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Abstract 
Spongospora subterranea infection diminishes the quality and quantity of harvested potatoes 

wherever they are grown around the world. Disease control is largely ineffective, at least 

partially due to the abundance of the highly resistant and long-lived pathogen inoculum 

within cropping soils present as agglomerations of resting spores. Resting spore germination 

is induced by root exudate metabolites in a staggered manner over multiple years to release 

short-lived zoospores that facilitate infection of host plant roots. Premature germination of 

resting spores in absence of host plants has been suggested to reduce pathogen soil inoculum. 

Methods to synchronize germination of dormant spores that could be applied within a 

commercial field setting are however lacking. 

Movement of zoospores to host roots has been speculated to occur via chemical attraction 

processes (chemotaxis) but evidence for this has been lacking. Knowledge of zoospore 

attractants and/or repellents, and the communication channels that facilitate perception of 

these compounds may be useful for the development of novel disease control.  

This thesis developed a microcapillary assay to investigate the role of individual potato 

metabolites in the attraction or inhibition of S. subterranea zoospores. In relation to this, the 

effect of solution pH, pH buffer composition and compound concentration on zoospore 

chemotaxis were assessed. Zoospore attraction or inhibition towards a metabolite was 

determined by the number of zoospores that swam into a cavitated microcapillary containing 

the test compound. The potato metabolome was found to contain both zoospore attractants 

and inhibitors. Glutamine was the strongest attractant, whilst spermine was the strongest 

inhibitor. Strongly acidic and alkaline medium with pH < 5.3 and > 8.5 respectively were found 

inhibitory towards zoospore motility and chemotaxis. Total swimming distance was found to 

be the most important swimming parameter that determined zoospore chemotaxis. 

The role of Ca2+ signalling in transducing signals from these organic compounds across the cell 

membrane to stimulate or inhibit chemotaxis of the zoospores was also investigated. This 

study used a combination of glass slide assay, cavitated microcapillary assay, hydroponics set-

up and video microscopy to investigate the effect of Ca2+ antagonism on zoospore chemotaxis, 

attachment, root infection, and swimming patterns. Zoospore swimming patterns were 
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altered, whilst chemotaxis, root attachment and zoosporangia root infection were 

constrained by inhibition of cytosolic Ca2+ fluxes with Ca2+ antagonist. LaCl3 and GdCl3 at 

concentrations ≥ 50 µM showed complete inhibition of zoospore chemotaxis, root 

attachment and zoosporangia root infection. High concentration of extracellular Ca2+ (≥18 

mM Ca(OH)2) had similar chemotactic and motility impairments effects as the Ca2+ channel 

blockers. Helical swimming patterns observed in the control were always associated with high 

speed, acceleration, longer distance, high chemotaxis, and disease intensity. The further the 

deviation from this pattern with Ca2+ antagonist treatments the slower the speed, 

acceleration, distance travelled, and the lower the chemotaxis and disease. 

In a series of field and pot trials, the effects of pre-plant Fe-EDTA, fluazinam and their 

combination treatments on pathogen inoculum load and disease reduction were studied. 

Pathogen DNA load and S. subterranea disease intensities and prevalence in tomato and 

potato were tracked over time to ascertain treatment effect. Soil treatments appeared to 

have a beneficial effect on pathogen inoculum persistence and disease, with disease 

incidence diminished to a greater extent than detectable inoculum load. For example, 

fluazinam (4.5 kg/ha) applied four times a year reduced root infection, galling, powdery scab 

intensity and prevalence by over 70% but reduced inoculum load by only 11%. Similarly, Fe-

EDTA had a positive, but marginal effect on disease control but was relatively ineffective at 

inoculum load reduction. 

This study provides key insights into the chemical ecology required for S. subterranea 

zoospore motility and chemoattraction and identifies potential novel breeding targets for 

combating Spongospora diseases. It also highlights the role of Ca2+ signalling in host:pathogen 

interactions and shows how disruption of Ca2+ signal transduction could control disease. 

Further studies into inoculum load reduction with more active and stable compounds could 

prove useful in the remediation of S. subterranea contaminated fields.   

KEYWORDS: Chemotaxis, Ca2+ signalling, motility, zoospore, root infection, root gall, 

zoosporangia, dormancy, resting spore. 
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Explanatory Note on Thesis Structure 
This thesis has been written in the form of individual manuscripts for each chapter. As a result, 

some elements of repetition between chapters may occur. Chapter 1 includes an introduction 

to the research work and the thesis aims. Chapter 2 summarises the available knowledge on 

the ecology and physiology of Spongospora subterranea infection and the research gaps. 

Chapters 3, 4, and 5 are experimental chapters. Chapter 6 is a general discussion and Chapter 

7 is the general conclusion.  
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 General Introduction 
1.1 Background 

Ten percent of global food production is lost to plant diseases annually (Christou and 

Twyman, 2004). This contributes significantly to global food insecurity, with at least 800 

million people estimated to lack adequate food supply (FAO, 2000). Food insecurity can result 

in civil strife, mass migration and even deaths (Salehyan, 2008). The Great Bengal Famine of 

1943 is a reminder of the consequence of plant disease in the modern times. The attack of 

the fungus Cochliobolus miyabeanus on rice crops in India led to crop failure, starvation, and 

an estimated death of over two million people (Padmanabhan, 1973). A century earlier, the 

arrival of the virulent strain of Phytophthora infestans into Europe in the 1840s led to 

outbreaks of potato late blight, culminating in the infamous Irish famine which led to the 

death of over a million people (Strange, 2003). 

Potato in the 21st century is a global food security crop (FAO, 2009), providing nutrition 

to over a billion people worldwide (CIP, 2020). It is the world’s third most important food crop 

for human consumption after rice and wheat (CIP, 2020). Potato is one of the most efficient 

plants converting sunlight to starch, superior to cereal crops (Agriinfo.in, 2020) with about 

two to four times the starch yield per hector of any cereal (CIP, 2020). This has added to its 

global appeal and contributed to its rapid global spread and usage particularly through Asia, 

with China and India now being the world’s greatest producers of potatoes. Potato and potato 

products have found several uses in industry. Potato starch is widely used as a food additive, 

in various pharmaceutical preparations, as well as the textile, wood, and paper industries as 

an adhesive, binder and texture agent (Kraak, 1993). Additionally, because it is fully 

biodegradable, potato starch is increasingly being used as a replacement for plastics, 
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including in the manufacturing of disposable plates, dishes, and knives (Stearns et al., 1994). 

Consequently, significant reduction in world production of potato may hamper global food 

security and the ever-increasing allied industries which utilises potato as the basic raw 

material. 

Global potato production is threatened by a number of pest and diseases. Key among 

them is Spongospora subterranea f. sp. subterranea, an obligate soil borne 

Plasmodiophorales (Karling, 1968b) which causes root membrane dysfunction, root 

hyperplasia and tuber powdery scab (Falloon et al., 2016). The taxonomic affinities of this 

pathogen have changed over time. It has variously been categorized either as a fungi (Sparrow, 

1960; Waterhouse, 1972) or a protoctist (Margulis et al., 1989, Olive, 1975), until Braselton 

(1995) and Cavalier-Smith (1998) reviewed the classifications and placed it within the phylum 

Cercozoa under the Kingdom Protozoa. Further evidence through molecular phylogenetic 

analysis was provided by Bulman (2001) to support the Cercozoan classification. Key 

characteristics includes the production of resting spores aggregated in a cluster of several 

hundreds, with a three dimensional spongy-like appearance called a sporosorus (Balendres et 

al., 2017a). The resting spores germinate releasing motile zoospores with two lateral 

insertions of flagella separated at an angle of 180o (Merz, 1992). The zoospores under moist 

conditions are able to migrate to and infect potato roots, stolons and tubers leading to disease 

(Thangavel et al., 2015). 

Lesion formation on the tuber surface is the pre-eminent symptom, characteristic of 

powdery scab. (Harrison et al., 1997). Symptom development commences as a 2 mm 

diameter pimple-like swelling on the tuber surface, usually purple to brown in colour 

(Lawrence and McKenzie, 1981). The swellings increase in size eventually rupturing the 
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periderm at maturity (Lawrence and McKenzie, 1981), resulting in the formation of shallow 

hollow contusions in the tuber skin, appropriately named as scabs (Whitehead et al., 1953). 

The damage though superficial, occasionally penetrates the underlying tissues (Whitehead et 

al., 1953). The contusions are filled with a fine powdery mass of pathogen sporosori. 

Occasionally, powdery scab may lead to the formation of cankers and cankerous tumours 

which may deform the tubers (Hims and Preece, 1975). During storage, fresh tumours can 

develop after harvest, whilst established tumours may continue to grow (Lawrence and 

McKenzie, 1981).  

Only recently recognised as a major disease of potato caused by S. subterranea, root 

membrane dysfunction and root hyperplasia (Falloon et al., 2016) begins with zoospore root 

encystment (Merz, 1997). Through the adhesorium and Rohr, the encysted zoospore 

mechanically penetrates the host epidermal cells and squirts its content into the cell (Merz, 

1997). In the epidermis, this then morphs into a plasmodium which subsequently develop 

into zoosporangia which releases multiple secondary zoospores capable of reinfection 

(Falloon et al., 2004). The formation of zoosporangia disrupts water and nutrient uptake from 

the soil which impact on growth and development of the crop (Falloon et al., 2016). Root gall 

development according to Karling (1968b) begins with plasmodium invasion of the cortex. 

The infected cortical cells through hyperplasia and hypertrophy swell laterally, followed by 

accumulation of starch granules to form the root gall. The inner most cells of the gall may 

contain plasmodium, whilst the outermost cells contain mature and immature sporosori 

(Falloon et al., 2016). It is unclear what factors in the host or pathogen induces root gall 

formation (Falloon et al., 2016)  
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1.2 Economic Importance of Spongospora subterranea Infection 

Spongospora subterranea is known to have a wide host range, spanning some 20 

families (Anderson et al, 2002). Yet potato remains the main crop with proven economic 

damage. The disease it induces is known to affect all three subsectors of potato production 

viz. table (or ware), processing, and seed (Falloon et al., 2016). For the table and processing 

subsectors, yield is a very important consideration (Frank Mulcahy, Simplot Australia, 

personal communication, 2018). Root infection interferes with root function and has been 

reported to adversely affect growth and development of growing potato (Falloon et al., 2004). 

But the direct impact of root infection on yield losses has been debated (Johnson and 

Cummings, 2015). This notwithstanding, earlier studies have revealed that severe root galling 

with eventual sporosori release can cause wilting and death in young immature plants 

(Lawrence and McKenzie, 1981), which may reduce crop stands and total yield.  

Tuber scab lesions produces one of the greatest economic impacts of the S. subterranea 

infection. It compromises tuber quality (Harrison et al., 1997), and marketability, particularly 

as washed potato for fresh market sale (Hernandez Maldonado et al., 2013). The cost to the 

table or ware subsector although substantial, is less than that imposed on the seed subsector 

on a tonne-by-tonne basis (Wale, 2000), where limited incidence of disease in seed lots often 

leads to crop rejection and failure of seed certification because of low threshold limits for 

powdery scab infected seed tubers (Prentice et al., 2007). For example, more than 2% of a 

seed lot with one or more lesions leads to failure of certification and complete rejection in 

Australia (Tegg et al., 2013). Also, the labour required for sorting and grading out disease 

tubers to meet acceptable standards, as well as the extra skin removal that may be required 

during preparation of processing potato products such as French fries compounds the cost of 



 
 

5 
 

powdery scab to the potato value chain. It is estimated that the Australian potato processing 

sector alone loses A$13.4M to powdery scab annually (Wilson, 2016). 

Spongospora subterranea is also the vector of Potato mop-top virus (PMTV), 

responsible for spraing disease in potatoes (Jones and Harrison, 1969) producing internal 

tuber necrosis and rendering tubers unmarketable. PMTV outbreaks may cause substantial 

yield decline (Hide and Lapwood, 1992). A study on the Scottish seed industry for example 

have already recorded significant yield reduction of up to 67% (Davey, 2009). To date PMTV 

has not been found in Australia. Powdery scab tuber lesions may also act as entry points for 

other opportunistic tuber-invading pathogens (Nitzan, et al., 2008), increasing susceptibility 

to secondary storage diseases (Brierley et al., 2008). 

 

1.3 Current Approaches at Controlling S. subterranea 

There remains no single effective management strategy for S. subterranea (Falloon, 

2008). Breeding for resistance of potato lines that are immune to S. subterranea is likely to 

be key in the sustainable management of S. subterranea diseases. No potato line has yet been 

identified as immune to S. subterranea infection (Falloon, 2008) although there are cultivars 

that exhibit some levels of resistance to the different phases of S. subterranea disease (Merz 

et al., 2004; Falloon et al., 2003). Initiation of S. subterranea infection begins with germination 

of resting spores to releasing zoospores, a phenomenon that is stimulated by various 

compounds in the root exudate metabolome of potato and other nonhosts plants (Balendres 

et al., 2016). Understanding the mechanisms of resting spore activation and germination may 

help to develop a germination suppression management strategy, an approach that can be 
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learnt from the control of pathogenic diseases in the food preservation industry. However, 

considering the length of resting spore dormancy, this approach could be temporary.  

Consequently, other management strategies have been explored with varied and 

limited successes. For instance, pre-planting field management with soil-applied chemicals 

e.g. pesticides and soil elements (including nutrients) for the purpose of impairing resting 

spore and zoospore viability, and their ability to infect host tissues have been shown to reduce 

the disease in the field (Falloon, 2008). However, experimental assessment has proven that 

this method does not fully control disease, particularly when pathogen inoculum population 

in the soil is very high (Falloon, 2008). Also, drenching of soil with pesticides to control the 

pathogen is expensive, and may not be environmentally acceptable. 

Biological control agents have also been explored. Recent studies have shown 

Trichoderma spp. to have the ability to reduce the activity of S. subterranea, presumably 

through reduction in sporosori viability or zoospore activity and infectivity (Neilsen and Larsen 

2004). However, the efficacy of biological control for controlling powdery scab in the field is 

yet to be proven. Conversely, crop rotation has shown limited, but demonstrable ability to 

reduce pathogen inoculum population in the field. The choice of rotation crop may influence 

rate of inoculum reduction, presumably due to differences in susceptibility levels. Longer 

rotations of at least 5 years are recommended between potato crops to avoid build-up of soil-

borne pathogen populations (Falloon, 2008)  

Chemical control of the pathogen has so far provided only partial control, primarily 

because of the numerous robust resting spores (Balendres et al., 2018). These spores are 

highly dormant and resistant to environmental stresses and can remain in the soil for long 
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periods of time (Merz and Falloon, 2009). Anecdotal evidence from New Zealand and Scotland 

have shown inoculum within pathogen infested fields can remain infective for 12 and 50 years 

respectively (Falloon, 2008). Unlike the resilient resting spores, released zoospores are very 

susceptible to environmental stresses and are short-lived (Merz, 1997). White (1954) 

reported that pre-planting paddocks with jimsonweed (Datura stramonium) several weeks 

before potato planting reduced S. subterranea soil inoculum population through the 

stimulation of zoospore release. The released zoospores readily infected jimsonweed roots 

which developed zoosporangia, but these infections rarely developed into galls with no 

sporosori produced (Qu and Christ, 2006). Arguably, the continuous germination of resting 

spores without a corresponding development of sporosori in jimsonweed eventually reduces 

the soil-borne resting spore population (Qu and Christ, 2006).  

The use of chemical stimulation for resting spore germination provides an interesting 

alternative to the use of trap crops such as jimsonweed. Application in absence of any host 

would negate infections and zoosporangia formation reducing risk of inoculum multiplication, 

and dosage rates are more easily controlled than reliance of trap crop root exudation 

processes. Balendres et al. (2017) demonstrated the potential of pre-plant zoospore release 

with Hoagland’s solution and FeEDTA to reduce S. subterranea resting spore inoculum 

population in a glass house trial. The viability of this strategy to control powdery scab in the 

field is still unproven. 
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1.4 Thesis Objectives 

This thesis focuses on deepening knowledge on the interaction of S. subterranea with 

potato root exudate metabolites including their role in zoospore chemotaxis and their 

application to induce resting spore germination for sustainable disease control. The thesis 

specifically aims to: 

1. Determine the role of individual potato root exudate metabolites in chemotaxis 

attraction and/or repulsion of S. subterranea zoospores (Chapter 3). 

2. Examine the effect of extracellular Ca2+ concentration, and various Ca2+ antagonists 

on S. subterranea zoospore swimming patterns, chemotaxis, root attachment and root 

infection (Chapter 4). 

3. Explore inoculum management for disease control through the integration and 

evaluation of fungicide treatment with pre-plant combination treatment of spore 

germination stimulation and fallowing (Chapter 5). 

The knowledge gained from this study will provide metabolic targets for breeding that may 

interfere with the chemoattraction of zoospores to host roots. It will also facilitate the 

development of an effective disease control strategy through chemotaxis manipulation and 

inoculum management.  

 

1.5 Thesis Overview 

The thesis is composed of six chapters, with chapter 1 being the introductory chapter. 

This chapter provides a brief background as to the need for this study whilst setting up the 

objectives and scope of the thesis. Chapter 2 provides a comprehensive literature review by 



 
 

9 
 

situating the challenges associated with Spongospora subterranea control with that of the 

broader class, Phytomyxea. Through a comparative analysis of life stages vulnerabilities 

within this class and other species with analogous structures, together with knowledge of 

prevailing control strategies which exploit these weaknesses, this chapter discussed 

thoroughly and advanced potential control strategies for S. subterranea. In Chapter 3 the role 

of individual potato root exudate metabolites in S. subterranea zoospore chemotaxis was 

determined. The root exudate metabolome was shown to include both zoospore attractants 

and inhibitors. Zoospore motility and chemotaxis was found to be constrained by solution pH 

outside the range 5.3 – 8.5. This chapter also highlights the potential of Sorenson’s phosphate 

buffer constituents to control S. subterranea diseases.  

Chapter 4 determines the role of Ca2+ signalling on zoospore chemotaxis. It 

demonstrated that manipulation of Ca2+ fluxes could be a target for controlling S. subterranea 

infection and disease in potato. By combining video microscopy with a histopathological assay, 

the study correlated both qualitative and quantitative swimming behaviours with chemotaxis 

and root infection which presents a new approach to studying Phytomyxea species with wider 

application in environmental ecology. In chapter 5 the impact of resting spore germination 

treatments on reducing S. subterranea inoculum load in the soil and diseases were assessed 

in several pot, small plot, and field trials. It discussed the temporal patterns of inoculum load 

decline whilst highlighting the importance of unharvested (volunteer) potatoes on soil 

inoculum load management. Chapter 6 discussed the results and observations of studies in 

this thesis, drawing together conclusions and making recommendations for improved S. 

subterranea disease control.  
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The thesis has been written using the paper-based format. Individual chapters have or 

will be submitted to various journals for publication in due course.  
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 Moments of weaknesses – exploiting vulnerabilities 
between germination to encystment in Phytomyxea 

2.1 Abstract 

Attempts at management of diseases caused by protozoan plant parasitic Phytomyxea 

have often been ineffective. The dormant life stage is characterised by long-lived highly robust 

resting spores that are largely impervious to chemical treatment and environmental stress. 

This review explores some life stage weaknesses and highlights possible control measures 

associated with resting spore germination and zoospore taxis. With phytomyxid pathogens of 

agricultural importance, zoospore release from resting spores is stimulated by plant root 

exudate. On germination, the zoospores are attracted to host roots by chemoattractant 

components of root exudate. Both the relatively metabolically inactive resting spore and 

motile zoospore need to sense the chemical environment to determine the suitability of these 

germination stimulants or attractants respectively before they can initiate an appropriate 

response. Blocking the stimulants sensing could inhibit resting spore germination or zoospore 

taxis. Conversely, the short life span and the vulnerability of zoospores to the environment 

require them to infect their host within a few hours after release. Identifying a mechanism or 

condition that could synchronize resting spore germination in the absence of host plants 

could lead to diminished pathogen populations in the field.   

 

Key Words: Resting Spore, Germination, Inhibition, Zoospore, Chemotaxis, Calcium signalling, 

Encystment.  
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2.2  Introduction  

The Phytomyxea are protozoan plant parasitic organisms present in terrestrial and 

marine environments that share similar life cycles (Fig. 2.1) (Bulman and Braselton, 2014). The 

Phytomyxea are subcategorised into two orders, Plasmodiophorida, which are endoparasites 

of terrestrial plants and oomycetes, and Phagomyxida, parasites of marine algae, seagrasses, 

and diatoms (Neuhauser et al., 2014). Members of the Plasmodiophorida are predominately 

soil-dwelling plant pathogens that are responsible for some crop diseases of economic 

significance globally (Neuhauser, Kirchmair M., and Gleason., 2011a; 2011b; Hwang et al., 

2012; Merz and Falloon, 2009; Schwelm, Dixelius and Ludwig-Muller, 2016). The best known 

and most studied Plasmodiophorid diseases are clubroot of brassica crops and powdery scab 

of potato (Braselton, 1995; O’Brien and Milroy, 2017). Clubroot is caused by root infections 

with Plasmodiophora brassicae and is responsible for an estimated 10-15% yield losses in 

vegetable brassicas and canola crops globally (Dixon, 2009; Neuhauser et al., 2011b; McGrann 

et al., 2016). Powdery scab and associated root disease of potato are due to infections of 

roots (Fig. 2.1A), and tubers with Spongospora subterranea f. sp subterranea and are again 

common wherever potatoes are grown resulting in both cosmetic tuber damage and yield 

loss (Falloon et al., 2016; Balendres, Tegg and Wilson., 2016a; Nolte et al., 2020). In the 

Australian processing potato sector alone, there are estimates of annual losses of A$13.4M 

(Wilson, 2016). The related species Hillenburgia nasturtii, formerly Spongospora subterranea 

f. sp nasturtii, is an aquatic pathogen of watercress (Claxton et al., 1998; Sheridan et al., 2001; 

Balendres et al., 2016a; Vicente et al., 2017). Other Plasmodiophorid pathogens include 

Ligniera junci which infects corn, ryegrass, and autumn millet (Grau and Leonard, 1978) and 

Sorosphaerula viticola a pathogen of grapevine (Neuhauser, Huber, and Kirchmair, 2009). The 
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economic impact of these pathogens is unclear but empirical evidence suggests significant 

growth impairment in S. viticola infected grapevine (Neuhauser et al., 2009) and wilting of L. 

junci infected ryegrass (Grau and Leonard, 1978). Several plasmodiophorids are also known 

as vectors of important plant viruses (Cox, Luo, and Jones, 2014; Wilson, 2014). Polymyxa 

graminis can vector Barley yellow mosaic virus (BaYMV), Soil-borne wheat mosaic virus and 

Peanut clump virus, with BaYMV responsible for up to 20% yield losses in infected winter 

barley (Rolland et al., 2017), P. betae can transmit Beet necrotic yellow vein virus, an 

important yield debilitating disease of sugar beet (Sarwar et al., 2020), and S. subterranea f. 

sp. subterranea transmits Potato mop-top virus, that can impact potato yield and tuber 

quality (Sandgren et al., 2002; Domfeh and Gudmestad, 2016).  

The incidence and severity of several Plasmodiophorid induced or vectored diseases has 

increased over the past several decades, of note are clubroot (Howard et al., 2010) and 

powdery scab (Falloon, 2008). Among the factors that have been cited as responsible for this 

rise, is the increased use of supplemental irrigation (Harrison, Searle, and Williams,1997; 

Dobson, Gabrielson, and Baker, 1982). This provides situations adaptable to the lives of 

zoospores, the aquatic phase of phytomyxid life cycle (Fig. 2.1B and F) (Neuhauser et al. 

2011a). Reproduction and dispersal of the Plasmodiophorids responsible for soil-borne 

diseases are facilitated by moist soil conditions (Hwang et al., 2014). Movement of 

contaminated soils and infected planting materials enables more distant dispersal of the 

pathogens (Donald and Porter, 2009; Tegg, Corkrey and Wilson, 2014; Tegg et al., 2016). As 

the interactions with their host plants occur below ground producing subterranean symptoms, 

initial infections escape detection till later in the cropping cycle by which time established 
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polycyclic infections (Thangavel, Tegg, and Wilson, 2015) facilitate a rapid build-up of 

inoculum, making control difficult.  

 

Fig. 2.1. Schematic presentation of the generalised phytomyxean life cycle. (A) An aggregated 
resting spore (B) Released primary zoospore (C) Zoospore attachment and encystment onto 
susceptible host root (D) Root infection with primary plasmodium formation in host root cell 
(E) Zoosporangia formed after plasmodium undergoing multiple cell divisions (F) Releases 
secondary zoospore from matured zoosporangium (G) Zoospore attachment and encystment 
on host root (H) Secondary zoosporangia formed.   

 

Measures to prevent infection and disease are inefficient and have often not led to 

complete disease control (Falloon, 2008; Dixon, 2009). These have often been attributed to 

their abilities to mass produce highly resistant dormant resting spores which can persist in 

the soil and remain viable for several decades (Wallenhammar, 1996, Niwa et al., 2007, Merz 

and Falloon, 2009; Balendres et al., 2017a). The persistence of the resting spores makes it 

extremely difficult to manage soil inocula, rendering crop rotation strategies largely 

ineffective. Furthermore, as these pathogens often have broad host ranges the presence of 

alternative hosts increases their reproductive potential and persistence, further hindering 
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inoculum management (Sparrow and Wilson, 2012). Also, possibly impeding the development 

of adequate control strategies is the failure to fully decipher the complete life cycle of most 

Phytomyxea species due to their obligate biotrophic lifestyle. For example, Harrison et al. 

(1997) reported that there is no consensus on the life cycle (Fig. 2.1) of S. subterranea with 

some of the stages in the putative life cycle deduced from that of Plasmodiophora brassicae. 

Neuhauser et al. (2011b) shared a similar opinion when reviewing the life cycle of parasitic 

phytomyxids of true aquatic organisms. Clarity of pathogen lifecycles and how they interact 

with their host may reveal further disease intervention opportunities. 

Current control strategies for the management of Phytomyxea diseases are wide and 

varied ranging from quarantine, biological and chemical control to cultural practices. These 

strategies have been extensively reviewed by Harrison et al. (1997), Falloon (2008), and Merz 

and Falloon (2009). Many of these strategies are targeted at the resting spore stage of the 

pathogen life cycle (Falloon, 2008). However, the phytomyxid resting spores are highly robust 

and resistant to most environmental stresses including chemical, physical, heat and water 

stresses (Setlow, 2006, 2007; Setlow and Johnson, 2007; Patrignani and Lanciotti, 2016; Zhang 

et al., 2018). It is therefore not surprising that many control measures targeted at the resting 

spore stage for Phytomyxea species have limited effect. The practice of liming of acidic or 

neutral soils (Colhoun, 1958) to suppress P. brassicae spore germination (Niwa et al. 2008) in 

clubroot control is an example of such treatment. Results from this method have been mixed, 

whereas many scientific reports have highlighted its efficacy (Karling, 1942, Colhoun, 1958; 

Dobson et al., 1983), a few have shown liming to have no effect on clubroot control (Myers 

Campbell, and Greathead, 1981; Donald and Porter, 2009). Reviewing the effect of liming on 

powdery scab control however, Harrison et al. (1997) recounted almost equal numbers of 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B81
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B82
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B84
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B70
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B108
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B108
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scientific reports claiming the efficacy of liming as against those reporting enhanced powdery 

scab severity with liming, whilst a few reported no effect. Lime, besides the capacity to 

increase soil pH, also promotes soil particle aggregation for improved drainage (Harrison et 

al., 1997). Some researchers have attributed the ability of lime treatment to control 

Phytomyxea diseases to a suppressive effect of alkaline pH on resting spore germination 

(Niwa et al., 2008), others have attributed it to liming-linked soil drainage improvement effect 

(Philipp, 1932). This lack of consensus on the mechanism of the disease suppression effect of 

lime, coupled with the different soil type responses to liming materials (Donald and Porter, 

2009; Myers and Campbell, 1985) impedes the most effective use of lime for Phytomyxea 

disease control. Chemical control with fluazinam has been reported to reduce clubroot and 

powdery scab severity by 54 – 90% (Falloon, 2008; Peng et al., 2011). But considered 

moderately persistent in the environment (Hakala et al., 2014), fluazinam is highly toxic to 

bacteria (Niemi et al., 2008), fish, algae and aquatic invertebrates (Hakala et al., 2014), thus, 

fluazinam remains unregistered for disease control in some countries, example Australia 

(Stagnitti, 2015).  

Research exploiting more vulnerable pathogen life cycle stages is less common. Dixon 

(2009) quotes in relation to P. brassicae “The short period between germination and 

penetration is one of greatest vulnerabilities…”. Targeting the relatively labile zoospores 

present at this stage may offer a greater opportunity for management of Phytomyxea 

diseases. This review seeks to evaluate current knowledge on the phytomyxean propagules, 

their dormancy, inhibition, or stimulation of resting spore germination into environmentally 

susceptible zoospores, chemotaxis, and how these could be integrated with techniques of 

“blinding” dormant spores or zoospores to environmental cues required for signaling 
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germination or motility. These together with other traditional pathogen control strategies will 

be explored to advance a more enduring control strategy for Phytomyxea infection and 

disease. 

 

2.3  Resting spore organization: a trend in phytomyxea evolution? 

Resting spores dominate the life cycle of most species of Phytomyxea. Although this has 

long been known in plasmodiophorids, it is only recently that evidence has been presented 

for the existence of resting spores in phagomyxids (Goecke, et al., 2012). The level of resting 

spore organization varies along a range of complexities, from discrete to complexly 

aggregated spores. Resting spore organisation is discrete in both known sporogenic 

phagomyxid species, Maullinia braseltonii (Murúa et al., 2017) and Plasmodiophora 

diplantherae (Neuhauser et al., 2014). Whereas this level of spore organisation may not be 

representative of the entire group, evidence of sporogenesis in other species have been 

lacking despite various attempts at identifying them (Parodi et al., 2010; Goecke et al., 2012). 

With evidence of spore wall development towards terrestrialization of species (Wellman, 

2004) it is unclear the need for the evolution of sporogenesis in these exclusively marine 

species. Discrete resting spore organisation also occurs in a few plasmodiophorids including 

P. brassicae (Ward and Adams, 2010). In most other genera resting spores are found as 

aggregates known as sporosori in groups as seen in Tetramyxa and Octmyxa, in different 

layers as in Sorodiscus and Membranosorus, in nonspecific clusters as with Polymyxa, Ligniera 

and Woronina, as hollow spheres with Sorospheara and as spongy masses with Spongospora 

(Ward and Adams, 2010). The Spongospora sporosori is the most complex level of 
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organization known. Resting spore or sporosori structure has been a major criterion for 

classification in Plasmodiophorida (Bulman and Braselton, 2014), but this concept has been 

challenged since the Phytomyxea rDNA-based phylogenetic studies by Neuhauser et al. 

(2014). Host shifts have been suggested to underline speciation of phytomyxids, with 

phagomyxid parasites of marine stramenopiles being the progenitors of both phagomaxid 

parasites of marine angiosperms, and members of Plasmodiophorida (Neuhauser et al., 2014). 

This rDNA-based phylogenetic study reveals an evolutionary trend from aquatic Phytomyxea 

forms to terrestrial forms. Resting spores occur singly in the progenitor marine forms, whilst 

there exist diverse levels of complexities in the terrestrial forms.  

 

2.4 Phytomyxea resting spore: the relationship between morphology and 

dormancy 

Structurally, the shape of resting spores differs among polymyxids, from irregular shape 

in M. braseltonii (Murúa et al., 2017), spherical in P. brassicae (Heo et al., 2009) to circular – 

polygonal shape in S. subterranea (Vakalounakis, Doulis and Lamprou, 2014). Cell walls of 

spores of all known Phytomyxea species have been reported to be multi-layered, with some 

variations in the number of layers. Thickening of the resting spore cell wall by multi-layering 

of wall material could be an adaptation for dormancy. This agrees with the assertion of 

Feofilova et al. (2012) that dormancy is achieved by metabolic and/or morphological changes 

in the organism. Nonetheless, there remain no definitive identity of factors that control 

dormancy in resting spores of any Phytomyxae species (Harrison et al., 1997). Careful analysis 
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of the complexities of cell wall structure and the nature of dormancy could lend credence to 

the role of cell wall in dormancy intensity and duration. 

In M. braseltonii there are three layers (Murúa et al., 2017), five in P. brassicae (Buczacki 

and Moxham, 1983), whilst that of S. subterranea is a much more complicated structure 

comprising of a five-layer envelope which encases the cytoplasm, a periplasmic space and a 

three layer outer wall (Lahert and Kavanagh, 1985). The content and function of periplasm in 

S. subterranea is unknown, but content in other organisms has been found to have 

environmental sensing functions (Miller and Salama, 2018). Though a bit presumptive at this 

stage, it is probable that periplasm could work in tandem with the multi-layer cell wall of the 

resting spore for dormancy regulation. However, further studies are required to empirically 

establish the regulatory role of periplasm in establishing long dormancy, of up to five decades, 

exhibited by S. subterranea (Falloon, 2008) in comparison with the two-decade maximum 

exhibited by P. brassicae (Parry, 1990).  

In a bait plant bioassay, Balendres, Tegg and Wilson (2017b) showed that resting spores 

of S. subterranea exhibit stimuli-responsive dormancy by germinating under stimulatory 

conditions. However, within the resting spore population, germination stimulation could not 

fully exhaust the germination potential of all resting spores even after a period of over two 

years (Balendres et al., 2017b), providing evidence for constitutive dormancy within the 

resting spore population. The aggregation of resting spores into sporosori, albeit permeated 

with a network of internal channels (Falloon et al., 2011) could prevent or limit the exposure 

of deep-seated resting spores to germination-inducing conditions and may contribute to the 

delayed germination in some spores. This confirms earlier observations reported by Harrison 

et al. (1997) that germination of resting spores in a single sporosorus may be staggered in a 
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coordinated manner to ensure long term survival and increase the chances of infection 

occurring. This phenomenon requires a mechanism to prevent germination of some resting 

spores in the presence of conditions that would otherwise stimulate germination. Cochrane 

(1974) asserts that generally constitutive dormancy could be initiated by development of 

physical barriers to inhibit penetration of nutrients, metabolic blocks, or self-inhibitors.  

However, the actual cause for constitutive dormancy in S. subterranea is open to speculation 

but unlocking this mechanism may prove very useful in the pathogen management strategy, 

“Germination to Exterminate” model, espoused by Balendres et al. (2017a).  The importance 

of this model is to shift the growth phase of the pathogen from the robust resting spore phase 

which is highly resistant to environmental stress to the euglenoid (zoospore) phase which is 

the weakest link in the life cycle of the pathogen through resting spore germination. 

 

2.5 Targeting vulnerabilities in sporogenic phase for disease control 

2.5.1 Resting spore activation and germination 

There have been few studies on the development of zoospores within phytomyxid resting 

spores and their subsequent release despite the importance of these events to disease. The 

stimulatory effect of root exudates of susceptible hosts on germination of resting spores has 

long been known (Kole, 1954; Balendres et al., 2016b), yet the mechanism for this stimulation 

on the transition from resting spore configuration into zoospore is still poorly understood. 

Merz (1997) studied the effect of root exudate excitation of resting spores of S. subterranea 

prior to and during zoospore release but found no effect on cytoplasmic content typical of 

zoospore formation, neither was there any effect on exit pore development in the resting 

spores. Zoospore development may have occurred quickly as most zoospores were released 
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within five hours of baiting, and with developing zoospores observed only once in different 

sporosori, it was difficult to establish a clear pattern in zoospore development (Merz, 1997). 

But the study concluded that exit pore development was associated with a ring-like thickening 

of the inner most wall irrespective of whether the resting spore was baited or not. 

To date P. brassicae, remains the only phytomyxid species for which studies on 

differentiation of resting spores into primary zoospores have yielded credible results. Tanaka, 

Ito, and Kameya-Iwaki (2001) observed that primary zoospore differentiation commenced 

with formation of two flagella within the resting spore along with condensation of the 

mitochondria and maturation of the endoplasmic reticulum. Subsequent invagination of the 

cell membrane occurs which forces the flagella into a parallel arrangement along a deep 

groove. Further development leads to cytoplasmic condensation which results in formation 

of a periplasmic space and subsequent maturation of the zoospore. Germination stimulation 

causes the disintegration of the refractile globules, followed by the emergence of papilla from 

the resting spore wall (MacFarlane, 1970). Next was the enlargement of the papilla into a 

delicate and transparent vesicle, followed by the contraction of the protoplast from the spore 

wall opposite the exit pore and the emerging spore content from the spore coat and the 

subsequent release of the primary zoospore (MacFarlane, 1970).  

The rate of release of zoospores in S. subterranea from root exudate-stimulated resting 

spores increased over time (Merz, 1997). A similar observation was made in P. brassicae 

where zoospore release occurred more readily in decaying galls (MacFarlane, 1970). The 

length of time may allow for increased weakening of the cell walls of more resting spores, the 

leaching of dormancy inducing compounds, and/or the maturation of more zoospores during 

baiting. Balendres et al. (2016b) identified a range of amino acids, organic acids, sugars, and 
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other low molecular weight organic compounds that stimulate germination of S. subterranea 

resting spores with tyramine and glutamine proving to be the best stimulants. In another 

study, Ohi, Kiamura, and Hata. (2003) identified caffeic acid, coumalic acid and corilagin as 

germination stimulants of P. brassicae. Questions of how germination stimulants penetrate 

the multilayered Phytomyxea resting spore cell wall, and what happens during the often 

variable and long lag periods between spore exposure to stimulants and zoospore release 

remain unanswered. But knowledge gained from studies on spore activation in bacteria may 

provide useful insight into the mechanisms behind germination activation in Phytomyxea 

resting spores. According to Setlow (2014) spore-specific proteins mostly in or associated with 

the inner membrane are required for the entire activation process. These include stimulant 

receptors, channel proteins (which are inner membrane proteins) and transporters (which 

are outer membrane antiporters), as well as cortex-lytic enzymes (Setlow, 2013, 2014; 

Paredes-Sabja, Setlow, and Sarker, 2009). 

Spore germination in Bacillus spp. like most sporogenic organisms is activated by various 

organic compounds including amino acids, sugars and purine nucleosides (van der Voort et 

al., 2010; Baier et al., 2011; Sevenich and Mathys, 2018). The spore coat restricts access of 

molecules of 2 to 8 kDa in size to the inner spore core (Driks, 1999) where germination 

receptors are located. Yet molecules of these sizes are often found transversing the spore 

coat by mechanisms that remain unclear. A body of evidence points to GerP proteins as the 

transporters of nutrients and small molecules across the outer layer of Bacillus spp. (Setlow 

2014; Carr, Janes, and Hanna., 2010; Butzin, 2012). In Plasmopara viticola however, Ca2+ 

signalling acting as second messenger transduce environmental signals across the multilayer 

oospore cell wall to stimulate germination (Vercesi et al., 2010). A similar phenomenon occurs 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B3
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6328458/#B87
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in Penicillium italicum (Lee, Koo, and Park, 2016). On crossing the outermost layer, the 

stimulants interact with receptors located in the inner membrane (Setlow, 2014; Moir, 2006). 

This activity is highly specific (Alvarez and Abel-Santos, 2007). These interactions change the 

permeability of the inner membrane and trigger the release of monovalent cations including 

H+, K+, and Na+ followed by efflux of huge deposits of calcium dipicolinic acid (Ca2+-DPA) from 

the spore core (Setlow, 2013; Swerdlow et al., 1981). The efflux of Ca2+-DPA activates the 

cortex-lytic enzymes to degrade the peptidoglycan cortex layer, allowing an influx of water 

into the spore core to about 80% of wet weight (Setlow 2014). Hydration of Rhizopus delemar 

spores via aquaporins were also found essential to their germination (Turgeman et al., 2016). 

This allows for resumption of metabolic activity in the spore core, followed by macromolecule 

synthesis and the eventual germination of the spore (Setlow, 2014). Interfering with 

germinant recognition may inhibit germination of the spore. 

The exact mechanism of Ca2+ signal regulation of oospore germination in P. viticola has 

not been elucidated, although role of high extracellular Ca2+ concentration, and channel 

antagonism in constraining oospore germination is known (Vercesi et al., 2010). But the 

mechanism of Ca2+ signalling in other analogous processes may provide a clue. Generally, 

germination stimulants on reaching the plasma membrane of a dormant spore, trigger the 

release of intracellular-stored Ca2+, which cascades a series of reactions (Berridge, Bootman 

and Roderick, 2003) that results in spore germination.  

2.5.2 Can resting spore germination inhibition lead to effective disease control?  

Prevention of spore germination has long been known and utilised as an effective means 

for controlling and preventing the spread of pathogenic diseases (Setlow, 2014), particularly 
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in food preservation industries. Several compounds that prevent germination of food-borne 

pathogens including Bacillus megaterium (Foster and Johnstone, 1986), Clostridium 

botulinum (Rowley and Feeherry, 1970) and C. perfringens (Sanchez-Plata et al., 2005) have 

been studied in detail. But there is very little information on germination prevention in 

Phytomyxea species. Whole Lysobacter broth culture was found to arrest germination of P. 

brassicae resting spores (Fu et al., 2018). Flusulfamide also inhibits P. brassicae spore 

germination, however the spores remained viable (Tanaka et al., 1999), indicating the 

compound is not biocidal but rather biostatic to the pathogen. Glucosinolates from brassica 

plants, prevents the germination of oospores of Phytophthora irregulare (Manici et al., 2000) 

and P. capsici (Lacasa et al., 2015). Various Ca2+ antagonist treatments also prevent P. viticola 

oospore germination to confirm the role Ca2+ signalling in germination activation (Vercesi et 

al., 2010) This has also been shown in P. sojae (Xu and Morris, 1998), and fungal spore 

germination (Liu et al., 2016). Compounds such as alkyl alcohols, ion-channel blockers 

(Mitchell, Skomurski, and Vary, 1986), protease inhibitors (Boschwitz et al., 1983) and 

sulphyldryl reagents (Foster and Johnstone, 1986) have been observed to have antigerminant 

effects on B. subtilis, B. cereus and B. megaterium spores. Mechanistically, some of these 

compounds may act by blocking interaction of germination stimulants with their receptors, 

the transmission of stimulant-receptor generated signals or inhibit some factors required for 

dipicolinic acid release (Cortezzo, Setlow, and Setlow., 2004). Other compounds like cadmium 

acetate, N-ethylmaleimide and HgCl2 have been suggested to target essential sulphydryl 

groups of proteins involved in the early steps of spore germination (Morris, Walsh, and 

Hansen, 1984). 
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Other studies have found some compounds such as NaCl to have detrimental effect on B. 

subtilis spore germination (Fleming and Ordal, 1964; Nagler et al., 2014; Nagler and Moeller, 

2015). High salinity delays germination initiation and reduces synchronized germination, as 

well as its overall efficiency (Nagler et al., 2014). Spore germination in B. megaterium is 

eliminated when the cortex-lytic enzyme, Cwlj activated during Ca2+-DPA efflux (Paidhungat 

and Setlow, 2002), is silenced (Setlow et al., 2009). This may be an effective tool to prevent 

spore germination and control the population of B. megaterium. Similarly, alcohol is reported 

to inhibit germination of Clostridioides spp. spores through the inactivation of the normal lytic 

germination enzyme (Shen, 2020; Craven and Blankenship, 1985), responsible for the 

hydration of the spore core (Giebel et al., 2009). 

Hydration of the spore core, a prerequisite for spore activation and germination requires 

water and cation transporters across the cell membrane. Targeting such channels with ion-

channel blockers could prevent spore hydration and germination (de la Rosa et al., 2000). This 

has been demonstrated in R. delemar spore germination inhibition with the aquaporin 

blocker, HgCl2 (Turgeman et al., 2016). Additionally, the binding of ion-channel blockers to 

stimulant receptors or the spore inner membrane may inhibit some transport function of the 

receptors (Paidhungat and Setlow, 2000) and limit spore hydration. For example, Clostridium 

spore germination is inhibited by unsaturated long-chain fatty acids by presumably becoming 

incorporated into the spore (Seward, Deibel, and Lindsey, 1982). The authors explained 

further that the incorporated fatty acid can either cause steric disorganization of the channel 

or alter proton gradient to disrupt substrate transport. Consequently, the identification of 

channels and transporters on the outer coat of Phytomyxea species as well as their blockers 

may prove useful in developing a control strategy for preventing zoospore release and 
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managing Phytomyxea diseases (Fig. 2.2B). This strategy however useful could be temporary 

considering the spores are not killed, rather their dormancy is extended, and they could still 

release zoospores later.  

 

Fig. 2.2. Schematic illustration of Phytomyxea root infection (A) initiation by host plant root 
exudate activation of resting spores release of zoospores and then chemotactically attracting 
the zoospores to the roots (B) control with the application of resting spore germination 
inhibitors like flusulfamide to block the stimulant receptors on the surface of the resting 
spores to constrain zoospore release and root infection (C) control with the application of 
compounds to constrain zoospore movement or host location aimed at confusing the homing 
response of zoospores to host root.  HP represents the host plant, RS is the resting spores and 
ZS, zoospores.  

 

2.6 Targeting vulnerabilities in sporangial phase for disease control 

2.6.1  Zoospore biology and ecology 

Zoospores are the main infective entities of Phytomyxea species. On release from resting 

spores, they actively swim in search of suitable host tissue whereupon they encyst and infect 
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the host with a specialised extrusome, the Stachel and Rohr (Aist and Williams, 1971; Claxton 

et al., 1996; Merz, 1997; Rolfe et al., 2016). Following invasion, the pathogen develops into a 

zoosporagium. Each cell of the zoosporangium contains a single nucleus that undergoes a 

series of divisions and maturation to form a uninucleate secondary zoospore (Clay and Walsh, 

1990), which will be discharged through the exit pores that develop in the wall of the 

zoosporangium (Lahert and Kavanagh, 1985). The secondary zoospores are morphologically 

indistinguishable from primary zoospores but may be slightly larger (Tamada and Asher, 2016). 

Together they may re-infect plant tissues in a polycyclic manner as seen in S. subterranea 

(Balendres et al., 2018). Conversely, in P. brassicae infection is monocyclic (Howard, Strelkov, 

and Harding, 2010), the reason for this pattern of infection is however unclear. But 

differences in host root architecture or spore maturation requirement may account for the 

monocyclic pattern of infection in P. brassicae instead of the polycyclic pattern observed in 

the closely related S. subterranea. Consequently, inoculum build-up in the soil though quick, 

is much slower (Howard et al., 2010) compared to species with polycyclic infection which 

builds-up inoculum exponentially. 

Zoospores of Phytomyxea species share a lot of morphological characteristics. Zoospores 

are biflagellated (Ledingham, 1934), with whiplash flagella (Ellison, 1945, Neuhauser et al., 

2011b) of unequal lengths (Webster, 1980; Merz, 1992). The flagella are often either 

oppositely attached as in S. subterranea (Merz, 1997) or anteriorly attached as in P. brassicae 

(Karpov et al., 2019). But recently, Parodi et al. (2010) discovered parallel orientated flagella 

in Maullinia ectocarpii. In spite of the differences in orientation of flagella, the long flagellum 

progressively tapers to an end, whereas there is an abrupt transition from thick to thin in the 

short flagellum (Merz, 1997, Neuhauser et al., 2011a).  
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The primary zoospores of most Phytomyxea species range from 2.5–4.5 µm in size 

(Neuhauser et al., 2011b). The size of S. subterranea zoospores (3–4 µm diameter) has been 

used as a basis for distinguishing them from other heterokont zoospore contaminants in 

environmental samples. Swimming characteristics have also been used for S. subterranea as 

a means of identification (Merz, 1992) although swimming patterns are less well 

characterised for other phytomyxids. In some Oomycetes, a combination of zoospore 

morphology and swimming characteristics facilitate their identification (Campbell and Sim, 

1994). Consequently, knowledge of morphological characteristics of other phytomyxids could 

be useful in delimiting them from other unicellular zoospores and even related species.  

Zoospore motility relies on presence of free water either in aquatic systems or as soil 

moisture. The duration of a zoospore exploratory swim is dependent on temperature. 

Harrison et al. (1997) reports that at 15 oC primary S. subterranea zoospores could remain 

motile for 48 hours. This contradicts earlier held view that short lived zoospores need to 

locate their host within 5 hours of release or perish soon after (Karling, 1968; Merz, 1997). 

Obviously, this contradiction calls for a further in-depth study on the life expectancy of 

released zoospores. Nevertheless, the short lifespan of zoospores represents a considerable 

weakness which could be integrated with cultural practices like fallowing or non-host rotation 

(Balendres et al., 2017a). 

Lower temperatures have been known to favour powdery scab development (Brierley et 

al., 2009), with a peak in disease incidence at temperatures of 12 – 16 oC (Carnegie Davey, 

and Saddler, 2010). For clubroot, no symptoms are observable at 12 oC and rather soil 

temperatures of 18 - 24 oC were optimal for symptom development (Wellman, 1930). Others 

found no clubroot symptoms at 10oC, but optimum infection and zoospore release between 



 
 

29 
 

15 – 25 oC (Sharma, Gossen, and McDonald., 2011). Similarly, for P. betae, disease symptom 

expression is optimal at 25 oC (Pferdmenges, 2007). There is, however, limited data assessing 

the impact of temperature on zoospore release, zoospore swimming capacity and survival. At 

0oC infection capacity of S. subterranea zoospores diminishes although their motility is 

unaffected (Harrison et al., 1997), at these low temperatures, ≤ 0 to 5oC, zoospore release is 

constrained (Arnold et al., 1995). Thus, it is safe to assume that zoospore numbers is more 

critical to infection than zoospore motility. This assumption appears to be confirmed by the 

synchrony of optimum zoospore release and disease at the same temperature (Sharma et al., 

2011). Growing crops during the cool winter months when soil temperatures do not favour 

resting spore germination will therefore be useful in alleviating Phytomyxea symptoms.  

 

2.6.2 Chemotaxis of Phytomyxea zoospores 

Zoospores of several organisms move in response to external stimuli including chemical 

gradients, water current, gravity, and electrical fields (Savory et al. 2014; Bassani et al., 2020). 

Among these responses, the directed movement in response to chemical gradients 

(chemotaxis) is the one commonly used by zoospores to locate plant roots (Rai and Strobel, 

1966: Zentmyer, 1960). But very little is known about chemotaxis in phytomyxids beyond the 

attraction of H.nasturtii, and P. betae zoospores to root exudates of their host species (Down, 

2000; Barr, Asher, and Lewis, 1995). Root exudate compounds that have been shown to affect 

zoospore chemotaxis include amino acids, sugars, and other organic compounds (Zhang et al., 

2019; Balendres et al., 2016b). For example, zoospores of H. nasturtii are attracted to aspartic, 

acid, alanine, methionine, glutamine, and proline (Down, 2000). Khew and Zentmyer (1973) 
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also showed the attraction of zoospores of several Phytophthora species to ethanol, a variety 

of sugars, and several amino acids, while Suo et al. (2016) observed the attraction of P. sojae 

zoospores to several amino acids and organic sugars.   

The host range of some zoosporic pathogens may be influenced by the chemical 

components of host plant root exudates (Hosseini et al., 2014). For example, the zoospores 

of Aphanomyces euteiches and A. cochlioides although phylogenetically closely related, are 

known to infect different plant species, with A. euteiches attracted by prunetin (4′, 5-

dihydroxy-7-methoxy-isoflavone) exuded by pea roots and A. cochlioides attracted by 

cochliophilin A (5-hydroxy-6, 7-(methylenedioxy) flavone) secreted by its spinach host 

(Sekizaki and Yokosawa, 1988; Horio et al., 1992). Many other species have less specific 

chemical attractants, P. sojae for example is attracted by many amino acids and sugars (Suo 

et al., 2016). This may underpin the ability of some pathogens to have a broad host range.  

The chemical attraction of S. subterranea, and P. brassicae zoospores by host plant root 

exudates has long been speculated (Harrison et al., 1997; Dixon, 2009). To the best of our 

knowledge this is yet to be demonstrated for many phytomyxid species, except H. nasturtii, 

for which zinc and cobalt were found to constrain chemotaxis (Down, 2000). Similarly, P. 

graminis zoospores are immobilized by exposure to zinc ions (Adams and Swaby, 1988). 

Rhamnolipids also ceases Phytophthora spp motility (Soltani Dashtbozorg, Miao, and Ju, 2016; 

Miao et. al., 2016). Knowledge of the chemicals responsible for initiating or inhibiting 

chemotaxis may help in devising novel disease management strategies towards blocking or 

minimising zoospore attraction though breeding approaches, metabolite degradation by 

rhizosphere microbes, or chemical interventions (Fig. 2.2C). 
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Zoospore motility and chemotaxis in oomycetes as in all cellular organisms are controlled 

by calcium (Ca2+) signalling (Zheng and Mackrill, 2016). Calcium signalling is an essential part 

of cellular communication that governs activities and coordinates actions required for 

perception and appropriate environmental responses. The involvement of calcium in signal 

transduction may be through ion channel activation or acting as a second messenger in an 

indirect signal transduction pathway such as via G protein-coupled receptors (Clapham, 2007). 

Among other factors, Ca2+ functions in this role because cells can rapidly change their 

cytoplasmic Ca2+ concentrations through a concerted action of pumps, channels, and 

exchangers (Clapham, 2007). Through the interaction with diverse effector proteins, Ca2+ 

mediates biological responses through changes in concentration (Zheng and Mackrill, 2016). 

In the Oomycota, the regulation of many biological processes by cytoplasmic Ca2+ has 

been demonstrated (Zheng and Mackrill, 2016). Chemotactic response of P. sojae to the 

soybean isoflavone, daidzein (Hua et al., 2008) occurs simultaneously with Ca2+ influx that 

increases the loading of intracellular Ca2+ stores (Connolly et al., 1999). Silencing the Gα 

subunit-encoding gene, PsGPA1 gene in P. sojae severely inhibits zoospore taxis to daidzein 

(Hua et al., 2008). They stressed further that PsGPA1-silenced zoospore mutants had 

extremely high turning frequency compared to the wild type. This highlights the significance 

of Ca2+ in the homing response of zoospores to appropriate stimulus. This signal transduction 

role of Ca2+ is putatively a acknowledged to be universal in all important cellular functions of 

eukaryotes (Carafoli and Kreb, 2016; Hofer and Lefkimmiatis, 2007; Hardingham and Bading, 

1999). This coupled with the relatedness of Phytomyxea to Oomycota, it is likely that Ca2+ will 

be involved in zoospore signal transduction as observed in oomycetes. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4820453/#B8
https://journals.physiology.org/doi/full/10.1152/physiol.00019.2007


 
 

32 
 

Despite the apparent frequent abrupt changes in direction (Donaldson and Deacon, 

1993), movement of flagellated zoospores are often purposeful and directional in response 

to chemical signals produced and exuded by susceptible host roots. Swimming patterns, 

punctuated with sudden changes in direction, usually differ from species to species. For 

example, whereas zoospores of S. subterranea have a straight line interspersed with circular-

patterned movement (Merz, 1992), those of Pythium aphanidernatum have a smooth helical 

appearance (Donaldson and Deacon, 1993). These patterns may be useful in zoospore host 

location and establishment of infection and are strongly influenced by calcium (Donaldson 

and Deacon, 1993; Bloodgood, 1991). Donaldson and Deacon (1993) saw that the removal of 

external calcium with a Ca2+ chelator (EGTA) led to a profound change in P. aphanidernatum 

zoospores swimming pattern to a near straight line. They report further that blocking the 

calcium channels in the zoospore cell membrane with lanthanum or verapamil resulted in 

zoospores swimming in circles. But when treated with compounds that interfere with the 

calcium-binding protein (calmodulin) e.g. dibucaine or trifluoperazine, they swam in a 

skidding fashion. Also, the swimming pattern was erratic and jerky when the calcium 

concentration across cell membrane was equilibrated or when calcium ion exchange across 

the cell membrane was disrupted with ionophore or amiloride, respectively.  

In addition to swimming pattern, calcium appears to have effects on the rate, and 

specificity of zoospore encystment. The removal of extracellular calcium in P. 

aphanidernatum zoospore suspensions with EGTA increased zoospore encystment rate and 

also caused more non-specific encystment of zoospores to pieces of transparent cellulose film 

rather than the target, chitin (Donaldson and Deacon, 1993).  
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There is little or no documented evidence of the effect of Ca2+ signalling on Phytomyxae 

zoospores, however, with the flagella presumably orthologous to that of other zoosporic 

organisms it is probable that calcium influences swimming patterns and encystment of these 

organisms. More work is warranted to evaluate the impact of calcium ion signalling on 

Phytomyxea zoospore taxis and encystment. Meanwhile, increased uptake of Ca2+ into 

brassica tissues at pH ≥ 7.2 already offers some protection against P. brassicae infection 

through the reduction of thalli formation and abortion of formed thalli (Myer and Campbell, 

1985). This together with the fundamental role of Ca2+ in the life cycles of both host and 

pathogen (Datnoff, Elmer, and Huber, 2007) contributes to the importance of Ca2+ in 

Phytomyxea control. 

 

2.6.3 Zoospore host recognition, encystment and germination   

Putatively, host infection by zoosporic pathogens is preceded by several pre-penetration 

activities including settling, adhesion and encystment, cyst germination and germ-tube 

orientation besides zoospore taxis (Hardham, 2007; Deacon, 1988). Infection begins with the 

accumulation of zoospores around the root hair zone (Lebreton et al., 2019), which is 

primarily mediated by chemotaxis. The actual settling and docking of zoospores on root 

surfaces are also presumed to be occasioned by different sets of biochemical events driven 

by specific host surface components (Deacon, 1996). This is most probable because treating 

roots with methylene blue, which binds to root surfaces but does not affect chemotaxis, is 

able to stop zoospore settling and encystment (Mitchell and Deacon, 1986). 

At the onset of settling, zoospore swimming pattern changes from random motion to a 

directed and localized probing pattern (Thompson et al., 2007). Callow and Callow (2000) 
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suggest that seconds to minutes are required for permanent settlement or swimming off. 

When they commit to settle, the wall-less zoospore undergoes intense cytoplasmic activities 

and major cellular reorganization which causes the anterior end to adpress to the root cell 

wall surface (Callow et al., 1997). They then shed their flagella, lose their osmoregulatory 

water-expulsion vacuoles, and change from an elongated configuration to a more rounded 

shape (Deacon, 1996). At this stage, the ventral vesicles beneath the cell membrane, through 

exocytosis secrete glycoprotein adhesives (Stanley, Callow, and Callow, 1999; Donaldson and 

Deacon, 1992). This cements the cell to the surface of the root in a pre-determined docking 

orientation prior to encystment and germ tube germination to prevent misalignment of the 

germ tube to target (Deacon, 1988). 

On docking, encystment-linked receptors on the zoospore surface recognize encystment-

inducing components of the slimy mucilaginous compound on the surface of roots to trigger 

a cascade of events which leads to the formation of a cell wall to encyst the hitherto wall-less 

zoospore (Deacon, 1996). Various polysaccharides are known to have encystment-inducing 

activity on zoosporic organisms. In Pythium aphanidermatum and water cress, as well as P. 

cinnamomi and maize pathosystems, fucosyl residues are implicated as the encystment 

inducers (Longman and Callow, 1987). Deacon (1996) reviewing earlier work suggested that 

encystment factors are more pathogen-specific than chemoattractants. Very little is known 

about encystment and encystment factors across the entire Phytomyxae despite the 

importance of encystment in disease initiation. 

Post encystment studies with P. brassicae (Aist and Williams, 1971) and H. nasturtii 

(Claxton et al, 1996), found that after cyst formation, a projectile-like structure (Stachel) 

forms within the Rohr, a tubular cavity at the end of which is an adhesorium, which is a 
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modified structure to enhance pathogen-host adhesion. The Rohr always oriented towards 

the host (Aist and Williams, 1971; Braselton, 1995) and is perhaps indicative of a chemical 

driven activity. It is however not clear if the chemical driver for this process is identical to the 

ones that initiate chemotaxis or docking. Meanwhile, at this stage the encysted zoospore 

transforms into a unicellular maxymoeba, that possesses a large central nucleus and an 

enlarged vacuole (Claxton et al., 1996). Through phagocytosis of host cellular content, it 

develops more ingestion vacuoles and becomes highly vacuolated, this is presumed to create 

the necessary pressure for pushing the stachel through the host wall, and subsequently the 

maxymoeba protoplast into the host (Claxton et al., 1996) to complete infection. 

 

2.7 Conclusions and future perspectives 

(1) Various management strategies aimed at controlling Phytomyxea disease and the 

viruses they transmit have failed in part due to primarily targeting extremely robust 

pathogen resting spores.  

(2) The low permeability of the resting spore cell wall has hindered the use of antifungal 

agents for control.  

(3) The relative metabolic inactivity of resting spores leaves limited targets for inhibition or 

stimulation of zoospore germination even when membrane permeability is breached 

(Alvarez and Abel-Santos, 2014). In spite of these, resting spores of Phytomyxae appear 

to have weaknesses that can be exploited to regulate germination for effective disease 

control. 
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(4) Balendres et al. (2017a) identified several low molecular weight compounds that 

induced S. subterranea resting spore germination. This is significant, but identifying the 

mechanism by which germination is activated by these molecules, the signals that are 

transduced to elicit germination and how these signals could be blocked could offer 

insight into how germination of phytomyxid resting spores could be manipulated to 

prevent germination or encourage synchronized premature germination in absence of 

a suitable host.  

(5) Arguably that prevention of spore germination could offer a temporary but efficient 

solution for controlling Phytomyxea infection and disease as has been demonstrated 

with liming in the control of clubroot (Niwa et al., 2008).  

(6) On the other hand, this insight into germination can be harnessed to synchronize the 

otherwise staggered germination strategy evolved by species which aggregate spores 

into sporosori to avoid species demise and enhance their chances of survival.  

(7) Synchronization of resting spores germination into short-lived zoospores when 

combined with fallowing and/or fungicide treatment could offer the opportunity of 

remediating infected fields off the pathogen inoculum (Balendres et al., 2017a).  

(8) Zoospore attraction to and infection of susceptible hosts is believed to be facilitated by 

chemoattractants contained in the root exudates of the hosts. Ca2+ signalling is involved 

in perception of these attractants by zoospores and thus blocking or inhibiting Ca2+ 

signalling with, for example, Ca2+ channel blockers, could ‘blind’ zoospores, making 

them unresponsive to chemoattractants, thus inhibiting zoospore chemotaxis, host 

infection and disease. This strategy could be of benefit when available resources cannot 

allow for the use of relatively long fallow periods to ensure the demise of zoospores. 
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 Chemotaxis and motility of Spongospora 
subterranea zoospores in response to root exudate 
compounds and pH 

3.1 Abstract 

Spongospora subterranea is an important pathogen of potato responsible for major 

yield loss throughout the world in most regions where potatoes are grown. Infection is 

initiated by motile zoospores released from long lived resting spores. The zoospores possess 

two flagella, which facilitate their navigation through the soil/water matrix to infect the host. 

Zoospore attraction to the roots of host plants is widely believed to be stimulated by root 

exudate compounds via chemotaxis, although direct evidence is lacking. A quantitative 

microcapillary assay was refined to provide the first empirical evidence of S. subterranea 

zoospore chemotaxis, and then assessed the impact of individual metabolites present in 

potato root exudates and other low molecular weight organic compounds on zoospore 

chemotaxis. The relationship between solution pH and pH buffer composition on zoospore 

chemotaxis was also assessed. Both chemoattractants and inhibitors were identified; among 

the attractants, glutamine was the strongest, whilst spermine was the most inhibitory. 

Strongly acidic and alkaline medium with pH < 5.3 and > 8.5 respectively were found inhibitory 

towards zoospore motility and chemotaxis. Zoospore motility was characterized by several 

parameters, with the total distance travelled the best predictor of zoospore attraction and 

chemotaxis efficiency. Sorenson’s phosphate buffer reduced swimming speed by 13% at 

0.001 M with complete cessation at 0.1 M. Presence of the buffer decreased zoospore 

attraction to 0.01 M glutamine by 29 – 88% compared to solutions with pH adjusted using 

HCl/KOH. This study has characterised the chemical ecology required for optimum S. 

subterranea zoospore motility and chemoattraction. It has also identified swimming 
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parameters that could predict zoospore attraction whilst providing insight into key 

metabolites responsible for chemotaxis and those with inhibitory effects. These findings 

provide additional fundamental knowledge into S. subterranea ecology and identify novel 

targets for combating Spongospora disease.  

 

3.2 Introduction 

The cercozoan plant pathogen, Spongospora subterranea, is responsible for significant 

losses in potato crops worldwide (Gau et al., 2013; Gutiérrez Sánchez et al., 2014; Schwelm 

et al., 2016; Wilson, 2016). Infections cause both root and tuber disease that can reduce both 

tuber yields and quality (Falloon et al., 1996; Shah et al., 2012; Hernandez Maldonado et al., 

2013; Thangavel et al., 2015; Simango et al. 2017). Tuber lesions may also provide sites for 

opportunistic infections responsible for secondary spoilage (Falloon, 2008). The pathogen is 

also the vector of Potato mop top virus, which on infection can further diminish tuber quality 

and exacerbate economic loss (Jones and Harrison, 1969).  

The infective unit of S. subterranea is a motile zoospore, which is released from long-lived 

resting spores present in aggregates (sporosori). Zoospore release is enhanced by the 

presence of low molecular weight organic compounds commonly found in plant root 

exudates (Brimecombe et al, 2001; Bais et al., 2006; Balendres et al., 2016; Lekota et al., 2020). 

In contrast to the resting spores, the zoospores are short-lived and need to locate a suitable 

host plant to facilitate infection within hours or they will perish (Balendres et al., 2016; 

Schwelm et al., 2017). The bi-flagellate zoospores actively swim and navigate within the thin 

film of water present between soil particles to locate and infect host root tissues (Merz, 1997; 

Tanaka et al., 2001). Upon locating a compatible host root, the zoospore will attach to the 
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root surface and then encyst introducing its cellular contents into the attached root cell 

facilitating infection (Claxton et al., 1996; Merz, 1997). 

In other plant pathogens that possess motile zoospores, the movement of zoospores is 

generally directed in response to stimuli including chemical gradients, water currents, gravity, 

and electrical fields (Galiana et al., 2019). Among these, perception of chemical gradients by 

zoospores (or chemotaxis) is reported as the most common used for host location (Zentmyer, 

1960; Rai and Strobel, 1966). It has long been speculated, but never experimentally proven, 

that S. subterranea zoospores are attracted to root exudate compounds released by host 

plants via chemotaxis (Harrison et al., 1997). In this study, I examined a quantitative response 

of S. subterranea zoospores to individual metabolites identified from potato root exudates 

(Balendres et al., 2016). Using a modified swim-in microcapillary assay the role of individual 

metabolites in the chemoattraction or repulsion of zoospores was determined. Further, the 

effect of metabolite concentration and of solution pH on zoospore swimming behaviour and 

chemotaxis was examined, and the implication of these results for potential disease control 

through chemotaxis disruption was discussed. 

 

3.3 Materials and Methods 

3.3.1 Preparation of S. subterranea inoculum  

Freshly harvested potato tubers, infected with powdery scab lesions were sourced 

from a commercial crop in Devonport, Tasmania, Australia (41.17 °S, 146.33 °E). The tubers 

were washed under running tap water for 2 mins, air-dried for 24 hours at room temperature 

and then individual lesions excised using a scalpel. The number of sporosori contained in the 

excised material was estimated by light microscopy using a haemocytometer as described by 
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Balendres et al. (2016). Samples with ≥ 5000 sporosori/mg tissue were oven-dried at 35oC for 

seven days, then stored as dried sporosori inoculum at room temperature until use.  

 

3.3.2 Preparation of S. subterranea zoospores suspension 

To induce zoospore release, 20 mg of dried sporosori inoculum was suspended in 2 ml of 

deionized water and incubated in the dark at room temperature (20 ± 3°C). The zoospore 

cultures were monitored weekly for resting spore germination and zoospore density (number 

of zoospores per µl of suspension) by aliquoting 15 µl of the suspension culture onto a pre-

constructed ‘taxis chamber’ (made by gluing four cut glass cover slips onto a glass slide to 

create a chamber with an area c. 1 cm2 and a depth of c. 0.18 mm to allow enough room for 

zoospore motility). The taxis chamber was then covered with a cover slip, and the culture 

observed for zoospore count and mobility at 400X magnification with a Leica DMLB tilting 

trinocular compound microscope (Leica Microsystems, Wetzlar, Germany). Zoospore 

suspensions were only used for downstream application when zoospore density was ≥ 3 

zoospores/µl. 

The identity of released zoospores was confirmed by multiple means. Firstly, they were 

observed microscopically comparing spore dimensions with values from the literature. 

Zoospore swimming patterns were then observed by recording individual zoospores at 59.94 

fps via video-microscopy using a Nikon D850 camera (Nikon Australia Pty Ltd, Auyuthaya, 

Thailand) fixed in position to the trinocular port of a Leica DMLB microscope in phase contrast 

mode. The recorded swimming behaviour of the zoospores were tracked using a computer-

vision tracking software, idTracker, version 2.1 (Pérez-Escudero et al., 2014) to capture the 

zoospores’ spatial positions, XY, frame by frame and align them with their temporal positions, 
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Z, indicated by the frame number, for a 3D pattern analysis. A 3D trajectory plot from the data 

was reconstructed using the data analysis software R version 3.6.1 (R Core Team, 2019). The 

recorded 3D trajectory of zoospores was then compared with published descriptions of Merz 

(1992). Finally, zoospores were collected using the cavitated microcapillary assay (described 

below) with crude potato root extract prepared as described by Balendres et al. (2016) used 

as the attraction source within the microcapillary tube, and tested by qPCR (Thangavel et al., 

2015). Ten microcapillary tubes were used, with zoospores present within the distal 10 µl 

solution of the microcapillary after 12 hours incubation deposited into a microcentrifuge tube 

and DNA extracted using a DNeasy®PowerPlant® Pro Kit DNA isolation kit with RNAase 

treatment (Qiagen, Germany), DNA was quantified using a fluorometer, Qubit 2.0 (Invitrogen, 

Australia) and the sample tested by qPCR following the procedures of Thangavel et al. (2015). 

 

3.3.3 Cavitated microcapillary swim-in assay  

I developed a simple but effective improvement of the traditional Adler capillary assay 

for assessment of chemotaxis (Adler, 1973) by integrating cavitation into the solution within 

the microcapillary. First, the proximal end of a 5 µm diameter microcapillary tube was placed 

in the test solution to draw up solution into the tube through capillary action. After the tube 

was c. 1/10th full it was removed from the solution and additional qualities of test solution 

introduced into the distal end of the microcapillary tuber using a 3 ml syringe, in an 

intermittent manner to trap a series of air bubbles or void spaces within the column, whilst 

retaining approximately 10 µl of the solution at the proximal end of the tube (Fig. 3.1A). This 

eliminated further capillary action of solutions within the tube. 
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Fig. 3.1. Schematic representation of the cavitated microcapillary swim-in chemotaxis assay 
showing (A) no net capillarity < 2 minutes after set-up, (B) diffusion of test compound, and (C) 
near diffusion equilibrium but no net change in volume of test compound. 

 

To confirm lack of capillarity whilst enabling diffusion of compounds from the cavitated 

capillary tube into the test environment, 50 µl of food dye (McCormick Foods, Australia PTY. 

LTD.) was dissolved in 100 µl of deionized water and drawn into a microcapillary tube and 

cavitated as described. The meniscus of the solution at the distal end was marked and 

subsequently placed in a microcentrifuge tube containing 45 µl of deionized water. The 

microcapillary and Eppendorf tube were monitored for changes in volume (movement of the 

meniscus) and colour over a period of twelve hours.  

For the zoospore chemotaxis assays, the test solutions were drawn into the 

microcapillary tube as described and the microcapillary tube was placed in a microcentrifuge 

tube containing 45 µl of S. subterranea zoospores (> 3 zoospores/µl) in deionised water (Fig. 

3.1B) and the experiments run over 12 hours at room temperature allowing for the solution 

within the microcapillary tube to diffuse into the zoospore suspension (Fig. 3.1C) and for the 
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zoospores to perceive the chemical concentration gradient and either migrate into the tube 

(deemed a positive chemotaxis reaction) or not. The number of zoospores that successfully 

entered the microcapillary tube during the assay period was determined by deposition of the 

distal 10 µl of solution from the microcapillary tube into a taxis chamber (described above) 

and zoospore numbers counted under light microscope at 400X magnification. 

 

3.3.4 Effects of low molecular weight organic compounds on zoospore chemotaxis 

Previously, a range of low molecular weight organic compounds (LMWOCs) were 

identified that stimulated S. subterranea resting spore germination (Balendres et al., 2016). 

Here, the capacity of these compounds to influence zoospore chemotaxis were investigated. 

Chemicals tested were glutaric acid, L-malic acid, quinic acid, spermine, citric acid, N-acetyl 

cysteine, isoluceine, L-rhamnose, L-citrulline, L-serine, nicotinamide, trehalose, myo-inositol, 

L-asparagine, L-glutamine, L-proline, raffinose all at 0.1M concentration, with deionized water 

and a potato (cv. Iwa) root exudate extract (Balendres et al., 2016) as negative and positive 

controls respectively. Each compound was tested using the microcapillary tube assay with 

eight replicated experiments per compound. All chemicals used in this study were sourced 

from Sigma-Aldrich (USA), except tyramine and pinitol which were sourced from Alfar Aesar 

(Australia). 

 

3.3.5 The influence of pH and buffer composition on zoospore motility and chemotaxis 

The effect of solution pH and buffer composition on zoospore motility was determined 

by preparing solutions of deionized water adjusted to a pH of 5.3, 5.9, 6.5, 7.0, 7.4 and 8.0 
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using 0.1M HCl/KOH and 0.1M Sorenson’s phosphate buffer, and to pH 7.4 only using 0.1M 

phosphate buffered saline. Fifty microlitres of each solution were individually aliquoted into 

a taxis chamber and 10 µl of zoospore suspension (>3 zoospores/µl) added. After 10 mins and 

12 hrs incubation, three zoospores were chosen at random and the number of complete 

helices each zoospore made in one minute (swimming speed) was counted.  

The effect of pH buffer concentration on zoospore motility was evaluated by preparation 

of HEPES buffer solutions (pH 7.4) at 0.1, 0.05 and 0.001 M compared to a deionised water 

control and, in a repeated experiment, comparing HEPES and Sorenson’s phosphate buffers 

(pH 7.4) at 0.1, 0.01 and 0.001 M with deionised water as a control. Zoospores were observed 

microscopically to count the number of helices completed within one minute. 

The effect of solution pH on zoospore attraction was then determined using the 

microcapillary assay. A range of deionised water solutions varying in pH from 3 to 10 were 

prepared by adjusting pH using 0.1M acetate, tris or borate buffers and zoospores added 

ensuring >3 zoospores/µl. The microcapillary tube was filled with 0.01M glutamine as the 

attractant compound and placed in the individual solutions. Zoospores successfully migrating 

into the microcapillary tube was determined following 12 hours incubation. Each solution was 

repeated in eight individual experiments. 

 

3.3.6 Swimming parameters that determine zoospore attraction 

Aliquots of zoospores suspended in deionised water (>3 zoospores/µl) were added to 

deionised water solutions adjusted to pH 3 to 10 using 0.1 M HCl/KOH as in the previous 

experiment at a ratio of 1 to 5. The solutions were briefly mixed to ensure homogeneity and 

then 3 µl was pipetted into a taxis chamber and covered with a cover slip. The set-up was 
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visualized using the phase contrast mode on a Leica DMLB microscope microscope at 400X 

magnification. After a 10 min acclimatization period, a single zoospore was randomly selected, 

and the swimming behaviour recorded as described earlier. Three individual zoospores per 

treatment were recorded (Supplementary video). The native video files were standardized to 

30 seconds whilst the quality was digitally optimized by cropping and sharpening images with 

Adobe Photoshop CC 2019 (Adobe, USA) to enhance image contrast. Using the computer-

vision tracking application, ToxTrac, version 2.84 (Rodriguez et al., 2018) with automated 

image-based tracking capacity, zoospore swimming behaviour in the optimized videos were 

analysed to generate statistics on individual zoospore swimming parameters viz 

instantaneous speed (speed, µm/s), instantaneous acceleration (acceleration, µm/s2), 

mobility rate (the proportion of speed above a pre-set minimum), exploration rate  (Number 

of Explored Areas (from Exploration))/(Number of Areas), and total distance travelled 

(distance, µm). Swimming parameters across different pH treatments were compared. 

 

3.3.7 Impact of the individual components of Sorenson’s phosphate buffer on 

zoospore motility 

To attempt to identify the inhibitory components of Sorensen’s phosphate buffer, 

solutions of Na2HPO4, KH2PO4, NaNO3, KNO3, HNO3 and H3PO4 at 0.001 M buffered to pH 7.4 

with HEPES buffer were made. These solutions were individually placed into a taxis chamber 

and a solution of zoospores in deionised water added (5:1 v/v test solution to zoospore 

solution). The swimming behaviours of the zoospores in each test solution was recorded on 

video as previously described and compared. Each treatment was repeated three times.  
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3.3.8 Zoospore taxis responses to differing concentrations of individual metabolites 

The effect of differing concentrations of test compounds on zoospore attraction was 

assessed. Solutions of spermine, nicotinamide, choline, serine, isoluceine, asparagine, quinic 

acid, raffinose, N-acetyl cysteine, trehalose, proline, citrulline, glutamic acid, glutamine, 

tyramine and pinitol were prepared at 0.001, 0.01 and 0.1 M concentration in 0.05 M HEPES 

buffer at pH 7.4. The resultant pH of each solution was measured before use. Each solution 

was individually added to a microcapillary tube which was placed into a 45 µl solution of 

zoospores in deionised water and tested for zoospore attraction following the cavitated 

microcapillary assay previously described. Each treatment was repeated in three experiments. 

 

3.3.9 Validation of chemorepellent activity of select metabolites 

Solution of compounds with apparent zoospore repellent effects (spermine, choline, 

quinic acid, N-acetyl cysteine all buffered with 0.05 HEPES as above, together with Sorenson’s 

phosphate buffer) at 0.1, 0.01 and 0.001 M concentrations were individually combined at a 

1:1 v/v ratio with glutamine (0.1, 0.01 and 0.001 M). Proline, a known zoospore attractant, 

was similarly mixed with glutamine at 0.1, 0.01, 0.001 M as positive controls. The mixtures 

were individually introduced into microcapillary tubes which were placed into 

microcentrifuge tubes containing 45 µl of zoospores (>3 zoospore/µl) in deionised water and 

tested for zoospore attraction using the cavitated swim-in assay. Each treatment was 

repeated six times. 
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3.4 Data analysis 

The study involved the use of one, two and three factor experiments that were laid out 

in a completely randomized split-split plot design. Experimental units comprised zoospores 

that migrated into the test solution within the microcapillary tube or zoospores that swam in 

a taxis chamber. Each experimental unit constituted a replicate, and all treatments were 

replicated eight times unless otherwise stated. Data sets were tested for normality and the 

mean effects of treatments were analysed using a one-way, two-way, or three-way ANOVA, 

using GenStat (12th Edition) or R version 3.4.4 and RStudio version 1.1.447. Where the P value 

showed significant difference at 5% significance level, a mean separation was done using LSD.  

To determine the zoospore swimming parameter(s) that could be important determinants of 

zoospore attraction, data on attraction were averaged and paired with motility data at the 

same pH. Assuming collinearity among the predictor variables (i.e. swimming parameters), 

the LM function in RStudio version 1.1.447 was used to run linear regression analysis on 

individual predictors and for graphic representation of data. Predictors with a non-significant 

F test statistic were eliminated, whilst the AICs of predictors with significant F test statistic 

were compared for selection of the most important predictor(s) for zoospore attraction. A 

linear regression model was then fitted for the most important predictor(s). 

 

3.5 Results  

3.5.1 Efficiency of cavitated microcapillary swim-in assay 

The cavitated microcapillary swim-in assay was effective at preventing capillarity, this 

was evidenced by the absence of increasing volume of the solution in the microcapillary as 
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compared to the non cavitated controls placed in the same volume of zoospore suspension. 

Diffusion of the dyed solution from the microcapillary tube was noticeable. 

 

Fig. 3.2. S. subterranea (A) zoospores morphological image captured under light microscope 
at 400X magnification, scale bar represents 12 µm, and (B) 3D swimming trajectory of 
zoospore swimming pattern captured in a video microscopy and analysed using R. 

 

3.5.2 Confirmation of S. subterranea zoospore identity 

Spongospora subterranea zoospore (Fig. 3.2A) release was observed along with a few 

other uniflagellated and biflagellated organisms one week after resting spore incubation. At 

the early phases of zoospore release (1 – 5 weeks incubation) the flagellated contaminates 

occurred in greater proportions compared to the S. subterranea zoospores. With time, the 

proportion of the S. subterranea zoospores gradually increased whilst the contaminants 

reduced, with the zoospore density reaching ≥ 3 per µL after two to three months incubation. 

The low frequency contaminants were distinguished from S. subterranea zoospores by their 

size and swimming patterns (Fig 3.1B). Spongospora subterranea zoospores ranged from 3.5 

– 4.5µm in size compared to other biflagellated organisms which were either less than 3 µm 
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or greater than 6 µm. At the anterior end of S. subterranea zoospores was a slight invagination 

forming a shallow pit, at the base of which there was a visible flagellum at 400X magnification. 

At the posterior end was a much smaller and shorter flagellum only visible at 400X 

magnification by light microscopy when the zoospores swam at low speed (c. 15 helices per 

minute). The S. subterranea zoospores appeared spherically to slightly oval in shape. 

Spongospora subterranea zoospores exhibited a characteristic helical trajectory (Fig. 3.2B) 

interspersed with periods of straight-line movement unlike the often jerky or straight-line 

movement of the other uniflagellate organisms. Finally, the species identity of released 

zoospores captured within a microcapillary tube was confirmed by qPCR (Thangavel et al., 

2015). The sensitivity of qPCR allowed for the detection of small amounts of S. subterranea 

DNA (c. 20 zoospores). 

 

3.5.3 Effect of low molecular weight organic compounds on zoospore attraction 

The zoospores showed varied levels of attraction to the LMWOC’s tested (Fig. 3.3). At 

0.1M the organic acids (Glutaric acid, malic acid, quinic acid and citric acid) and the polyamine, 

spermine failed to attract any zoospores. The numbers of zoospores migrating into the 

microcapillary tubes containing N-acetyl cysteine, isoleucine, rhamnose, citrulline, serine and 

nicotinamide were not significantly different from the water control. Other compounds 

including trehalose, myo-inositol, asparagine, glutamine, and proline attracted significantly 

more zoospores into the microcapillary than the water control, but less than the crude root 

exudate extract. Raffinose was the only compound which attracted significantly (P ≤ 0.05) 

more zoospores than the root exudate extract (Fig. 3.3).  
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Fig. 3.3. Effects of low molecular weight organic compounds on S. subterranea zoospore   
attraction. Vertical bars are standard errors (n = 8). Figures on bars are pH values of each 
compound. 

 

3.5.4 Effect of pH and buffer compound interaction on zoospore motility 

Zoospore swimming speed was significantly (P ≤ 0.05) affected by pH, buffer 

composition and the duration of zoospore exposure to the solutions (Fig. 3.4).  Zoospore 

swimming speed was greatly inhibited in solutions buffered with 0.1 M Sorensen’s phosphate 

buffer compared to 0.1 M HCl/KOH, with all solutions measured after 12 hours and those of 

pH 7.0 and greater at 10 min showing complete cessation of zoospore movement. At 10 mins 

incubation, phosphate buffered solutions at pH 5.3 and 5.9 showed significant faster 

movement than at pH 6.5. In solutions with pH adjusted with 0.1 M HCl/KOH after 10 min 

incubation, solutions at pH 6.5, 7.0 and 7.4 showed faster zoospore movement than other 
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pH’s. After 12 hours, there was a decline in zoospore movement at all pH’s with no differences 

in swimming speed noted between different pH’s (Fig. 3.4). 

 

 

Fig. 3.4. The effect of solution pH and buffer composition on S. subterranea zoospore 
swimming speed measured by the number of completed helical movements in 1 minute. 
Vertical bars represent standard errors (n = 3). 

 

3.5.5 Effect of HEPES pH buffer concentration on zoospore motility  

In sterile deionised water zoospore motility was observed up to three days after 

suspension. HEPES buffer concentration and duration of exposure significantly (P ≤ 0.05) 

affected zoospore swimming speed. After 10 min incubation there was no significant effect 

of HEPES buffer concentration. However, after 24 hours, swimming speed was significantly 

slower than at 10 min across all treatments and the control, and 0.1M, HEPES treatment had 
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significantly lower zoospore speed than at lower concentrations with complete cessation of 

zoospore movement observed (Fig.3.4A).  

 
Fig. 3.5. Effect of molar concentration of (A) HEPES Buffer (pH 7.4) and duration of zoospore 
exposure to buffer, and (B) Sorensen’s phosphate and HEPES buffers (pH 7.4) on zoospore 
swimming speed measured by the number of completed helical movements in 1 minute 
compared to a deionised water control (pH 6.78). Vertical bars are (A) standard error (B) 
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standard deviations. Different lowercase letters represent significant (P ≤ 0.05) treatment 
differences. 

 

 

In the second experiment monitored for 10 minutes, HEPES buffer (pH 7.4) at 0.1 and 

0.01 M showed slight (<13%) but significant reduction in zoospore movement, whilst at 0.001 

M this was not different to the water control. In contrast Sorensen’s phosphate buffer (pH 

7.4) significantly reduced zoospore movement at all concentrations in a dose dependant 

manner with each concentration significantly different to the others. At 0.1 M concentration 

zoospore movement was completely suppressed (Fig. 3.5B). 

 

3.5.6 Effect of pH on zoospore attraction  

Solution pH had a significant (P ≤ 0.05) effect on zoospore attraction. In absence of a 

positive chemotaxis attractant (i.e. passive zoospore movement), solutions adjusted with 0.1 

M HCl/KOH to pH 5 or less, to pH 10 showed no passive movement of zoospores into the 

capillary tube, and numbers at pH 6 and pH 9 were significantly lower than at pH 7 and pH 8 

(Fig. 3.6A). In tests where 0.01 M glutamine was used as an attractant, as expected greater 

numbers of zoospores were captured within the microcapillary tube, however a similar 

pattern was observed with respect to solution pH with an optima at pH 7 and significant 

reductions at pH 6 or less and 9 or greater (Fig. 3.6B). 
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Fig. 3.6. Effect of solution pH on chemoattraction or repulsion of S. subterranea zoospores to 
(A) deionised water, and (B) 0.01 M glutamine at pH 3 – 10.   pH 3 – 6 was adjusted with 
acetate buffer, 7 – 9 tris buffer and pH 10 with borate buffer.  Vertical bars are standard errors 
(n = 8). 

 

3.5.7 Swimming parameters that determines zoospore attraction 

Several swimming parameters tested were significant predictors of zoospore attraction, 

with distance (R2 = 0.72), speed (0.63), mobility rate (0.41) and acceleration (0.33) showing 

the strongest association (Table 3.1). A fitted linear model of total distance showed with 95% 

confidence that, at a total distance of ≤ 30 µm zoospore attraction is unachievable. Beyond 

this, zoospore attraction increased linearly with increases in distance travelled (Fig. 3.7A).  

Table 3.1. Statistics for selecting the most predictive swimming parameter for zoospore 
attraction 

 
Predictor variables R2 Adjusted R2 p-value AIC   
Speed 0.6513 0.6329 9.85E-06 166.7464   
Acceleration 0.367 0.3337 0.003605 179.2635   
Mobility rate 0.4366 0.407 0.00111 176.8177   
Exploration rate 0.2121 0.1707 0.03563 183.8611   
Distance* 0.7337 0.7197 7.20E-07 161.0803   
Frozen events 0.2429 0.2031 0.0232 183.0242   
Frozen time 0.216 0.1747 0.03379 183.7584   
*Most predictive parameter     AIC is Akaike Information Criterion    
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In determining the model that best explains the optimum conditions needed for 

maximum zoospore attraction, fitted predictor models of all parameters together with their 

interaction with pH were compared. With the exception of the interractive effect of pH and 

mobility rate on zoospore attraction, no other interaction between pH and the other 

swimming parameters had significant effect on zoospore attraction at P ≤ 0.05. A fitted 

regression contour plot (Fig. 3.7B) showed that zoospore attraction was greater (P ≤ 0.05) 

within the broad pH range of 5.8 – 8.2 compared to more extreme pH’s. Attraction within this 

broad pH range increased with increase in zoospore mobility rate. Outside this range however, 

increases in mobility rate had no observed impact on zoospore attraction. 
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Fig. 3.7A. Fitted linear regression model plot of the relationship between the distance 
travelled (µm) by S. subterranea zoospores and their chemotactic attraction. 

 

 

Fig. 3.7B. A contour fit plot showing the interactive effect of the relationship between pH and 
mobility rate on S. subterranea zoospore attraction. 

 

3.5.8 Effect of Sorenson’s phosphate buffer components and ions on zoospore 

swimming parameters 

Several of the tested compounds, when buffered with 0.05 M HEPES buffer to pH 7.3-

7.4, appeared to have a detrimental effect on zoospore swimming speed, acceleration,  
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Fig. 3.8. Comparative effects of HEPES buffered solutions of inorganic solutes with Sorensen’s 
phosphate buffer ionic components at 0.001M on (A) total distance, (B) speed, (C) 
acceleration, and (D) motility rate of S. subterranea zoospores. Vertical bars represent 
standard errors with different lowercase letters indicating significant (P ≤ 0.05) treatment 
differences. 

 

 

mobility rate and total distance travelled (Fig. 3.8). Zoospores swam faster (32.2 µm/s), 

further (971.3 µm) and with the highest acceleration (71.97 µm/s2) when they were 

suspended in HEPES buffered KNO3 (Fig. 3.8A, B and C). These indices of motility were not 

significantly different from those of zoospores that were suspended in the HEPES buffer 

control or for HEPES buffered NaNO3. In contrast, when suspended in buffered Na2HPO4 and 
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KH2PO4, the components of Sorenson’s phosphate buffer, zoospores swam less than half the 

distance, speed, and acceleration of the HEPES buffer control (Fig. 3.8A, B and C), although 

these differences were only significant for KH2PO4. Zoospores were similarly inhibited in 

solutions of HEPES buffered HNO3 and H3PO4. Whilst trends were generally similar for 

zoospore mobility rate assessment, no treatment differed significantly from the control 

(HEPES) treatment (Fig. 3.8D).  

 

3.5.9 Zoospore taxis response to individual potato root metabolites at different 

concentrations  

             Individual metabolites, when buffered with 0.05 M HEPES buffer (P<0.001), their 

concentration (P<0.001), and the interaction between these factors (P<0.001) significantly 

varied in their impact on zoospore chemotaxis. Both zoospore attractants and inhibitors were 

identified. 

 Of the attractants, glutamine and trehalose showed significant attraction at all three 

concentrations. Glutamine proved to be the strongest zoospore attractant of the metabolites 

tested (Table 3.2). Asparagine, raffinose, proline, pinitol and nicotinamide were all significant 

attractants at 0.1 and 0.01M and serine at 0.1M. Tyramine was a significant attractant at 

0.001M only.  

 Choline  and Spermine showed significant inhibitory activity at all three concentrations, 

while N-acetyl cysteine, glutamic acid, quinic acid and tyramine were significantly inhibitory 

at the 0.1 M concentration only. Of the inhibition reactions, all were associated with pH’s 

outside of the optimal physiological range (>9.6 or <3.2) except for choline at all 

concentrations (pH 7.2-7.4) and spermine at 0.01 (pH 8.7) and 0.001 (pH 8.4). Tyramine while 
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a deterrent at 0.1 M (pH 9.6) was a significant attract at 0.001 M (pH 7.4). Citrulline and 

isoleucine did not significantly affect zoospore attraction at any concentration (Table 3.2)  
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Table 3.2. Relative comparison of S. subterranea zoospore attraction to individual potato root exudate metabolites at  
different concentrations. Shown are the mean number ± se of zoospores attracted to individual potato root exudate metabolites at different 
concentrations.  
  
Chemical Treatment                                                   Concentration (M) 
  0.1 0.01 0.001 
HEPES buffer (control)* 25.17 ± 1.16defg (7.44)   
Asparagine 53.17 ± 1.96mnop (7.28) 39.33 ± 1.33hijk (7.34) 33.67 ± 1.15 gh (7.32) 
Choline 2.17 ± 0.68a (7.21) 5.83 ± 0.76ab (7.33) 12.17 ± 1.36bc (7.36) 
Citrulline 23.83 ± 1.40def (7.28) 24.17 ± 1.47def (7.35) 20.67 ± 0.81cd (7.36) 
Glutamic acid 0.00 ± 0.00a (3.73) 24.17 ± 1.23def (6.73) 24.33 ± 1.05def (7.33) 
Glutamine 62.00 ± 1.15p (7.20) 51.17 ± 1.44lmno (7.37) 44.50 ± 1.54jklm (7.37) 
Isoluciene 19.33 ± 1.55cd (7.30) 23.17 ± 1.04de (7.35) 22.17 ± 0.72d (7.35) 
N-acetyl cysteine  0.00 ± 0.00a (3.20) 23.17 ± 1.19de (6.94) 24.00 ± 1.76def (7.35) 
Nicotinamide 47.00 ± 1.73klmn (7.25) 37.67 ± 1.68 hij (7.35) 23.50 ± 2.10de (7.35) 
Pinitol 53.50 ± 2.41nop (7.27) 50.67 ± 1.76lmno (7.34) 31.67 ± 1.26efgh (7.35) 
Proline 59.33 ± 0.90 op (7.33) 51.00 ± 1.13lmno (7.38) 32.67 ± 1.77fgh (7.37) 
Quinic acid  0.00 ± 0.00a (3.27) 22.00 ± 1.08d (6.83) 21.67 ± 1.17d (7.35) 
Raffinose 54.33 ± 1.95nop (7.29) 47.83 ± 1.44klmn (7.33) 23.50 ± 2.45de (7.34) 
Serine 43.50 ± 1.66ijkl (7.27) 20.67 ±1.12cd (7.37) 19.33 ± 1.10cd (7.38) 
Spermine 0.00 ± 0.00a (11.36) 0.00 ± 0.00a (8.73) 0.00 ± 0.00a (8.44) 
Trehalose 46.33 ± 1.61jklmn (7.31) 49.17 ± 1.82lmn (7.35) 35.17 ±1.83hi (7.35) 
Tyramine 0.00 ± 0.00a (9.64) 21.33 ± 1.35d (7.71) 46.00 ± 1.84jklmn (7.36) 
Probability < 0.05; n = 6; cv = 12.6%; LSD = 2.636   *Chemotaxis assessment was done at 0.05M 
Treatments with the same lowercase letters are not significantly different. 
Numbers in brackets show the pH of the tested compound. 
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3.5.10 Validation of chemorepellent activity of potato root exudate metabolites 

The selection of putative inhibitory compounds significantly reduced zoospore 

attraction to glutamine at all tested concentrations (Fig. 3.9). Inhibition was greatest for all 

compounds at 0.1 M although this was also associated with either a highly acidic (<4.7) or 

highly alkaline (>9.8) solution pH for all except choline (pH 7.1) and Sorensen’s phosphate 

buffer (pH 7.2). At 0.01 M and 0.001 M all putative inhibitory compound solutions had pH 

between 6.8 and 8.2 and yet retained capacity to retard glutamine attraction with spermine 

(both concentrations) and choline (0.01 M) reducing zoospore count below that of water only 

control (Fig. 3.9). Proline had no effect on zoospore attraction to glutamine at any 

concentration (Fig. 3.9).  

 

Fig. 3.9. Quantitative comparison of repellent capacity of selected compounds in overcoming 
the zoospore attraction capacity of glutamine. Vertical bars are standard deviation (n = 6). 
Numbers on each bar represent the pH of the compound 
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3.6 Discussion 

Rhizosphere ecology and its impact on pathogen chemotaxis in various pathosystems 

have gained prominence in recent decades. Here, I refined a modified swim in capillary assay 

that removed the confounding capillarity effect to enable a definitive and direct 

characterisation of the chemotactic roles of LMWOCs and potato root exudates, long 

speculated as drivers of S. subterranea attraction to potato root (Harrison et al., 1997). The 

reliance on the traditional Pfeffer’s (1884, 1988) capillary assay by some researchers has often 

been questioned because of the effect of capillary action (Law and Aitken, 2005). Our 

cavitated microcapillary swim-in assay, like those of Adler (1973) and Bainer et al., (2003), 

prevented active intake of liquid into the tube by capillarity. But by eliminating the flaming or 

molten wax steps used by Adler (1973) and Bainer et al., (2003) respectively, our method 

simplifies the capillarity prevention step to save time required for cooling sealed tubes whilst 

preventing potential contamination of analytes with molten wax. Consequently, the simplicity 

of the cavitated assay, as compared to the complexities of other modifications (Englert et al., 

2009), streamlined the experimental set-up. 

Germination of resting spores in the first few weeks of incubation in sterile deionised 

water yielded relatively few S. subterranea zoospores and greater motile contaminants. An 

incubation period of 2-3 months led to sufficient zoospores (≥3 zoospores per µL) and less 

contaminants for subsequent experimentation. This observation may be underpinned by the 

constitutive dormancy the spores exhibit (Balendres et al., 2017) which might have ensured 

the staggered zoospore release. But the potential weakening of the spore coat and possible 

leaching out of dormancy stimulating hormones (MacFarlane, 1970) could have facilitated the 

later burst of germination.   
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The study provides the first direct evidence of chemotaxis in S. subterranea zoospores. 

The zoospores were found to be positively chemotactic to several low molecular weight 

organic compounds, among which glutamine was the strongest attractant and also a known 

stimulant of S. subterranea resting spore germination (Balendres et al., 2016). Inhibitors of 

zoospore attraction were also identified. Attraction of S. subterranea zoospores were 

significantly inhibited by spermine and choline at physiological pH. Spermine had earlier been 

identified to constrain S. subterranea resting spore germination (Balendres et al., 2016), it has 

also been cited in a number of biotic and abiotic responses in plants (Reis et al., 2016; 

Mustafavi et al., 2018), by eliciting plant defence response. Through this action it offers broad 

spectrum protection against infection by several pathogens (Seifi and Shelp, 2019). Recent 

studies have shown that spermine, by regulating oxidative homeostasis and phytohormone 

signaling, is able to regulate various biotic and abiotic responses in plants (Seifi and Shelp, 

2019). The mechanism by which it prevents S. subterranea zoospore attraction is however 

open to speculation in the absence of empirical date. Similarly, there is limited knowledge on 

the role of choline in S. subterranea zoospore motility and attraction. 

The balance of attractants and inhibitors within the potato root metabolome may be 

important for pathogen interaction. The relative abundance of metabolites are known to 

differ between S. subterranea tolerant and susceptible potato cultivars (Lekota et al., 2020). 

Glutamine, for example was more abundant in susceptible cultivars than the tolerant ones 

(Lekota et al., 2020). This suggests glutamine may be a major candidate for inducing 

susceptibility of potato to S. subterranea infection. In a related study in Portulaca oleracea, 

the root metabolome was reported to contain both the attractant (N-trans-feruloyltyramine) 

and the repellent (1-linoleoyl-2-lysophosphatidic acid monomethyl ester), but the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335389/#B94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335389/#B81
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susceptibility of a cultivar to Aphanomyces cochlioides depended on the relative amounts of 

the attractant and the repellent in the metabolome (Mizutani et al., 1998). 

Environmental factors play a crucial role in pathogen-host interactions (Dixon, 2009). In 

this study, solution pH outside the range 5.3 – 8.5 were found to constrain both zoospore 

motility and chemotaxis, with the two phenomena being strongly synchronised at the same 

pH range. Similar environmental pH effects have been reported in zoospores of several other 

species. In Phytophthora palmivora, a pH of ≤ 5 ceases zoospore motility (Bimpong and Clerk, 

1970), whilst zoospores of P. drechsleri, P. cryptogea, P. cinnamomi and P. citricola are 

repelled by high hydrogen ion concentrations (Halsall, 1976). Manipulation of soil pH is 

routinely used to control clubroot in brassicas caused by Plasmodiophora brassicae (Niwas et 

al., 2008) even though the effect of pH on zoospore motility and chemotaxis is not exactly 

known (Dixon, 2009). Whilst similar studies have not found consistent benefits of soil pH 

modification for control of S. subterranea infection, knowledge from this study may suggest 

manipulation of soil to an inhibitory pH range may be worth considering given potatoes 

generally wide tolerance of pH. This may also help to find answers as to why different buffer 

compounds were shown to affect zoospore motility differently even at the same pH. For 

instance, whereas phosphate buffered saline and Sorensen’s phosphate buffers at pH 7.4 

both caused complete cessation of zoospore motility, HEPES buffer at the same pH sustained 

motility, suggesting other constraining effects besides pH. Further confounding this was the 

observation of differences in motility in HEPES buffer over time. Swimming speed reduced 

significantly from 10 min to 24 hours post buffer exposure, contradicting an earlier report 

that zoospores either infect or die five hours after release (Merz, 1997). Some prior studies 

have observed zoospore swimming in Hoagland’s solution, known to induce bursts of 
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zoospore release, which contains KH2PO4 that is now known to inhibit zoospore movement. 

This may have led to observations of relatively rapid movement decline. Money (2016) 

explained that zoospore propulsion is powered by oxidation of lipids and other stored fuels 

which become limiting over time, hence motility reduces with time.  

Zoospore motility have been reported to be significantly regulated by various ionic 

components (example K+, Ca2+ and H+) of the environment (Appiah et al., 2005). Putatively, 

Ca2+ signalling has been cited as responsible for motility and chemotaxis of zoosporic 

organisms (Zheng and Mackrill, 2016). Phosphate buffers can chelate Ca2+ ions out of solution 

(Mohan, 2006). Therefore, one possible mechanism for the significant reduction in zoospore 

motility in phosphate buffered medium may be due to chelation of Ca2+. Phosphate 

containing molecules including phosphoric acid, KH2PO4 and Na2HPO4 reduced zoospore 

swimming speed and distance travelled significantly. It is however unclear the mechanisms 

that underpins these observations, but given chemotaxis is synchronised to motility (Zheng 

and Mackrill, 2016) it is conceivable to link chemotaxis inhibition by phosphate buffer to its 

effect on motility.  

Statistics on swimming behaviour response to environment makes it possible to relate 

behavioural changes to environmental factors and to facilitate the understanding of 

chemotactic migration dynamics of populations as well as foraging behaviour (Seymour et al., 

2008). Analysis of S. subterranea swimming behaviour parameters showed that speed, 

acceleration, mobility rate and the total distance travelled were the only important 

parameters that could be used to predict chemoattraction dynamics of a zoospore, with total 

distance travelled, a function of speed, the single most useful index for determining 

chemoattraction. Barbara and Mitchell (2003) and Seymour et al. (2008) studying chemotaxis 
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in Pseudoalteromonas haloplanktis, also reported that swimming speed was the most 

important chemokinetic response to chemoattractants during chemotaxis. This lends further 

support to the ealier observation of synchrony between speed and chemotaxis at the same 

pH. 

 

3.7 Conclusions 

This study provides direct evidence that potato root exudate contains metabolites that 

are active attractants and repellents of S. subterranea zoospores. Asparagine, glutamine, 

nicotinamide, pinitol, proline, raffinose, serine, trehalose and tyramine were all attractive to 

zoospores. Choline and spermine were inhibitors to chemotaxis. Strongly acidic and alkaline 

medium with pH < 5.3 and > 8.5 respectively were found inhibitory towards zoospore motility 

and chemotaxis. Swimming behaviour and parameters varied in different medium, among the 

parameters, distance travelled, speed, acceleration and mobility rate of zoospores were the 

key indicators which determined their chemotaxis. Phosphate buffer, a chelator of Ca2+, was 

also found to inhibit zoospore attraction. This study may offer further insights into novel 

approaches to decrease S. subterranea disease through manipulation of zoospore taxis or 

selection of host resistance traits. 
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 Subversion of Phytomyxea cell communication to 
control soilborne diseases; a case study of Ca2+ 
signal disruption in zoospores of Spongospora 
subterranea 

 

4.1 Abstract 

Ca2+ signalling regulates physiological processes including chemotaxis in eukaryotes and 

prokaryotes. Its inhibition has formed the basis for control of human disease but remains 

largely unexplored for plant disease. This study investigated the role of Ca2+ signalling on 

motility and chemotaxis of Spongospora subterranea zoospores, responsible for root 

infections leading to potato root and tuber disease. Cytosolic Ca2+ flux inhibition with Ca2+ 

antagonists were found to alter zoospore swimming patterns and constrain zoospore 

chemotaxis, root attachment and zoosporangia infection. LaCl3 and GdCl3, both Ca2+ channel 

blockers, at concentrations ≥ 50 µM showed complete inhibition of zoospore chemotaxis, root 

attachment and zoosporangia root infection. The Ca2+ chelator EGTA, showed efficient 

chemotaxis inhibition but had relatively less effect on root attachment. Conversely the 

calmodulin antagonist trifluoperazine had lesser effect on zoospore chemotaxis but showed 

strong inhibition of zoospore root attachment. As expected, zoospore attachment was 

directly associated with zoosporangia root infection. High concentrations of extracellular Ca2+ 

(supplied as Ca(OH)2) had similar chemotaxis inhibitory effects and impairment of swimming 

pattern as the Ca2+ antagonists. These results highlight the importance of Ca2+ signalling on 

zoospore chemotaxis and suggest it may be a new target for Phytomyxea soilborne disease 

control.  
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Key words:  Ca2+ signalling, Spongospora subterranea, chemotaxis, zoospore, motility 

4.2 Introduction 

Many Phytomyxean species are obligate endophytic biotrophs that parasitize a wide 

range of organisms ranging from flowering plants, algae, diatoms to several oomycetes in 

both marine and terrestrial environments (Neuhauser et al., 2011a). They may be direct 

agents of diseases, notable among them are Plasmodiophora brassicae and Spongospora 

subterranea which causes clubroot in crucifers (Dixon, 2014), and powdery scab disease in 

potato (Falloon et al., 2015) respectively. They are also known vectors of at least 20 plant 

viruses, including Oat mosaic virus (Hebert and Panizo, 1975), Sorghum chlorotic stunt virus 

(Kanyuka et al., 2003), Soil-borne wheat mosaic virus (Canova, 1996) and Potato mop top 

virus (Jones and Harrison 1969). These phytomxyid and phytomyxid-vectored diseases are 

responsible for major economic losses in vegetable, oil seed and cereal crops globally 

(Kanyuka et al., 2003; Dixon, 2014; Wilson, 2016).  

Phytomyxid infections are initiated by motile zoospores released from thick-walled, 

uninucleate resting spores of the sporogenic phase of a biphasic life cycle (Bulman and 

Neuhauser, 2016). Soon after release, the zoospores propelled by their heterokont flagella 

move in soil water or the marine environment to locate their hosts (Bulman and Neuhauser, 

2016, Harrison et al., 1997). Zoospore movement can be directed by several environmental 

stimuli, but chemical cues, such as root exudation products, are the most commonly used by 

zoospores for host location (Rai and Strobel, 1966: Zentmyer, 1960). These chemical cues are, 

however, unable to transcend the zoospore cell membrane, because they are either too large 

or too charged (Walrant et al., 2017). Thus, just as in more complex organisms, these 

unicellular organisms have evolved elaborate mechanisms to perceive signals (Renaud et al., 
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2004), comprising the transduction triad of receptors, transducers, and effectors (Trewavas 

and Malho, 1997). Signals or primary stimuli are first perceived by transmembrane receptors, 

the transducers decode and relay the signal intracellularly to the effectors for appropriate 

action (Trewavas and Malho, 1997).  

Many signal transduction pathways utilise secondary messengers, small, non-protein 

molecules, as transducers (Demaurex and Nunes, 2016). Evidence from eukaryotes and 

prokaryotes show that many physiological responses including chemotaxis, spore 

development, migration, virulence, and host pathogen interaction are mediated by secondary 

messenger molecules (Dominguez, 2004; Campbell et al., 2007; Asmat et al., 2014). Several 

molecules have been identified to have secondary messenger function in eukaryotic 

organisms (Pollard et al., 2017), with intracellular free calcium ions (Ca2+) the only molecule 

known to serve as a universal messenger in all eukaryotes (Campbell, 1983; Dominguez et al., 

2015) and prokaryotes (Dominguez, 2004). In these organisms Ca2+ is ubiquitous in most 

transduction pathways and involved in a wide range of physiological and cellular functions 

(Demaurex and Nunes, 2016). In Bacillus subtilis for instance, the rotational movement of the 

flagella has been reported to be controlled by cytosolic Ca2+ (Szurmant and Ordal, 2004), while 

in Escherichia coli the role of transient Ca2+ on bacteria motility is well established (Tisa et al., 

2000). Indirect evidence also supports the role of Ca2+ signalling on chemotaxis, with 

isoflavone attractants of Phytophthora sojae zoospores to soybean (Morris and Ward, 1992), 

found to stimulate the influx of Ca2+ into the zoospore cytosol from intracellular stores and 

the extracellular environment (Connolly et al., 1999).  

Generally, intracellular influx of Ca2+ ions occurs through various transport systems 

including antiporters and voltage-gated Ca2+-selective channels which have high conducting 
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capacity, of approximately one million Ca2+ ions per second per channel (Clapham, 2007). This 

influx results in high cytosolic loading of Ca2+. Because Ca2+ overload will result in cell 

dysfunction and death (Carafoli and Krebs, 2016), eukaryotes and prokaryotes trigger 

extensive homeostatic systems to restore the intracellular Ca2+ load (Berridge et al., 2000) to 

remarkably low (c. 100 nM) concentrations at 20,000-fold less compared to the extracellular 

matrix by pumping Ca2+ into the endoplasmic reticulum or out of the cell (Clapham, 2007). 

For every Ca2+ ion pumped out one ATP is hydrolysed (Niggli et al., 1981), with the energy 

derived used to drive signal transduction (Clapham, 2007). Dominguez (2004), in reviewing 

earlier studies that continuously monitored cytosolic Ca2+ concentration in E. coli, reported 

that in the presence of extracellular Ca2+ concentration within the mM range, intracellular 

levels steadily rose peaking at c. 2 µM before slowly declining to the initial level. This shows 

the fluidity of cytosolic Ca2+ concentration on signalling and lays the foundation for the 

exergonic principle underpinning Ca2+ flux. 

Inhibition of Ca2+ flux across cellular systems have been found to constrain various 

physiological processes including chemotaxis and motility. Blocking Ca2+ channels of E. coli 

with ω-conotoxin GVIA, gallopamil or verapamil is reported to inhibit E. coli chemotaxis and 

motility (Tisa et al., 2000). Similarly, in Spirochaeta aurantia, chemotaxis was constrained by 

a Ca2+ channel inhibitor, botulinum toxin A (Goulbourne and Greenberg, 1983). Ca2+ also 

impacts the pattern of motility, with chelation of Ca2+ ions by EGTA causing zoospores of 

Pythium spp. to swim in a straight line rather than the typical extended helical pattern 

interspersed with abrupt changes in direction (Donaldson and Deacon, 1993). There are no 

known reports of the role of Ca2+ signalling in the physiological processes of Phytomyxean 

spp., but given the significance in other species, identifying the role of Ca2+ signalling on 
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phytomyxid zoospore chemotaxis could provide a potential target for the development of a 

novel management strategy for their diseases. Therefore, in this study, using S. subterranea 

as an example of an important phytomyxid pathogen, I examined the effect of extracellular 

Ca2+ concentration, and various Ca2+ antagonists on zoospore swimming patterns and 

correlated their impact on zoospore chemotaxis, root attachment and root infection. 

 

4.3 Materials and Methods 
 

4.3.1 Spongospora subterranea inoculum preparation, incubation, and zoospore 

validation 

Inoculum of S. subterranea was obtained from diseased tubers harvested from a 

commercial potato crop in Devonport, Tasmania, Australia (41.17 °S, 146.33 °E) in April 2018. 

Individual lesions were scrapped with a scalpel blade, oven-dried at 35 oC for seven days, and 

stored at room temperature for two months before use. To obtain zoospores, 100 mg dried 

inoculum, was incubated in 5 ml of deionized water for three months at room temperature. 

Zoospore identity was confirmed by microscopic examination of morphological features and 

swimming patterns of the zoospores in water, and by qPCR testing (Thangavel et al., 2015). 

 

4.3.2 Ca2+ antagonists 

A range of compounds which interfere with Ca2+ cell signalling via different 

mechanisms were chosen and tested at various concentrations for their impact on S. 

subterranea zoospore motility. Lanthanum (III) chloride (LaCl3) and gadolinium (III) chloride 
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(GdCl3), both Ca2+ channel blockers (Katicheva et al., 2015), were tested at 50, 100 and 150 

µM; EGTA, a Ca2+ chelator (Sharma et al., 1992), was tested at 100, 500 and 1000 µM; 

amiloride hydrochloride, a Ca2+ flux inhibitor (Hedrich et al., 1988), was tested at 100, 150 and 

200 µM; whilst trifluoperazine (TFP), a calmodulin antagonist (Vandonselaar et al., 1994), was 

tested at 2, 3.5 and 5 µM.  

 

4.3.3 Effect of Ca2+ antagonists on zoospore chemotaxis 

The Ca2+ antagonists were tested for their ability to interfere with S. subterranea 

zoospore chemotaxis using an adaptation of the traditional Adler capillary assay (Adler, 1973) 

by integrating cavitation into the solution within the microcapillary. In microcentrifuge tubes, 

10 µl of a zoospore suspension (c. 11 zoospores/ µl) was aliquoted, to which 50 µL of each 

Ca2+ antagonist at each tested concentration, or water only (control) was added. Tubes were 

gently vortexed and allowed to stand for 10 minutes. Glutamine (0.01 M), a known 

chemotaxis attractant for S. subterranea zoospores (Amponsah et al., unpublished data), was 

introduced into a 5 µl diameter microcapillary tube with two open ends, such that the 

proximal tip contained approximately 10 µl of the glutamine solution. Additional quantities 

of 0.01M glutamine solution was then introduced into the distal end of the microcapillary 

tube using a 3 ml syringe in an intermittent manner to trap a series of air bubbles or voids 

within the column negating movement of the solution within the microcapillary by capillary 

action. A glutamine-filled cavitated microcapillary tube was then placed in each 

microcentrifuge tube containing the zoospore suspensions amended with various Ca2+ 

antagonists and incubated for 24 hours in the dark at room temperature (20 ± 2 °C). Each 

treatment was replicated six times. Following incubation, the tubes were removed from the 
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zoospore suspension, the lower 10 µL of the solution within the microcapillary ejected into a 

microscope slide and number of zoospores that had migrated to and entered each 

microcapillary tube was counted using light microscopy (400× magnification).  

4.3.4 Effect of Ca2+ antagonists on zoospore root attachment 

Root tissues were excised from 6-week old axenic tissue-cultured plantlets of potato 

cv. Iwa, a variety highly susceptible to S. subterranea root infection. Roots were triple rinsed 

in sterile deionised water, cut into c. 1cm long pieces and placed two apiece onto a 

microscope slide. Each slide was then flooded with 45 µl of the various Ca2+ antagonist 

solutions followed by 15 µl of zoospore suspension (c. 11 zoospores/ µl) added to the outer 

margins of the antagonist solution to prevent direct contact of the zoospore suspension with 

the root pieces and a cover slip carefully added. To prevent the drying, the prepared slide was 

placed on moistened Whatman filter paper (GE Healthcare UK Ltd) within a Petri dish, to 

create high humidity in the chamber. Each Petri dish constituted a replicate with each 

treatment replicated six times. The set up was incubated for 12 hours in a dark cabinet at 

room temperature (20 ± 2 °C). Following incubation, the root pieces were carefully removed 

with forceps, gently rinsed in sterile deionised water to remove unattached zoospores, 

mounted on a microscope slide, and observed by light microscopy at 400× magnification. The 

number of zoospores attached to the root and root hairs were counted.   

 

4.3.5 Impact of Ca2+ antagonists on root infection 

Solutions of each Ca2+ antagonist at each concentration were prepared using Hoagland’s 

nutrient solution as a diluent. Ten ml of each solution was added to a sterile McCartney bottle 
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to which was added 20 mg of resting spore inoculum with an estimated density ≥ 5000 

sporosori/mg and 30 µl of a zoospore suspension (c. 8 zoospores/ µl). Each bottle was covered 

with aluminium foil to exclude excessive light and a 6-week-old potato tissue-culture plantlet 

(cv. Iwa) was transferred into each bottle. The bottles were incubated in a plant growth 

chamber (Steridium Pty Ltd, Brisbane, Australia) set at 18oC, 90% relative humidity, 10,800 

Lux light intensity, with a 14/10 hours photoperiod for eight weeks. The solutions were 

topped-up with 4 ml of Hoagland’s nutrient solution at four weeks.  

After 8-weeks incubation, the plants were removed, the roots excised, and triple washed 

in running water. Five to eight root pieces of approximately 3 cm in length were sub-sampled 

from each of the upper, mid, and lower root regions of each plant root. Half of the collected 

root pieces were placed on glass microscope slides, stained with 0.1% trypan blue in 

lactophenol (Mafia and Alfenas, 2016) for 15 minutes, de-stained with water and mounted in 

glycerol. The stained root segments were observed, by light microscopy at 200 and 400× 

magnifications, and scored for presence of S. subterranea zoosporangia within root epidermal 

cells and root hairs using a 0 – 5 rating scale (Hernandez Maldonado et al., 2013). The 

remaining root sub-samples were stored at -20°C for up to two weeks before testing for 

presence of S. subterranea by PCR (Thangavel et al., 2015). 

 

4.3.6 Effect of extracellular Ca2+ concentration on zoospore chemotaxis  

Solutions of Ca(OH)2 at 3, 6, 9, 12, 15 and 18 mM were prepared, and 20µl of each 

solution aliquoted into individual microcentrifuge tubes with an equivalent volume of 

zoospore suspension (c. 11 zoospores/ µl) added. Solutions were mixed by vortexing for 5 

seconds and allowed to stand for 10 minutes. Using the cavitated microcapillary assay 
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described above with glutamine (0.01 µM) as the chemical attractant, the number of 

zoospores that moved into each capillary tube after 24 hours incubation was determined. 

Each treatment was replicated six times. 

4.3.7 Effects of Ca2+ antagonists and extracellular Ca2+ on zoospore swimming 

patterns  

Each Ca2+ antagonist at the concentrations previously used and each Ca(OH)2 

concentration were individually added (15 µl) to a microcentrifuge tube to which 3 µl of 

zoospore suspension (c. 11 zoospores/ µl) was added, the solutions then vortexed for 5 

seconds and allowed to rest for a further 10 minutes. After this period, 3 µl of each treated 

zoospore suspension was pipetted into a taxis chamber (created by gluing four cut glass cover 

slips onto a glass slide to create a chamber ~ 0.18 mm deep over an area ~ 1 cm2 to allow 

enough room for zoospore motility). The chamber was covered with a cover slip and observed 

under light microscope (Leica DMLB tilting trinocular compound microscope, Leica 

Microsystems, Wetzlar, Germany) at 400× magnification. An individual zoospore was brought 

into focus and native videos of the swimming behaviour of the zoospores were recorded at 

59.94 fps via video-microscopy using a Nikon D850 camera (Nikon Australia Pty Ltd) fixed in 

position to the trinocular port of the microscope set in phase contrast mode. For each 

treatment, three replicated videos of different zoospores were recorded for analysis 

The native video files were standardized to 30 seconds whilst the quality was digitally 

optimized by cropping and sharpening images with Adobe Photoshop CC 2019 (Adobe, USA) 

to enhance image contrast. The recorded swimming behaviour of the zoospores were tracked 

using a computer-vision tracking software, idTracker, version 2.1 (Pérez-Escudero et al., 2014). 

The zoospores’ spatial positions, XY, were captured frame by frame and aligned with their 



 
 

77 
 

temporal positions, Z, indicated by the frame number, for a 3D pattern analysis. A 3D 

trajectory plot from the data was reconstructed using the data analysis software Origin(Pro), 

Version 2018 OriginLab Corporation, Northampton, MA, USA.  

2D analysis of the same videos were done using the computer-vision tracking application, 

ToxTrac, version 2.84 (Rodriguez et al., 2018) with automated image-based tracking capacity. 

Zoospore quantitative swimming behaviour in the optimized videos were tracked and 

analysed to generate statistics on individual zoospore quantitative swimming parameters viz 

instantaneous speed (speed, µm/s), instantaneous acceleration (acceleration, µm/s2), 

mobility rate, exploration rate, and total distance travelled (distance, µm). 3D and 2D 

trajectory for each video were examined and compared among treatments to determine the 

impact on zoospore swimming pattern.  

 

4.4 Data analysis 

All were single factor experiments with treatments arranged in a completely 

randomised design. Data sets were tested for normality and the mean effects of replicated 

treatments were analysed using a one-way ANOVA, with GenStat (12th Edition) or R statistical 

language framework v 4.0 (R core team 2020). Where the P value showed difference at 5% 

significance level, mean separation using LSD was done for all experiments except the root 

infection experiment where differences in infection intensity between treatments were 

tested using ordinal linear regression. This was done using R statistical language framework v 

4.0 (R core team 2020). A post hoc comparison was conducted using emmeans v1.2.3 (Lenth, 

2016) and Tukey correction for pairwise comparison at 5% confidence level. 
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4.5 Results 
 

4.5.1 Effect of Ca2+ antagonists on zoospore chemotaxis 

The number of zoospores that migrated into the microcapillary tube containing 0.01 

M glutamine was significantly (P ≤ 0.05) diminished by all the Ca2+ antagonists at most of the 

tested concentrations when compared to the control (Fig. 4.1A). The Ca2+ flux inhibitor, 

Amiloride hydrochloride significantly reduced chemotaxis at 150 µM (16.0%) and 200 µM 

(80.7%) concentrations but not at 100 µM. The calmodulin antagonist trifluoperazine (TFP) 

significantly reduced taxis at 3.5 µM (14.2%) and 5 µM (33.1%) concentrations but not at 2 

µM, while the Ca2+ chelator EGTA significantly reduced chemotaxis at 500 µM (78.0%) and 1 

mM (94.9%) concentrations but not at 100 µM. Zoospore chemotaxis was significantly 

inhibited by all concentrations of the Ca2+ channel blockers LaCl3 and GdCl3, all showing 

complete inhibition except 50 µM LaCl3. (Fig. 4.1A). 

 

4.5.2 Effect of Ca2+ antagonists on zoospore root attachment 

The mean number of zoospores found attached to root segments (Fig. 4.2) was 

significantly diminished (P ≤ 0.05) by all Ca2+ antagonist treatments at all concentrations when 

compared to the control (Fig. 4.1B). Amiloride hydrochloride reduced root attachment by 

75.2%, 96.5% and 98.2% at 100 µM, 150 µM and 200 µM concentrations respectively, TFP by 

90.3%, 88.5% and 100% at 2 µM, 3.5 µM and 5 µM concentrations respectively, EGTA by 

69.9%, 69.0% and 98.2% at 100 µM, 500 µM and 1 mM concentrations respectively, and the 

50 µM concentration of GdCl3 showing 96.5% reduction. Root attachment was completely 
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prevented by all concentrations of LaCl3 and the 100 µM and 150 µM concentrations of GdCl3. 

(Fig. 4.1B). It was also noted that with GdCl3 (100 µM and 150 µM) and LaCl3 (all 

concentrations) treatments zoospore motility was not observed. 

 

Fig. 4.1. Effect of Ca2+ antagonist treatments on S. subterranea zoospore (A) chemotaxis to 
0.01M glutamine, n = 6, and (B) attachment to potato root tissue, n = 7, and (C) root infection 
prevalence, n = 5. Vertical bars represent standard errors with different lowercase letters 
indicating significant (P ≤ 0.05) treatment differences. 
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Fig. 4.2. S. subterranea zoospores (arrowed) attached to ‘Iwa’ potato root hairs (scale bar = 
15 µm). 

 

4.5.3 Effect of Ca2+ antagonists on root infection 

Ca2+ antagonism had no significant (P ≤ 0.05) effect on root infection intensity, which 

ranged from 0 - 1. They however diminished significantly (P ≤ 0.05) the prevalence (Fig. 4.1C) 

of zoosporangia root infection (Fig. 4.3) compared to the untreated control except for 

amiloride hydrochloride and EGTA both at 100 µM for which infection prevalence did not 

differ from the control. TFP reduced disease prevalence by 60%, 80% and 100% at 2 µM, 3.5 

µM and 5 µM concentrations, respectively. EGTA reduced disease prevalence by 60% and 80% 

at 500 µM and 1 mM concentrations, respectively. Zoosporangia root infection was 

completely prevented by amiloride hydrochloride at both 150 µM and 200 µM concentrations 

and all concentrations of LaCl3 and GdCl3 (Fig 4.0C). 
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Fig. 4.3. S. subterranea zoosporangia root infection in hydroponically grown potato (cv. Iwa) 
root (scale bar = 20 µm). 

 

4.5.4 Effect of extracellular Ca2+ on zoospore chemotaxis 

Extracellular Ca2+ concentration showed a dose-dependent inhibition of zoospore 

chemotaxis (Fig. 4.4). At the lower concentrations (3 and 6 mM Ca(OH)2) taxis was not 

different to the control, however, increased Ca(OH)2 concentrations (9-18 mM) significantly 

(P ≤ 0.05) decreased zoospore attraction with the highest concentration tested (18 mM) 

resulting in complete taxis inhibition. 
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Fig. 4.4. Effect of extracellular Ca2+ [Ca(OH)2] concentration on S. subterranea zoospore 
attraction to 0.01 M glutamine (n = 6). Vertical bars represent standard errors with different 
lowercase letters indicating significant (P ≤ 0.05) treatment differences. 

 

4.5.5 Effects of Ca2+ antagonists and extracellular Ca2+ on zoospore motility 

All Ca2+ antagonists significantly affected the motility of S. subterranea zoospores in most 

measured parameters. Zoospore swimming speed was significantly slower than the control 

for all treatments except for amiloride hydrochloride at 100 and 150 µM, EGTA at 100 and 

500 µM and trifluoperazine at 2 and 3.5 µM which did not significantly differ from the control 

(Table 4.1). EGTA at 1000 µM (9.16 µm/s), 5 µM trifluoperazine (7.58 µm/s) and 50 µM LaCl3 

(2.1 µm/s) were significantly slower than the control. Zoospore motility completely ceased 

when treated with LaCl3 at 100 and 150 µM and GdCl3 at 50, 100 and 150 µM (results not 

presented in Table). 

Instantaneous acceleration (IA) of zoospores was not significantly affected by any 

treatment except trifluoperazine at 2 µM (92 µm/s2) which showed a significant increase in 
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IA compared to the control (31. 88 µm/s2; Table 4.1). Ca2+ antagonists tended to reduce the 

total distance zoospores travelled compared to the control but these differences were only 

significant for amiloride hydrochloride at 200 µM, EGTA at 500 µM and 1 mM, TFP at 5 µM 

and LaCl3 at 50 µM. (Table 4.1). Mobility rate and exploration rate of zoospores treated with 

Ca2+ antagonists were not significantly different from the control (Table 4.1).  

 

Table 4.1. Effects of Ca2+ inhibition treatments on S. subterranea zoospore swimming 
parameters 

Treatment 

Speed 

(µm/s) 

Acceleration 

(µm/s2) 

Distance 

(µm) 

Mobility 

rate 

Exploration 

rate 

Control 28.04cd 31.88abc 1002.5d 0.9711a 0.3333a 

Amil 100uM 24.66cd 57.21bcd 742.1cd 0.9965a 0.3556a 

Amil 150uM 19.25bcd 35.4abc 646.4bcd 0.8437a 0.2667a 

Amil 200uM 9.44ab 21.19ab 288abc 0.7404a 0.1778a 

EGTA 100uM 19.7bcd 24.49ab 591.9bcd 0.9913a 0.3333a 

EGTA 500uM 15.96abc 25.25ab 479.3abc 0.9989a 0.3111a 

EGTA 1000uM 9.16ab 14.48a 275.4abc 0.9661a 0.1333a 

TFP 2uM 33.23d 92d 1001.9d 0.986a 0.3333a 

TFP 3.5uM 24.32cd 65.6cd 733.9cd 0.9781a 0.2000a 

TFP 5uM 7.58ab 14.48a 229.5ab 0.7248a 0.1111a 

LaCl3 50uM 2.1a 14.13a 75.2a 0.5917a 0.1111a 

Figures within the same column with the same letter superscripts are not statistically (P ≤ 0.05) 

different (n = 3). Exploration rate is the proportion of area explored by the zoospores and is 
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calculated by (Number of Areas)/(Number of Explored Areas (from Exploration)). Mobility 

rate is the proportion of speed above a pre-set minimum. 

Externally applied Ca(OH)2 also affected zoospore motility. Zoospores treated with all 

Ca(OH)2 concentrations were significantly slower and travelled significantly less distance than 

the control (Table 4.2). Acceleration was significantly less than the control at Ca(OH)2 

concentrations ≥12 mM. Mobility rate and exploration rate were again not significantly 

affected by treatment (Table 4.2). 

 

Table 4.2. Effect of Ca(OH)2 concentration on S. subterranea zoospore swimming parameters 

Ca(OH)2 

treatment 

Speed 

(µm/s) 

Acceleration 

(µm/s2) 

Distance 

(µm) 

Mobility 

rate 

Exploration 

rate 

0 mM 29.94d 52.31c 1020.9d 0.9768a 0.32a 

3 mM 19.46c 48.62bc 595.6c 0.9592a 0.30a 

6 mM 15.19bc 47.25bc 459.3bc 0.9287a 0.27a 

9 mM 13.19abc 46.34bc 398.4abc 0.9096a 0.23a 

12 mM 6.99ab 30.94ab 217.3ab 0.8635a 0.22a 

15 mM 6.34a 28.59ab 194.8ab  0.8397a 0.17a 

18 mM 4.97a 22.17a 166.7a 0.811a 0.15a 

Figures within the same column with the same letter superscripts are not statistically (P ≤ 0.05) 

different (n = 3). Exploration rate is the proportion area explored by the zoospores and is 

calculated by (Number of Areas)/(Number of Explored Areas (from Exploration)). Mobility 

rate is the proportion of speed above a pre-set minimum. 
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4.5.6 Effect of Ca2+ inhibition on zoospore trajectory 

When subjected to the various Ca2+ antagonist treatments S. subterranea zoospores 

exhibited swimming patterns with moderate to substantial variation from normal patterns 

demonstrated by the water control. The 3D mapped trajectory of zoospore movement in the 

control exhibited a characteristic helical swimming pattern (Fig. 4.5Ai) with consecutive loops 

from the base of the vertical plane to the top. The 2D trajectory (Fig. 4.5Aii) of the same video 

highlights four main whorls of rings in the horizontal plane, each whorl is constituted by a 

series of helical loops. The whorls represent the projected helical loop in the vertical plane of 

the 3D pattern. Conversely, zoospores treated with 100 µM amiloride hydrochloride exhibited 

a combination of helical and oscillatory movement (Fig. 4.5Bi and Bii). Movement typically 

begun with a few helical steps which changed to a zig-zag oscillatory pattern and back to a 

helical pattern. This alternation of patterns became more apparent when zoospores switched 

from a vertical to horizontal planer movement. Increasing the concentration of amiloride 

hydrochloride led to greater disruption in swimming pattern. With 150 µM amiloride 

hydrochloride treated zoospores, tracked trajectories showed a combination of oscillatory 

and meandering movement patterns (Fig. 4.5Ci and Cii). More apparent in the 3D pattern, the 

zoospores movement at the base of the vertical plane was that of a zig-zag oscillatory pattern, 

midway through the plane the movement pattern changed to meandering movements. 

Motility was greatly curtailed when the concentration of amiloride hydrochloride was 

increased to 200 µM. This was indicated by the reduced zoospore footprint as mapped out in 

the 3D trajectory (Fig. 4.5Di). The pattern exhibited seemed to follow a pseudo-helical 

trajectory (Fig. 4.5Dii) which differed from the other amiloride hydrochloride treatments as 

well as the control.  
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Like the controls, zoospores treated with 100 or 500 µM EGTA exhibited helical swimming 

patterns (Fig 4.4E and F) differing mainly in the density of the helical loops. Loops in the 500 

µM EGTA treated zoospores (Fig. 4.5Fi) were less dense compared to the 100 µM EGTA 

treated zoospores (Fig. 4.5Ei). However, at 1000 µM EGTA zoospore trajectory were more 

spiral than helical. The 3D trajectory (Fig. 4.5Gi) of the zoospore movement showed the 

swimming pattern to be modelled on the shape of a truncated cone. A 2D trajectory of the 

same video indicated limited zoospore swimming movement in the horizontal plane (Fig. 

4.5Gii). 

Generally, zoospore swimming trajectory became more convoluted when treated with 

trifluoperazine. In the 2 µM trifluoperazine treatment, the zoospore trajectory comprised of 

a combination of patterns (Fig. 4.5Hi) including helical, oscillatory, and twisting patterns 

featuring a couple of intercalating loops. Rungs of successive loops were mostly close  
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Fig. 4.5. S. subterranea zoospore swimming trajectories analysed in 3D (blue) and 2D (green) 
when zoospores were treated with deionised water control (Ai and Aii), 100 µM Amiloride (Bi 
and Bii), 150 µM Amiloride (Ci and Cii), 200 µM Amiloride (Di and Dii), 100 µM EGTA (Ei and 
Eii), 500 µM EGTA (Fi and Fii), 1000 µM EGTA (Gi and Gii), 2 µM Trifluoperazine (Hi and Hii), 
3.5 µM Trifluoperazine (Ii and Iii), and 5 µM Trifluoperazine (Ji and Jii). 

 

together, often with different orientations. The intensity of the convoluted trajectory was 

more apparent in the 2D trajectory of the same video (Fig. 4.5Hii). At 3.5 µM trifluoperazine 

however, zoospore trajectory was helical (Fig. 4.5Ii), often differing in the sizes of the loop, 

adequately shown by the 2D trajectory of the same video (Fig. 4.5Iii). Swimming pattern 

complexity reached its maximum when trifluoperazine concentration was increased to 5 µM. 

The swimming pattern followed a combination of trajectories including helical, meandering, 

twisting, and oscillatory patterns interspersed with paucity in movement giving rise to an 

overall outlook resembling an hourglass (Fig. 4.5Ji). The 2D trajectory of the same video in the 

horizontal plane showed a path resembling a hollow disc (Fig. 4.5Jii). Zoospore movement 

ceased or were insufficient to map in treatments with LaCl3 and GdCl3. 

 

Gi Gii Hi Hii 

Ii Iii Ji Jii 
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4.6 Discussion 

Many Ca2+ antagonists are known to constrain motility, chemotaxis, and other 

physiological processes in microbial organisms (Matsushita et al., 1988; Tisa et al., 2000; Islam 

and Tahara, 2001). These antagonisms have been exploited for medical treatment of several 

diseases including chlamydia (Ward and Salari, 1982) and neutrophils mediated 

atherosclerosis in humans (Shima et al., 2008). However, Ca2+ antagonism treatments are yet 

to be fully exploited for pathogenic plant disease control even though the role of Ca2+ 

signalling in various physiological processes of some plant pathogens are known. Here, I 

determined the role of Ca2+ signalling in S. subterranea zoospore chemotaxis, and proved Ca2+ 

antagonism to constrain motility, root attachment, and root infection. All four classes of Ca2+ 

antagonist tested (Ca2+ channel blockers, Ca2+ chelators, Ca2+ flux inhibitors and calmodulin 

antagonists) in this study were found to have antagonistic effects on zoospore chemotactic 

attraction to glutamine, root attachment and root infection in a dose dependent manner. 

The cessation of chemotaxis of LaCl3 or GdCl3 treated zoospores at 50 to 150 µM 

concentration in this study is presumed to be due to their Ca2+ channel blocking activity. Other 

studies also found lanthanides such as La3+, Cd2+ and Gd3+ to significantly constrain 

chemotaxis (Kinoshita et al., 2017; Wheeler, 2017). It was noted that by blocking Ca2+ 

channels in the plasma membrane and membranes of intracellular Ca2+ stores, the 

lanthanides limit the availability of free cytosolic Ca2+, the movement of which is required to 

phosphorylate ATP and drive motility and chemotaxis (Tisa and Adler, 1995). Conversely, the 

calmodulin proteins that bind Ca2+ and translate cytosolic Ca2+ transients associated with 

environmental stimuli also play a crucial role in chemotactic response (Bothwell et al., 2006). 

Inhibiting calmodulin (“a multifunctional intermediate calcium-binding messenger protein” 
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(Stevens, 1983)) function with trifluoperazine in this study reduced zoospore chemotaxis to 

glutamine along a concentration gradient. This agrees with Gauthier and O’Day (2001) who 

found a dose-dependent effect of trifluoperazine on Dictyostelium chemotaxis towards cAMP 

and folic acid.  

The addition of EGTA generally reduced chemotaxis except at 100 µM which was not 

significantly different to the controls. It is conceivable that at 100 µM, EGTA was unable to 

chelate sufficient extracellular Ca2+ to impact on cytosol free Ca2+. In Dictyostelium discoideum, 

Schaloske et al. (2005) observed that 1mM EGTA treatment was unable to produce 

perceptible change in the cytosol free Ca2+ concentration, however 10 mM was enough to 

reduce the intracellular concentration significantly. Clapham (2007) argues that in low Ca2+ 

medium, plasma membrane Ca2+ ATPases pump Ca2+ out of the cell, to deplete the 

intracellular stores. It is this Ca2+ depletion that results in diminished chemotaxis. Inhibition 

of chemotaxis by amiloride hydrochloride such as was found with S. subterranea zoospores 

has been previously observed in the chemotactic response of neutrophils to N- formyl- 

methionyl- leucylphenylalanin (Simchowit and Cragoe, 1986). Amiloride hydrochloride 

inhibits Ca2+ fluxes by blocking Na+-Ca2+ exchange (Teiwes and Toto, 2007) to limit cytosol free 

Ca2+. 

Little is known of the physiological role of Ca2+ signalling in zoospore attachment, 

although recent evidence points to the regulatory role of Ca2+ in cell adhesion of pathogenic 

bacteria (Van Nhieu et al., 2018). The inhibition of cell-cell adhesion of human fibroblast with 

LaCl3 (Ko et al., 2001) provided the first direct evidence of the role of Ca2+ signalling on 

adhesion. At the organism level, adhesion and encystment of the unicellular protist 

Phytophthora zoospore is reported to be mediated by the secretion of proteins (Zhang et al., 
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2013). The relationship between Ca2+ signalling and adhesive protein secretion remains 

unknown. However, on the basis of the dose dependent response of Ca2+ antagonist 

treatment on S. subterranea zoospore attachment it is conceivable to presume a Ca2+ signal 

interference in the adhesive secretion cascade leading to interference with chemotaxis and 

root attachment. The prevalence of zoosporangia root infection is directly associated with the 

level of zoospore attachment, and thus the similarity of response of antagonists to these 

pathogen-host interactions is expected. Similar observations were made by Adorada et al. 

(2000) whilst studying the attachment of P. capsici zoospores to wounded pepper roots.  

Results from these Ca2+ antagonist treatments have made clear the effect of limiting 

cytosol free Ca2+ availability in the Spongospora pathosystem on all events leading up to 

zoosporangia root infection. But the dual role of Ca2+ in causing cellular dysfunction and death 

at elevated concentrations (Carafoli and Krebs, 2016) made it imperative to determine the 

role of extracellular Ca2+ levels on zoospore attraction. Here, 18 mM Ca(OH)2 treatment was 

found to completely inhibit zoospore chemotaxis whilst ≤ 6 mM Ca(OH)2 treatments reduced 

attraction by < 10%. In a similar study, Lusche et al. (2009) observed that in the presence of ≥ 

60 mM CaCl2, chemotaxis of the 2 – 4 mm long Dictyostelium discoideum towards cAMP 

reduced significantly from the optimum observed at 40 mM CaCl2, thus confirming the 

negative effect of extracellular Ca2+ overload on chemotaxis. The body size differentia 

between the two species could perhaps account for the difference in Ca2+ dose required to 

elicit chemotactic response. Field application of calcium or liming is routinely used to reduce 

Phytophthora stem rot of soybean (Sugimoto et al., 2010) and clubroot in brassica species 

(Santos et al., 2017), but reports on the effect of similar treatments on S. subterranea disease 

control have been mixed (Harrison et al., 1997). In control of Phytophthora stem rot of 
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soybean, Ca2+ application was linked to increased accumulation of calcium crystals around the 

stele to prevent mycelial penetration to disrupt the vascular system (Sugimoto et al., 2010). 

Conversely, increased uptake of Ca2+ by brassica tissues apparently protects them against P. 

brassicae infection through reduction of secondary zoospore production via reduction in thalli 

formation and abortion of formed thalli (Myer and Campbell, 1985). Evidence acquired here 

however suggests targeting S. subterranea zoospore chemotaxis may be useful for disease 

control.  

It was evident that with increasing extracellular Ca2+ concentrations the basic zoospore 

swimming behaviours (speed, acceleration, distance, mobility rate and exploration rate) were 

increasingly affected. The mechanism of inhibition is not clear, but the deterioration of 

swimming parameters was proportional to the effects observed on chemotaxis. Given 

delimiting cytosolic Ca2+ concentration with a Ca2+ antagonist also led to impairment of 

swimming behaviours and chemotaxis, it can be assumed that for S. subterranea zoospores, 

swimming behaviour is critical to chemotaxis and the regulation of Ca2+ concentration is 

central to it. However, the optimum Ca2+ concentration for swimming and chemotaxis is yet 

to be determined.  

Directly linked to basic quantitative swimming behaviour, is swimming trajectory. The 

normal extended helical movement punctuated with changes in direction (Merz, 1992) was 

found to be affected differently by each Ca2+ antagonist. These changes in qualitative 

swimming behaviour mirrored the changes in quantifiable behaviours. Ca2+ flux inhibitor or 

amiloride hydrochloride treatments changed the S. subterranea zoospore swimming pattern 

into more oscillatory movement which alternated frequently with helical and zig-zag patterns. 

In contrast, with Phytophthora aphanidermatum, Donaldson and Deacon (1993) reported 
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that amiloride hydrochloride caused an irregular swimming pattern with repeated directional 

change. On the other hand, the Ca2+ chelator EGTA, did not alter the helical swimming 

patterns observed in the control, rather it reduced the density of the loops and thus 

diminished the distance travelled. 

With the calmodulin antagonist, trifluoperazine, zoospore movement pattern appeared 

more convoluted, combining multiple swimming patterns perhaps indicating a state of 

confusion which culminated in frequent changes of direction at 2 µM. As the concentration 

increased the level of agitation reduced along with slowing down in speed. The characteristic 

alternation of acceleration from high to low and back to high, gave a distinct hourglass 

swimming pattern at 5 µM. Trifluoperazine also induced slow and spiral movements in P. 

aphanidermatum (Donaldson and Deacon, 1993), but in zoospores of Achlya spp., 5 µM 

trifluoperazine was sufficient to cause instant cessation of motility (Thomas and Butler, 1989). 

Various channel blockers have been known to produce motility effects similar to calmodulin 

antagonists (Tanida et al., 1986). The observed swimming pattern disruption described here 

may have originated from changes in flagella activity induced by limitations on concentration 

of cytosolic Ca2+ imposed by the various antagonist treatments. Since Ca2+ is the most 

important intracellular regulator for modulating flagella movement (Inaba, 2015) a limitation 

on its availability leads to disruption in flagella modulation (Smith, 2002). Though the 

mechanism underlying the differences in pattern induced by the different Ca2+ antagonist 

classes is beyond the scope of this study, the inherent differences in mechanism with which 

they achieve Ca2+ antagonism could be responsible for the differences in qualitative and 

quantitative swimming behaviours. 
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Overall, the further swimming pattern deviated from the helical trajectory observed in 

the controls, the greater the inhibition of chemotaxis, root attachment and zoosporangia root 

infection. This is consistent with observation in P. aphanidermatum where perturbation of 

the typical helical pattern into circular or straight-line movement with Ca2+ antagonists was 

associated with cessation of chemotaxis (Donaldson and Deacon, 1993).  

 

4.7 Conclusion 

Chemotaxis of S. subterranea zoospores appear to be dependent on Ca2+ signalling. It is 

an important prerequisite for zoospore root attachment and zoosporangia root infection. Ca2+ 

channel blockers, chelators, flux inhibitors and calmodulin antagonists are all effective at 

inhibiting zoospore chemotaxis and reducing S. subterranea root attachment and root 

infection, but channel blockers, LaCl3 and GdCl3 at ≥ 50 µM provides the optimum inhibition. 

High extracellular Ca2+ concentration ≥ 18 mM provides the same level of inhibition on 

chemotaxis as the channel blockers indicating both cytosolic Ca2+ depletion and overload are 

detrimental to zoospore chemotaxis. Ca2+ signalling affects both qualitative and quantitative 

swimming behaviours just as it affects chemotaxis, thus the rate of chemotaxis is proportional 

to the quantifiable zoospore swimming behaviours, notably speed, acceleration, and distance. 

Zoospores with helical swimming patterns, travelled longer distances at higher speed and 

acceleration and were the most chemotactically active. Detraction from the helical pattern to 

more oscillatory, twisted, or meandering patterns with the application of Ca2+ antagonists 

reduces all quantifiable swimming behaviours as well as chemotaxis. It remains, however, 

necessary to determine the effect of Ca2+ antagonists on the intracellular load of Ca2+ to 

confirm that Ca2+ antagonists operate by limiting the cytosolic concentration of Ca2+. The 
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evidence above suggests both Ca2+ antagonist and Ca2+ supplement as potential treatments 

for S. subterranea root infection. 
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 Wake up and die; premature germination of 
Spongospora subterranea resting spores to 
reduce inoculum load and disease 

 

5.1 Abstract 

Infections of potato with Spongospora subterranea results in disease that can reduce 

both yield and quality of tubers. The resistance of the resting spores to environmental stress 

and prolonged persistence within contaminated soils makes S. subterranea very difficult to 

control. Prior glasshouse studies suggested chemical stimulation of germination of resting 

spores in absence of a suitable host plant could lead to depletion of soil inoculum levels. This 

study investigated treatment of S. subterranea contaminated soils in pot, mini-plot and field 

experiments with the known resting spore germination stimulant Fe-EDTA, the fungicide 

fluazinam and combination treatments. Pathogen soil inoculum levels were measured as well 

as subsequent disease following planting of susceptible host plants. In several pot, small plot 

and large field trials, inoculum load was found to decline linearly with time. Inoculum 

reduction was optimal within the first six months of the trial. Fe-EDTA, fluazinam and their 

combination treatments reduced inoculum load only marginally. The best treatment, 

fluazinam (4.5 kg/ha) applied four times a year reduced inoculum load by 11% over the 

controls two years after treatment application. Conversely, it reduced root galling and 

infection as well as powdery scab intensity and prevalence by over 70%. Fe-EDTA treatments 

also had slightly better effect on disease control than inoculum load suppression. The 

presence of volunteer potatoes in the field trials reduced the efficacy of the treatments on 

inoculum reduction by increasing inoculum load beyond the baseline levels. Thus, for 

effective inoculum load management, volunteer potato must be controlled. Also, further 
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studies into Fe stimulated resting spore germination with non-photodegradable Fe-

complexes will have to be conducted to establish the role of Fe or other nonferrous 

compounds in S. subterranea spore germination and inoculum reduction under natural 

potato growing conditions.   

 

Key words: Resting spore, germination, root infection, gall, zoosporangium, soil remediation, 

photodegradation. 

 

5.2 Introduction 

The potato blemish disease, powdery scab was, for a long period, described as the sole 

economically important consequence of Spongospora subterranea infection (Falloon et al., 

2016). The disease is known to downgrade fresh market tuber value (Harrison et al., 1997), 

reduce shelf life through increased secondary spoilage, and cause the failure of seed tuber 

certification (Tegg et al., 2014). Spongospora subterranea root infection develops into 

zoosporangia (Ledingham, 1935) and subsequently root galling (Pethybridge, 1912). Root 

galling was considered benign based on their abundance in the root (Pethybridge, 1912). But 

later evidence showed the limiting impact of root infection and galling on growth and yield of 

potato (Falloon et al., 1996). In russet skin varieties, galling and associated root damage were 

found to reduce yield by 5 to 12 metric tons/ha (Brown et al., 2007). A more succinct study 

showed that shoot height, dry weight and tuber weight were reduced by 23,32 and 30% 

respectively by root infection (Gilchrist et al., 2011). These effects were attributed to reduced 

root function (water and nutrient uptake) caused by root infection (Shah et al., 2012). These 

consequently leads to huge revenue losses to the potato value chain worldwide (Wilson, 2016; 
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Gau et al., 2013). For example, in Australia the estimated cost of powdery scab to the 

processing industry alone is Au$13.4 million per annum (Wilson 2016). Despite this, attempts 

at developing control measures have not led to a single satisfactory control method.  

The first line of control worldwide has been to prevent soil contamination with S. 

subterranea inocula (Merz and Falloon, 2009) through the establishment of quarantine 

procedures to check cross border seed potato trade (Gau et al., 2013), selection of fields with 

no previous history of powdery scab, and the planting of clean certified seed tubers (Merz 

and Falloon, 2009). But with symptomless seed tubers from infected fields able to cause 

disease (Theron, 1999; Tegg et al., 2016), the rise in global potato trade, as well as  increased 

mechanization and irrigation ensuring successful short and long distance dispersal of the 

pathogen (Merz and Falloon, 2009), disease control via quarantine have not been completely 

effective.  Thus, other control strategies have been explored. Among them, is seed tuber and 

in-furrow treatment with chemicals such as fluazinam. Results have been mixed, showing at 

best partial disease transmission prevention and reduced disease incidence (Falloon, 2008). 

The same is the case with the use of soil organic amendments (Larkin and Griffin, 2007), and 

biological control agents (Nakayama and Sayama, 2013). Breeding for host resistance may 

prove the ultimate solution, but currently no variety is known to be completely resistant to S. 

subterranea infection (Falloon, 2008). Consequently, rotation with non-host species is the 

recommended method for reducing resting spore population and disease (Falloon, 2008). 

Sparrow et al. (2015) recommended five years rotation period for a beneficial result. This too 

does not lead to a complete elimination of the resting spores and disease, largely because of 

the persistent, and polycyclic nature of the spores, which allows rapid inoculum build-up after 
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every potato crop (Merz and Falloon, 2009). The inoculum is highly resistant to environmental 

stress, and thus able to persist in the soil for several decades (Falloon, 2008).  

Despite this, the infective units (zoospores) released after resting spore germination, 

are relatively labile to environmental stress, requiring their quick infection of a susceptible 

host or risk dying a few hours after release (Merz, 1997). Recognizing this weakness, 

Balendres et al. (2017a) postulated and proved that premature release of zoospores in the 

absence of a host plant could reduce S. subterranea pathogen load in the soil. This study 

aimed at enhancing inoculum management and disease control through the integration and 

evaluation of fungicide treatment with pre-plant combination treatment of spore 

germination stimulation and fallowing. I therefore present a report on the comparative effect 

of rate and frequency of germination stimulant and fungicide treatment on inoculum load 

reduction and disease.  

 

5.3 Materials and Methods 

5.3.1 Pot trial 

Ninety plastic pots (25cm diameter, 10 L volume) were filled with a sandy-loam soil 

(Horticultural Supplies Pty, Bridgewater, Tasmania, Australia) free from inoculum of S. 

subterranea. Each pot was amended with pathogen inoculum, firstly by adding 1 g of a dried 

crude sporosori (c. 500 sporosori/g), prepared by scrapping scab lesions off heavily diseased 

potato tubers, drying material at 25oC in an oven and grinding in a coffee grinder for 10-15 

seconds (model no: BCG200BSS, Breville Australia) to a fine powder, and secondly by adding 

50ml of  a slurry (c. 20,000 sporosori/ml), prepared by crushing approximately 40 g of fresh 

potato peels scrapped from heavily diseased tubers in 1 L water. The contents of the pots 
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were mixed thoroughly to ensure uniform distribution of the inoculum in the soil and placed 

outdoors exposed to natural weather conditions at the New Town Laboratories, Tasmania, 

147°17’57.21”E, 42°51’24.55”S. The pots were allowed three months to settle, after which 

soil samples (c. 20 g) were taken from ten random spots in each pot at a depth of 15 cm and 

bulked to determine the baseline pathogen level by analysis of DNA content.  

Table 5.1. Treatment summary for pot trial 

Treatments Quantity 
added/ 
pot 

Frequency of treatment application 
1× (Winter 
only) 

2× (split rate 
into 2 and 
applied 
once in 
winter and 
summer) 

4× (split 
rate into 4, 
and 
applied 
once every 
3 months) 

Control 0 5 Reps - - 
[FeEDTA]1 100kg/ha 2.7g " 5 Reps 5 Reps 
[FeEDTA]2 200kg/ha 5.4g " " " 
Fluazinam 4.5kg/ha 31.5mg " " " 
[FeEDTA]12.7g+ Fluazinam 31.5mg  " " " 
[FeEDTA]2 5.4g+ Fluazinam 31.5mg  " " " 

In all split rate treatments, only FeEDTA rates were split into ½ for 2×, or ¼ for 4× treatment, 
and one part applied either singly or together with full rate fluazinam treatment at each time 
of application.   

 

There were sixteen individual soil treatments each replicated five times (Table 5.1) 

with FeEDTA (Manutec Pty Ltd, South Australia) hand broadcast and incorporated whilst 

fluazinam (Crop Care Australasia, Queensland, Australia) was sprayed. Pots were hand-

watered every one to two weeks so as to remain moist. Every six months after initial 

treatment application soil samples were collected, as described above, and for pathogen DNA 

quantification using the methods outlined below. A year (~13 months) after treatment 

application, each pot was planted with a certified Kennebec seed tuber (~30g) that had been 
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dipped in a 1% formaldehyde solution for 5 mins, rinsed in tap water and air-dried as 

described by Braithwaite et al. (1994). Plants were grown and hand-watered every week to 

maintain soil moisture for a total of 16 weeks, after which disease assessments were made 

for both root gall and tuber disease following procedures described below. 

 

5.3.2 Small plot trial 

Twenty-one small plots with dimensions of 1 m × 0.8 m × 0.3 m were demarcated with 

wooden boards in two strip rows that had a previous history of high powdery scab infection 

at New Town, Tasmania (Fig. 5.1). Individual plots were separated from adjacent plots by a 

0.2 m gap with a 1 m gap between strip rows (Fig 5.0C). Prior to any soil sampling or treatment 

applications soil in the individual boxes were lightly cultivated. Just prior to treatment 

applications 10 random sample cores 0 - 15 cm depth (~500g) were taken from each individual 

box, pooled and sub-sampled into ~50g and ~450g for later pathogen DNA quantification and 

the root infection tomato bioassay, respectively.  
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Fig. 5.1. Small plot trial (A) powdered Fe-EDTA sprinkled to the surface of a plot, and (B) 
fluazinam treatment sprayed onto a plot before incorporation into the soil, and (C) plot layout 
with incorporated treatments, and (D) potato (cv. Kennebec) growing in plots two years after 
treatment application.  

 

Six treatments comprising 4.5 kg/ha fluazinam (i.e. 1.44ml Emblem in 800 ml water), 

100kg/ha Fe-EDTA, and their combination at a rate of one and four times (once every three 

months, Table 5.2) were randomly assigned and applied (via surface spraying and hand 

broadcast respectively, Fig. 5.1A and B) to individual plots for a comparison with a control (no 

treatment applied). Each treatment was replicated three times with the amendments both 

manually incorporated into the top 20 cm of the soil by light raking (Fig. 5.1C). Following 

incorporation and then every week throughout the study period, the plots were watered to 

field capacity using overhead sprinklers. Soil samples were collected every three and six 

months for tomato bioassay and pathogen DNA quantification respectively for two years. 

Each plot was planted with a certified seed tuber of cv. Kennebec that had been dipped in 1% 

formaldehyde solution rinsed in distilled water and air-dried, 24 months after first treatment 



 
 

102 
 

application (Fig. 5.1D). Plants were irrigated once to twice weekly to maintain soil moisture 

and grown for 16 weeks prior to root galling and tuber disease assessment as outlined below. 

During the trial period no pesticides were used, any weeds and volunteer potatoes were hand 

weeded.  

 

Table 5.2. Treatment summary of small plot trial  

Treatment rates Quantity 
applied/plot 

Frequency of treatment application 
Once (Winter 
only) 

4× (Every 3 
months) 

Control 0 3 Reps - 
Fluazinam 4.5kg/ha 720mg " 3 Reps 
FeEDTA  100gk/ha 60.6g " " 
Fluazinam 720mg +FeEDTA 60.6g  " " 

All 4× treatments were full rate treatments applied once every three months.  

 

5.3.3 Field trials 

Three field trials were established on the NW coast of Tasmania, one at Forthside 

Research Station (FRS; 41.17 °S, 146.33 °E) and two on commercial farms at Sisters Creek 

(145°35’44.2”E, 40°58’08.5”S) and Myalla (145°34’19.4”E, 40°58’51.4”S) to evaluate soil 

treatments in a field setting. At FRS, a 50 m × 12 m plot was subdivided into three rows each 

separated from the other by a 1.5 m buffer. Each row was then subdivided into seven plots, 

each measuring 5.4 m × 3 m in size, separated from the adjacent plot by a 2 m buffer. At the 

two commercial sites, a 15 m × 6 m plot was divided into nine 5 m × 2 m plots with no buffer 

spaces.  
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Table 5.3. Treatment summary of trials at two commercial sites, Sisters Creek and Myalla, 
Tasmania. 

Treatments Commercial site 
Sisters Creek Myalla 

Control 3 Reps 3 Reps 
Fluazinam 4.5kg/ha " " 
Fluazinam 4.5kg/ha +FeEDTA 100kg/ha " " 

 

At the two commercial sites two treatments each viz Fluazinam surface spray (4.5 

kg/ha) alone, and its combination with Fe-EDTA hand broadcast (100 kg/ha) (Table 5.3) and 

lightly incorporated by hand raking.  At Forthside, the soil treatments applied were Fluazinam 

spray (4.5 kg/ha) and Fe-EDTA hand broadcast (100 kg/ha) were randomly applied singly, and 

as combination treatments once (winter only) and twice (winter and summer, Table 5.5) and 

lightly incorporated by hand raking. All sites were managed under natural rainfall conditions 

with no additional irrigation. Prior to and one year after treatment application, soil samples 

were collected from 10 random spots at 0-15 cm depth within a 0.8 m radius at the centre of 

each plot and bulked to ~1 kg per plot for DNA quantification and tomato bait test as 

described in section 5.3.4.1. After treatment application, soil samples were collected and 

bulked from 10 random spots as described, every three months for one year to track the rate 

of decline of inoculum in the soil using tomato bioassay techniques.  
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Table 5.4. Treatment summary of Forthside trial. 

Treatment Application 

Frequency 

Application rate 

Winter Summer 

Control    

Fluazinam (1) Single 4.5kg - 

FeEDTA (1) Single 100 kg - 

Fluazinam (1) + 

FeEDTA (1) 

Single 4.5 + 100 kg - 

Fluazinam (2) Twice 4.5kg 4.5kg 

FeEDTA (2) Twice 50 kg 50 kg 

Fluazinam (2) + 

FeEDTA (2) 

Twice 4.5 + 50 kg 4.5 + 50 kg 

All treatments were applied twice, one each during winter and summer in three replicates.   

 

5.3.4 Disease Assessment 

5.3.4.1 Tomato bioassay for zoosporangium root infection assessment 

Soil samples collected for the tomato bioassays were individually transferred into a 

500 ml plastic pot. Four tomato (cv. Grape) seedlings (6-weeks-old) were transplanted into 

each treatment pot (Fig. 5.2). The plants were watered to field capacity every other day for 

eight weeks, after which two plants per pot were gently uprooted for histopathological 

assessment of zoosporangia infection (incidence and intensity) in the root.  

The harvested roots were triple washed in running tap water to remove adhering soil 

particles. Zoosporangia root infection was examined in two arbitrary zones (upper and lower) 

of each whole root sample. Five to eight pieces of freshly cut roots pieces, from each zone 

measuring ~2 cm, were placed on a glass slide, and stained by flooding with 0.1% trypan blue 
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in lactophenol for 15 min. Unabsorbed trypan blue was thoroughly rinsed off the specimen 

with deionised water, and then mounted with one drop of glycerol. Using a Leica DMLB tilting 

trinocular compound microscope (Leica Microsystems, Wetzlar, Germany) at ×200 and ×400 

magnifications, the mounted specimens were examined for S. subterranea zoosporangia 

infection (Clark et al., 2018). Zoosporangia infection intensity was scored on the scale: 0 (no 

infection), 1 (sporadic, zoosporangia covering approximately 1% of the roots), 2 (slight, 2-

10%), 3 (moderate, 11-25%), 4 (heavy, 26-50%) and 5 (very heavy, >50%) (Merz et al., 2004). 

The scores for both zones from the two plants were averaged before subsequent analysis.  

 

Fig. 5.2. Tomato bioassay: tomato seedlings (cv. Grape) growing in soils sampled from treated 
plots for comparative root infection assessment.  

 

5.3.4.2 Pathogen DNA extraction and quantification 

Prior to DNA extraction, the collected soil samples were oven-dried at 25oC for 5 – 7 

days, and then a 5 g subsample was ground in a coffee grinder for 10 – 15 seconds (model no: 

BCG200BSS, Breville, Australia) followed by sieving through a 50 µm and then a 37 µm sieves 

(Greenburn laboratory sieves, Greer and Ashburner Pty Ltd, Victoria, Australia). A 200 mg 

subsample was taken from the material passing through the 37 µm sieve for DNA extraction. 

Prior to extraction 4ml of purified potato DNA (95 ng/µl) was added to the sampled soil as 
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internal positive control. Each 200 mg soil subsample was homogenized with the PowerLyzer 

24 homogenizer (Qiagen, Chadstone, Vic., Australia) and total DNA extracted using the 

PowerPlant Pro DNA soil isolation kit with RNAse treatment following the manufacturer's 

protocol (Qiagen, Australia). DNA yield was quantified using the Qubit 2.0 Fluorometer 

(Thermo Fisher Scientific, Australia) and DNA extracts were diluted to 10ng of total DNA/µl 

prior to use. Taqman primers SPO10, SPO11, and probe labelled with a 5’ fluorescent FAM 

dye and 3’ Iowa Black FQ quencher (Hernandez Maldonado et al., 2013) were used for 

quantification of S. subterranea DNA, while the internal positive control was quantified using 

primers COX-F, COX-R and probe COX-P labelled with a 5’ fluorescent HEX dye and a ZEN/3’ 

IBFQ quencher, both reactions running as a in a single tube as a duplex real-time PCR. The 

TaqMan qPCR assay was performed in a Rotor-Gene 6000 instrument (Corbett Life Science, 

Sydney, Australia) in a 20 µL reaction comprised of 6 µL template DNA or non-template 

control (NTC), and 14 µL master mix: 10 µL of 2x SensiFAST Probe No-ROX kit (Bioline, 

Australia Pty Ltd), 0.8 µL each of COX-F and COX-R primers, 0.2 µL COX-P, 1.5 µL S. subterranea 

primer/probe, and 0.7 µL nuclease-free water. Cycling conditions were 95°C for 15 mins, 

followed by 40 cycles of 94°C for 15 s and 60°C for 60s. The cycle threshold (Ct) values for 

each reaction was calculated using the Rotor-Gene software by determining the PCR cycle 

number at which the reporter fluorescence exceeds the background noise. All DNA samples 

including standards and NTC were assayed in triplicate (biological replicates) with three 

technical replicates per assay conducted. Standard curves were generated based on serial 

dilutions of purified extracted DNA from S. subterranea resting spores, and the fresh leaves 

of glasshouse grown potato, Kennebec cultivar, containing 2000 to 0.002 pg/µl, and 586 to 

5.86 × 10-4 pg/µl, respectively. The quantity of S. subterranea DNA in the soil samples were 
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estimated using the Delta Delta Ct Relative Quantification methods (Livak and Schmittgen, 

2001). 

In addition, unprocessed soil samples from all treatment sites were submitted for 

analysis and pathogen DNA quantification at a commercial soil testing facility at the South 

Australian Research Development Institute, Adelaide, South Australia, Australia (Predicta-Pt; 

https://pir.sa.gov.au/research/services/molecular_diagnostics/predicta_pt). The results 

were compared with in-house DNA quantitation.  

5.3.4.3 Assessment of root galling and powdery scab 

Sixteen weeks after planting, while crop growth was still active whole plants were 

harvested with both the roots and tubers carefully washed with tap water. The roots were 

then scored for root galling intensity on a 0-4 scale (0 = no galls; 1 = 1 to 2 galls; 2 = 3 to 10 

galls, most <2 mm in diameter, 3 = >10 galls, some >2 mm in diameter; 4 = most major roots 

with galls, some or all >4 mm in diameter; van de Graaf et al., 2007). Tubers of weight ≥ 4 g 

from each pot or plot were scored for powdery scab prevalence (proportion of tubers showing 

any lesions) and severity on a 0 - 6 scale (0 = no visible disease on tuber surface, 0.5 = ≤ 1 %; 

1 = ≥ 1 to 5 %; 2 = ≥ 5 to 10 %; 3 = ≥ 10 to 30 %; 4 = ≥ 30 to 50 %; 5 = ≥ 50 to 70 %; 6 = ≥ 70 % 

tuber surface affected; Thangavel et al., 2015).   

 

5.4 Data analysis 

Trials were either single or dual factor experiments arranged in a completely 

randomised design. Data on DNA quantities and root infection intensity were time-course 

measurements. DNA quantities were normalised and converted to percentage reduction prior 
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to analysis. All data sets were tested for normality and homogeneity of variance prior to 

further tests. Regression analysis was performed to determine the effect of applied treatment 

on percentage DNA as well as root infection reduction over time. All other treatments effects 

were assessed by a one or two-way analysis of variance (ANOVA) and using Tukey’s HSD 

method at 5% significance levels, treatment means were separated. All data were analysed 

using R statistical language framework v 4.0 (R core team 2020).  

 

5.5 Results 

5.5.1 Evaluation of soil remediation treatments effect on S. subterranea DNA load 

and diseases in pots 

One year after treatment application DNA levels in all treatments including the 

controls reduced significantly (P ≤ 0.05) below pre-treatment levels (Fig. 5.3), however no 

individual treatment showed a DNA reduction that was significantly different to the control. 

Conversely, most treatments reduced root galling significantly (Fig. 5.4C) in pot grown potato 

(cv. Kennebec). Fe-EDTA 100 kg/ha applied as a single dose (Fe-EDTA 100kg ×1) reduced gall 

number by ~ 40% (Fig. 5.5A), but when the same dose was split into two and four applications 

within the year (as Fe-EDTA 50kg ×2 and Fe-EDTA 25kg ×4), it reduced galling by 12% and 41% 

respectively. Fe-EDTA 200 kg/ha treatment as a single dose reduced galling by ~24% but 

splitting and applying the same dose twice and four times (Fe-EDTA 100kg ×2 and Fe-EDTA 

50kg ×4) reduced root galling by 82% and 66% respectively (Fig. 5.5A).  
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Fig. 5.3. Effect of S. subterranea soil broadcast remediation treatments on soil pathogen DNA 
quantities before and 12 months after treatment application (n = 3). 

 

There was a positive relationship between frequency of application of Fluazinam at 

4.5kg/ha and root galling with only a 50% reduction in root galling with a one-time annual 

application, compared to a galling reduction of 74% and over 90% with two and four 

applications, respectively (Fig. 5.5A). One-time application of Fe-EDTA 100kg + Fluazinam ×1 

reduced galling (70%) below that of Fe-EDTA 100kg ×1 or Fluazinam ×1 alone. A split rate 

application, Fe-EDTA 50kg + Fluazinam ×2 reduced galling (19%) marginally below Fe-EDTA 

50kg ×2 alone but not Fluazinam ×2 alone. Galling reduction in Fe-EDTA 25kg + Fluazinam ×4 

(~100%) significantly (P ≤ 0.05) differed from Fe-EDTA 50kg + Fluazinam ×4 (52%), which did 

not differ statistically from Fe-EDTA 100kg + Fluazinam X2 (65%).  
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 Fig. 5.4. (A) Heavily scabbed Kennebec potato tubers from untreated plots (B) scabbed tuber 
(left) and unscabbed tuber (right) from untreated and 4.5 kg/ha fluazinam ×4 plot respectively, 
and (C) root gall (arrowed) in potato root with S. subterranea infection.  

 

The majority of the treatments were unable to reduce prevalence of powdery scab 

significantly (P ≤ 0.05) below that of the controls, except Fluazinam ×4 which reduced scab 

prevalence by nearly 50% (Fig. 5.5B). Zoosporangia root infection intensity was however 

reduced by all treatments but not significant from the controls. Despite this, there appeared 

a trend of increased Fluazinam application frequencies resulting in reduced zoosporangia root 

infection intensity (Fig. 5.5C).  
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Fig. 5.5. Effect of S. subterranea soil broadcast remediation treatments on (A) mean number 
of root galls per plant (B) scab prevalence in treated pots, and (C) zoosporangia root infection 
intensity (scored on 0 – 5 scale) in potato (cv. Kennebec) grown in treated pots 12 months 
after treatment application. Values presented are the mean ± standard error from ten plants 
(two per pot). Different lowercase letters represent significant (P ≤ 0.05) treatment 
differences. 
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5.5.2 Effect of soil remediation treatments and time on S. subterranea DNA load 

in small plots 

Spongospora subterranea DNA load in the soil generally reduced significantly (P ≤ 0.05) 

with time during the study period (Table 5.5). In the controls the highest % DNA reduction 

(48%) occurred within the first six months after treatment application. Six months later, it 

declined further by 12.67%, and 11.7% a year later (Fig. 5.6). No treatment reduced pathogen 

DNA concentration significantly (P ≤ 0.05) below that of the controls (Table 5.5), but beginning 

from 12 months post treatment application, the majority of the fluazinam containing 

treatments marginally reduced the DNA in the soil by ~ 3 – 8% over that of the control (Table 

5.5). This reduced further to between ~6 and 11%, with Fluazinam ×4 (~11%) exerting the 

most pathogen reduction effect (Table. 5.4). Interaction effects between the treatments and 

time were not statistically significant (P ≤ 0.05). Across all treatments, rate of % DNA reduction 

over time followed a linear trend (Fig. 5.6). Our independent analysis of the soil samples for 

pathogen load inoculum produced similar trends in percentage DNA reduction by all 

treatments as those from the commercial laboratory (Appendix 1).  

Table 5.5. Effect of soil remediation treatments on cumulative % DNA reduction in S. 
subterranea over time.  

  Time (Months) 
Treatments Frequency 0 6 12 24 
Control   0a 48.07abcd 60.74bcd 72.44cd 
FeEDTA   ×1 0a 35.24abcd 51.81bcd 78.94d 
FeEDTA  ×4 0a 14.48ab 51.62bcd 77.31d 
Fluazinam ×1 0a 48.94abcd 68.24cd 78.08d 
Fluazinam ×4 0a 34.81abcd 67.44cd 83.6d 
Fluazinam+FeEDTA ×1 0a 23.79abc 58.23bcd 78.2d 
Fluazinam+FeEDTA  ×4 0a 63.53bcd 63.53bcd 82.34d 

Figure with the same superscripts are not statistically different (n = 3). The pre-treatment 
DNA quantities were  Control (~5199 pg/g), Fe-EDTA 4× (~7935 pg/g), Fe-EDTA 1× (8,668 pg/g), 
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Fluazinam 4× (6062 pg/g), Fluazinam 4× (5950), Fluazinam + Fe-EDTA 4× (8639 pg/g), and 
Fluazinam Fe-EDTA 1× (6714 pg/g). 

 

 

Fig. 5.6. Effect of soil broadcast remediation treatment on percentage reduction of S. 
subterranea DNA in contaminated soil (n = 3).    

 

5.5.3 Effect of S. subterranea soil remediation treatments on disease expression 

in small plots 

Zoosporangia root infection intensity in tomato (an indicator plant for S. subterranea 

infection) were significantly (P ≤ 0.05) reduced by S. subterranea soil remediation treatments 

compared to the controls (Fig. 5.7A). Fluazinam ×1 treatment reduced zoosporangia root 

infection by 38.3%, whilst Fluazinam ×4 treatment reduced it by 64.3% by. Fe-EDTA treatment 

at ×1 and ×4 rate reduced root infection by ~ 33.1 and 28.5% respectively, whilst the 

combination treatment of Fluazinam + Fe-EDTA at ×1 and ×4, also reduced it by 15.83 and 

57.5% respectively (Fig. 5.7A). Rate of reduction in zoosporangia root infection intensity was 

significantly affected by time as expected. The baseline infection intensity reduced marginally 
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by 4% three months after treatment application, beyond which there was significant (P ≤ 0.05) 

decrease of 38.1%, 60.3%, 84.1%, 79.4%, 84.1%, 88.9% and 90.1% at 6, 9, 12, 15, 18, 21 and 

24 months respectively (Fig. 5.7B). The effect of treatment and time interaction on infection 

intensity were not statistically significant (P ≤ 0.05).   

 

Fig. 5.7. Trends in factors that affect S. subterranea transmitted diseases. (A) impact of soil 
remediation treatments on zoosporangia root infection intensity in tomato (cv. Grape). (B) 
Rate of zoosporangia root infection intensity reduction in tomato over time. Root infection 
intensity were assessed in tomato grown in soil samples taken once every three months from 
treated plots over a year period. Six tomato plants were assessed per treatment for infection. 
Vertical bars represent standard errors with different lowercase letters indicating 
significant (P ≤ 0.05) treatment differences. 

 

Also, soil remediation treatments significantly (P ≤ 0.05) reduced expression of various 

S. subterranea diseases in potato, two years after the treatments had been applied. From ~ 

10 galls per plant in the controls, there were marginal to significant reductions of 16.8%, 

43.3%, 55.6%, 64.4%, 92.3% and 97.0% in Fe-EDTA ×1, Fluazinam + Fe-EDTA ×1, Fluazinam ×1, 
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Fe-EDTA ×4, Fluazinam + Fe-EDTA ×4 and Fluazinam ×4 treated plots respectively (Fig. 5.8A).  

Prevalence of powdery scab on tubers also reduced significantly (P ≤ 0.05) by ~75% and 72% 

in Fluazinam + Fe-EDTA ×4 and Fluazinam ×4 treatments, respectively (Fig. 5.8B). The 

remaining treatments however could not reduce powdery scab prevalence. Conversely, 

majority of the treatments marginally reduced tuber scab (Fig. 5.4A) intensity with the 

exception of Fluazinam + Fe-EDTA ×4 which nearly halved the scab intensity, and Fluazinam 

×4 which reduced it by over 95% (Fig. 5.4B) (Fig. 5.8C). Similarly, whilst Fluazinam + Fe-EDTA 

×4 and Fluazinam ×4 reduced zoosporangia root infection intensity in potato roots by 75% 

and 82% respectively, the remaining treatments reduced zoosporangia infection intensity 

only marginally (Fig. 5.8D).  
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Fig. 5.8. Effect of S. subterranea soil remediation treatments on (A) root gall formation, (B) 
powdery scab prevalence among treated plots, (C) intensity of scab on infected tubers, and 
(D) zoosporangia root infection intensity. Disease were assessed in potato (cv. Kennebec) 
grown in treated plots 24 months after treatment application. A total of 27 potato plants per 
treatment were assesses for disease. Vertical bars represent standard errors with different 
lowercase letters indicating significant (P ≤ 0.05) treatment differences. 

 

5.5.4 Evaluation of soil remediation treatments effect on S. subterranea DNA load 

and diseases in experimental and commercial fields 

In both the experimental and commercial fields substantial amounts of volunteer 

potatoes were present following applications of soil treatments over the study period. 

Volunteer potatoes averaged three plants per square meter across the trial plots. Whilst not 

tested, these were highly likely to have affected treatment efficacy by acting as efficient hosts 

building soil inoculum levels (Fig. 5.9A, Fig. 5.10A and B).  

At the Forthside trial site, pre-plant DNA quantities varied widely across the field and 

among replicated treatments from <50 pg/g to over 600 pg/g (Fig. 5.9A). Plots randomly 

assigned as the control had some of the least pre-plant DNA quantities on average (~72 pg/g) 

together with Fe-EDTA ×2 plots (~45 pg/g). Contrary to expectation, after one year of 

treatment application, DNA quantities in these two treatments together with Fluazinam + Fe-

EDTA ×1 treated plots increased (Fig. 5.9A). During the same period, DNA quantities in the Fe-

EDTA ×1 treatment reduced marginally the pre-treatment levels. A similar trend was observed 

in Fluazinam ×1 and ×2 treatments. However, in the combination treatments, Fluazinam + Fe-

EDTA at × and ×2 rate, there were consistent reduction in DNA levels 12 months after 

treatment application. Zoosporangia root infection intensity (scored on 0 – 5 scale) from 
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tomato bioassay also followed a similar inconsistent pattern as the pathogen DNA levels (Fig. 

5.9B). 

 



 
 

118 
 

Fig. 5.9. Effect of S. subterranea soil remediation treatments on (A) pathogen DNA load 
reduction, n = 3, and (B) zoosporangia root infection intensity (scored on 0 – 5 scale) in 
tomatoes soil sample periodically taken from plots of field trials at Forthside (n = 6). Vertical 
bars are standard errors. 

 

Pre-treatments DNA levels in the commercial site were generally very high with 

quantities in the Myalla site been nearly twice as much that of the Sisters Creek site (Fig. 5.10A 

and B). At both sites, DNA levels varied only marginally among assigned plots of the same 

treatments. In the fluazinam treated plots of both sites, DNA quantities reduced over the pre-

treatment levels 12 months after treatments were applied (Fig. 5.10A and B). Again, at both 

sites pathogen load rather increased in Fluazinam + Fe-EDTA treatment.  

 

Fig. 5.10. Effect of S. subterranea soil remediation treatments on pathogen DNA load on two 
commercial farms (A) Myalla, and (B) Sisters Creek. Vertical bars are standard errors (n = 3).  
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5.6 Discussion 

Stimulation of germination of Spongospora subterranea resting spores to release short-

lived zoospores with Fe-EDTA treatments has been identified as a possible strategy to reduce 

soil inoculum levels and decrease disease risk in a glass house environment (Balendres et al., 

2017a). Here, more detailed studies across pots, mini-plots and the field identified similar but 

reduced magnitude trends in inoculum reduction and disease suppression. In field variability 

in inoculum distribution and the confounding impacts of uncontrolled potato volunteers may 

have contributed to the inconsistent results observed in the field environment.  Generally, 

pathogen DNA reduction in most of the treatments including the controls was highest within 

the first six months of treatment application. Whether this is linked to spore germination is 

open to speculation. 

But the temporal dynamics of S. subterranea inoculum load particularly in the controls, 

suggests a period of relative susceptibility to environmental stress which coincides with the 

immediate periods after harvest. Partially matured spores, often occurring at the early phase 

of sporulation have been reported to readily germinate more synchronously, whilst fully 

matured spores exhibit longer-lag phase even in favourable germination conditions (Bobek et 

al., 2017). Germination of resting spores in the absence of susceptible host has been linked 

with S. subterranea inoculum reduction in infected soils (Qu and Christ, 2006). It is therefore 

conceivable to argue that pre-plant synchronous germination of the resting spores might have 

led to a suppression in the inoculum population during the early phases of the study.  

It is unclear why germination stimulation treatments and fungicide treatments were 

unable to reduce pathogen inoculum population below that of the control during the early 
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periods after treatments application. However, the observed marginal suppressive effect of 

fluazinam containing treatments on soil S. subterranea inoculum load beyond 12 months after 

treatment application was presumed to be linked to its fungicidal effect. Previous studies 

have reported fluazinam to reduce soil pathogen DNA load (Thangavel et al., 2015; Mitani et 

al., 1996).  Whilst Fe-EDTA have also been linked with the S. subterranea inoculum load 

reduction in a glass house trial (Balendres et al., 2017a). In the open field, no significant 

inoculum load suppressive effect of Fe-EDTA was observed, neither was there a synergistic 

effect by combining it with fluazinam. Fe-EDTA has been reported to be vulnerable to 

photodegradation at high irradiance intensity and temperature (Albano and Miller, 2001; Li 

et al., 2016). Given the average Tasmanian light intensity and temperature particularly in the 

summer periods, it can be putatively argued that photodegradation of Fe-EDTA could have 

limited its functionality in resting spore germination and subsequent inoculum load reduction.  

In the large experimental field trial where volunteer potato and weeds were not 

controlled, pathogen inoculum load showed inconsistent patterns rather than a steady 

decline one year after treatment application. A similar trend was observed within plots in 

commercial field trials where volunteer potato averaging three plants per square meter were 

observed. Volunteer potato have been reported to increase S. subterranea soil inoculum load 

by up to 4-fold (Wilson, 2018; Merz and Falloon, 2009). I therefore presumed the volunteer 

potatoes to have caused spikes in the inoculum load, and prevented the gradual decline 

earlier observed in the controlled trials. Future studies must include greater number of 

replication as well as measures to control volunteer potato. 

Like inoculum load, zoosporangia infection intensity in tomato was found to decline 

with time, indicating a direct link between zoosporangia infection and pathogen inoculum 
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load. This corroborates earlier results by Merz (1989) which had established a correlation 

between inoculum load and zoosporangia infection intensity. Besides inoculum load, S. 

subterranea disease intensity and prevalence appear to depend on other factors. This is 

evidenced by the inability of applied fluazinam and Fe-EDTA treatments to significantly reduce 

inoculum load but exhibit a demonstrable capacity to reduce disease expression. The 

application of 4.5 kg/ha Fluazinam ×4 for example, while reducing inoculum load by 11%, 

reduced root galling, zoosporangia root infection intensity, scab intensity and scab prevalence 

by 97%, 85%, 95% and 72% respectively two years after treatment application. Fluazinam 

have previously been reported to reduce galling, root infection (Thangavel et al., 2015) and 

powdery scab incidence (O’Brien and Milroy, 2017). In Phytophthora infestans disease control, 

efficacy has been linked to fluazinam’s effect on zoospore motility (Schepers et al., 2018). 

Fluazinam is reported to interfere with normal mitochondrion function to inhibit ATP 

synthesis and subsequent downstream metabolic processes (Van Wijngaarden et al., 2010). 

Thus, the control of S. subterranea disease is likely to be related to the fungistatic effect on 

the labile zoospores, the only recognizable infective stage of S. subterranea, and the 

germination suppression effect on the resting spores through respiration inhibition (Slawecki 

et al., 2002).    

Generally, multiple rates of fluazinam at 4.5 kg/ha, Fe-EDTA at 100 kg/ha and their 

combination treatments offered better protection against S. subterranea diseases than their 

single dose counterparts. The efficacy of multiple fluazinam treatments over the single dose 

treatment may be related to its half-life (9 – 49 days) for biodegradation in aerobic soils 

(National Center for Biotechnology Information, 2020). This coupled with the fact that, S. 

subterranea resting spores exhibit constitutive dormancy (Balendres et al, 2017b) which 
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allows for a staggered release of zoospores, a single dose fluazinam treatment may have 

elicited limited effect compared to the multi rate application treatment.  This may suggest 

the need for a delivery system that allows the frequent delivery of fluazinam to the root zone 

of the crop during the entire growing period for effective disease control. Perhaps suggesting 

sustained release or coated formulations or the usage of adjuvants that keep the chemical in 

the key root area. 

In spite of a potential limiting effect of photodegradation on Fe-EDTA, multiple Fe-EDTA 

rates also offered better protection against powdery scab and root infection intensities than 

the single dose application treatments. The mechanism behind this phenomenon is not fully 

understood, but photodegradation of Fe-EDTA is reported to releases formaldehyde 

(Hangarter and Stasinopoulos, 1991), a known fungistatic agent of S. subterranea which 

reduces powdery scab in potato (Braithwaite et al., 1994). Multiple Fe-EDTA application rates 

could have allowed the accumulation of higher levels of formaldehyde compared to the single 

dose treatment, hence facilitated a better disease control.  

5.7 Conclusion 

Spongospora subterranea resting spores appear to germinate readily at periods 

immediately following potato harvest. This period seems to coincide with the phases of spore 

maturation where they are most susceptible to germination stimulation. In spite of this, the 

resting spore germination treatments containing Fe-EDTA alone were less effective at 

reducing soil inoculum load. They however offered better protection against S. subterranea 

diseases. This effect appeared dosed-dependent, as Fe-EDTA treatment applied four times 

reduced diseases better than a one-time Fe-EDTA application at the same rate. Pre-plant 



 
 

123 
 

fluazinam treatment had very marginal effect on inoculum load reduction, but it reduced S. 

subterranea diseases significantly.  At a frequency of 4×, 4.5 kg/ha fluazinam was most 

effective against diseases, reducing root galling, powdery scab intensity and prevalence by 

over 70%. For effective inoculum reduction through “germination to exterminate” in the field, 

a non-photodegradable Fe-complexing compound will be required to keep Fe in the soil-water 

matrix to germinate resting spores. Also volunteer potato must be culled for effective 

inoculum load reduction.   
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 General Discussion 
6.1 Introduction 

Global potato production is threatened by Spongospora subterranea infection which 

constrains both the quantity and quality of the crop (Falloon et al., 1996). Current disease 

control strategies are unable to effectively counter the adaptations evolved by S. subterranea 

to ensure their survival and infection (Chapter 2; Falloon, 2008). Staggering the germination 

of the pathogen’s long-lived resting spore is one such adaptation enhancing the probability 

of successful infection of the host potato plant (Balendres et al., 2017a). The ability of the 

pathogen to sense potato root exudate metabolites for stimulation of resting spore 

germination (Balendres et al., 2016b) is an important attribute that enables release of 

infective zoospores when host roots are present. Similarly, important to pathogenesis, are 

the events underlying the attraction of released S. subterranea zoospores to the potato roots. 

This thesis investigated and provides enhanced knowledge on the role of potato metabolites 

in the chemotaxis of S. subterranea zoospores, whilst describing the chemical ecological effect 

on zoospore motility and attraction (Chapter 3). It also advances our understanding of the 

role of Ca2+ signalling in the homing response of zoospores to potato metabolites, and how 

inhibiting these signals constrains zoospore motility, chemotaxis, and root infection (Chapter 

4). These findings suggest a control treatment which could be applied in tandem with the 

planting of the potato crop to prevent S. subterranea infection and diseases. Despite its huge 

potential at reducing disease, treatments that may evolve from this strategy may not be able 

to fully remediate the soil of S. subterranea inoculum considering the staggered germination. 

To remediate the soil of dormant resting spores, induction of synchronised resting spore 

germination has been suggested (Balendres et al., 2017a). The thesis therefore in a pre-plant 
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experiment tested materials that have previously proven efficacious at inducing resting spore 

germination in several pot, small plot, and field trials for their effect in reducing soil pathogen 

load over a two-year period (Chapter 5).  

6.2 The Dogmas of Spongospora subterranea 

Spongospora subterranea is known to produce resting spores which can remain 

dormant in the soil for several decades (Falloon et al., 2011). These spores germinate into 

short-lived zoospores which, unlike the formidable resting spores, are susceptible to 

environmental stress and must infect a host within a short period after release or die soon 

after (Merz, 1997; Karling, 1968a; Balendres et al., 2017a). This has formed the basis of recent 

research efforts to control S. subterranea diseases aimed at stimulation of resting spore 

germination in the absence of host plants (Chapter 5; Balendres et al., 2017a). Contrary to the 

held view about the life expectancy of a released zoospore is restricted to a few hours, 

Chapter 3 revealed that released zoospores are able live up to three days in deionised water 

under room temperature conditions. Commonly used components within phosphate buffers 

have been shown to be highly inhibitory to zoospore motility (Chapter 3) which may have 

been present in prior studies that indicated restricted zoospore persistence. Within the period 

of zoospore observation, the level of motility declined with time (Chapter 3). Money (2016) 

emphasised that lipids and stored fuels whose oxidation powers the propulsion of the free-

living zoospore becomes limiting over time, thus motility reduces accordingly. It is not known 

if a non-motile zoospore can infect a susceptible host if it comes in contact, neither is it clear 

if non-motility is a sign of zoospore death. A clear understanding of soil element factors on 

the zoospore will be useful in any future treatment aiming at inducing zoospore release to 

reduce inoculum load. 
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6.3 Role of individual potato metabolites in zoospore chemotaxis  

Spongospora subterranea zoospore attraction to potato roots have long been 

suspected to be mediated by potato root exudates (Harrison et al., 1997). Chapter 3 showed 

empirically for the first time the chemotactic roles of crude potato root exudate extract and 

individual metabolites earlier identified by Balendres et al. (2016b) as part of the potato 

metabolome. Identified within the potato metabolome were both zoospore attractants and 

inhibitors, with comparatively more zoospore attracting metabolites than inhibitors (Chapter 

3). These metabolites are likely to differ in their relative abundance in S. subterranea 

susceptible and tolerant potato cultivars (Lekota et al., 2020). The phenomenon of crop 

susceptibility to pathogens depending on the relative concentrations of attractants and 

inhibitors has been demonstrated with Portulaca oleracea susceptibility to Aphanomyces 

cochlioides (Mizutani et al., 1998). Of note, certain S. subterranea zoospore attractant 

metabolites (Chapter 3) were identified by Lekota et al. (2020) to occur in greater levels in 

potato cultivars susceptible to powdery scab than the tolerant cultivars. This suggests a 

possible role of chemoattractant metabolites in S. subterranea pathogenesis and host 

susceptibility.  

As direct antithesis of the chemoattractants, the identified zoospore inhibitors are 

known to assist in inducing plant defence responses to various biotic and abiotic stresses (Reis 

et al., 2016; Mustafavi et al., 2018). Selective breeding for increased exudation of inhibitory 

metabolites could prove useful in developing varieties that will inhibit zoospore attraction 

and root infection (Chapter 3).  

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335389/#B94
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6335389/#B81
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6.4 Zoospore response to environmental ecology 

The environment, shaped by several factors, plays an important role in disease 

establishment and severity (Francl, 2001), with pH one such factor that can affect the infective 

phase of pathogens and pathogenesis. Chapter 3 shows that motility and chemotaxis of S. 

subterranea zoospores was severely constrained by solution pH outside the range of 5.3 – 8.5. 

Similarly, in zoospores of an unrelated species, Phytophthora palmivora, movement ceases at 

pH ≤ 5 (Bimpong and Clerk, 1970). Motility of S. subterranea zoospore is essential for root 

infection and disease (Chapter 4). Manipulation of soil pH by liming is routinely used to control 

Soybean Phytophthora stem rot (Sugimoto et al., 2010) and clubroot in brassicas (Santos et 

al., 2017), their mode of action has been linked to the accumulation of Ca2+ around the stele 

to prevent mycelial penetration (Sugimoto et al., 2010), and the suppression of spore 

germination (Niwa et al., 2008) respectively. High levels of Ca2+ also impairs flagellar 

movement and the homing response towards the host (Donald and Porter, 2009). There is 

however no published evidence of a link between pH and Plasmodiophora brassicae zoospore 

motility and chemotaxis (Dixon, 2009). This notwithstanding, zoospore motility and 

chemotaxis are critical to the early infection phases of P. brassicae (Donald and Porter, 2009), 

and S. subterranea (Chapter 3; Chapter 4). 

Ca2+ antagonists interfered with S. subterranea zoospore motility, chemotaxis, and 

infectivity (Chapter 4). Amongst other things, Ca2+ regulates flagella propulsion function 

(Smith, 2002). This is also consistent with the reduction of Phytophthora zoospore motility in 

calcium-deficient media (Cho and Fuller, 1989). For chemotaxis, eukaryotes and prokaryotes 

responses to external signals are putatively mediated by Ca2+ ions, generally recognised as a 

universal second messenger for signal transduction (Dominguez et al., 2015). Interruption of 
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Ca2+ signalling with the inhibition of Ca2+ fluxes using antagonists caused zoospores to deviate 

from their normal swimming pattern (Chapter 4; Donaldson and Deacon, 1993). The greater 

the deviation of swimming pattern from the typical patterns the weaker the chemotaxis 

(Chapter 4; Donaldson and Deacon, 1993). As expected, weaker chemotaxis was linked to 

lower root attachment and infection (Chapter 4). This suggests Ca2+ antagonism as a potential 

treatment to reduce S. subterranea infection. However, since Ca2+ is an essential nutrient 

required for normal plant function (White and Broadley., 2003), and Ca2+ antagonists are not 

species specific, Ca2+ antagonism as a treatment for S. subterranea infection may be 

counterproductive. However, in Chapter 4 elevated Ca2+ concentrations also affected 

zoospore motility and thus the potential Ca2+ treatment could also be explored for S. 

subterranea control.  

Typically, natural ecosystems including soil are heterogenous (Levin, 1994). Root 

exudation contributes significantly to the soil ecosystem (Canarini et al., 2019). Through root 

exudation, plants regulate microbial community within the rhizosphere and their interactions 

(Nardi et al., 2000). The extent of regulation is influenced by the quality and quantity of root 

exudation (Johnson and Gehring, 2007) which are influenced by several factors including 

biotic or abiotic ones (Badri and Vivanco, 2009). Quality of potato root exudation is affected 

by environmental factors (Balendres et al., 2016b), but the effect of these factors on quantity 

of exuded metabolites is unknown. In Chapter 3, three patterns of S. subterranea zoospore 

chemotactic response to different levels of potato metabolite analogues were observed. 

These were either zoospore attraction increased, reduced, or remained unaffected with 

increasing metabolite concentration (Chapter 3). These changes in concentration impacted 

on pH, with some metabolite solutions increasing or reducing pH beyond the critical range 
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(6.4 - 8) required for motility and chemotaxis, whilst pH of others changed only marginally 

across concentrations. For the former, intensity of inhibition may have been impacted by pH, 

but for the latter concentration alone might have determined the extent of the taxis effect. 

Thus, among these were strong attractants which remained significant attractants across 

concentration, weak attractants whose attraction reduced significantly with concentration, 

and the taxis neutrals who were unimpacted with concentration. Also were true inhibitors 

which remained inhibitors at all concentrations, and others who were only inhibitory at pH 

outside the critical range. Considering the significance of these compounds to chemotaxis and 

disease it is important to understand the physiological and environmental effects on potato 

root exudation for the development of enduring control strategies of S. subterranea.    

 

6.5 Management of soil inoculum load to control S. subterranea diseases  

Inhibition of dormant spore germination is a routine practise in the food industry to 

prevent food contamination and the spread of pathogenic diseases (Chapter 2; Setlow, 2014). 

In Plasmodiophora brassicae, a species closely related to S. subterranea, Lysobacter broth 

culture was found to arrest resting spore germination (Fu et al., 2018). The constraining effect 

of fluazinam on metabolism causes it to reduce spore germination (Slawecki et al., 2002) but 

so far it has not been formulated into a treatment aimed at completely arresting S. 

subterranea spore germination although such a treatment could offer some control against 

diseases. This may provide a temporal solution considering the spores remains viable and may 

germinate in the absence of the inhibitor. Thus, remediating an infected soil of the inoculum 

load remains the only sustainable solution. But with constitutively dormant spores, 
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germinating heterogeneously over several years (Chapter 2; Balendres et al., 2016) 

remediating infected soils remained challenging, even with the discovery of germination 

stimulation by Hoagland’s nutrient solution (Kole, 1954; Merz, 1997). Balendres et al. (2018) 

identified Fe-EDTA as the germination stimulation component of Hoagland’s solution and 

postulated the “germination to exterminate” model to reduce S. subterranea inoculum load 

and control diseases.  

Chapter 5 revealed in a series of pot, small plot, and field trials a marginal effect of Fe-

EDTA and fluazinam treatments on soil inoculum load one or two years after treatment 

application. It is unclear whether photodegradation of Fe-EDTA (Hangarter and Stasinopoulos, 

1991) could have rendered the Fe-EDTA treatment impotent. Nevertheless, the treatments 

reduced considerably root infection, galling and powdery scab (Chapter 5). This was likely due 

to the fungistatic effects of fluazinam and formaldehyde, a photodegraded by-product of Fe-

EDTA, whose application was found effective at controlling powdery scab (Braithwaite et al., 

1994). From a disease control perspective these treatments show potential, nevertheless, 

there is the need to identify environmentally stable spore germination stimulants or 

treatments to improve inoculum load reduction.  

6.6 Conclusion 
Zoospores of Spongospora subterranea can live longer than the reported five hours 

widely believed to be the life expectancy. In deionised water they can remain alive up to three 

days, slowing down in movement over time. Their movement is also strongly influenced by 

pH and dissolved compounds containing phosphate ions. Attraction of zoospore to potato is 

mediated by root exudation into the rhizosphere. Within the metabolome are both 

metabolites that attracts and those that inhibits zoospore chemotaxis. Besides the quality of 
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metabolome, the quantity of individual metabolite also influences the attraction or inhibition 

of zoospores, with some metabolites able to attract zoospores at high concentration, at these 

concentrations others become inhibitory. Ca2+ antagonists inhibit motility and chemotaxis, 

suggesting the physiological role of Ca2+ signalling in zoospore taxis. Elevated Ca2+ ion 

concentrations within the environment inhibits motility and chemotaxis in a manner similar 

to Ca2+ antagonists. Thus, liming to adjust soil Ca2+ concentration and pH may offer significant 

control against S. subterranea diseases. Inoculum reduction through spore germination 

induction with Fe-EDTA treatments reduces soil inoculum load marginally in the field.  
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 General Conclusion 
7.1 Summary 
This thesis expands our knowledge on the chemical ecology and physiology of Spongospora 

subterranea chemotaxis, whilst identifying novel targets for disease control. Specifically, 

1. Motility and chemotaxis of S. subterranea is negatively affected by pH outside the 

range of 5.3 – 8.5. Beyond pH, Sorensen’s and phosphate buffer saline also 

constrained motility and chemotaxis. Chemotaxis is positively related to motility rate. 

Among the motility parameters, total distance travelled was the most important 

parameter that determined chemotaxis (Chapter 3).  

2. Potato metabolome contains both attractant and inhibitory compounds to the 

motility and chemotaxis of S. subterranea zoospores. There were more attractant 

compounds than inhibitory compounds. The level of attraction was influenced by the 

metabolite concentration which was also impacted by analyte pH. Some metabolites 

were only inhibitory at concentrations with inhibitory pH, but at pH 5.3 – 8.5 others 

remained inhibitory across all concentrations. Whilst others were taxis neutral across 

concentrations, others were strong attractants across concentrations. Glutamine and 

choline maintained high levels of attraction and inhibition across all concentrations 

(Chapter 3). 

3. Ca2+ signalling plays an important role in chemotactic signal transduction of S. 

subterranea zoospores. Because of this Ca2+ antagonists inhibit the swimming 

patterns of the zoospores and their homing response towards attractants. The further 

swimming pattern deviates from the typical helical patterns the more intense the 

chemotactic inhibition. Zoospore chemotaxis, root attachment and root infection 
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were all positively related. Thus, Ca2+ channel blockers, GdCl3 and LaCl3 treatments, 

which interferes with Ca2+ signalling and swimming pattern the most, best prevents 

chemotaxis, zoospore root attachment and infection (Chapter 4). These inhibitory 

responses to the channel blockers are reproduced by high concentrations of 

exogenously applied, Ca2+, i.e. Ca(OH)2 ≥ 18 M. Therefore, exogenously applied Ca2+ 

treatments can be explored as potential treatments for S. subterranea diseases. 

4. Pre-plant field application of spore germination treatments including fluazinam, Fe-

EDTA, and their combination treatment reduced soil inoculum load only marginally up 

to two years after treatment application. The best treatment, multiple fluazinam 

treatment, reduced pathogen load up to 11% over the controls, conversely it reduced 

root infection, galling and powdery scab by over 70%. Similarly, Fe-EDTA treatments 

were more effective at reducing diseases than soil inoculum load (Chapter 5). 

Inoculum reduction was highest at the early phases (first six months) of the study in 

all treatments including the controls. 

7.2 Future Research 
Despite several research efforts targeted at controlling Spongospora subterranea, it 

remains a formidable threat to potato production and global food security (Chapter 1). 

Falloon (2008) argues that little success has been achieved in controlling the pathogen 

because efforts aimed at control have often targeted the most formidable growth phase, 

the sporogenic phase. But, inherent within this phase are potential weaknesses that can 

be exploited for effective control (Chapter 2). Additionally, advances in understanding of 

the role of potato rhizosphere ecology in zoospore chemotaxis (Chapter 3) and the 

physiology of chemotaxis (Chapter 4) highlights further significant weaknesses that can 
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be targeted for control. Through these advances in knowledge, new concepts have 

evolved which requires further investigation for the development of effective control.  

Through a quantitative capillary approach, the role of individual potato metabolites in 

S. subterranea zoospore chemotaxis were determined (Chapter 3). Compounds identified 

as chemoattractants also stimulates resting spore germination (Balendres et al., 2016b). 

These compounds occurred at higher levels in potato cultivars that are susceptible to S. 

subterranea infection than those that are tolerant (Lekota et al., 2020), suggesting them 

and the genes that translates them as the basis of potato susceptibility to the pathogen. 

This should encourage research into elucidating the genes underlying susceptibility and 

resistance, and ultimately lead to breeding against root exudation of attractant 

metabolites whilst favouring metabolites with zoospore inhibitory effects to reduce 

disease.  

The amendment of zoospore environment with phosphate buffer, a Ca2+ chelator, 

constrained motility, and chemotaxis (Chapter 3). Inhibition of cytosolic Ca2+ fluxes in the 

zoospore with Ca2+ antagonists produced similar results through the distortion of 

zoospore motility (Chapter 4), suggesting a potential role of Ca2+ signalling in zoospore 

perception and response to environmental stimuli including chemoattractants. Given high 

Ca2+ concentration produced similar motility and chemotactic response to the Ca2+ 

inhibition treatments (Chapter 4), and acid < 6.4 or alkaline pH ≥ 8.0 were inhibitory to 

zoospore motility and chemotaxis, it raised the question whether manipulating the soil 

pH or Ca2+ levels could have a field application for disease control. Of note is the positive 

relationship between, motility, chemotaxis, root attachment and root infection. 

Investigation of the roles of pH and Ca2+ signal manipulation in the soil is therefore needed.  
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Fe-EDTA treatments produced only limited effect on S. subterranea inoculum 

population (Chapter 5), but Fe-EDTA has been found to photodegrade at high irradiance 

and temperature. It is unclear whether this phenomenon reduced the spore germination 

capacity of the compound resulting in the limited effectiveness at inoculum load reduction. 

This need investigating. Also, other environmentally stable root exudate metabolite 

analogues with germination or chemotactic effect may be tested under field conditions to 

determine their ability to reduce soil inoculum load as well as their commercial viability.  
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Appendix 1. Trend analysis of effect of Spongospora subterranea 
remediation treatment on rate of pathogen load decline 
 

 

Appendix 1. Fitted linear regression models showing the effects of S. subterranea inoculum 
reduction treatments on percentage DNA reduction over time as determined by independent 
DNA quantification by (A) In-house laboratory, TIA and (B) Commercial laboratory, SARDI.   
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