (r = 0.57), fresh shoot
weight (r = 0.68), fresh root weight (r = 0.52), and chlorophyll content (r = 0.56). Stem
diameter positively correlated with fresh shoot weight (r = 0.41). The shoot disease
severity positively correlated with vascular discoloration (r = 0.88) and negatively
correlated with plant height (r = -0.82), stem diameter (r = -0.41), fresh shoot weight (r =
-0.87), fresh root weight (r = -0.72), and chlorophyll content (r = -0.69). Stem and root
disease severity correlated negatively with plant height (r = -0.77), stem diameter (r = -
0.41), fresh shoot weight (r = -0.70), fresh root weight (r = -0.53), and chlorophyll content
(r=-0.55).
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4.2. Discussion

4.2.1. Effect of combined chicken compost amendment and water regime manipulation
on soil physicochemical properties

In this study it was observed that the application of chicken compost and manipulation of
water levels significantly improved physicochemical properties of soils. Chicken compost
amendment coupled with application of varying water levels increased SOC, EC, porosity
and decreased soil bulk density. The improvement in these soil physicochemical
properties with increasing rates of chicken compost was adduced to increase in soil
organic matter (SOM) as the chicken compost levels increased. The organic matter (OM)
in chicken compost could have likely increased SOC, thereby reduced soil bulk density
and increased soil porosity, and in turn improved the moisture holding capacity. It is
commonly known that chicken compost application improves soil physicochemical
properties, which in turn leads to the accumulation of SOC content, and in the current
study, this may be related to a few reasons. The selected bulking agent (woodchips) used
as a carbon (C) source during the composting process of the chicken manure used in this
study has been reported to have high C/N ratio (Pampuro et al., 2017). There is mounting
evidence suggesting that the addition of compost with high C/N ratio in soils can
considerably slow down the rate of OM decomposition, thereby leading to greater
accumulation of SOC (Ge et al., 2013; Azim et al., 2017). Another possible reason is that
the soil used in our study was characterised as sandy clay loam, with high clay content
(30%). Chemical bonds between the OM from chicken compost and greater surface area
of the clay particles of the soil used in our study might have led to the decomposition
process being retarded, thereby resulting in SOC being protected from degradation by
soil microorganisms (Hassink, 2016; Wiesmeier et al., 2019). Moreover, we observed that
manipulating the water level up to 60% and 30% in the experimental pots was followed
by SOC accumulation of 6% and depletion of -11%, respectively. While low moisture
content may accelerate anaerobic decomposition of SOC (Qu et al., 2020), our results
suggest that such an effect of soil moisture could be modulated by changes in OM and
manipulation of moisture content up to 60% WHC.

In the case of particulate organic matter (POM), increasing chicken compost and

manipulating water levels significantly affected the accumulation of POM. Interestingly,
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the obtained results indicated that POM accumulation was similar across all treatments.
A mechanism for the observed POM increase could be related to the possible
encapsulation of POM within soil aggregates. This could be attributed to the high available
surface area and aggregation associated with finer textured soils, resulting in more
physical entrapment of POM (Li et al., 2022). A positive correlation between SOC and
POM is commonly observed (Cotrufo et al., 2022) and reflects the key role of OM in
stabilising and protecting SOC, thus aiding the gradual release of exchangeable cations

and nutrients into the soil.

A soil chemical property directly affected by the slow decomposition of OM and its
products is soil pH. In this study, the application of chicken compost and manipulation of
water levels did not change the soil pH. A possible mechanism underlying these results
could be related to the soil’s buffering capacity reaction to resist change in pH (Shi et al.,
2019). Generally, soils with high clay content, which was the case in our study, tend to
have greater buffering capacities. This is normally achieved as hydrogen (H*) and
aluminium (AIR*) ions are released into the soil solution and are quickly held on the surface
sites of clay particles (Shi et al., 2019). Indeed, soil pH (KCI) measures the concentration
of H* and AI** ions in the soil solution and those held on surface sites of soil colloids and
OM (Smith and Doran, 1996). Rukshana et al. (2014), stated that the magnitude of the
change in pH depends on organic acids in the compost and the initial soil pH level.
Therefore, due to the moderate acidity (5.7) of the chicken compost and neutral pH of
sandy clay loam texture of the soils used in the present study (6.9) (Appendix 2), it is
probable that the ion exchange reactions were restricted. Under these conditions, the
concentration of organic acids (anions), which are decomposition products of the chicken
compost, were inadequate to cause drastic changes in the soil pH (Adekiya et al., 2019).
Moreover, a pH effect might be substantial in acidic soils where composts have significant
liming effects (Agegnehu et al., 2014), otherwise their application in soil does not cause
a serious pH increase — as observed in our study. The slight changes in soil pH indicate
that the soil is well buffered corresponding to preservation and/or maintenance liming of
the pH value (Kluge, 2006). Overall, the results obtained in this study highlight the key
role of OM in chicken compost to act as a pH buffer, thereby preventing soil acidification.

Most importantly, the preservation of soil pH values in the range of 6.22 to 6.44 is
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essential for optimum availability of exchangeable cations including nutrients such as N,
P, K, S and Zn (Aytenew and Bore, 2020).

Apart from improving SOC, POM and buffering against pH change, chicken compost
application may result in the introduction of exchangeable cations. Considerably high
electrical conductivity values were measured in soils amended with chicken compost and
manipulated with water levels compared to the control. As the OM components of the
chicken compost slowly decomposed, exchangeable cations (including nutrients) were
gradually released to the soil. The increase in soil electrical conductivity by chicken
compost is attributed to existing salinity levels in the compost, supported by high electrical
conductivity (8115 puS cm) in the chicken compost. Even though not determined in this
study, previous studies have shown that soil electrical conductivity can be raised on
account of high amounts of exchangeable cations such as Ca (18.2 g kg?), Mg (5.32 g
kg?) and K (5.49 g kg?) in chicken compost (Othaman et al., 2020). Taking into
consideration the strong positive correlation between SOC, which is stock or pool of
nutrients and electrical conductivity (r = 0.83) established in this study, it is probable that
compost exchangeable cations are released during the slow decomposition of the chicken
compost (Roghanian et al., 2012). On the other hand, manipulation of the water levels in
soils considerably decreased soil electrical conductivity. While the quality of irrigation
water was not assessed, the decrease in soil electrical conductivity may be attributable
to the quantity of exchangeable cations associated with the water used to irrigate the soils
during the experimental period (Artiola et al., 2012). In this manner, as less moisture
infiltrated the soils, subsequently less amounts of exchangeable cations were released
into the soil solution, accompanied by a decrease in soil electrical conductivity (Artiola et
al., 2012). The build-up of salts with increasing levels of chicken compost suggests that
the incorporation of composts in soils could negatively potentiate soil salinity (Sana et al.,
2016). However, in this study the magnitude of the increase in soil electrical conductivity
values ranging between 106 to 547 uS cm was still below the electrical conductivity
critical value of 2500 uS cm determined by Mihreteab et al. (2016) or 4000 uS cm™ as
determined by Sana et al. (2016). In this study, the findings that chicken compost and
water levels improved electrical conductivity values, and thus considerably improved

nutrient status are consistent with the initial low fertility of the soil used during the
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experimental trial of this study. The chicken compost which contained higher amounts of
macro and micro-nutrients such as Ca, K, Fe, Mn, Cu, B and Zn, was an exceptional

source of nutrients in this study (Table 5).

As expected, the results from the current study showed that the effect of chicken compost
can improve soil chemical properties and subsequently improve soil physical properties.
The application of chicken compost improved soil physical properties by reducing bulk
density, increasing porosity and water holding capacity of the soils used in this study. In
terms of bulk density, addition of chicken compost led to significant reduction of bulk
density values by -19% and -44% in 25% and 50% compost amended soils, respectively.
The decrease was driven by OM in the chicken compost at higher application rates, which
is one efficient way to lower the weight of unit volume of soil (Adeyemo et al., 2019). This
reduction can be explained by the addition of low-density OM in appreciable amounts into
the mineral soil fraction (Adeyemo et al., 2019), and this was supported by the strong
negative correlation between bulk density and SOC (r = -0.81). Similarly, Chaudhari et al.
(2013), found a strong negative correlation between SOC and bulk density (r = -0.89) in
sandy clay loams with SOC content ranging between 13 g kg to 78 g kg™X. More recently,
Zhou et al. (2020), added that a significant decrease in bulk density was most notably

brought by the accumulation of SOC in the soil.

The increase in total porosity was observed in soils with lower bulk density values, as
corroborated by the strong negative correlation between bulk density and total porosity (r
= -1.00) found in this study. The results from this study are in line with the study by
Chaudhary et al. (2013), who similarly documented a strong negative correlation between
soil bulk density and total porosity (r = -0.89). The increase in total porosity could be
explained by the adsorption of OM in chicken compost to surfaces of clays and/or coatings
of OM by clay particles (Negassa et al., 2015). In this respect, small SOM particles from
chicken compost fit in between the pores of relatively large mineral soil particles. As the
smaller OM patrticles fill the space between the larger particles, smaller clay particles
aggregate together, resulting in improved pore spaces within aggregates (micropores)
and pore spaces between aggregates (macropores) (Zhou et al., 2020). The increase in

total porosity also relates to improved pore size distribution from hollows resulting from
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decaying chicken compost and root channels (Zaffar and Sheng-Gao, 2015). A meta-
analysis of 60 published studies demonstrated that the application of compost
considerably altered the pore size distribution of loamy and clay soils (Minasny and
McBratney, 2018).

The increase in total porosity via increases in SOC and reduction in soil bulk density,
subsequently led to significant increase in air-filled porosity (r = 0.94) and decrease in
water-filled porosity (r =-0.84). In accordance with air-filled porosity, the lowest decreases
in water-filled porosity were observed in soils with higher air-filled porosity (r = -0.97). The
increase in air-filled porosity with increasing chicken compost level suggests that the
macropores, which allow air to circulate and allow free movement of water were
increased, while micropores were reduced (Lavallee et al., 2020). The latter pores retain
water longer in a drying soil and serve as the largest store of soil water readily available
for plant use (Negassa et al., 2015). This implies that the increase of macropores under
soils amended with higher levels of chicken compost probably occurred at the expense
of the micropores due to the texture and distribution of soil pores (Zhou et al., 2020).
Moreover, the effect of adsorption of OM by clay surfaces to form aggregates is probably
an important contributing factor in both air-filled and water-filled porosity. The increase in
SOM contributed to a good balance of pore size distribution, which is critical for aeration,
water movement and retention (Mohamed et al., 2010). Considering the sandy clay loam
texture of our soils, it could be argued that micropores associated with the high clay
content bound water tightly, leading to poor aeration (D’hose et al., 2012), as represented
by low air-filled porosity values in non-amended soils. On the other hand, the decrease in
water-filled porosity suggests that most water was now stored inside the formed

aggregates and in thin films between them (Li et al., 2022).

Soil moisture content measured at the end of the experimental period generally increased
with increasing chicken compost levels: no-compost < 25% compost-amended < 50%
compost-amended soils. The slight increase in gravimetric soil moisture content could
have resulted from the way water interacts with soils as a result of increased OM following
chicken compost application. By improving soil physicochemical properties, as previously

discussed, OM in the chicken compost improved the storage capacity of the soils by two-
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fold. Firstly, it acted as sponge to help retain water in the soil that would otherwise drain
down below the reach of plant roots, thus protecting the plant against water stress
(Adeyemo et al., 2019). Secondly, it facilitated the proportion and size of soil pores. The
maintenance of micropores is important for the retention of soil moisture even at low water
stress levels (Mehta et al., 2014). It is important to note that among soil pore types, water
retention occurs within micropores rather than macropores (Shah et al., 2017). Therefore,
the relationship between total porosity and air-filled porosity (r = 0.94) and water-filled
porosity (r = -0.84) further explains the notion that adding chicken compost improved the
distribution of macropores, which in turn led to adequate retention and movement of soil

moisture.

The current study therefore confirms the importance of OM by chicken compost and
moisture levels, as important drivers of soil physicochemical properties including SOC,
EC, bulk density, and the retention of moisture content in the soil. For instance, the slow
decomposition of OM and thereby greater accumulation of SOC was of great importance
as it facilitated the gradual accumulation of the amounts and availability of plant nutrients.
This can briefly be explained by the ability of OM in buffering against drastic change in
soil pH, which is important for plant growth. This is because many horticultural crops,
including tomato plants, prefer slightly alkaline or slightly acidic soil conditions. Therefore,
the soil pH values (6.2-6.4) observed in our study are considered optimum for plant growth
(Fischer and Glaser, 2012), especially for tomato plants which generally grow well in soils
with pH of 6.5 to 7.5 (Sainju et al., 2003).

4.2.2. Effect of combined compost amendment and water regime manipulation on tomato
plant growth parameters

Although water stress affects most of the functions of plant growth, this effect was not
observed on the growth of tomato plants in this study. This can be attributed to the varying
levels of water content in the soil and the ability of tomato plants to tolerate different water
levels. Likewise, the interaction effects of amending soil with chicken compost and water
levels did not affect the growth of tomato plants. This suggested that the main effects of
chicken compost alone can potentially promote growth of tomato plants by improving soil

physicochemical properties irrespective of the water level. The positive effects of SOM
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were reflected in plant height, stem diameter, fresh shoot and root weight and chlorophyll
content of tomato plants, resulting in an increase in some of the plant growth parameters.
The results from our study show that amending soils with increasing levels of chicken
compost resulted in a significant increase in fresh root weight of tomato plants. The
influence of chicken compost on the growth of tomato roots could be related to the soil
physical and chemical properties. Vegetable crops, such as tomato, are sensitive to
increased soil bulk density because it reduces root penetration (Adekiya and Ojeniyi,
2002). In the current study, the correlation coefficient between root weight with bulk
density and total porosity was r = -0.65 and r = 0.65, respectively. The reduced soil bulk
density and high porosity of compost amended soils suggests that compost application
would have increased soil pore volume for easy root penetration, thereby enhancing
nutrient uptake and increasing the mass of roots (Weber et al., 2007). Moreover, the
physical attributes of soils in this study including the high clay content (30%), and
particularly high water holding capacity, may therefore also be crucial factors determining
growth of tomato roots. Physical characteristics of the soils used in this study, including
hard aggregates when dry, may lead to the inadequate contact of the soil solid and liquid
phases with plant roots, which in turn may limit the uptake of water, nutrients, and oxygen
(Adeyemo et al., 2019). Such soil conditions may induce plant roots to send hormonal
signals that restrict the growth of the plant shoot (Wasaya et al., 2017). This effect is
evident in tomato plants grown in non-amended soils where the overall growth was

severely restricted.

Chicken compost is an effective source of nutrients to plants, and as it slowly
decomposes, organic materials from the chicken compost may allow the release of
nutrients within the rooting zone, thereby fostering greater nutrient availability for uptake
by plant roots (Adekiya et al., 2020). The findings that application of chicken compost at
higher levels increased root mass is also consistent with increases of SOC and EC and
is further supported by positive correlation between root weight with SOC (r = 0.57) and
EC (r = 0.70). Considering SOC, which is undoubtedly considered important for the
growth of tomato plants, its availability as the primary energy source throughout the
growing season was essential for the growth of tomato roots (D’hose et al., 2014). On the

other hand, EC is crucial to soil moisture movement through osmosis because soil salinity
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may in general have detrimental effect on water quality and thus hinder root growth
(Alromian, 2020). Positive correlation between fresh root weight and accepted EC values
were observed in the current study. This suggested that the accumulation of salts did not
serve as a potential threat to the productivity of our soils to the growth of tomato plant
roots, which in general are moderately tolerant to salinity and will grow in soils with EC
value of 2500 uS cm* without yield reduction (Alromian, 2020). Therefore, increased root
mass in soils amended with chicken compost increased nutrient and water uptake
resulting in high photosynthetic processes as evidenced by increased chlorophyll content
(Rivai et al., 2020). The nutritional composition of the chicken compost, especially N
(24.58 g kg), is consistent with the increase of the chlorophyll content in the leaves of
tomato plants. This is attributed to the availability of N as a component of chlorophyll
which enhances chlorophyll formation, thus increasing the photosynthetic ability of tomato
plants (Wasaya et al., 2017). Therefore, moderately increasing chicken compost amounts
in the soil had a profound effect on N and an increase in vegetative plant growth, and this

resulted in vigorous growth of tomato plants (Zhang et al., 2021).

Chicken compost is an organic material that is of high quality and easily decomposes
resulting in easy release of nutrients to the plants as it was observed in the current study.
This is further supported by Adekiya et al. (2019), who stated that the application of
chicken compost improved yield of radish. The addition of chicken compost increased the
availability of soil nutrients, including SOC and N, thus improving soil porosity so that root
plants may easily absorb soil nutrients necessary for plant growth (Darwin et al., 2020).
Beneficial effects of chicken compost application on the soil environment and plant
nutrition are not only important for plant growth but also decrease the susceptibility of the
plant to diseases. Quite recently, a review by Jayaraman et al. (2021), highlighted a
disease triangle model, consisting of a host plant, soil-borne pathogen and environmental
factors. From the interaction of these three factors, there is a great potential for soil
physicochemical properties, including pH, EC, and bulk density, to play a key role in

mechanisms of suppressing soil-borne diseases.
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4.2.3. Effect of combined compost amendment and water regime manipulation on
suppression of Fusarium wilt of tomato

Results of the current study demonstrated that the application of chicken compost can
suppress the severity and development of Fusarium wilt caused by FOL in susceptible
tomato plants. Exposing tomato plants to various water levels however had no influence
on the suppressiveness of compost against the disease. The ability of composts to
suppress diseases was suggested for the first time by Hoitink et al. (1975), and this was
followed by many studies addressing this phenomenon. The application of chicken
composts has been associated with incorporation of SOM (Mohsen and Ahmed, 2017).
Specifically, the interaction effects of 50% chicken compost and 60% water levels in the
present study were more effective in suppressing Fusarium wilt of tomato. This treatment
combination was also characterized by the highest SOC and POM accumulation. The
associated changes in SOM content tend to increase plant available nutrients, thus
promoting Fusarium wilt suppression in many crops including spinach (Borrego-
Benjumea et al., 2014), lettuce (Gilardi et al., 2016), coriander (Mukesh et al., 2017) and
strawberry (Zhang et al., 2021).

The effectiveness of chicken compost in its ability to suppress Fusarium wilt is attributed
to several factors including the interactions of soil biotic and abiotic properties, and
reduced plant stress (Baum et al., 2015). The degree of suppression of Fusarium wilt
frequently occurs in soils with improved soil fertility (Tamm et al., 2010), and is possibly
attributed to the gradual release of SOC and exchangeable cations, including nutrients
(Li et al., 2018) as products of decomposition of SOM. For example, SOC as an essential
labile food source strongly affects soil chemical and physical properties, plant health and
disease suppression (Borrego-Benjumea et al., 2014). Much like in the present study,
there was a negative correlation between SOC and Fusarium wilt severity, and this further
concurs with the results of Cao et al. (2016). Depletion of SOC in the soil results in
increased plant susceptibility due to reduction in beneficial microbes which are
responsible for reduced pathogen activities in the soil (Mehta et al., 2014). In the current
study this SOC depletion was associated with high disease severity levels recorded in

treatments with low or no chicken compost amendment.
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Whilst the information regarding the interactive effect of soil EC and water levels on
Fusarium wilt severity is limited, our results show that an increase in the EC values of
soils has an impact on the suppression of F. oxysporum. This is attributed to the
availability of nutrients such as Ca and Zn which are released as chicken compost further
decomposes (Jayaraman et al., 2021). Adequate Ca levels, for example, have been
reported to have beneficial effects on the suppression of F. oxysporum (Orr and Nelson,
2018), and may be due to a couple of reasons. Firstly, Ca contributes to soil fertility and
aggregation by forming bridges between clay particles and organic matter (Bronick and
Lal, 2005). The Ca (and OM) serves then as food for soil microorganisms making the
environment favourable for them in the presence of F. oxysporum (Orr and Nelson, 2018).
Secondly, Ca plays a key role in stabilizing cell wall composition of host plants (Wu et al.,
2020), thus directly aiding against penetration of the conducting vessels by F. oxysporum,
which can otherwise lead to wilting symptoms. Soil EC is therefore closely correlated with
soil properties that affect crop productivity, soil texture, organic matter and water relations

(Stadler et al., 2015), and its role in disease suppression should be explored further.

The beneficial effects of soil pH in suppressing diseases caused by F. oxysporum in
several crops, including tomato, are well established (Orr and Nelson, 2018; Jayaraman
et al., 2021). In the current study, the slight increases in soil pH moderately correlated
with disease suppression. The mechanism of soil pH on the suppression of F. oxysporum
might be associated with the availability of pH-dependent nutrients, which are important
for either growth, or virulence of F. oxysporum (Orr and Nelson, 2018). The soils used in
our study were slightly acidic (ranging from 6.2 to 6.4), and under these conditions Fe
solubility (highest at pH<3) and hence its supply is usually low (Kumar et al., 2021). A
review by Orr and Nelson (2018), showed that F. oxysporum has high requirements for
Fe, considering Fe availability at higher soil pH, this might have delayed FOL
development and significantly increased the growth of tomato plants in compost-amended

soils.

Experimental trials carried out on the effect of FOL on the growth of tomatoes by Ghaemi
et al. (2011), showed clearly that soil water content below field capacity was conducive

to Fusarium wilt of tomato. In this sense, we consider that since the pathogen is
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hydrophobic (Orr and Nelson, 2018), high bulk density values of non-amended soils in
this study (reduced spaces where water could be retained) led to increased disease
severity. Much like the present results, disease suppression did not occur in some studies
when soils were saturated with water in the absence of organic amendments (Huang et
al., 2015, Wen et al., 2015). In contrast, effective suppression of F. oxysporum even when
soil moisture content was low can be adduced to chicken compost-amended soils having
more micropores to physically retain water and/or improve aggregation (Adebayo et al.,
2019) and potentially suppress the pathogen. Therefore, improved moisture retention
capacity by chicken compost, indicated by the slight increases in gravimetric soil moisture
seemed to have beneficial effects in this instance (Ojeniyi et al., 2013).

Losses in fresh biomass of tomato plants grown in non-amended soils can be attributed
to the detrimental effect of Fusarium wilt and lack of nutrients available to tomato plants.
These observations were consistent with proportions of low air-filled porosity and high
water-filled porosity, resulting in anaerobic conditions in non-amended soils with high clay
content, which are conducive to F. oxysporum (Timsina, 2018). The low severity of
Fusarium wilt in chicken compost-amended soils was presumably promoted by the supply
of oxygen and improvement in water-holding capacity by chicken compost, resulting in

healthy plant growth.
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CHAPTER 5

SUMMARY, RECOMMENDATIONS AND CONCLUSION

For optimum plant growth, nutrients must be available in sufficient and balanced
guantities. Soils contain natural reserves of plant nutrients, however, not all soils can
naturally release these nutrients. Therefore, the addition of organic amendment is vital
for nutrient supply, crop production and disease management. Soil-borne diseases,
including Fusarium wilt of tomato, caused by Fusarium oxysporum f. sp. Lycopersici, are
considered a major limitation to crop production. The ability of Fusarium species to
manifest in soils is influenced by soil properties such as pore size distribution of soils,
bulk density, and moisture retention. In the current study, the effects of amending soil with
chicken compost coupled with the manipulation of water deficit levels on the
physicochemical properties of soils, plant growth parameters and subsequent

suppression of Fusarium wilt of tomato plants were investigated.

Generally, the addition of chicken compost derived from raw chicken manure and
woodchips improved soil physicochemical properties, promoted growth of tomato plants,
and suppressed the severity of Fusarium wilt. Soil chemical properties were improved
with the addition of both chicken compost and water deficit levels. For instance, SOC and
EC increased with increasing chicken compost levels. In contrast, soil physical properties
were only affected by the addition of chicken compost, with major reductions in bulk
density. This suggested that the lightweight compost was an exceptional source of
organic amendment as it improved soil aeration. Additionally, moisture retained in soils
at the end of the experiment had increased in 50% compost-amended soils, which was
vital for the uptake of soil nutrients by tomato plants in soil solution. Subsequently, the
growth of tomato plants was promoted with high levels of chicken compost as a result of
the improved soil conditions, necessary for disease suppression. This was supported by
that most of the soil chemical and physical properties, and plant growth parameters that
correlated well with SOC and EC, also showed significant correlation with disease
suppression. While Fusarium species are widely reported to colonise the roots of their
hosts and cause root decay, results showed that tomato plants grown in compost-

amended soils were healthy and had greater above ground biomass compared to the
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control, indicating effective disease suppression. Furthermore, an increase in appreciable
amounts of dissolved salts in soil is important in the suppression of Fusarium wilt, further

indicating possible abiotic factor influencing disease suppression.

This study contributed to existing scientific literature in that, while Fusarium induced
diseases are widely managed through manipulation of biological properties using
resistant cultivars and biocontrol agents, changes in physicochemical properties and plant
growth following organic amendments can potentially drive mechanisms of disease
suppression. In addition, Fusarium species can survive under a wide range of
environmental conditions, for instance, disease severity has been reported under both
ample and low soil water supply. As a result, the different environmental conditions
created by varying levels of chicken compost and water deficit levels under greenhouse
conditions, provide sustainable and realistic alternatives in controlling Fusarium wilt
severity. However, these strategies must also be explored under field conditions. The
difficulty in controlling Fusarium wilt has stimulated research in alternative controls of
Fusarium wilt. Chicken composts are cost-effective when available and can increase the
tolerance of the host plant to disease severity and the plant’s ability to maintain its own
growth despite the infection. At the time of application, chicken compost did not pose
serious challenges to neither soils nor plants. However, a major drawback of such
composts is their high amount of nitrogen content and dissolved salts, which can often
retard plant growth. The use of an appropriate bulking agent during composting should

therefore be of great priority.

One of the economic importance of Fusarium species is their role as plant pathogens,
causing great economical losses in a wide range of crops. In addition, there are currently
over 100 different formae speciales identified, therefore the use of composts needs to be
tested with other crops of horticultural importance. Moreover, from literature it is
suggested that soil microbes are more in direct contact with the pathogen, than any other
of the soil properties. At the time of reporting, data on soil biological properties was not
available, and therefore it would be necessary to study the influence of chicken compost

and observed changes in soil physicochemical properties on microbial communities. This
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will provide a more holistic approach to disease management and better our
understanding on the role played by soil physical, chemical and biological properties.

Generally, with proper knowledge of application rates, chicken compost can be used to
promote plant growth and suppress disease severity even in conditions of low water
supply. It is recommended that in soils with low fertility, the addition of chicken compost
and manipulation of water deficit levels be explored for better plant growth and disease
suppression. In the current study, the addition of 50% chicken compost and 100% water
deficit level, increased SOC and EC, porosity which were crucial in improving tomato plant
growth and development. These observations led to effective suppression of F.
oxysporum. Economically, tomato fruits are a stable food source and any strategies that
aims to mitigate the deleterious effects of soil-borne diseases and thereby improve tomato
production will alleviate food insecurity. As such, future work should invest and extend
the scope of the use of organic amendments to sustainably improve crop productivity and

manage soil-borne diseases.
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