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Abstract 

 

Waterlogging has been correlated with disease incidence in the Australian Processing 

Tomato Industry, which has recently noted yield losses of 10% per annum. 

Investigations into root rot pathogens resulted in the discovery of chocolate streak 

disease, a novel Fusarium oxysporum disease of tomatoes. In the field, symptoms 

include stunting, chocolate brown streaking of the internal tap root and collar 

vasculature, and rot of lateral roots. Greenhouse pathogenicity tests replicated 

stunting symptoms, especially when transplanted into inoculated field soil rather than 

potting mix, but variety H4401 exhibited milder symptoms than H3402. However, 

severe vascular browning couldn’t be replicated in either variety, and the addition of 

abiotic stress was never studied. Thus, two glasshouse trials were performed with the 

aim of exploring the interaction between waterlogging and chocolate streak disease 

severity and determining if H4401 had greater resistance. Tomato seedlings were 

transplanted into pots of field-type soil in the Melbourne University glasshouse where 

they grew for 2 weeks before inoculation to allow transplant wounds to heal. Half were 

inoculated with 15 ml of spore suspension containing 106 spores per ml of an 

aggressive chocolate streak disease isolate. Half of each of the inoculated and control 

groups were waterlogged for 3 days then monitored for 6 weeks. Hence, 4 treatments 

with approximately 7 plants each were used, a control, either waterlogged or 

inoculated, and inoculated and waterlogged. Chlorophyll fluorescence readings were 

taken twice weekly using a MINI-PAM photosynthesis yield analyser. At harvest, they 

were observed for symptoms, measured for shoot height, root dry weight, and had 

collar and tap root tissues cultured to confirm Fusarium oxysporum presence. In both 

trials, H4401 developed severe edema, greatly impacting the growth of that variety. 
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The data showed no significant difference (p>0.05) in photosystem II operating 

efficiency between the treatments. This result was mirrored by the height and weight 

data which also showed no significant difference between the treatments, although 

H4401 was far smaller than H3402 in both metrics. Tissue culture data showed the 

significant (p<0.05) positive influence of both inoculation and waterlogging on 

Fusarium oxysporum colonisation of H3402 collar tissue. The lack of difference 

between the 4 treatments indicated that colonisation did not result in disease. Thus, 

no inferences could be made about the severity of the disease with waterlogging, or 

between H3402 and H4401. Hence, the aims were ultimately unfulfilled. This was likely 

due to the combination of competition with the microbiota in the unsterilized soil, an 

insufficient inoculum load, and the lack of root wounding. Edema persisted in H4401 

despite regulation of excess soil moisture and the application of additional lighting. It 

was likely caused by unideal growth conditions due to being off-season and the first 

use of the new glasshouses. For future studies, this research provides an example of 

severe edema in glasshouse tomatoes and the suppression of a Fusarium pathogen. 

Future research is suggested to examine the impact of root wounds and soil inoculum 

levels on chocolate streak disease infection, then to determine if waterlogging impacts 

disease severity. 
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Chapter 1: General Introduction 

 

1.1 Yield Decline in Australian Processing Tomatoes 

Processing tomatoes (Solanum lycopersicum L.) are an important source of nutrition 

and an economically important crop (APTRC, 2020). In 2019, Australians consumed 

approximately 575,000 tonnes of processed tomatoes, a third of which was supplied 

locally from the Australian Processing Tomato Industry in Victoria (Plant Health 

Australia (PHA), 2021). However, the industry is facing annual yield losses of 

approximately 10%. Soil-borne pathogens contribute to this loss (Callaghan, 2020; Y. 

Wang, 2020), with one major contributor being a novel fungal disease caused by 

Fusarium oxysporum. Studies show more severe disease occurring in field conditions 

but are yet to investigate the impact that added abiotic stresses have on the infection 

(Callaghan, 2020). Hence, this study focuses on the impact that waterlogging stress 

has on disease severity for this novel processing tomato disease. 

1.2 Thesis Outline 

This thesis follows the works of Callaghan (2020). It outlines the required knowledge 

and provides a rationale for the research undertaken in the literature review, before 

detailing how the study was performed in the methods. Waterlogging and inoculation 

are used as independent variables for various plant growth parameters such as stem 

height, root dry weight, and photosynthetic efficiency metrics. The outcomes are 

shown in chapter 4, which visualizes and describes the results and their analysis. 

Chapter 5 explains these results, discussing meaning, interpretations, limitations, and 

data quality, before concluding with applications and directions for future studies.  
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Chapter 2: Literature Review 

 

2.1 Literature Review Scope 

The purpose of this literature review is to provide the context and knowledge required 

to engage in the topics, methods, discussions, and conclusions presented in this 

thesis. It provides an overview of the Australian Processing Tomato Industry, including 

relevant recent developments, future directions, and obstacles to overcome. It then 

introduces soil pathogens affecting the industry before focusing on Fusarium 

oxysporum and a novel F. oxysporum disease of Australian processing tomatoes, 

which is the primary focus. Important Fusarium tomato pathogens, morphology, 

identification, root invasion, and ecology are all discussed. The relevant literature 

around this new disease is then summarized before the review shifts to the concepts 

of chlorophyll fluorescence and waterlogging. These topics are covered in enough 

detail to provide adequate context to the subsequent research, however intricate 

details such as molecular interactions and cellular functions are beyond the scope of 

both this literature review and thesis. The literature review highlights gaps in current 

knowledge, hence justifying the ensuing study. 

 

2.2 Australian Processing Tomato Industry 

As of 2020, the Australian Processing Tomato Industry (APTI) consisted of 11 growers 

and 3 processors (Australian Processing Tomato Research Council (APTRC), 2020). 

This group contributed 0.57% of the total global production of processing tomatoes 

(APTRC, 2020), an amount valued at approximately $23 million Australian dollars 
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(PHA, 2021). This northern Victorian industry is an important provider of processing 

tomatoes for use in pastes, purees, juices, sauces, ketchup, or in forms such as dried, 

powdered, or whole pieces (APTRC, 2020).  

The 2019-2020 growing season saw a total of 2,073 hectares of farmland planted, 

86% with transplanted tomato plants and 14% with directly sown seeds, 97% of which 

was harvested for an average yield of 105.1 t/ha. This generated a total of 210, 477 

tonnes of tomatoes (APTRC, 2020). As the second-highest average yield ever 

achieved, this was just short of the industry record of 106.1 t/ha and represented an 

increase on the recent average yield of 90 t/ha (APTRC, 2020). While this showcases 

their recent increase in average yield from 50 to 100 t/ha, it is just half of the newly set 

target of 200 t/ha (APTRC, 2020).  

To achieve this target, the APTI needs a strong understanding of the factors that are 

currently restricting yield. Studies have identified areas of focus and improvement to 

be harvest losses, water management, soil structure and type, and the impact of 

diseases (North, 2020; Callaghan, 2020; Yong et al., 2015; Brown, 2016). With the 

aim of increasing average yield by decreasing the impacts of yield decline.    

 

2.3 Yield decline  

Yield decline is a problem suffered by farming systems globally (Bennett et al., 2012). 

Bennet et al. (2012) explored this process in detail, defining yield decline as the loss 

of productive capacity of the soil when crops are repeatedly grown in monoculture or 

short rotations on the same land. Caused by biotic and abiotic factors, this process 

results in poor plant growth and development, delayed production, and reduced yields 

(Bennett et al., 2012). 
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Historically it was believed that fertilizers and pesticides could replace crop rotations 

in managing soil fertility and pests, and thus that repeat cropping would be possible 

without yield loss (Bennett et al., 2012; Bullock, 1992). However, modern management 

practices simply offset and mask the extent of the issue (Bennett et al., 2012), which 

is likely caused by a multitude of intermingling factors (Callaghan, 2020). Yield loss 

has been attributed to many factors. Degrading soil quality, such as chemical, 

biological, and physical properties; the accumulation of pathogens in the soil; and 

repeated use of the same crop, machinery, and management practices have all been 

correlated with yield loss (Bennett et al., 2012). However, the use of monocultures or 

short crop rotations underpins this phenomenon (Bennett et al., 2012; Bullock, 1992; 

APTRC, 2019). 

Over successive seasons, monocropping increases the accumulation of pathogens 

and weeds and causes deterioration of the soil structure (Ashcroft et al., 2003; Bennett 

et al., 2012), a problem observed in the APTI (North, 2020). This inoculum build-up is 

particularly relevant for soil and root-borne pathogens with a narrow host range, 

especially those that do not produce long term survival structures and are not motile 

enough to quickly invade from adjacent plots (Bennett et al., 2012; Bullock, 1992). 

These short crop rotations and monocultures provide constant host material for 

soilborne pathogens which increases their soil concentration, then doesn’t allow 

enough time between host plant crops for inoculum levels to drop, increasing the 

impact of disease on successive crops (Bennett et al., 2012).  

However, pinpointing a specific factor as having a greater impact on yield decline than 

others is difficult due to the complex interactions of the system (Bennett et al., 2012; 

Callaghan, 2020). The impact of any one factor is tightly linked to other variables within 

the system, such as disease prevalence being impacted by inoculum load, soil 
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structure, soil chemistry, and biological variables such as the presence of non-

pathogenic microbial competition (Callaghan, 2020).  

Yield loss is also a challenge faced by Australian processing tomato growers, who 

have noted yield decline after each successive tomato crop (North, 2020). 

Furthermore, the Australian Processing Tomato Research Council reports that in 

recent years there has been a yield loss of approximately 10% per annum (Callaghan, 

2020). For the 2019-2020 growing season this represented a loss of approximately 23 

thousand tonnes of produce, valued at approximately $2.5 million. Despite this, 

farmers are forced to continue planting largely tomato monocultures due to economic 

factors, such as the costs associated with specialty equipment, government subsidies 

and rising water prices, because this crop maximizes profit (Bennett et al., 2012; 

APTRC, 2019; North, 2020). Processing tomatoes are the most profitable crop for 

APTI growers out of a rotation which includes legumes and cereals over winter 

(Callaghan, 2020). Because of this, growers are planting tomato crops in succession, 

such as in “tomato, tomato, break” rotations (Brown, 2016), when historically up to 5 

years would be left between tomato crops on the same site (Ashcroft et al., 2003). 

Despite the loss experienced, a lack of a profitable rotation crop hinders the movement 

away from tomato monocultures for the APTI (North, 2020). A further consideration is 

the costs associated with the recent implementation of subsurface drip irrigation 

systems by the entire industry (APTRC, 2019). 

 

2.3.1 Potential Association between Yield Decline and Irrigation systems 

As of the 2018-2019 growing season, 100% of the planted area was watered using 

subsurface drip irrigation (SDI) systems, as opposed to furrow irrigation (ATPRC, 

2020). The SDI systems have been correlated with an increase in yield by up to 50% 
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in the first year compared to furrow irrigation (Ashcroft et al., 2001) and are more water 

efficient. This has been a compelling factor for the implementation of SDI in the APTI 

given the increasing price of water in the drought conditions faced by growers in recent 

years (APTRC, 2019; North, 2020). Once in place, SDI systems remain in place for 

several successive seasons due to the costs of materials and implementation. 

Because of this, once installed APTI growers tend to plant consecutive tomato crops 

on sites with SDI rather than annual rotations (Callaghan, 2020).  

However, the mid to long term impacts of this has been linked to decreased yields for 

successive tomato crops, with declines observed after the first year on SDI (Ashcroft et 

al., 2001; Callaghan, 2020; APTRC, 2019). Soil conditions gradually deteriorate over 

repeated tomato crops and with long term implementation of SDI systems, particularly 

in the soil directly around the water emitters (Yong et al., 2017; Brown, 2016), 

prompting studies investigating the effect of increasing soil and irrigation water quality 

on crop yield.  

Yong et al. (2017) reported impacts on the physio-chemical structure of the soil 

surrounding SDI 4 years after implementation in a commercial processing tomato field 

in Shepparton, Victoria, Australia. The study reported significant increases in soil pH, 

electrical conductivity, and exchangeable sodium percentage around the SDI emitters, 

as well as evidence of the migration of fine silts and clays away from the emitters. All 

of which were detrimental to the soil structure. The application of commercial GYP-

FLO at 150 L/ha caused a significant decrease in exchangeable magnesium levels, 

partially restoring soil quality, but no significant change was observed in crop yield or 

quality (Yong et al., 2017). 
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Brown (2016) also showed that oxygen depletion occurred in the soil surrounding the 

emitters of SDI systems, especially in poorly drained soils. This finding was of 

relevance to the APTI as tomato crop fields are predominantly red loam and grey clay 

soils (North, 2020; Callaghan, 2020), which are prone to waterlogging (North, 2020; 

Flett et al., 1991; Hamilton et al., 2005). As such, it was suggested that yield loss could 

be a result of oxygen depletion in the soils (Brown, 2016; North, 2020). Recent field 

experiments have shown prolonged SDI use causes hypoxia of the rhizosphere 

around emitters, a condition that can be mitigated through aeration of the drip lines (Z. 

Wang et al., 2020). Increasing aeration caused a significant increase in processing 

tomato stem diameter, height, and fruit yield by 2.32-10.02% compared to a non-

aerated control (Z. Wang et al., 2020).  

Brown (2016) investigated the impact of aerating irrigation water on processing tomato 

crop performance in Corop and Rochester, Victoria, Australia. Both sites were grey 

loam soil that had previously grown processing tomatoes and were in a “tomato, 

tomato, break” crop rotation (Brown, 2016). Dissolved oxygen ranged from 20.5% to 

22.2% in the control lines, and from 77.5% to 98.8% in the aerated lines. While this 

resulted in a 1-4% increase in crop yield, the data were not significant, and aeration 

was dismissed as not feasible commercially for the APTI (Brown, 2016). 

 

2.4 Soil Pathogens of the Australian Processing Tomato 

Industry  

In recent years, very few surveys of soil-borne pathogens of tomatoes in Victoria and 

New South Wales, Australia, have occurred. Prior to Callaghan (2020), the most 

recent studies were in the early 2000s before major agronomic changes occurred 
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(Callaghan, 2020). Historically, Phytophthora nicotianae was thought to be the primary 

soil-borne pathogen of Victorian processing tomatoes (APTRC, 2017), however more 

recent surveys performed by Callaghan (2020) in the 2016-2019 growing seasons 

highlighted a new range of pathogens. Callaghan (2020) identified Phytophthora, 

Colletotrichum, Pythium, Rhizoctonia and Fusarium species as all potentially causing 

disease in the APTI (Callaghan, 2019). The most abundant and impactful putative 

pathogens being Pythium spp. and Fusarium oxysporum (Callaghan, 2020). 

 

2.5 Fusarium Pathogens of Tomatoes  

Fusarium is an ascomycete genus with global distribution (Leslie & Summerell, 2006), 

and contains some of the most prominent and damaging tomato pathogens (Hibar et 

al., 2007; McGovern, 2015). One such disease is Fusarium foot rot, caused 

by Fusarium solani. This disease was first seen in Australia in 1975 and causes 

necrotic spotting on new foliage and chlorosis, as well as a brown rot of cortex tissue 

in the taproot and large lateral roots. In severe cases, this completely girdles the 

taproot, and the rot extends to the crown tissue. Fusarium foot rot causes stunting and 

yield loss in infected plants, however, it rarely kills the plant (Vawdrey & Peterson, 

1988; Romberg & Davis, 2007).  

The most economically important Fusarium species are those of the Fusarium 

oxysporum species complex (FOSC) (Leslie & Summerell, 2006). It has a global 

distribution, can be found in most soils, and causes significant losses in a broad host 

range (Leslie & Summerell, 2006). It also contains two of the most economically 

important tomato pathogens, Fusarium oxysporum f. sp. lycopersici (Fol) 

and Fusarium oxysporum f. sp. radicis-lycopersici (Forl) (Leslie & Summerell, 2006).  
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2.5.1 Fusarium oxysporum f. sp. lycopersici (Fol) 

Fusarium oxysporum f. sp. lycopersici occurs predominantly as a soil saprophyte, 

feeding on dead and decaying organic matter such as old plant tissues. It is the 

causative pathogen of Fusarium vascular wilt disease of tomatoes (Srinivas et 

al., 2019). The fungus invades directly through the epidermis of root hairs (Gordon, 

2017) and then into the xylem vessels which it clogs causing extreme water stress 

(Srinivas et al., 2019). Symptoms include a gradual wilting and yellowing of leaves 

from the lower leaves to the apex and browning of the vascular tissue which also 

extends to the apex, resulting in systemic wilting and often death (Srinivas et al., 2019; 

Steinkellner et al., 2005). Fol is further divided, consisting of three races. Host 

resistance to each race is attributed to a different resistance gene, hence their 

distinction. All three races have been reported in Australia (Leslie & Summerell, 2006). 

 

2.5.2 Fusarium oxysporum f. sp. radicis-lycopersici (Forl) 

Fusarium oxysporum f. sp. radicis-lycopersici is the causative agent of Fusarium 

crown and root rot (FCRR) and is morphologically indistinguishable from Fol or any 

other f. sp. of F. oxysporum (Callaghan, 2020). Identification thus relies on symptoms 

and biological characteristics such as host range and optimum temperature.  

It invades plant roots via natural openings in emerging secondary roots, wounds, and 

directly through the epidermis, where it colonises the cortical tissues and forms brown 

lesions (Brayford, 1996). From there it extends into the vascular tissue, spreading up 

to 10 cm along the stem but usually no further and never into the branches (Brayford, 

1996). Forl is one of the most damaging soil-borne tomato diseases, with reports of 
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crop losses of up to 90% in some greenhouses (Hibar et al., 2007). However, this 

disease has not been observed in Australia (Callaghan, 2020).  

Transmission occurs over large distances by the movement of contaminated seeds, 

soil, and plant material. Local transmission occurs by water flow spreading conidia and 

through direct contact of an uninfected plant's roots with those of an infected plant. 

Airborne dispersal of microconidia has also been detected in glasshouses (Brayford, 

1996).  

 

2.5.3 Fusarium Morphology 

The genus Fusarium was first coined in 1806 with the primary characteristic being 

slightly curved banana or canoe-shaped conidia. However, there are relatively few 

morphological characters that can be used to define species, and there are far more 

Fusarium species to be defined than morphological variations that can be used to 

distinguish them. Furthermore, the expression of morphological features is variable 

and subject to environmental conditions (Leslie & Summerell, 2006). They can be 

discrete and vary in importance for different species, meaning that many species in 

the current taxonomy are poorly defined and no longer have existing type specimens 

(Leslie & Summerell, 2006). 

Despite the confusion around their identification, the introduction of molecular-based 

identification methods, such as DNA sequence data, has sparked a surge 

in identification of Fusarium species and the identification of morphologically identical 

sibling species. Rather than just morphology, biological and phylogenetic concepts 

have been more important for classification (Leslie & Summerell, 2006; Crous et al., 

2021).  
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Currently, the most important morphological feature for identifying Fusarium species 

is the size and shape of the macroconidia (Leslie & Summerell, 2006). The general 

macroconidia size, without placing too much emphasis on variation in any single 

spore, is an important defining characteristic. There are three generic shapes of 

macroconidia, with four apical cell morphologies, and four basal cell morphologies. 

The macroconidia morphology alone is enough to classify many cultures to species 

level (Leslie & Summerell, 2006). 

Subsequently, the presence and morphology of microconidia can be used for 

identification. Not all species produce microconidia, so the trait is telling in itself. 

Microconidia can vary in size, have eight general shapes and are usually 0, 1, or 2-

septate. As with macroconidia, these qualities can vary within a culture, so the general 

trend is more important than the qualities of individual spores (Leslie & Summerell, 

2006). 

Chlamydospores, or long-term survival spores, are another important feature for 

species identification (Leslie & Summerell, 2006). They can be formed singly, in pairs, 

chains, clumps, or not at all. They can take upwards of six weeks to form and can 

develop aerially or directly on the medium, which is often an important distinction. 

Chlamydospore characteristics are not conserved evolutionarily, meaning that species 

that do and do not produce them may be closely related regardless of this difference 

(Leslie & Summerell, 2006). 

Secondary characters such as pigmentation and secondary metabolite production are 

also used, however often with more constraints than morphological traits. 

Pigmentation is often highly variable and is impacted by the light source and intensity, 

pH, and media conditions (Leslie & Summerell, 2006). It was thought to be unlikely 
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that production of secondary metabolites would be adapted into classification schemes 

(Leslie & Summerell, 2006). However, they are largely genus-specific which has made 

them important distinguishing features between genera in recent updates to Fusarium 

phylogeny (Crous et al., 2021). 

Morphological characters vary depending on the media the culture is grown on, so 

identification of Fusarium strains require specific sets of media at specific incubation 

conditions. Further classifications to intraspecific rankings can then be made based 

on physiological differences between isolates (Leslie & Summerell, 2006). 

 

2.5.4 Fusarium oxysporum morphology and identification  

Fusarium oxysporum is an asexually reproducing anamorph with no known sexual 

structures (Gordon, 2017). The critical features for the identification of Fusarium 

oxysporum are the morphology of microconidia and macroconidia (Fig 2.1), and the 

production of chlamydospores. When grown on carnation leaf-piece agar (CLA), 

macroconidia of F. oxysporum are short to medium in length and usually 3-septate. 

They are straight or slightly curved with slender and relatively thin walls and often with 

hooked apical cells (Leslie & Summerell, 2006). Microconidia are produced and are 

oval, elliptical, or often reniform. They are usually not septate and are presented 

abundantly on aerially false heads protruded from the mycelium. Chlamydospores are 

smooth or rough walled and formed singly or in pairs but can also grow in clusters or 

short chains. 
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When grown on potato dextrose agar (PDA), morphology is far more variable (Leslie 

& Summerell, 2006; Crous et al., 2021). Mycelia may be sparse or abundant, floccose 

or not, and range in colour from pale to dark violet or dark magenta, while some 

isolates produce no pigment at all. Furthermore, some mutate to a pionnotal form with 

a yellow to orange colour. Additionally, darkly coloured blue or brown sclerotia may be 

produced (Leslie & Summerell, 2006). 

 

 

2.5.5 Fusarium Taxonomy and Formae speciales 

Fusarium taxonomy is ever-changing and updating, with one driving factor being the 

need to recognise groups that are not yet distinct species. The current and most 

common intraspecific classification is formae speciales (f. sp.) (Leslie & Summerell, 

Figure 2.1. CLA grown Fusarium oxysporum macroconidia (A-B), microconidia (C-D) 

and microconidia in situ (E-F). Scale bar A-D = 25 μm, and E-F = 50 μm. (Leslie & 

Summerell, 2006). 
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2006). Formae speciales are sub-species groupings based on physiological 

distinctions, occurring mostly in the FOSC where over 100 f. sp. have been described.  

Classification of formae speciales is most commonly based on pathogenicity towards 

a specific host or group of hosts. From there they are further broken down into races, 

usually based on pathogenicity to specific host varieties or cultivars (Leslie & 

Summerell, 2006). 

One issue with this mode of classification is that pathogenicity to a given host is not 

an ancestral character. Thus, strains in a f. sp. may not be closely related to each 

other if pathogenicity to a given host arose independently. This creates a non-

monophyletic taxonomic system, where issues can arise if classifications are treated 

as monophyletic (Leslie & Summerell, 2006). Historically, once assigned to a given f. 

sp. strains were rarely tested for pathogenicity to other hosts, meaning a single strain 

could be classified into multiple formae speciales if isolated and classified multiple 

times independently by different researchers (Leslie & Summerell, 2006). 

However, a recent publication redefines the taxonomy of Fusarium which, under 

previous phylogeny, existed as a genus without synapomorphies (Crous et al., 2021). 

This paper promoted many F. oxysporum f. sp. to distinct species within the FOSC 

which currently encompasses 29 species. Crous et al. (2021) redefined Fusarium to 

contain only a smaller subsection of the previous definition (formally Fusarium sensu 

stricto). This new classification introduced 4 new genera and 18 species based on 

gene sequence data and offered a monophyletic grouping of Fusarium. One update 

included arguing for the recognition of the F. solani species complex (Neocosmospora) 

as a distinct genus. Hence beginning to delimit the complex taxonomy of fusarioid 

fungi (Crous et al., 2021). 
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2.5.6 Media preparation for Fusarium Identification 

Fusarium species have a notoriously variable phenotype when grown on different 

media (Leslie & Summerell, 2006). As such, it is important to have standardised media 

that generate consistent characters, such as macroconidia size and shape, which can 

be used for identification.  

Carnation leaf-piece agar is widely used for this purpose. CLA is prepared by adding 

dry, irradiated carnation leaf pieces to water agar. This carbohydrate-poor agar 

prompts the growth of uniform macroconidia in sporodochia on the surface of leaf 

pieces after 6-10 days. Microconidia are also produced on hyphae, usually growing in 

the agar further away from leaf pieces (Leslie & Summerell, 2006). 

Potato dextrose agar is a more basic carbohydrate-rich medium. PDA does not 

produce the uniform macroconidia usually necessary for accurate identification 

of Fusarium species (Leslie & Summerell, 2006). The size and shape can vary wildly 

within cultures and lead to spores that would suggest different species, even if the 

original culture was pure and grown from a single spore. This media is known to create 

“laboratory horrors” that are morphologically degenerate and no longer have sexual 

cross fertility or pathogenic capacity (Leslie & Summerell, 2006). However, the media 

is still useful for comparisons of secondary factors like growth rates, colony 

morphology and pigmentation when cultures are grown under identical incubation 

conditions (Leslie & Summerell, 2006). 

 

2.5.7 Fusarium oxysporum Invasion of Tomato Plants 

The primary mode of Fusarium oxysporum colonisation of a host plant is spore 

germination in the vicinity of the roots (Gordon, 2017). This process begins with the 
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stimulation of spores by root exudates (Olivain & Alabouvette, 1999; Gordon, 2017), 

with host plants being more effective at stimulating chlamydospore germination but 

other plants still able to do so (Steinkellner et al., 2005; Gordon, 2017). Only spores 

within the rhizosphere germinate, meaning that germination typically only occurs in 

spores within approximately 1 mm of the root surface (Gordon, 2017).  

Once the spore germinates, a germ tube grows towards the roots, often in the root 

hair zone (Olivain & Alabouvette, 1999; Gordon, 2017). Connection with the root 

epidermis causes hyphal branching on the root surface and the formation of a mycelial 

network. After 48 hours the mature root zone, where secondary roots emerge, is 

usually also colonised by hyphae. Four days after inoculation, a dense hyphal network 

covers the root surface, and colonisation of the secondary roots occurs. Seven days 

after inoculation chlamydospore production occurs (Olivain & Alabouvette, 1999). 

Penetration into the root tissue occurred at the root hair zone after as little as 17 hours 

(Olivain & Alabouvette, 1999). In Fol, hyphae attach directly to the epidermal cells in 

the root hair zone, penetrating without a specialised structure, but using secreted 

enzymes to degrade the root cell wall (Olivain & Alabouvette, 1999; Michielse & Rep, 

2009). Forl can similarly invade directly through the epidermis, however it also enters 

via wounds or openings caused by the emergence of secondary roots (Brayford, 

1996). There have also been accounts of Fol invading via the root tip, leading to rapid 

systemic infection (Gordon, 2017), however this pathway is less common (Olivain & 

Alabouvette, 1999). Once past the epidermis, Fol continues to grow through the 

hypodermis towards the cortex and to advances towards the stele (Gordon, 2017), 

where Forl primarily remains in the cortex (Brayford, 1996). Hyphae then advance into 

the vascular tissue, with Fol growing up towards the apex (Steinkellner et al., 2005; 
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Srinivas et al., 2019) and Forl remaining relatively lower down in the stem (Brayford, 

1996). 

 A non-pathogenic Fusarium strain demonstrated identical colonisation of the root. 

Olivain & Alabouvette (1999) reported the non-pathogenic strain showing similar 

action and intensity compared to the pathogenic strain until the second day after 

inoculation. The spread of the non-pathogenic strain was limited to superficial cell 

layers by plant defences. Plant defence at the hypodermis was shown to be far 

stronger and swifter against the non-pathogenic strain compared to the pathogenic 

strain, where it was discontinuous, late, and didn’t prevent infection of the stele (Olivain 

& Alabouvette, 1999). This suggests that pathogenic and non-

pathogenic Fusarium behave similarly and differ only in the ability to circumvent plant 

defences, with infection hinging on the ability of the fungus to reach the stele (Olivain 

& Alabouvette, 1999). 

Therefore, competition for infection can occur between pathogenic and non-

pathogenic strains, despite not requiring a specific site for penetration (Olivain & 

Alabouvette, 1999; Gordon, 2017). Both pathogenic and non-pathogenic strains were 

more abundant in the zones influenced by root exudates, indicating competition also 

for nutrients (Olivain & Alabouvette, 1999).  

This competition is therefore one force opposing the infection of pathogenic strains. 

However, evidence has shown biological control by competition with a non-pathogenic 

strain never providing complete protection (Olivain & Alabouvette, 1999). Infection can 

also be impacted by processes such as fungistasis (Gordon, 2017). This is the inability 

of a spore to germinate due to the activity of soil microbes, primarily bacteria, but is 

overcome with additional sources of nutrition such as root exudates (Gordon, 2017). 
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Alternatively, chlamydospores can germinate and form additional, smaller, 

chlamydospores (Gordon, 2017), or the germ tube can grow away from the roots, and 

thus fail to connect (Olivain et al., 2006). 

 

2.5.8 Ecological Context of Fusarium oxysporum 

Despite the literature focusing on pathogenic Fusarium oxysporum isolates (Gracia-

Garza & Fravel, 1998; Olivain & Alabouvette, 1999; Steinkellner et al., 2005; 

Bostock et al., 2014; Gordon, 2017; Villarreal-Navarrete et al., 2017; Moslemi et al., 

2018; Srinivas et al., 2019; etc.), the species also exists in global soils non-

pathogenically (Gordon & Martyn, 1997). F. oxysporum isolates are commonly 

isolated from asymptomatic plant roots in agricultural contexts and are then often 

shown to not have any pathogenic effect on the host plant (Gordon & Martyn, 1997). 

These non-pathogenic strains are usually colonisers of the host plant cortex and lack 

pathogenicity because of an inability to bypass plant defences and colonise the 

vasculature (Gordon & Martyn, 1997; Olivain & Alabouvette, 1999). Many populations 

also exist as members of native plant and soil communities rather than just in 

agricultural systems (Gordon & Martyn, 1997). In this context, F. oxysporum is usually 

not pathogenic, as crippling the host plant would diminish the potential growth and 

expansion of the fungus. When the host plant dies in a natural setting with competition 

from native microorganisms and less spatially abundant host plants, transmission of 

the infection would likely be repressed (Gordon & Martyn, 1997). This is less of a 

pressure in agriculture systems which often consist of large repetitive monocultures 

(Bennett et al., 2012). Because of this, outside of agroecosystems F. 

oxysporum generally resides non-pathogenically in the plant cortex, or if it invades 

further and into the vasculature, its growth is often limited to prevent host death. Such 
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as in grasslands which can support large F. oxysporum populations without host 

plants exhibiting symptoms of infection (Bennett et al., 2012). Thus, F. 

oxysporum also exists abundantly as a soil saprophyte or endophyte without being 

pathogenic, but with pathogenic strains being particularly relevant to agroecosystems 

(Gordon & Martyn, 1997). 

 

2.6 Introduction to Callaghan (2020)  

When asked about possible causes for the 10% yield loss the APTI was experiencing, 

growers admitted to there being little understanding of the subsurface soil biology 

(Callaghan, 2020). This prompted Callaghan (2020) to undertake a study into the 

possibility that soil-borne pathogens were associated with the yield loss. This study 

included thorough surveying of the tomato crops. Surveying occurred in each tomato 

growing season over three years from 2016 to 2019, with most sites localised around 

Echuca and Boort, Victoria (Callaghan, 2020). Throughout these years 196 plants 

were collected, 188 of which were symptomatic, and 8 of which were asymptomatic. 

These plants were inspected for external and internal symptoms, and any symptomatic 

tissues were then cultured. Tissues were cultured onto one of four media types, water 

agar (WA), PDA, a V8 juice-based oomycete selective medium (V8-PAR), or a 

verticillium selective media (VSM) (Callaghan, 2020). 

 

2.6.1 Discovery of a novel Fusarium oxysporum disease in the APTI 

Throughout surveys, stunted plants commonly exhibited chocolate brown streaking 

within the collar, tap root, and large lateral roots (Fig 2.2). From cultures of this 
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tissue, Fusarium oxysporum was consistently isolated, resulting in the identification of 

a novel Fusarium disease of tomato plants termed chocolate streak disease (CSD) 

(Callaghan, 2020).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Plants collected from the field surveys. Demonstrating chocolate streaking 

of the collar (A and B) and large lateral root (A), severe tap root rot (C), and brown 

spots indicating points of necrotic lateral root connection (Callaghan, 2020). 
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2.6.2 Chocolate Streak Disease Distribution 

Roughly 40-60% of all surveyed stunted crops across all surveyed sites throughout 

the 3-year survey period exhibited chocolate streaking. It was seen in random 

scatterings within the crop, in patches down, and occasionally across, rows. From the 

tissue cultures, Fusarium oxysporum was isolated 734 times, constituting 47% of all 

isolates produced over the three-year study (Callaghan, 2020). The consistency of its 

presence and enormous diversity of the population indicated that Fusarium 

oxysporum inoculum may persist from previous seasons. Additionally, that the 

pathogenicity to tomatoes could have arisen in the indigenous F. 

oxysporum population due to consistent long-term cropping of tomatoes in the region, 

and the potential for horizontal chromosome transfer (Callaghan, 2020). 

 

2.6.3 Chocolate Streak Disease Symptoms  

Chocolate streak disease was largely characterised by stunted growth in tomato 

plants, causing reductions primarily in height and root weight (Callaghan, 2020). When 

the stem was cut lengthwise, plants exhibited chocolate-brown coloured streaking of 

the collar, tap root, and sometimes large lateral roots. This browning never extended 

higher than 20 cm above the soil line and was never seen in the branches. Below the 

soil, the infection caused necrosis and rot of the feeder roots and stubbiness of the 

taproot. Other than stunting, there were few external symptoms such as lesions which 

were rarely observed. However, infected plants did exhibit wilting on hot days 

(Callaghan, 2020).  

In greenhouse pathogenicity tests using potting mix, symptoms were milder than those 

seen in the field. Eight weeks after inoculation, the shoot stunting seen in the field was 
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not replicated despite an observed reduction in dry root mass. The characteristic 

chocolate streaking of the vasculature was rarely seen. In the 8-week long post-

germination pathogenicity test, 64% of H3402 plants and 55% of H4401 plants had 

general browning of the internal tap root, but this did not resemble chocolate streaking 

and few plants showed necrosis of the collar. This manifested as no significant 

reduction in shoot weight or height after 8 weeks in either variety. However, H3402 

experienced a significant reduction of dry root weight when inoculated with 4 of the 5 

isolates (Callaghan, 2020). For H4401 plants there was the general trend that 

inoculated plants had a lower root weight than uninoculated control plants, however 

this trend was not significant (Callaghan, 2020). 

After 16 weeks in potting mix, the impacts of inoculation were even less severe. In 

H3402, only the group inoculated with isolate UM991 (University of Melbourne culture 

collection) had significantly reduced shoot height and taproot length compared to the 

control, as well as significantly more dead buds and flowers. In H4401, the only 

significant difference between any of the inoculated groups and the control groups by 

any metric, was that those isolated with UM1264 had significantly shorter tap roots 

(Callaghan, 2020).  

Tests in field soil using isolate UM991 and H3402 plants showed a far more severe 

pathogenic effect compared to those in potting mix. One week after transplanting 3-

week-old seedlings into inoculated field soil 50% had died. This was a notably higher 

mortality than the 0% which died when transplanted into the inoculated potting mix. 

After 8 weeks, plants in inoculated field soil had significantly reduced shoot height, 

weight, and root weight compared to the field soil control (Fig 2.3). Plants in inoculated 

potting mix did not have significantly shorter or lighter shoots compared to the potting 
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mix control. They did however, experience significantly lower dry root weights 

(Callaghan, 2020). 

 

 

2.6.4 Potential Classification within Forl 

One looming unknown was whether CSD was a novel F. oxysporum disease of tomato 

plants, or if it fell into the wider category of Forl which had not yet been observed in 

Australia (Callaghan, 2020).  

When tested for pathogenicity on a Forl resistant tomato variety, H4401, symptoms 

were less severe and, in most cases, inoculated plants were not significantly different 

to controls. Conversely, the Forl susceptible variety, H3402, showed more severe 

symptoms, indicating a similarity in how Forl and CSD interact with host tomato plants. 

This supported the notion that CSD was a derivative of Forl (Callaghan, 2020). 

Figure 2.3. A representation of plants grown in field soil. Inoculated plants (right) 

showed significant (p<0.05) reduction in root weight compared to control plants (left) 

(Callaghan, 2020). 
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Additionally, because Forl is a paraphyletic grouping of Fusarium oxysporum strains 

based on pathogenicity characteristics (Leslie & Summerell, 2006), CSD could 

arguably be placed within it purely based on causing a collar rot disease in tomato 

plants, regardless of any ancestral connection (or lack thereof) to Forl strains 

(Callaghan, 2020).  

However, identification beyond the species level hinges on biological characteristics 

such as optimum temperature and host range (Leslie & Summerell, 2006). Maximum 

growth for all CSD isolates occurred at 30 °C (Callaghan, 2020), far warmer than that 

of Forl, which is approximately 18 °C and is associated with off-season tomato 

cropping in colder months (Jarvis et al., 1983).  

Host range tests on CSD showed significant stunting in tomatoes, but no symptoms in 

faba bean, maize, wheat, barley, clover, or rye. This was despite being able to 

reisolate F. oxysporum from all plants, indicating that while colonisation did occur in 

other crops, it was non-pathogenic (Callaghan, 2020). This suggested a narrow host 

range for CSD, likely including only tomatoes. Conversely, the host range 

of Forl extends beyond just tomatoes to include species in Amaranthaceae, 

Cucurbitaceae, and Fabaceae. Because of these differences, CSD was classified as 

distinct from Forl and a novel tomato disease.  

 

2.7 Waterlogging as an Abiotic Stress  

Waterlogging is the accumulation of excess water in the root zone. Pores in the soil 

which usually contain air are filled with water, resulting in saturation of the root zone 

(Department of Primary Industries and Regional Development (DPIRD), 2021). 

Excess water restricts gas exchange with the atmosphere. This quickly results in an 
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anaerobic root environment as biological processes, such as microbe respiration, use 

up available oxygen (DPIRD, 2021). This leads to hypoxia of the roots (Bostock et 

al., 2014) causing nutrient deficiency and toxicity. 

When oxygen is depleted there is a reduction in the rate of cellular respiration, which 

requires oxygen, in all affected cells, thus diminishing ATP synthesis (Horchani & 

Aschi-smiti, 2010). To offset this process, plants can increase alcoholic fermentation 

to bolster ATP production, and develop adventitious roots and aerenchyma to mitigate 

hypoxia (Horchani & Aschi-smiti, 2010). 

Waterlogging in tomatoes causes root death, leaf wilting, and chlorosis. If experienced 

for prolonged periods, the plant can experience permanent consequences or death 

(Bostock et al., 2014; DPIRD, 2021). After just 1 week, tomato plants can experience 

a reduction in height, stem width, and leaf number (Erhenhi, 2019).  

Within the APTI, fields are subjected to both drought and waterlogged conditions 

throughout the growing season (North, 2020). Historic surveys estimated 50% of the 

processing tomato growing area was affected by waterlogging under furrow irrigation 

(Muirhead et al., 1993). More recent surveys have shown that under modern SDI 

systems some sites in the APTI are still waterlogged for up to 33% of days during 

January and February (North, 2020). North (2020) defined waterlogging as matric 

potentials wetter than 6 kPa and observed yield losses of 27 t/ha for every 10 days 

that plants spent under this stress. 

 

2.7.1 Interaction with Disease Sensitivity 

In addition to the direct impacts, abiotic stresses such as waterlogging can 

compromise the ability of a plant to defend itself against infection (Muirhead et 
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al., 1993; Bostock et al., 2014). After detecting abiotic stress, plants enter a period of 

increased stress sensitivity, including heightened susceptibility to pathogens 

(Bostock et al., 2014). This phenomenon is believed to originate from the evolutionary 

need of a population to respond to more widespread and consistent impacts such as 

water stress, rather than sporadic stresses such as pathogen attack (Bostock et 

al., 2014). Because of the plants “diverted attention” defence responses to pathogens 

are weaker and slower (Bostock et al., 2014). When facing abiotic stress plants can 

thus be invaded and infected by weak and facultative pathogens which usually coexist 

non-pathogenically with the plant as endophytes or saprophytes (Bostock et 

al., 2014). Waterlogging as an abiotic stress directly impacts the root zone, and as 

such plants have a heightened sensitivity to soil-borne pathogens. This has important 

implications for the APTI, who recently noted disease coincidence with waterlogging 

(North, 2020; Y. Wang, 2020), and who particularly suffer from the impacts of root and 

crown rot diseases (Callaghan, 2020; Y. Wang, 2020). Pythium spp., (Y. Wang, 

2020), Fusarium spp. (Bostock et al., 2014) and Phytophthora (Muirhead et al., 1993) 

have all been linked to increased infection severity in tomato plants because of 

previous or concurrent waterlogging stress.   

 

2.7.2 Interactions with Fusarium 

Past studies into infection severity have indicated that an interaction with waterlogging 

can exist with other Fusarium species and the diseases caused by other F. 

oxysporum isolates (Villarreal-Navarrete et al., 2017; Moslemi et al., 2018; Chávez-

Arias et al., 2019; Y. Wang, 2020).  
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Moslemi et al. (2018) demonstrated that waterlogging enhanced the impact of crown 

and root rot infections in below-ground symptoms in pyrethrum plants. Infections 

with F. oxysporum, F. avenaceum, and Paraphoma vinacea all caused significantly 

reduced root dry weights when combined with a 4-day waterlogging period (Moslemi et 

al., 2018).  

Similarly, Chávez-Arias et al. (2019) investigated synergistic interactions between 

waterlogging and Fusarium wilt in cape gooseberries, the causative agent being 

Fusarium oxysporum f. sp. physali (Foph). The combination caused a decrease in 

stomatal conductance, leaf water potential, leaf photosynthetic pigments and the 

chlorophyll fluorescence parameters, effective quantum yield of photosystem II and 

electron transport rate. Therefore, it was concluded that photosynthesis and growth 

parameters were significantly impacted, and that cape gooseberry showed a low 

tolerance for the combination of stresses (Chávez-Arias et al., 2019). This was further 

supported by Villarreal-Navarrete et al. (2017), who also tested waterlogging and F. 

oxysporum on the cape gooseberry. They reported a significantly lower leaf area and 

drastically reduced root dry weight compared to the infected only or waterlogged only 

plants (Villarreal-Navarrete et al., 2017). 

 

2.7.3 Water Aiding Transmission  

Transmission of Fusarium relies on the movement of colony-forming units (CFU) such 

as chlamydospores, microconidia, macroconidia, or intact hyphal tissue, into contact 

with a host plant (Gordon, 2017). Some research has shown conidia are spread locally 

via water flow, such as that in irrigation systems (Brayford, 1996). Conversely, other 

projects into the impact of water flowing through the soil in aiding dispersal and new 
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infections, found CFU were rapidly filtered out of water as it percolated through soil 

(Gracia-Garza & Fravel, 1998). Gracia-Garza & Fravel (1998) demonstrated that water 

flow caused little horizontal movement of Fusarium CFU through the soil and limited 

downwards spread due to the filtering ability of soil. Because of this, it was concluded 

that dispersal was largely limited to the flow of water on the soil surface and in areas 

where it was unfiltered by the soil (Gracia-Garza & Fravel, 1998). However, water 

could viably aid dispersion within the growing regions of the APTI because of how 

water interacts with the dominant soil types. Soils in the APTI are largely grey clays 

and red loams, which have unique interactions with water flow (North, 2020). 

When grey clay soils are rained on, surface clumps and aggregates break down, 

forming a “crust” on the soil surface (Hamilton et al., 2005). This seal is comprised of 

fine soil grains and prevents the rapid movement of water through the soil surface 

(Hamilton et al., 2005). Unlike in red loams, within this surface structure there are few 

macropores meaning water penetration into the soil is slow. Thus, moderate to heavy 

rainfall quickly pools on the crust surface. Conversely, light consistent rainfall seeps 

into the underlying surface soil which is quickly saturated and waterlogged 

(Hamilton et al., 2005). As such, grey clays are prone to surface crusting and ponding 

as well as waterlogging (Hamilton et al., 2005). 

Red loams, conversely, are subject to a more “fill and drain” water flow pattern which 

is dominated by macropores. These cracks cause a less uniform distribution of water 

flow through the soil and filter water passing through them less than micropore 

dominated drainage (North, 2020). 

Given these two soil types, despite water percolation carrying F. oxysporum CFU only 

a short distance through the soil with minimal lateral movement, there is the possibility 
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for transport of CFU. Transport through surface water pools is possible (Gracia-Garza 

& Fravel, 1998) and pools would be readily available in the APTI with rainfall 

(Hamilton et al., 2005). CFU filtration occurs through the soil where flow is dominated 

by micropores, however, CFU movement is far more plausible through the large cracks 

which dominate flow in red loam soils. Given this, water presence is likely to contribute 

to the spread of F. oxysporum in the APTI.  

 

2.8 Physiological Measurements of Stress 

Historically, detection of plant stress, such as pathogen invasion, was primarily by 

destructive sampling and subsequent molecular and biochemical tests (Chaerle & Van 

Der Straeten, 2001). However, modern techniques allow for early, non-invasive, in 

vivo detection of physiological stress (Chaerle & Van Der Straeten, 2001; Murchie & 

Lawson, 2013). Thermography, magnetic resonance imaging, and near infrared 

radiation reflectance imaging are all techniques to visualize plant stress (Chaerle & 

Van Der Straeten, 2001). However, due to its sensitivity and the ease of data 

collection, chlorophyll fluorescence measurement has become a popular method for 

studying plant responses to stress (Murchie & Lawson, 2013).  

 

2.8.1 Chlorophyll Fluorescence Principles 

When light energy hits the surface of a leaf, the energy is used in one of three 

competing processes. Primarily, the energy can be harnessed by the photosynthetic 

machinery. Within the chloroplast, specialised light harvesting protein complexes 

(photosystems) use the energy from incoming photons to excite an electron via the 
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light capturing pigment, chlorophyll (Persson, 2020). This excited electron is passed 

from photosystem II (PSII) to subsequent apparatus via various electron carriers. The 

primary quinone electron acceptor (QA) receives an electron from PSII via pheophytin 

and cannot accept another before transferring the first to the subsequent carrier (QB) 

(Persson, 2020). Ultimately, the energy from this electron is used in carbon dioxide 

fixation into glucose (Persson, 2020). 

However, not all energy absorbed by chlorophyll is used in this reaction. Some is given 

off as heat, and some reemitted as light (fluorescence) (Butler, 1978; Murchie & 

Lawson, 2013). The amount of fluorescence is proportional to the activity of the other 

two processes, and can be reduced through PSII activity, photochemical quenching 

(PQ), or heat dissipation, non-photochemical quenching (NPQ) (Baker, 2008; Murchie 

& Lawson, 2013). Hence, the rate of photochemistry can be estimated from the 

amount of fluorescence, at a stable amount of NPQ (Butler, 1978; Baker, 2008; 

Murchie & Lawson, 2013). 

However, given that NPQ is not a constant, to make inferences on the photochemistry 

of PSII, the fluorescence reduction from both NPQ and PQ must be known (Baker, 

2008). As fluorescence is the reemission of red wavelength light from PSII (Murchie & 

Lawson, 2013), it would be influenced by any ambient light if not for the development 

of modulated measuring systems (Schreiber et al., 1986; Murchie & Lawson, 2013). 

By creating a short intense flash of photosynthetically active light (Baker, 2008) all 

photosystems are temporarily “closed” as any available QA is engaged with electrons 

(Schreiber et al., 1986; Baker, 2008). Thus, further photochemical quenching is 

prevented and an increase in fluorescence occurs (Schreiber et al., 1986; Baker, 

2008). When the incident light wavelength is known (modulated) the detector can be 

programmed to measure only this frequency of light and avoid detecting fluorescence 
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from ambient light (Schreiber et al., 1986; Murchie & Lawson, 2013). Hence, a 

saturating modulated flash can be used to determine the maximal fluorescence in the 

absence of photochemical quenching in an illuminated state (Butler, 1978; Schreiber 

et al., 1986). From this value (Fm’) and the steady state fluorescence (without a 

saturating light pulse) in illumination (F’) inferences about PSII operation and carbon 

acquisition can be made (Baker, 2008; Murchie & Lawson, 2013).  Using the equation: 

                                                           

ϕPSII =
(𝐹𝑚′ − 𝐹′)

𝐹𝑚′
 

 

the quantum efficiency of PSII electron transport in illumination (ϕPSII) can be 

calculated (Murchie & Lawson, 2013). This is also interpreted as the operating 

efficiency of PSII and is directly related to the yield of CO2 absorption (Baker, 2008), 

hence is used as a plant growth metric. From this value, the relative electron transport 

rate (ETR) for the leaf can be calculated using the following equation (Walz, 1999). 

                                                      

𝐸𝑇𝑅 = ϕPSII ∗ PAR ∗ 0.5 ∗ ETR 𝑓𝑎𝑐𝑡𝑜𝑟 

 

Where PAR is the photosynthetically active radiation (µmol photon m-2 s-1), 0.5 is a 

value to account for the distribution of energy between PSII and photosystem I, and 

ETRfactor is a value for the percentage of incoming light absorbed by the leaf, usually 

taken to be 0.84 (Walz, 1999; Murchie & Lawson, 2013). However, caution is needed 

to avoid meaningless comparisons between leaves with different values of PAR or 

ETRfactor (Murchie & Lawson, 2013). To make sensible comparisons leaves must have 

equivalent incident light and light absorption properties. While the value of 0.84 is 
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common, comparisons can’t be made between leaves which may have different optical 

properties. This can occur, for instance, between leaves with vastly different hydration 

levels or different photosynthetic pigments (Murchie & Lawson, 2013).   

 

 2.8.2 Visualising Stress with Chlorophyll fluorescence 

When influenced by biotic and abiotic stress, reductions in ϕPSII and ETR are 

commonly observed, however the underlying cause can be varying and complex 

(Baker, 2008; Rolfe & Scholes, 2010; Murchie & Lawson, 2013). Reductions in these 

metrics have been cited as an early detection method of abiotic stress such as drought 

and salinity (Ahlman et al., 2021), temperature (Farage & Long, 1991) and biotic 

stresses such as bacterial, viral, and fungal infection (Rolfe & Scholes, 2010; Chávez-

Arias et al., 2019). 

Chlorophyll fluorescence parameters, especially ϕPSII, detect stress experienced at 

the leaves (Rolfe & Scholes, 2010; Murchie & Lawson, 2013) and so may not detect 

stresses in other areas of the plant, such as the roots (Murchie & Lawson, 2013). 

Hence, this method is potentially an inappropriate approach to observe the impact of 

CSD. However, numerous prior studies have detected root rot infections using 

chlorophyll fluorescence (Reeksting et al., 2014; Martínez-Ferri, 2016), and Fusarium 

vascular infections such as Fusarium wilt (Lorenzini et al., 1997; Chávez-Arias et al., 

2019). CSD inhabits and causes disease in both the outer layers and vascular tissue, 

with reports of its spread up to 20 cm above the soil (Callaghan, 2020). Despite being 

primarily compared to Forl, severe infection presented more extensive vascular growth 

(Brayford, 1996; Callaghan, 2020), similar to that caused by Fol (Steinkellner et al., 
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2005; Srinivas et al., 2019). Hence it is likely detectable by chlorophyll fluorescence 

parameters, particularly in severe infections.  

 

2.9 Literature Review Summary and Future Directions 

The Australian processing tomato industry has recently estimated a yield loss of 10% 

per annum (Callaghan, 2020). This was potentially due to poor soil structure or soil 

oxygen depletion, resulting from successive tomato crops on SDI (North, 2020). 

However, studies on these possibilities generated insignificant results (Yong, et al., 

2017; North, 2020; Brown, 2016), sparking an investigation on soilborne pathogens as 

an alternative explanation (Callaghan, 2020). Callaghan (2020) discovered a novel 

tomato disease (CSD), but glasshouse tests of its pathogenicity did not display the 

severity of field symptoms (Callaghan, 2020). Field soil was shown to exacerbate the 

severity of chocolate streak disease (Callaghan, 2020). However, investigating which 

other factors may contribute to the severity of symptoms seen in the field was beyond 

the scope of the study. Given the prevalence of waterlogging seen in APTI fields 

(North, 2020) and the predisposition of grey clays to be waterlogged (Hamilton et al., 

2005), one proposed direction for future research was determining if an interaction 

between waterlogging and CSD disease existed. Additionally, the Forl resistant 

variety, H4401, showed less severe CSD symptoms than the Forl susceptible variety 

H3402. Hence, research into possible causes of field severity, particularly 

waterlogging, was recommended (Callaghan, 2020). This information would have 

implications on how growers manage watering schemes to mitigate any combined 

impacts of waterlogging and CSD. If H4401 had lower susceptibility to CSD than 
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H3402, this information could be used by growers to select the best combination of 

varieties to limit the impact of CSD.  

  

2.10 Aims and Hypotheses  

Therefore, the aim of this project was to further the research by Callaghan (2020). The 

first aim was to determine if an interaction between waterlogging and CSD severity 

existed. Subsequently, if an interaction did exist, it was to determine the direction of 

this interaction. Finally, it was to determine if the potentially more resistant variety, 

H4401, did have any resistance to CSD compared to the common variety H3402.  

Based on the current literature, it was hypothesised that an interaction would exist, 

and that waterlogging would increase the severity of CSD. It was additionally 

hypothesised that H4401 would have a greater tolerance to CSD than H3402 which 

would be relatively more susceptible.  
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Chapter 3: Materials and Methods  

 

3.1 Varieties and Isolates 

Processing tomato seed of varieties Heinz 3402 and Heinz 4401 (H. J. Heinz 

Company, Pittsburgh, PA, USA) were used for this research project.  Dry seeds were 

refrigerated in paper bags at approximately 4°C until use. Fifty-six plants were desired 

per trial, hence, approximately 40 seeds of each variety were planted providing for 

redundancy. Seedlings were inoculated with Fusarium oxysporum isolate UM991, 

(University of Melbourne culture collection) originally isolated by Callaghan (2020). 

The methods were performed twice, creating two trials to show replicability.  

 

3.2 Seedling Preparation  

The seeds were surface sterilised by submerging them in 1% ai White King® bleach 

(Pental Products Pty. Ltd., Melbourne, VIC, Australia) (active ingredient NaOCl) for 15 

min before rinsing three times in sterile reverse osmosis water for 1 min each rinse. 

Seeds were lightly agitated every few minutes.  

Sterile seeds were then planted in moistened Jiffy-7® peat pellets (Jiffy Products S.L. 

(Pvt) Ltd., Mirigama, Sri Lanka) in a sterilized miniature seedling greenhouse. These 

were placed in an environmental growth cabinet set to 25°C, 50% relative humidity, 

and 16-hour days with maximum lighting (level 3) during the day and no light (level 0) 

at night. They were grown for three weeks and were fertilized once weekly using 

Amgrow Nitrosol Liquid Plant Food (Amgrow Pty. Ltd., NSW, Australia) fertilizer so 

that each pellet was at field capacity. 
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3.3 Transplanting  

After the three-weeks, seedlings were transplanted into 90 mm diameter, 600 ml 

volume pots filled with soil which was 50% Sandy Loam (C. Fulton Pty. Ltd., 

Melbourne, VIC, Australia) and 50% coarse sand (v/v). The seedlings and peat pellets 

were directly planted into the soil to minimise root damage. In the first trial the structural 

netting around the peat pellet was removed immediately before transplanting. 

 

3.4 Glasshouse conditions  

Once transplanted into pots, plants were kept on the UM glasshouse benches in a 

randomized design using an online random number generator. Approximately a 

teaspoon of Scotts Osmocote® (Scotts Co. LLC., Marysville, OH, USA) was placed in 

each pot. They were hand watered with 60 ml of water every 2-3 days as required, 

which was increased to 120 ml for H3402 after approximately 3 weeks when their 

water requirements increased.  

The glasshouse day length was programmed to run from 6 am to 6 pm with overhead 

lights at 70% and the temperature at 20 °C. At 22 °C the evaporative cooling would 

activate automatically. Overnight the lights turned off and the temperature was set at 

16 °C, and heating turned on if the temperature dropped below this threshold, or 

cooling turned on if the temperature reached 19 °C. Thus, the glasshouse temperature 

was regulated to remain within the 16-22 °C range. 
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3.5 Inoculation Preparation 

To prepare the spore suspension of F. oxysporum, sterile water was added to 10-day-

old subcultures of UM991. The surfaces were then lightly scraped into a sterilized 

container through sterilized filter cloth using a scalpel. The resultant liquid was diluted 

with sterile water to 50% its original concentration so that a spore count could be made 

using a hemocytometer. This was then further diluted to a concentration of 1x106 

spores per ml. Two weeks after transplanting, half of the plants of each variety were 

inoculated with 15 ml of this spore suspension. The others were watered with 15 ml of 

sterile water as a negative control. Liquid was poured evenly on the soil around the 

stem of the plant. 

 

3.6 Waterlogging Technique  

Two weeks after inoculation, half of the inoculated and half the control plants from 

each variety were waterlogged for 72 hours. Plants were placed in plastic tubs which 

were filled with tap water to the soil level, one tub contained the inoculated plants and 

another tub the uninoculated plants. During this time these plants were not watered. 

After this 3-day period, they plants were removed from the tubs and returned to the 

regular watering schedule with the other plants. Hence the trials consisted of 4 

treatments with minimum 7 plants in each, control, waterlogged, inoculated, and 

waterlogged and inoculated. 
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3.7 Pre-Harvest Measurements  

Daily throughout waterlogging, and twice weekly for a 6-week period afterwards, plants 

were measured using a Walz® MINI-PAM photosynthesis yield analyser version 2.00 

with the Leaf-Clip Holder 2060-M attachment WALZ (Heinz Walz GmbH, Effeltrich, 

BY, Germany). Readings were taken from the youngest leaf that was big enough to 

support the leaf clip (3 mm width) avoiding the midrib where possible. During the 

waterlogging period, the dissolved oxygen level in each tub was measured every 24 

hours using a Hanna instruments portable dissolved oxygen meter with galvanic probe 

model HI9147. 

 

3.8 Harvesting 

Following the measurement period, the plants were harvested. Their height 

measurements were taken from soil level to the highest node. They were then washed 

under the tap to remove the soil from around the roots. This was done carefully to 

keep from damaging the fine roots, but thoroughly to ensure that the large lateral roots 

and tap root could be observed for symptoms. Subsequently, they were photographed, 

and treatment groups visually compared for size and symptoms. Plants were kept in 

individual bags (with inoculated and control groups separated) in the refrigerator at 

approximately 2 °C until tissue culturing. The roots and collars of each plant were 

observed for symptoms externally before being sliced longitudinally to search for 

characteristic chocolate streaks through the vascular tissue in this region. After 

culturing segments of root tissue, the remaining roots of each plant from soil level 

down were dried in individual paper bags in the oven at 70 °C for 48 hours and weighed 

using an A&D® HR-200 scale (A&D Company Ltd., Toshima City, TYO, Japan). 
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3.9 Tissue Culturing  

Prior to tissue culturing, potato dextrose agar plates with amoxicillin (PDA+A) were 

made. Amoxicillin was mixed into liquid PDA at 55 °C in a EuroClone® safemate 1.2 

Eco biosafety cabinet (LAF Technologies Pty. Ltd., Melbourne, VIC, Australia) at a 

rate of 0.05 g amoxicillin to 400 ml of PDA. These plates were wrapped, sealed, and 

stored in the refrigerator at approximately 2 °C until use.  

Immediately after harvesting, small 5 mm sections of the tap root and the collar tissue 

(at approximately soil level) were excised. The outer layer of stem was cut away with 

a sharp knife before the pieces were surface sterilized. Sterilization occurred in the 

biosafety cabinet and consisted of a 30 sec rinse in 80% (v/v) ethanol, followed by a 

2-min immersion in 1% ai bleach solution (NaClO). The tissue was then rinsed twice 

in sterile reverse osmosis water for 1 min each before air drying on a sterile piece of 

paper towel. Finally, each piece was cut in half, so that two pieces of collar and two 

pieces of tap root could be placed on a PDA+A plate. Plates were wrapped with 

Parafilm, labelled, and placed on the laboratory windowsill at approximately 23 °C. 

They were carefully monitored each day for the presence of Fusarium oxysporum like 

fungal growth, which was sub-cultured onto another PDA+A plate if growth from 

saprophytic fungi or Pythium spp. on the plate threatened to obscure it.  After two 

weeks the tissue cultures were scored for the presence (1) or absence (0) of fungal 

growth resembling F. oxysporum based on colony morphology, colour, macroconidia, 

microconidia, and chlamydospore morphology as described by Leslie & Summerell 

(2006). This was done for the collar and tap root pieces separately, hence generating 

two binary datasets. 
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 3.10 Data Analysis  

One way analysis of variance (ANOVA) was performed to determine significant 

differences in chlorophyll fluorescence data, height data, and weight data. Tukey-

Kramer post-hoc comparisons were used to determine pairwise significance (p≤0.05) 

between treatments on each measurement date, as well as for height and weight data. 

These analyses were computed using XLSTAT version 2021.2 (Addinsoft, New  York, 

NY,  USA) and subsequent graphing was performed using Microsoft Excel version 

2108. One way ANOVA was chosen because its ability to discern differences in means 

of three or more independent groups made it suitable for these data.  

Analysis for the binary tissue culture data was performed using the statistical 

computing and graphing language, R, in the program RStudio version 1.4.1717 

(RStudio Public-benefit corporation, Boston, MA, USA). Generalised linear regression 

models were created to determine if waterlogging, inoculation, or an interaction 

between the two, had an influence on fungal presence in the collar or tap root of each 

variety. Furthermore, 95% confidence intervals of the expected proportion of 

presences were created using the estimated marginal means (emmeans) package.  
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Chapter 4: Results 

 

4.1 Environmental Conditions During Waterlogging 

During the waterlogging period in trial 1, the dissolved oxygen content of the 

waterlogging tubs started at 10.5 mg/L and stabilized at a low of 7.6 mg/L after 72 

hours (Fig 4.1). The water temperature rose from 18.5 °C to a peak of 24.2 °C during 

that time (Table 4.1). 

In trial 2 the dissolved oxygen started at a lower 8.6 mg/L despite coming from the 

same source and fell to a low of 6.7 mg/L after 48 hours, before rising again to 7.5 

mg/L at 72 hours (Fig 4.1). The temperature remained relatively stable, shifting from 

22 °C to a high of 23.2 °C (Table 4.1). 
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Figure 4.1. Dissolved oxygen concentration (mg/L) immediately before and 

every 24 hours throughout the 72-hour waterlogging period for trial 1 (above) 

and trial 2 (below).  

 

 

Figure 4.1. Dissolved oxygen concentration (mg/L) immediately before and 

every 24 hours throughout the 72-hour waterlogging period for trial 1 (above) 

and trial 2 (below). Lighter circles represent the inoculated tub, and darker 
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Table 4.1. Temperature (°C) in each tub immediately before and every 24 hours 

throughout the 72-hour waterlogging period. 

 Trial 1  Trial 2 

Hours  Control Inoculated  Control Inoculated 

0 18.8 18.5  22.8 22 
24 21.5 21.4  21.6 22.1 
48 24.1 24.2  22.3 22.8 
72 23.5 23.4  22.7 23.2 

 
 

4.2 Symptom Observations 

H4401 plants in all treatments consistently showed the symptoms of edema (Fig 4.2). 

Affected leaves showed severe curling as well as swelling of the vasculature on the 

underside of the leaf, which also often caused rupturing and cell necrosis at points of 

severe swelling. Affected leaves had yellowing patches on the top surface and as the 

symptoms progressed all vasculature of the underside of the leaf became yellow and 

brown. In severe cases, leaf symptoms were accompanied by yellow swelling at points 

along the stem. Branches experienced downward curling to the extent that some 

leaves were held upside down (Fig 4.2). Affected leaves would not grow and died 

before being dropped from the plant entirely. In some plants all leaves on and around 

the apex died resulting in the abandonment of that shoot tip and primary growth 

initiating from a branch. 

The initial onset of these symptoms occurred at approximately equal severity across 

all developed leaves. New and emerging leaves experienced misshaping and curling 

but did not experience swelling and rupturing while they were very young. The onset 

of these more severe symptoms occurred gradually as the leaf developed and 

increased in size. Vascular swelling initiated at the base of the leaf and progressed 

outwards towards the tip. Another batch of 3-week-old seedlings were planted with 
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roughly 40 seedlings per variety in sterilized potting mix. They were again hand 

watered and kept in the greenhouse under the same conditions. Again, all H4401 

plants quickly developed edema, with the onset of symptoms observed after 

approximately two weeks, while H3402 remained symptomless. 

 

Plants of both varieties experienced purpling of the underside of their leaves 

immediately after being transplanted into soil and moved into the glasshouse complex. 

While this purpling remained consistent through the trial in the edema affected H4401, 

H3402 saw a steady gradual recovery until they no longer showed any purpling of the 

new leaves. In some cases, this purple remained unchanged in the older leaves. 

Additionally, at times both varieties experienced accumulation of small droplets of 

water on the leaf surface. 

Figure 4.2. H4401 greenhouse tomatoes exhibiting the typically observed edema 

symptoms. Severe swelling and leaf curling (A), branch curling (B), and onset of 

vascular swelling on the leaf underside (C).  

 



 

45 | P a g e  
 

No plants died in trial 1, however 5 H4401 plants died in trial 2. Of these, 2 were 

waterlogged only, and 3 were waterlogged and inoculated. Their leaves, which were 

severely affected by the edema, withered, died, and were dropped from the plant. 

 

4.3 Chlorophyll Fluorescence Measurements During 

Waterlogging  

During the waterlogging period for trial 1 there was largely no difference (p>0.05) in 

Y(II), the mean effective photosynthetic yield of photosystem II. For H4401, at no stage 

were any treatments significantly different from any other (Fig 4.3). This was also the 

case for H3402 except for the initial reading (at 0 hours of waterlogging) where the 

inoculated treatment showed a lower Y(II) than the waterlogged control group 

(p=0.034) (Fig 4.4).  

The second trial also showed no significance (p>0.05) except for H4401 which showed 

some significance after 72 hours (p=0.009) as the waterlogged and waterlogged + 

inoculated treatments had a lower Y(II) than the inoculated treatment (Fig 4.3). H3402 

showed a different trend, the inoculated group had significantly lower Y(II) than the 

waterlogged control group (Fig 4.4). All treatments for both varieties demonstrated a 

decreased Y(II) after 48 hours and a subsequent increase after 72 hours. Mean Y(II) 

values for each treatment over the waterlogging period can be found in Appendix 1, 

and the ANOVA calculations can be found in Appendix 2. 

 

 

 



 

46 | P a g e  
 

 

Figure 4.3. PSII operating efficiency, Y(II), of H4401 plants during the 72-hour 

waterlogging period in trial 1 (above) and trial 2 (below). Error bars represent standard 

error of the mean and an asterisk denotes a significant difference (p<0.05) between 

at least one pair of treatments. 
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Figure 4.4. PSII operating efficiency, Y(II), of H3402 plants during the 72-hour 

waterlogging period in trial 1 (above) and trial 2 (below). Error bars represent 

standard error of the mean and an asterisk denotes a significant difference (p<0.05) 

between at least one pair of treatments. 

 

 



 

48 | P a g e  
 

4.4 Chlorophyll Fluorescence Measurements Post-

waterlogging  

PSII operating efficiency post waterlogging predominantly showed no significant 

difference (p>0.05) between the treatments and showed little trend over the 

measurement period.  

There were few days of significance (p<0.05) in trial 1 and the direction of this 

significance was inconsistent. In some instances, the control group had a significantly 

lower Y(II) than the other treatments, and at other times it was the highest. Throughout 

the measurement period this fluctuation was seen for all treatments. Every treatment 

had periods as the lowest mean Y(II) and periods as the highest. Values remained 

relatively consistent around approximately 0.65 but ranged from 0.508 to 0.738 for 

H4401 (Fig 4.5), and from 0.463 to 0.751 for H3402 (Fig 4.6).  

Trial 2 showed similar results. There was no final trend in the data, and little significant 

difference between the treatments in either variety. H3402 Y(II) values ranged from 

0.606 to 0.82 and had three days of significant difference, however, the direction of 

this significance was inconsistent (Fig 4.6). No treatment was consistently significantly 

smaller or larger than any other treatment, with waterlogged, inoculated, and control 

each having one instance of being significantly smaller. H4401 had 5 days of 

significance, 4 of which were near the beginning of the measurement period (Fig 4.5). 

During this time the waterlogged and inoculated treatment was significantly the lowest 

mean Y(II). However, that trend did not continue. In the next instance of significance, 

the control group was significantly smaller than the waterlogged group, with the 

waterlogged and inoculated treatment being the second largest and not significantly 

different from any other treatment. In the second half of the measuring period, Y(II) 

remained more consistent for all treatments, values varied around approximately 0.7, 
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with values ranging from 0.562 to 0.79 (Fig 4.5). For both trials and both varieties, 

there was no significant difference (p>0.05) at the conclusion of the measurement 

period. Mean Y(II) values for each treatment over the 6-week measurement period 

can be found in Appendix 1, and the ANOVA calculations can be found in Appendix 2. 

ETR was also measured. However, an inconsistent PAR was generated by the MINI-

PAM, resulting in an inconsistent measurement of ETR in accordance with the formula, 

ETR = YIELD * PAR * 0.5 * ETRfactor. Thus, inferences couldn’t be made from these 

data.  
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Figure 4.5. PSII operating efficiency, Y(II), of H4401 plants throughout the 6-week 

measurement period in trial 1 (above) and trial 2 (below). Error bars represent 

standard error of the mean and an asterisk denotes significant difference (p<0.05) 

between at least one pair of treatments. 
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Figure 4.6. PSII operating efficiency, Y(II), of H3402 plants throughout the 6-week 

measurement period in trial 1 (above) and trial 2 (below). Error bars represent 

standard error of the mean and an asterisk denotes significant difference (p<0.05) 

between at least one pair of treatments. 
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4.5 Mean Shoot Height  

In trial 1, there was no significant difference in mean height between groups for H3402 

(p=0.29) or H4401 (p=0.435) (Fig 4.7). H3402 ranged from the control at 266.4 ± 11.6 

mm to waterlogged + inoculated at 237.3 ± 13.5 mm with an average of approximately 

255 mm. H4401 was the shorter variety, ranging from the control at 206.3 ± 18.8 mm 

to the waterlogged at 170.3 ± 9.3 mm (Fig 4.7).  

Trial 2 also showed no significant differences for H3402 or H4401 with P-values of 

0.21 and 0.525 respectively. H3402 ranged from the waterlogged plants with a mean 

height of 385.1 ± 7.6 mm to the inoculated plants at 352.6 ± 9.6 mm and were taller 

on average than trial 1 with an average of 370 mm. H4401 reflected this with mean 

heights ranging from the 202.7 ± 26.5 mm waterlogged treatment to the 174 ± 8.2 mm 

inoculated treatment (Fig 4.7). Mean height values for each treatment can be found in 

Appendix 1, and the ANOVA calculations can be found in Appendix 2. 
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Figure 4.7. Mean height to the highest node (mm) of each treatment at harvest. Error 

bars represent the standard error of the mean. No significant difference (p>0.05) seen 

between any treatments in either variety in trial 1 (above) or trial 2 (below). 
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4.6 Mean Root Dry Weight  

No significant differences (p>0.05) in mean root dry weight between the treatments 

were observed in trial 1. H3402 had a p-value of 0.286, and values ranged from the 

control group with a mean of 0.6509 ± 0.028 g to waterlogged with a mean of 0.5559 

± 0.043 g (Fig 4.8). H4401 had far lower mean dry root weights compared to H3402, 

with the highest being the inoculated treatment (0.153 ± 0.016 g) and the lowest being 

the waterlogged treatment (0.1 ± 0.0056 g). It also did not have any statistical 

significance between treatments (p=0.232) (Fig 4.8). 

The second trial also had no significance for either H3402 (p=0.16) or H4401 

(p=0.236). Again, H3402 showed greater mean values, the heaviest being the 

waterlogged + inoculated treatment (1.13 ± 0.12 g) and the lightest being the 

inoculated treatment (0.93 ± 0.069 g). The inoculated treatment was also the lowest 

for H4401 with a mean of 0.071 ± 0.010 g, however the largest was the waterlogged 

treatment with a mean of 0.146 ± 0.063 g (Fig 4.8).  Mean root dry weight values for 

each treatment can be found in Appendix 1, and the ANOVA calculations can be found 

in Appendix 2. 
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Figure 4.8. Mean root dry weight (g) for each treatment. Error bars represent the 

standard error of the mean. No significant difference (p>0.05) seen between any 

treatments in either variety in trial 1 (above) or trial 2 (below). 
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4.7 Tissue Culture Plate Scores  

Tissue culture data showed no significant difference in the proportion of presence of 

Fusarium oxysporum growth between any of the H4401 treatments, nor in the tap roots 

for H3402 in either trial (Table 4.2 and 4.3). There were far fewer instances of fungal 

growth from H4401 plants compared to H3402, and little of the observed growth 

originated from the tap root. However, analysis using waterlogging and inoculation as 

predictors of the presence of F. oxysporum growth highlighted significant differences 

in the H3402 collar data in both trials. In trial 1, waterlogging had a significant 

(p=0.009) positive influence on the presence of F. oxysporum growth, as did 

inoculation (p=0.034), and the combination of the two factors. This resulted in a 

significant difference between the waterlogged + inoculated treatment and the control, 

but no significant differences for either the waterlogged or inoculated treatments (Fig 

4.9). In trial 2, waterlogging alone again had a significant positive influence on the 

presence of fungal growth (p=0.06) however inoculation did not (p=0.148). This also 

resulted in a significant difference between the waterlogged + inoculated treatment 

and the control, but no significant differences for either the waterlogged or the 

inoculated treatments (Fig 4.9). 
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Table 4.2. Observed proportion of tissue culture plates with Fusarium oxysporum 

growth in trial 1. 

 H3402  H4401 

Treatment Collar Tap Root ns  Collar ns Tap Root ns 

W+I 1.00 a 0.13  0.38 0.25 
W 0.38 ab 0.13  0.13 0.00 
I 0.27 ab 0.18  0.43 0.00 
C 0.14 b 0.14  0.17 0.08 
ab Group means with the same letter do not differ based on the estimated marginal 
means 95% CI of the expected proportion of presence. 
ns None of the group means are significantly different from one another. 

 

 

Table 4.3. Observed proportion of tissue culture plates with Fusarium oxysporum 

growth in trial 2. 

 H3402  H4401 

Treatment Collar Tap Root ns  Collar ns Tap Root ns 

W+I 0.88 a  0.38  0.13 0.25 
W 0.50 ab 0.13  0.50 0.25 
I 0.27 ab 0.09  0.20 0.00 
C 0.18 b 0.00  0.11 0.00 
ab Group means with the same letter do not differ based on the estimated marginal 
means 95% CI of the expected proportion of presence. 
ns None of the group means are significantly different from one another. 
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Figure 4.9. The generalised linear models estimated proportion of cultures 

showing Fusarium oxysporum growth in the H3402 collar region for trial 1 (above) 

and trial 2 (below). Bars represent the 95% confidence interval generated using 

estimated marginal means and show significant difference (p<0.05) only between 

waterlogged + inoculated and the control. 
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4.8 Tissue Culture Observations 

All plants had slightly brown coloured, but otherwise healthy, root systems with no 

symptoms. None showed chocolate brown streaking of the internal collar, tap root, or 

large lateral root vascular tissue (Fig 4.10). One waterlogged + inoculated H3402 plant 

from trial 2 showed internal brown streaking of the vasculature and in the tap root. This 

was only a single plant which was not stunted, nor had a smaller root system than any 

others.  

 

There was no observable difference in root health between any of the treatments for 

either variety (Fig 4.11). However, H4401 did have far smaller root systems than 

H3402 and showed more variation in root size compared to H3402, which remained 

consistent. 

Figure 4.10. Trial 2 H3402 control plant (A) and waterlogged + Inoculated plant (B) 

showing no internal symptoms. 
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All treatments showed fungal growth from tissue cultures. However, the highest 

proportion of growth consistently came from the collar region of H3402 plants. Fungal 

growth from all treatments and both trials was identified as being Fusarium oxysporum 

by microscopy. However, morphology was inconsistent and there was a wide range of 

colours displayed both between cultures and within cultures. Hyphal growth 

morphology ranged from round, floccose appearances to jagged and “sharp” (Fig 

4.12). Colours ranged from peach to orange, and from pale pink to deep purple (Fig 

4.12), encompassing all possible colours listed by Leslie & Summerell (2006). Despite 

the variation seen, in H3402 waterlogged + inoculated cultures the fungus was more 

consistently a dark purple colour (Fig 4.12). 

Figure 4.11. Comparison of plants from the control treatment (left side) and 

waterlogged + inoculated treatment (right side) in trial 2 for H4401 (A) and H3402 (B). 

The 3 rightmost plants in (A) died prior to harvest.  
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There was also the presence of contaminants such as Pythium spp., Trichoderma 

spp., actinomycetes, and yeasts. These contaminants weren’t consistently observed, 

and most plates were not contaminated. However, non-target species growth did occur 

in some cultures of each treatment in both trials.   
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Figure 4.12. A selection of tissue cultures and fungal subcultures from both trials. 

Demonstrating the range of observed colours and colony morphologies from floccose 

(D) to “spiky” (E). All media is PDA+A. T2 = trial 2, T1 = trial 1. W = waterlogged, W+I 

= waterlogged and inoculated. 
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Chapter 5: Discussion 

 

5.1 Disease Symptoms  

The symptoms observed were not expected of a Fusarium crown and root rot disease, 

nor what had been described for CSD (Callaghan, 2020). Callaghan (2020) reported 

100% of inoculated plants in field soil developed external collar lesions. Despite being 

inoculated in field type soil, no plants exhibited this external symptom, nor any 

symptoms associated with Fusarium wilt, such as the wilting or chlorosis of otherwise 

healthy leaves.  

Leaf symptoms observed in H4401 were consistent with descriptions of edema 

(oedema), also sometimes known as intumescence injury which is caused by an 

abiotic stress (Sagi & Rylski, 1978; Wollaeger & Runkle, 2014; Kubota et al., 2017). 

There has been debate about whether edema and intumescence injury are the same 

condition, but the consensus is that the classification as edema is appropriate for 

tomato plants (Williams et al., 2015). In tomatoes, this abiotic physiological disease is 

characterised by water filled blisters along the leaf veins which can burst and become 

necrotic, causing leaf deformities, leaf death, and in severe cases significantly reduced 

growth and plant death (Sagi & Rylski, 1978; Wollaeger & Runkle, 2014; Williams et 

al., 2015; Kubota et al., 2017; Misu et al., 2018; Yasui & Miyama, 2021). In tomato 

plants, this results from the hypertrophy of epidermal cells (Williams et al., 2015; Yasui 

& Miyama, 2021), palisade cells, and spongy parenchyma cells (Sagi & Rylski, 1978). 

Insufficient transpiration causes excess water to accumulate in the leaf cells, causing 

them to swell. This swelling closes the stomatal guard cells, through which gas 
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exchange occurs, further reducing evaporation from the leaf and increasing pressure 

on the epidermis (Sagi & Rylski, 1978; Williams et al., 2015).  

Severe edema symptoms were observed in every H4401 plant, regardless of 

inoculation, waterlogging, or soil type, whereas no H3402 plants exhibited edema 

symptoms. This evidence suggests that the different varieties vary in their 

susceptibility, with H4401 being vulnerable and H3402 resistant, an interpretation 

mirrored in previous studies (Sagi & Rylski, 1978; Yasui & Miyama, 2021). Potting mix 

had greater drainage than the sandy loam mix which likely wouldn’t allow for pooling 

of water in the root zone, but still failed to prevent edema development. These 

observations support the findings of Williams et al. (2015) and suggest that factors 

other than just soil moisture trigger edema. Its severity has been correlated with 

reduced light intensity and quality (Sagi & Rylski, 1978; Wollaeger & Runkle, 2014; 

Williams et al., 2015; Kubota et al., 2017). Increasing blue (Wollaeger & Runkle, 2014) 

and ultraviolet B light levels (Williams et al., 2015; Kubota et al., 2017) have both been 

demonstrated to reduce edema severity in tomatoes. Hence, poor light quality is the 

possible cause of edema in this study. The symptoms observed were concluded to be 

edema, and thus unrelated to Fusarium oxysporum inoculation. They also imply that 

the greenhouse provided unideal growth conditions.  This may be due to being the first 

time tomato plants were grown, off-season, in the new glasshouse at UM and the lack 

of optimum growing conditions.  Although additional lights were provided to increase 

day length and manual watering was implemented to regulate excess moisture, the 

edema persisted in H4401. Previous studies by Callaghan (2020) and Y. Wang (2020) 

did not encounter these problems when growing these same varieties in the old 

glasshouses.   
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Other than the edema in H4401, the plants had no visible symptoms, externally or 

internally. This was consistent throughout all plants except for the one H3402 plant 

which had internal browning. The most reported symptoms of CSD are root weight 

reduction and shoot stunting (Callaghan, 2020), with only severe cases developing the 

chocolate brown streaking. It is unlikely that a plant would exhibit browning due to CSD 

without being stunted. Therefore, it is unlikely that the browning observed in this plant 

resulted from CSD. 

There was largely no significant difference (p>0.05) in effective quantum yield of 

photosystem II between the treatments in either trial. The most promising trend seen 

in the measurement period was in the first 4 readings for H4401 trial 2, which show 

the waterlogged + inoculated treatment having a consistently lower Y(II) than the other 

treatments. While this could imply the presence of an interaction, the trend did not 

continue and these results were not replicated in trial 1, so it is not compelling 

evidence. 

It is possible that this period reflects an interaction, however, the lack of support from 

other results makes this an unlikely explanation.  Another explanation is that plants in 

this treatment were more severely impacted by the edema than those in other 

treatments. This is supported by the three waterlogged + inoculated H4401 plants that 

died in or shortly after this period. These struggling plants contributed to the treatment 

mean while alive, hence pushing it to lower mean values than those without dying 

plants and contributing to this period of significance. The final death occurred 18 days 

after waterlogging. Thus, no dying plants contributed to the treatment mean beyond 

this point and no longer held it at lower values. Hence there was no longer a significant 

difference. The two waterlogged plants which died did so earlier than 7 days after 

waterlogging (the first reading with statistical significance). Hence, they would not have 
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contributed to the waterlogged treatment average past the first reading, and a similar 

effect would not have been seen for this treatment.  

Neither the shoot height nor root dry weight data had significant difference (p>0.05) 

between the treatments in either variety. This indicates that UM991 presence did not 

have a significant detrimental effect on the plants. A potential explanation is that 

because the soil was not sterilized the control plants were also stunted, but by other 

organisms, so did not differ significantly from the inoculated plants. This explanation 

is supported by the presence of other species in the tissue cultures such as Pythium 

spp. which can be pathogenic on tomato plants (Callaghan, 2020; Y. Wang, 2020). 

Suboptimal greenhouse conditions were the source of abiotic stress and could make 

the plants more susceptible to weak pathogens in the soil (Bostock et al., 2014), 

potentially resulting in universal stunting.  

However, the average shoot height of H3402 plants (not edema-stricken) was not 

shorter than expected. Other studies have seen similar heights achieved after 8 weeks 

growth in sterilised potting mix (Callaghan, 2020). The more likely interpretation is thus 

that none of the plants were stunted, including those in the waterlogged + inoculated 

treatment. The lack of difference between the inoculated and control groups is 

evidence that no disease occurred. 

There was a large height difference between the H3402 plants and the H4401 plants 

in each trial, the likely cause being the strong impact of edema on just H4401, the 

shorter variety. Another disparity in height was between trial 1 and trial 2. Trial 2 plants 

were generally taller than those in trial 1. This difference was likely due to a fertilizer 

change midway through the measurement period in trial 1. Originally plants were 

fertilized with Aquasol soluble plant food once weekly. However, the persistence of a 
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purple colour in the leaves was thought to be caused by insufficient nutrient levels. 

Hence the fertilizer was swapped to slow release Osmocote, after which the purple 

cleared, and general health improved. Aquasol was not used again in trial 2. Osmocote 

was added immediately to the trial 2 plants when transplanted, which is the likely cause 

of trial 2 plants being taller than trial 1 plants.   

Root dry weight data reflected shoot height data as there was no significant difference 

(p>0.05) between any of the treatments and H3402 plants were heavier than H4401. 

The differences were likely due to the same reasons as described for the height data. 

The severity of the edema impacted the development of only H4401 roots, and the 

earlier presence of Osmocote likely caused trial 2 H3402 roots to be heavier than 

those in trial 1.  

H4401 growth was similar between the two trials despite trial 2 having earlier 

Osmocote access. This is evidence that H4401 plant growth was not limited by nutrient 

availability but rather edema severity. A notion supported by the edema being 

generally more severe in trial 2 than trial 1, as seen in the 5 deaths, potentially 

offsetting the positive effects of the earlier fertilizer. The lack of root dry weight 

reduction was a further indication that no disease was caused by the UM991 

inoculation. 

The incidence of isolation of F. oxysporum from the tissue cultures was the only data 

with consistent significance (p<0.05) between treatments. In both trials, H3402 collar 

tissue cultures from the waterlogged + inoculated group had a significantly greater 

proportion of plates with F. oxysporum fungal growth compared to the control group. 

Statistical analysis indicated that there was no synergistic interaction between 

waterlogging and inoculation, and that the significant difference seen arose from the 
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addition of these treatments. Separately, the waterlogged and inoculated groups did 

not have a significantly greater proportion of fungal presence than the control group. 

However, the generalized linear model demonstrated that both treatments had a 

significant positive influence on Fusarium presence (p<0.05). Given this, the lack of 

significant difference seen between the waterlogged, inoculated, and control groups 

in the H3402 collar was likely due to the small sample sizes of n=34 for trial 1 and 

n=38 for trial 2. Inoculation and waterlogging both increased the proportion of plants 

that were colonised by Fusarium spp., with the greatest colonisation rate seen with the 

combination of these treatments.    

 

5.2 Fungal Presence and Morphology variation  

There was a wide range of colony morphologies observed throughout the tissue 

cultures, as well as unexpected Fusarium spp. growth in the uninoculated plates. 

Morphology variance was likely due to being grown on PDA (Leslie & Summerell, 

2006), but characters such as hyphal growth pattern and pigmentation were within the 

possible variation of Fusarium oxysporum on PDA (Leslie & Summerell, 2006). The 

morphology of microconidia, macroconidia and chlamydospores were similar to the 

descriptions for F. oxysporum. Microconidia were always present, often seen in false 

heads and primarily small, elliptical, and not septate. Macroconidia were straight or 

slightly curved and slender. Most cultures were not kept long enough for 

chlamydospore formation. However, when present, chlamydospores were singly 

produced, round, and darkly coloured.   

It is strictly possible that the F. oxysporum in the control plants resulted from UM991 

contamination. This could occur if CFU were transported between pots by water 



 

69 | P a g e  
 

splashes when watering or if dripping inoculated pots were held over control pots 

(Brayford, 1996; Gracia-Garza & Fravel, 1998). Additionally, microconidia could 

spread aerially if fans were turned on by other greenhouse users (Brayford, 1996). 

However, this was unlikely as great caution was taken to prevent careless 

contamination, such as by water splash. The likely origin for the F. oxysporum in the 

control plants is therefore that they were pre-existing in the commercial soil as 

endophytes which colonised the tomatoes without causing infection.  

However, the morphology could not discriminate between F. oxysporum isolate 

UM991 and natural non-pathogenic F. oxysporum pre-existing in the soil. The colonies 

most closely resembling the original UM991 culture were the consistently dark purple 

colonies that grew in the waterlogged + inoculated H3402 plates. Nonetheless, all 

inspected colonies, including the Fusarium spp. in the control plates, showed 

morphology similar to the pathogenic UM991. It was interpreted that UM991 

colonization occurred in addition to the colonization of pre-existing F. oxysporum, and 

that UM991 colonization was aided by waterlogging. Molecular diagnostic methods, 

such as qPCR could have been used to confirm the F. oxysporum identification. 

However, these methods are unable to distinguish pathogenic from non-pathogenic 

isolates. Thus, it would have been uninformative beyond confirming if the Fusarium 

spp. seen in the controls were F. oxysporum. 

Discrepancies were noted between the incidence of fungal presence in H4401 cultures 

compared to H3402, and between the tap root tissue and the collar. H4401 cultures 

had no significant differences, and the maximum proportion of Fusarium spp. presence 

was 0.5. Far lower incidence was seen in H4401 cultures compared to H3402, an 

unexpected difference given the added stress of edema. The surface sterilization 

method used to eliminate contaminating bacteria and fungi may have been too severe 
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and decreased incidence of Fusarium. The surface sterilization technique was 

stronger than in other studies. Callaghan (2020) sterilized tissue pieces in 1% ai 

bleach solution (NaClO) for just 10 seconds, compared to the 30 second ethanol 

immersion, then 2 minutes in 1% ai bleach solution (NaClO) used in this project. This 

difference was employed to offset the impacts of not growing plants in sterilised soil. 

Use of the method outlined in Callaghan (2020) resulted in severe contamination by 

yeasts, oomycetes, actinomycetes and other fungi, to the extent that the slower 

growing Fusarium spp. were overgrown and could not be identified in any cultures. As 

such, the stronger method was employed. Additionally, the edema affected H4401 

plants had far thinner, weaker stems than the healthy H3402. Consequently, the 

smallest H4401 stem pieces were likely to have been over sterilised, rather than just 

killing surface contaminants. This includes likely killing any Fusarium spp. that had 

colonised the plant, hence greatly reducing their presence. 

The disparity in incidence of infection between the tap root and collar tissue cultures 

was likely due to the root tissue being heavily colonised by microorganisms living in 

the rhizosphere compared to the collar tissue which was above the soil surface and 

hence not as colonised. Thus, regardless of the strength of the surface sterilisation 

method, it is likely that these microorganisms grew out from the root tissue faster and 

repressed the growth of the slower growing Fusarium spp. in the tap root cultures.  

 

5.3 Mechanisms of Infection and disease Suppression 

This study failed to demonstrate CSD isolate UM991 causing any impact on tomato 

growth. This was despite use of the most aggressive isolate identified in Callaghan 

(2020), and the added abiotic stresses of waterlogging and edema. However, F. 
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oxysporum was consistently re-isolated from the waterlogged and inoculated collar 

tissue of H3402, indicating that inoculation resulted in colonization with no symptoms. 

Given the lack of symptoms in this study compared to Callaghan (2020), it is unlikely 

that CSD occurred. 

One critical difference between this study and both Callaghan (2020) and the field 

planting of tomato seedlings by the APTI, was the inoculation method. Both the APTI 

and Callaghan (2020) transplanted seedlings directly into inoculated soil. The 

transplanting process causes damage to the roots (Schrader, 2020), resulting in open 

wounds which can be sites of easier infection for Fusarium pathogens (Brayford, 1996; 

Özbay & Newman, 2004). Thus, wounding and root damage was likely in both 

Callaghan (2020) and the APTI (Schrader, 2020), but unlikely in this study. The lack 

of open wounds may have made plants in this study a more challenging target for F. 

oxysporum infection than in previous instances. The colonization of root and collar 

tissue indicates that wounding wasn’t essential for colonization, however the lack of 

symptoms is evidence that it may be important for more severe infections.  

Another mode of infection suppression is competition with soil microbes (Olivain & 

Alabouvette, 1999; Fravel et al., 2003; Gordon, 2017). Competition with pathogenic F. 

oxysporum for nutrients (Gordon, 2017) and root infection sites (Olivain & Alabouvette, 

1999) has been documented in both native soil microbes and non-pathogenic F. 

oxysporum isolates (Fravel et al., 2003). Further than just competition, non-pathogenic 

F. oxysporum isolates can prevent the subsequent infection of a pathogenic strain by 

colonising the plant and inducing systemic resistance (Fravel et al., 2003). 

Colonization by either a non-pathogenic strain or strain from a different f. sp. can 

initiate plant defence responses (Olivain & Alabouvette, 1999; Fravel et al., 2003). This 

induced systemic resistance (ISR) is a documented control mechanism for Fusarium 
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wilt of watermelon (Biles & Martyn, 1989). Biles & Martyn (1989) reported that 

inoculation with avirulent F. oxysporum races caused a 50% reduction in symptom 

frequency on watermelon leaves when inoculated with Colletotrichum lagenarium 72 

hours later. Hence, resistance induced can be rapid, systematic, and nonspecific 

(Biles & Martyn, 1989; Fravel et al., 2003).  

Plants spent two weeks in unsterilized soil before inoculation with UM991. It is likely 

that they were exposed to Fusarium spp. prior to the addition of inoculum, hence ISR 

is a plausible mode of infection suppression. Infection presence and severity could 

thus have been reduced by both ISR and competition (Olivain & Alabouvette, 1999; 

Fravel et al., 2003; Gordon, 2017).  

Alternatively, the inoculum load may have been insufficient to cause disease. Past 

works on Fusarium spp. have correlated inoculum load and infection severity and 

demonstrated that a critical inoculum concentration is required to cause disease (Zote 

et al., 1996; Boughalleb & El Mahjoub, 2006; Hao et al., 2009; Lopez-Benitez et al., 

2018). Boughalleb & El Mahjoub (2006) documented a linear relationship between 

disease incidence and inoculum density in the soil and predicted the inoculum 

threshold needed to cause disease in a given percentage of plants. Similarly, Lopez-

Benitez et al. (2018) incorporated disease incidence and severity of Forl infection in 

tomatoes into a single disease index (DI). They documented the impact of varying 

conidia densities on this DI using root dipping and seed spray inoculation methods. 

They demonstrated that 3x106 conidia per mL was sufficient to cause a DI of 50% or 

greater, but the highest DI was observed at 8x106 conidia per mL (Lopez-Benitez et 

al., 2018). In accordance with past studies, the use of a greater inoculum volume or 

concentration could have increased the disease severity in this study. The inoculum 

load delivered to the plants may have been insufficient to cause disease.   
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5.4 Study Design and Sources of Error 

The soil was chosen to replicate the red loam field soil conditions; however, it would 

not have been an identical replica. Nor would it represent grey clays, which are also 

prevalent in the APTI. The results would have better represented the APTI if these two 

soil types were used directly.  

The unsterile soil used was a constant source of issue for this study. Sterilized soil 

would have aided in colonization and possibly infection of UM991, prevented the 

presence of non-pathogenic F. oxysporum isolates in the controls, mitigated the 

possibility of off-species symptoms, and increased confidence in any interactions and 

symptoms seen. However, it was unexpected that this would pose great risk to the 

study. Under favourable environmental growth conditions, healthy tomato plants 

wouldn’t offer much infection risk to non-pathogenic Fusarium spp. As evidenced by 

the development of edema, good growth conditions were not achieved, meaning 

endophytic Fusarium spp. from the unsterile soil posed a greater risk. This was a 

source of error in the study. 

 

5.5 Data quality  

The MINI-PAM and leaf clip attachment generated a saturating PAR which was 

supposed to be consistent and reliable for comparable ETR values (Heinz Walz GmbH 

(HWG), 1999).  However, this value was variable throughout the trials, ranging from 

the standard of 1636 μmol quanta m-2 s-1 to a low of just 14. The highest achieved 

PAR in trial 2 was well below the standard at just 674 μmol quanta m-2 s-1. 

Consequently, the ETR was inconsistently calculated, and values could not be 

compared. This occurred likely due to issues with the MINI-PAM battery. The MINI-
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PAM can achieve up to 12 hours of continuous operation, approximately 720 

saturating pulses, on a freshly charged battery (HWG, 1999). However, the UM MINI-

PAM would display a low battery warning after as few as 20 readings, so it was 

operated while plugged in. 

The Y(II) measurements should not have been affected as their recording doesn’t 

hinge on the PAR generated. As the Y(II) results are supported by the height and 

weight data, so further MINI-PAM errors undermining the reliability of the Y(II) data is 

unlikely.  

Additional sources of error were in translating data from paper to digital copies, and in 

transferring MINI-PAM data to computer programs for analysis. However, this was 

performed by a single person and correct translation was regularly checked and 

confirmed though the process, so human error in either of these tasks was unlikely. 

As such, the data analysed was unlikely to contain errors and was assumed reliable. 

 

5.6 Conclusions 

The aim of investigating an interaction between infection severity and waterlogging 

was ultimately not completed. Similarly, the hypotheses that waterlogging would 

increase the severity of CSD, and H4401 would show greater tolerance compared to 

H3402, were not supported, nor opposed by the data. The tissue culture data was 

evidence that waterlogging may increase colonization of CSD isolates, however no 

further comments on the aims and hypotheses could be made given that it was unlikely 

complete UM991 infection was achieved.  Completion of the aims hinged on 

generating CSD symptoms, such as the stunting noted in Callaghan (2020). For the 

aims to be fulfilled, inoculation needed to cause infection and observable symptoms. 
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If inoculated plants showed symptoms and the controls did not, then they could have 

been a point of comparison for the waterlogged + inoculated plants. Because this did 

not occur, no comparisons between the treatments could be made and no further 

conclusions could made about the aims. However, conclusions could be made in other 

areas.  

The study furthers findings in the literature by reporting that even when pathogenic 

isolates are present, infection can be repressed. Despite not causing infection, the 

data suggest that colonization was encouraged by waterlogging. This study provides 

evidence that CSD symptoms can be avoided in the face of the causative agent, thus 

suggesting that this might be possible in field-grown plants. The data suggest that root 

wounding might be important for the development of CSD, which could be impactful 

for the APTI given the prevalence of transplanting. Furthermore, the study contributes 

to the literature in showing the strong detrimental impacts of edema on greenhouse 

tomatoes.  

As is characteristic to science as a discipline, this study unveiled more questions than 

answers. Complications that arose outline possible areas for future research. One 

such direction is a comparative study of inoculation techniques and the severity of 

CSD infection they cause, with particular focus on the degree of root wounding. 

Similarly, an investigation could be led into the threshold level of F. oxysporum 

inoculum in the soil needed to cause CSD. Subsequently, future studies could fulfill 

the unachieved aims of this study and determine if waterlogging does increase the 

severity of chocolate streak disease, and if H4401 has any tolerance to this novel 

Fusarium oxysporum disease. 
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Appendices 

 

Appendix 1: Data Tables 

Appendix 1.1.  Mean stem height and root dry weight with standard error of the 

mean for each treatment in trial 1 for H4401. 

 Stem Height (mm) ns Root Dry Weight (g) ns 

Inoculated and Waterlogged 189.5 ± 11.1 0.125 ± 0.020 
Waterlogged 170.3 ± 9.3 0.1 ± 0.0056 
Inoculated 187.7 ± 16.6 0.153 ± 0.016 
Control 206.3 ± 18.8 0.119 ± 0.017 
ns None of the group means are significantly different from one another  

 

Appendix 1.2.  Mean stem height and root dry weight with standard error of the 

mean for each treatment in trial 2 for H4401. 

  Stem Height (mm) ns Root Dry Weight (g) ns 

Waterlogged 202.7 ± 26.5 0.146 ± 0.063 
Control 201.6 ± 16.8 0.127 ± 0.025 
Waterlogged + Inoculated 182 ± 22.0 0.072 ± 0.014 
Inoculated 174 ± 8.2 0.071 ± 0.010 
ns None of the group means are significantly different from one another 

 

Appendix 1.3.  Mean stem height and root dry weight with standard error of the 

mean for each treatment in trial 1 for H3402. 

 Stem Height (mm) ns Root Dry Weight (g) ns 

Inoculated and Waterlogged 237.3 ± 13.5 0.579 ± 0.031 
Waterlogged 257.1 ± 6.5 0.556 ± 0.043 
Inoculated 254.9 ± 8.4 0.565 ± 0.034 
Control 266.4 ± 11.6  0.651 ± 0.028 
ns None of the group means are significantly different from one another  

 

 

Appendix 1.4.  Mean stem height and root dry weight with standard error of the 

mean for each treatment in trial 2 for H3402 

 Stem Height (mm) ns Root Dry Weight (g) ns 

Waterlogged 385.1 ± 7.6 1.113 ± 0.058 
Waterlogged + Inoculated 370.9 ± 10.4 1.13 ± 0.12 
Control 371.4 ± 12.4 0.944 ± 0.064 
Inoculated 352.6 ± 9.6 0.93 ± 0.069 
ns None of the group means are significantly different from one another 
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Appendix 1.5.  Mean Y(II) for each treatment in trial 1 during the 72 hours 

waterlogging period for H4401. 

 
Effective quantum yield of PSII 

Hours of Waterlogging 
 0 ns 24 ns 48 ns 72 ns 

Waterlogged and inoculated 0.616 0.547 0.618 0.668 
Waterlogged 0.536 0.615 0.622 0.697 
Inoculated 0.571 0.605 0.661 0.66 
Control 0.497 0.566 0.600 0.636 
ns None of the group means are significantly different from one another  

 

Appendix 1.6.  Mean Y(II) for each treatment in trial 2 during the 72 hours 

waterlogging period for H4401. 

 
Effective quantum yield of PSII 

Hours of Waterlogging 
 0 ns  24 ns 48 ns 72  

Waterlogged and inoculated 0.597 0.663 0.521 0.663 a 
Waterlogged 0.607 0.623 0.544 0.641 a 
Inoculated 0.611 0.705 0.583 0.736 b 
Control 0.571 0.699 0.626 0.689 ab 
ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  

 

Appendix 1.7.  Mean Y(II) for each treatment in trial 1 during the 72 hours 

waterlogging period for H3402. 

 
Effective quantum yield of PSII 

Hours of Waterlogging 
 0  24 ns 48 ns 72 ns 

Waterlogged and inoculated 0.618 ab 0.570 0.560 0.594 
Waterlogged 0.695 b 0.567 0.578 0.611 
Inoculated 0.561 a 0.531 0.554 0.607 
Control 0.661 ab 0.603 0.581 0.590 
ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  

 

Appendix 1.8.  Mean Y(II) for each treatment in trial 2 during the 72 hours 

waterlogging period for H3402. 

 
Effective quantum yield of PSII 

Hours of Waterlogging 
 0 24 ns 48 ns 72 ns 

Waterlogged and inoculated 0.574ab 0.605 0.481 0.661 
Waterlogged 0.667a 0.647 0.501 0.660 
Inoculated 0.543b 0.674 0.498 0.693 
Control 0.605ab 0.678 0.471 0.710 
ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  
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Appendix 1.9.  Mean Y(II) for each treatment in trial 1 during the 6-week 

measurement period for H4401. 

 
Effective quantum yield of PSII 

Days Since Waterlogging 

  3ns 7 11ns 14ns 18ns 21ns 25ns 28 32ns 35ns 39ns 42ns 

Waterlogged 
and inoculated 

0.553 0.585a

b 
0.613 0.674 0.664 0.706 0.646 0.675 

a 
0.715 0.708 0.687 0.673 

Waterlogged 
0.566 0.679

b 
0.612 0.660 0.668 0.725 0.654 0.736

b 
0.736 0.738 0.625 0.708 

Inoculated 0.596 0.522a

b 
0.663 0.700 0.662 0.647 0.617 0.731

b 
0.716 0.703 0.617 0.691 

Control 0.554 0.508a 0.677 0.679 0.608 0.714 0.625 0.727
b 

0.735 0.708 0.646 0.686 

ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  

 

Appendix 1.10.  Mean Y(II) for each treatment in trial 2 during the 6-week 

measurement period for H4401. 

 
Effective quantum yield of PSII 

Days Since Waterlogging 

  3ns 7 11 14 18ns 21 25ns 28 ns 32ns 35ns 39 42ns 

Waterlogged 
and inoculated 

0.598  0.562 
a 

0.696 
a 

0.575 
a 

0.699  0.659 
a 

0.631  0.725  0.668  0.747  0.773 
ab 

0.753  

Waterlogged 
0.693  0.722 

a 
0.723 
ab 

0.693 
b 

0.697  0.685 
a 

0.633  0.733  0.666  0.735  0.725 
a 

0.718  

Inoculated 0.738  0.718 
a 

0.737 
ab 

0.696 
b 

0.689  0.595 
a 

0.644  0.722  0.663  0.735  0.790 
b 

0.769  

Control 0.755  0.688 
a 

0.752 
b 

0.699 
b 

0.675 0.492 
a 

0.719  0.744  0.706  0.725  0.788 
b 

0.758  

ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  
 

 

Appendix 1.11.  Mean Y(II) for each treatment in trial 1 during the 6-week 

measurement period for H3402. 

 
Effective quantum yield of PSII 

Days Since Waterlogging 

  3ns 7 ns 11ns 14ns 18ns 21ns 25ns 28 ns 32ns 35ns 39 42ns 

Waterlogged 
and inoculated 

0.557  0.586  0.625  0.664  0.511  0.684  0.585  0.710  0.723  0.700  0.488 
a 

0.566  

Waterlogged 
0.516  0.592  0.520  0.640  0.557  0.707  0.644  0.722  0.716  0.710  0.631 

ab 
0.611  

Inoculated  0.473  0.613  0.586  0.654  0.570  0.699  0.624  0.695  0.751  0.709  0.659 
b 

0.664  

Control  0.463  0.558  0.626  0.686  0.622  0.690  0.671  0.720  0.745  0.739  0.537 
ab 

0.653  

ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  
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Appendix 1.12.  Mean Y(II) for each treatment in trial 2 during the 6-week 

measurement period for H3402. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Effective quantum yield of PSII 

Days Since Waterlogging 

  3ns 7 ns 11 ns 14 18ns 21 ns 25 28 ns 32ns 35ns 39 42ns 

Waterlogged 
and inoculated  

0.691  0.718  0.734  0.737 
b 

0.678  0.606  0.756 
b 

0.727  0.676  0.749  0.795 
ab 

0.778  

Waterlogged 
0.712  0.726  0.704  0.689 

a 
0.703  0.675  0.765 

b 
0.720  0.728  0.698  0.798 

ab 
0.760  

Inoculated 0.712  0.733  0.693  0.742 
b 

0.669  0.666  0.709 
a 

0.725  0.682  0.736  0.820 
b 

0.776  

Control  0.742  0.702  0.719  0.715 
ab 

0.679  0.646  0.730 
ab 

0.742  0.732  0.759  0.769 
a 

0.768  

ab Group means with the same letter do not differ based on Tukey’s post hoc test 
ns None of the group means are significantly different from one another  
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Appendix 2: ANOVA Tables 

 

Appendix 2.1. One way analysis of variance (ANOVA) tables on stem height data between the treatments for H4401 and for H3402 in both trials. 

  H4401  H3402 

Trial Source df SS MS F P  df  SS MS F P 

1 

Between Groups 3 6319.564 2106.521 0.935 0.435  3 3408.766 1136.255 1.308 0.29 

Within Groups 31 69825.18 2252.425    30 26063 868.767   

Total 34 76144.74        33 29471.77       

2 

Between Groups 3 5031.111 1677.037 0.762 0.525  3 5112.528 1704.176 1.59 0.21 

Within Groups 26 57203.56 2200.137    34 36434.84 1071.613   

Total 29 62234.67        37 41547.37       

 

Appendix 2.2. One way analysis of variance (ANOVA) tables on root dry weight data between the treatments for H4401 and for H3402 in both trials. 

  H4401  H3402 

Trial Source df SS MS F P  df SS MS F P 

1 

Between Groups 3 0.011 0.004 1.508 0.232  3 0.042 0.014 1.321 0.286 

Within Groups 31 0.073 0.002    30 0.316 0.011   

Total 34 0.084        33 0.358       

2 

Between Groups 3 0.031 0.01 1.507 0.236  3 0.317 0.106 1.831 0.16 

Within Groups 26 0.178 0.007    34 1.964 0.058   

Total 29 0.209        37 2.281       
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Appendix 2.3. One way analysis of variance (ANOVA) tables on chlorophyll fluorescence Y(II) data between the treatments during the 72-hour 

waterlogging period for H4401 and for H3402 in trial 1. 

 

Appendix 2.4. One way analysis of variance (ANOVA) tables on chlorophyll fluorescence Y(II) data between the treatments during the 72-hour 

waterlogging period for H4401 and for H3402 in trial 2. 

 

  H4401  H3402 

Hours Source df SS MS F P  df  SS MS F P 

0 

Between Groups 3 0.076 0.025 2.062 0.125  3 0.095 0.032 3.282 0.034 

Within Groups 32 0.394 0.012    31 0.299 0.010   

Total 35 0.470     34 0.395    

24 

Between Groups 3 0.026 0.009 0.590 0.626  3 0.024 0.008 1.286 0.296 

Within Groups 32 0.463 0.014    31 0.193 0.006   

Total 35 0.489     34 0.217    

48 

Between Groups 3 0.017 0.006 0.383 0.766  3 0.005 0.002 0.274 0.844 

Within Groups 32 0.471 0.015    31 0.178 0.006   

Total 35 0.488     34 0.183    

72 

Between Groups 3 0.018 0.006 1.526 0.227  3 0.003 0.001 0.277 0.842 

Within Groups 32 0.129 0.004    31 0.101 0.003   

Total 35 0.147     34 0.104    

  H4401  H3402 

Hours Source df SS MS F P  df SS MS F P 

0 

Between Groups 3 0.009 0.003 0.461 0.712  3 0.07531 0.025103 3.724117 0.020371 

Within Groups 31 0.201 0.006    34 0.229185 0.006741   

Total 34 0.210     0.304495 Total 37   

24 

Between Groups 3 0.038 0.013 2.143 0.115  3 0.029766 0.009922 1.939156 0.141836 

Within Groups 31 0.181 0.006    34 0.173969 0.005117   

Total 34 0.219     0.203736 Total 37   

48 

Between Groups 3 0.054 0.018 2.480 0.080  3 0.005807 0.001936 0.106213 0.955886 

Within Groups 30 0.219 0.007    34 0.619663 0.018225   

Total 33 0.273     0.62547 Total 37   

72 

Between Groups 3 0.043 0.014 4.579 0.009  3 0.017294 0.005765 1.314973 0.28551 

Within Groups 30 0.095 0.003    34 0.149049 0.004384   

Total 33 0.138     0.166343 Total 37   
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Appendix 2.5. One way analysis of variance (ANOVA) tables on chlorophyll fluorescence Y(II) data between the treatments for H4401 and for H3402 in trial 1. 
  H4401  H3402 

Day Source df SS MS F P  df  SS MS F P 

3 

Between Groups 3 0.009 0.003 0.563 0.643  3 0.047 0.016 1.979 0.138 

Within Groups 31 0.170 0.005    31 0.247 0.008   

Total 34 0.179        34 0.294       

7 

Between Groups 3 0.150 0.050 3.854 0.019  3 0.014 0.005 1.081 0.372 

Within Groups 31 0.402 0.013    30 0.127 0.004   

Total 34 0.552        33 0.141       

11 

Between Groups 3 0.030 0.010 2.132 0.117  3 0.058 0.019 2.689 0.064 

Within Groups 30 0.143 0.005    30 0.217 0.007   

Total 33 0.173        33 0.275       

14 

Between Groups 3 0.006 0.002 0.958 0.425  3 0.008 0.003 0.701 0.559 

Within Groups 31 0.068 0.002    30 0.120 0.004   

Total 34 0.075        33 0.128       

18 

Between Groups 3 0.025 0.008 2.096 0.122  3 0.047 0.016 2.145 0.115 

Within Groups 30 0.120 0.004    30 0.217 0.007   

Total 33 0.145        33 0.264       

21 

Between Groups 3 0.027 0.009 0.968 0.421  3 0.003 0.001 0.464 0.709 

Within Groups 29 0.268 0.009    30 0.056 0.002   

Total 32 0.295        33 0.059       

25 

Between Groups 3 0.007 0.002 0.467 0.707  3 0.030 0.010 1.440 0.251 

Within Groups 29 0.149 0.005    30 0.205 0.007   

Total 32 0.156        33 0.235       

28 

Between Groups 3 0.020 0.007 6.996 0.001  3 0.004 0.001 0.899 0.453 

Within Groups 31 0.029 0.001    30 0.050 0.002   

Total 34 0.049        33 0.054       

32 

Between Groups 3 0.003 0.001 0.853 0.476  3 0.008 0.003 2.002 0.135 

Within Groups 31 0.040 0.001    30 0.038 0.001   

Total 34 0.043        33 0.046       

35 

Between Groups 3 0.006 0.002 1.129 0.352  3 0.006 0.002 1.644 0.200 

Within Groups 31 0.057 0.002    30 0.038 0.001   

Total 34 0.064        33 0.044       

39 

Between Groups 3 0.023 0.008 0.875 0.465  3 0.169 0.056 4.213 0.013 

Within Groups 31 0.268 0.009    30 0.402 0.013   

Total 34 0.290        33 0.572       

42 

Between Groups 3 0.005 0.002 0.710 0.553  3 0.051 0.017 1.830 0.163 

Within Groups 31 0.074 0.002    30 0.281 0.009   

Total 34 0.079        33 0.333       
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Appendix 2.6. One way analysis of variance (ANOVA) tables on chlorophyll fluorescence Y(II) data between the treatments for H4401 and for H3402 in trial 2. 
  H4401  H3402 

Day Source df SS MS F P  df  SS MS F P 

3 

Between Groups 3 0.125 0.042 1.615 0.207  3 0.011 0.004 1.063 0.379 

Within Groups 30 0.775 0.026    31 0.105 0.003   

Total 33 0.900     34 0.115    

7 

Between Groups 3 0.120 0.040 2.967 0.050  3 0.006 0.002 1.320 0.284 

Within Groups 27 0.363 0.013    34 0.050 0.001   

Total 30 0.483     37 0.055    

11 

Between Groups 3 0.012 0.004 3.338 0.034  3 0.009 0.003 1.690 0.188 

Within Groups 27 0.032 0.001    34 0.057 0.002   

Total 30 0.044     37 0.066    

14 

Between Groups 3 0.071 0.024 10.932 <0.0001  3 0.015 0.005 4.124 0.013 

Within Groups 27 0.058 0.002    34 0.042 0.001   

Total 30 0.129     37 0.057    

18 

Between Groups 3 0.003 0.001 0.178 0.911  3 0.006 0.002 0.453 0.717 

Within Groups 26 0.130 0.005    34 0.139 0.004   

Total 29 0.133     37 0.144    

21 

Between Groups 3 0.165 0.055 3.049 0.046  3 0.024 0.008 1.025 0.394 

Within Groups 26 0.469 0.018    34 0.266 0.008   

Total 29 0.634     37 0.290    

25 

Between Groups 3 0.042 0.014 2.197 0.112  3 0.018 0.006 5.743 0.003 

Within Groups 26 0.166 0.006    34 0.036 0.001   

Total 29 0.208     37 0.055    

28 

Between Groups 3 0.003 0.001 0.206 0.891  3 0.003 0.001 0.322 0.809 

Within Groups 26 0.109 0.004    34 0.093 0.003   

Total 29 0.111     37 0.096    

32 

Between Groups 3 0.011 0.004 1.252 0.311  3 0.025 0.008 1.933 0.143 

Within Groups 26 0.074 0.003    34 0.144 0.004   

Total 29 0.085     37 0.169    

35 

Between Groups 3 0.002 0.001 0.351 0.788  3 0.018 0.006 0.815 0.494 

Within Groups 26 0.039 0.001    34 0.254 0.007   

Total 29 0.040     37 0.273    

39 

Between Groups 3 0.019 0.006 4.312 0.014  3 0.014 0.005 4.490 0.009 

Within Groups 26 0.038 0.001    34 0.036 0.001   

Total 29 0.056     37 0.051    

42 

Between Groups 3 0.010 0.003 0.609 0.615  3 0.002 0.001 0.341 0.796 

Within Groups 26 0.144 0.006    34 0.058 0.002   

Total 29 0.154     37 0.060    
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