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Abstract 

The obligate biotroph Spongospora subterranea is an important pathogen of potato, the 

world’s third most valuable food crop for human consumption. Resting spores are essential for 

the spread and survival of S. subterranea and can remain viable in the soil in their dormant 

states for decades rendering fields unsuitable for planting. In the presence of potato roots, 

resting spores germinate and release zoospores that subsequently infect potato roots. A better 

understanding of the molecular basis of resting spore germination of S. subterranea and the 

regulatory principles underlying Spongospora-potato interactions could be important for 

developing novel disease interventions. However, as a soilborne and obligate biotroph 

pathogen, the application of omics techniques for the detailed study of the pre- and post-

infection processes in S. subterranea has been problematic.  

This thesis developed a method for the partial purification of S. subterranea resting 

spores utilizing Ludox® gradient centrifugation. A series of preliminary experiments were then 

undertaken for S. subterranea protein preparation. Protein profiles between dormant and 

germination stimulant-treated resting spores were compared using label-free quantitative 

proteomics. A deep RNA sequencing approach was then employed to analyse S. subterranea 

resting spores' reprogramming during the transition to zoospores in an in vitro model. Further, 

to expand our understanding of S. subterranea biology during infection, the transcriptome and 

proteome of the pathogen during the invasion of roots of a susceptible and a resistant potato 

cultivar was characterized in planta. Later an integrated transcriptomic and proteomic dataset 

was employed to uncover these mechanisms underlying S. subterranea resistance in potato 

roots. In relation to this, the proteome and phosphoproteome of potato leaves were also profiled 

to explore potato resistance mechanisms to S. subterranea at the post-transcriptome levels.  

Without affecting the viability of the spores, the Ludox® purification protocol produced 

a semi- purified and concentrated suspension of S. subterranea resting spores and improved 

protein identification by approximately 40%. The transcriptome and proteome analysis of S. 

subterranea spore germination introduced several candidate genes and proteins related to the 

germination of the pathogen, including those belonging to transcription and translation, 

transport, energy metabolic processes, stress response, and DNA repair. The in planta analysis 

of S. subterranea transcriptome and proteome indicated that transportation, metabolic 

processes and cytoskeletal processes were induced in the resistant cultivar. Enzyme activity 
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and nucleic acid metabolism were decreased in this cultivar, suggesting a probable influence 

of these processes in the virulence of S. subterranea. The transcriptomic and proteomic datasets 

of potato roots infected by S. subterranea uncovered the critical role of glutathione metabolism 

and lignin metabolic process in potato resistance to S. subterranea. In addition, this experiment 

also confirmed that the inositol phosphate pathway might be related to the susceptibility of 

potato plants to the root disease by S. subterranea. The proteome and phosphoproteome 

analysis of potato leaves after infection by S. subterranea showed that oxidoreductase activity, 

electron transfer, and photosynthesis were significant processes that differentially changed in 

the proteome of resistant cultivar. The phosphoproteomics results indicated increased activity 

of signal transduction and defence response functions in resistant cultivars but not in the 

susceptible cultivar. In contrast, the majority of increased phosphoproteins in the susceptible 

cultivar were related to transporter activity and subcellular localisation. 

This thesis provides a comprehensive overview of the changes in transcriptome and 

proteome during the germination of S. subterranea resting spores and extends our knowledge 

on the spore germination in plasmodiophorids. In planta study and potato defence response 

analysis contributes to the significant progress in our understanding of the interaction between 

the obligate biotrophic pathogens and their host plants. More than that, the study increased the 

availability of omics data in such a complex interaction and can allow the exploitation of this 

knowledge for the benefit of agriculture.    

Keywords: Spongospora subterranea, resting spore, potato, powdery scab, transcriptomics, 

proteomics, phosphoproteomics   
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Explanatory Note on Thesis Structure 

Most chapters have been published as journal articles. As a result, some elements of repetition 

between chapters may occur. All chapter references have been listed in the bibliography section. 

Chapter 1 includes an introduction to the research work and the thesis aims. Chapter 2 

summarises the available knowledge on the application of proteomics tools for the study of 

plant-pathogen interaction. Chapters 3, 4, 5, 6, 7, and 8 are experimental chapters. Chapter 9 is 

a general conclusion to the study.  
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 General introduction 

1.1 Background 

Disease reduces crop productivity worldwide and contributes to global food insecurity. 

Crop losses following  disease outbreaks have resulted in significant price spikes for staples 

such as wheat, rice, and potato in the last decade (Mehta et al., 2021). Therefore, a better 

understanding of how pathogens and plants recognize each other and how they communicate 

pre- and post-infection is mandatory for developing strategies to improve biotic stress 

resistance in crop plants (Sheikh et al., 2020). The interaction between plants and their 

pathogens is a multifaceted process mediated by both plant- and pathogen-derived molecules 

(Boyd et al., 2013). The recent convergence of molecular studies of pathogen infection 

strategies and plant resistance using omics approaches have advanced our knowledge of the 

pathogen-host interaction from the perspective of both organisms. 

Potato (Solanum tuberosum) is the world’s third most important food crop for human 

consumption, after rice and wheat, providing nutrition to over a billion people (Devaux et al., 

2020). Root and tuber diseases caused by soilborne pathogens are major causes of yield and 

quality losses in potatoes (Wilson, 2016). This is particularly so, as harvested tubers are 

produced beneath the soil surface. Tuber quality, in particular appearance, is a critical 

marketing characteristic for the fresh potato market (Birch et al., 2012). Spongospora 

subterranea, the causal agent of tuber powdery scab and root disease, is one of the 

economically significant soilborne potato diseases (Balendres et al., 2016a). Currently, there 

are no fully effective management strategies for controlling potato diseases caused by S. 

subterranea. Tuber infection results in unsightly skin lesions that reduce the quality of tubers 

for the fresh market sector. Tuber lesions also impact longevity of tuber storage for the 

processing sector, with increased respiration, weight loss and secondary rots. Tuber infection 

will also downgrade the value of seed potatoes as diseased tubers may fail certification 

standards (Falloon et al., 2016). Spongospora subterranea also infects and causes disease in 

potato roots resulting in impairment of root function with reduced uptake of water and nutrients, 

affecting plant productivity and physiological functions (Falloon et al., 2015). Root infection 

generally also leads to the development of root galls which usually appear 1-3 months after 

planting (Merz and Falloon, 2008). 
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Spongospora subterranea belongs to the plasmodiophorids, a eukaryotic order of 

mainly strict plant endoparasites (Braselton, 1995; Bulman and Braselton, 2014). Members of 

this order were previously considered as fungi but are now classified in the Phytomyxea (Adl 

et al., 2012). Plasmodiophora brassica is the best-known plasmodiophorid and is responsible 

for clubroot disease in Brassica crops. Similar to S. subterranea and other plasmodiophorids, 

P. brassicae produces long-lived resting spores that can survive in the soil for several years

(Williams, 1966). However, the resting spores of P. brassicae occur as individual spores, while 

with S. subterranea, the resting spores are present as larger aggregates of several hundreds of 

individual spores, termed sporosori (Neuhauser et al., 2010; Amponsah et al., 2021). Other than 

direct disease caused by plasmodiophorid infection, some group members are also important 

as plant virus vectors. For example, S. subterranea transmits potato mop-top virus (PMTV), a 

damaging disease of potato (Merz and Falloon, 2008), Polymyxa graminis is capable of 

transmitting at least 14 plant viruses to major crops worldwide (Smith and Rush, 2016) and 

Polymyxa betae is responsible for the transmission of the beet necrotic yellow vein virus 

(BNYVV) (Meunier et al., 2003). Despite the early scientific interest, plasmodiophorids remain 

poorly studied. 

As an obligate biotroph, S. subterranea can only grow and reproduce on its living host 

(Merz et al., 2004). Spongospora subterranea has a complex life cycle, including different 

zoosporic stages, plasmodium and resting spore formation. Resting spores are highly resistant 

to environmental stresses and can survive for decades in the soil (Falloon et al., 2011). Under 

favourable conditions, resting spores germinate and releases primary zoospores, which infect 

host roots, leading to intracellular haploid primary plasmodia (Hernandez Maldonado et al., 

2013; Amponsah et al., 2021). The plasmodium undergoes mitotic nuclear division to form a 

multinucleate plasmodium which then forms a zoosporangium, which will then release new 

secondary zoospores (Harrison et al., 1997b; Balendres et al., 2016a). Root galls and tuber 

lesions that form in infected plants contain new resting spores which can be released back into 

the soil and distributed on infected seed tubers used for planting of subsequent crops. The 

resting spores are therefore critical for the spread and survival of S. subterranea (Merz and 

Falloon, 2008). Germination of resting spores requires moisture, appropriate soil temperatures 

and will be stimulated by the presence of host plant root exudates (Falloon et al., 2016). 

However, mechanistic studies on the factors which influence stimulating resting spore 

germination are limited. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/endoparasite
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/zoospore
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plasmodium
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1.2 The omics era of Spongospora subterranea 

In the past decade, several omics technologies have been used in the study of plant-

pathogen interactions, including genomics, which focuses on identifying genetic variants 

associated with plant disease in both host and pathogen; transcriptomics, which examines RNA 

species (e.g. mRNA and small RNA) produced through gene transcription genome-wide; 

proteomics which is used to quantify proteins, the products of gene translation, and their 

modifications and interactions; and metabolomics which determines the abundance of small 

cellular metabolites such as amino acids, carbohydrates, or other products of cellular metabolic 

functions (Kaul et al., 2016). In addition, the rapid developments in next-generation sequencing 

(NGS) have led to an increase in information about plant-pathogen interaction, improving our 

understanding of how they interact with host cells, how they cause disease, and ultimately 

prevent or at least manage disease outbreaks (Aylward et al., 2017; Haddad et al., 2018). The 

ability to determine the sequence of pathogen genomes has provided unique insights into 

genome structure and function. It has also enabled the analysis of pathogen transcriptome and 

proteome in pre- and post-infection.  

The application of omics techniques for studying the S. subterranea spore germination 

and interaction with potato plants has been problematic. These tools must be adapted to 

circumvent the difficulties of working with obligate biotrophic pathogens such as S. 

subterranea which cannot be cultured in the absence of a living host. Only a few prior studies 

have applied NGS technology in S. subterranea research. Schwelm et al. (2015) sequenced S. 

subterranea RNA, extracted from potato root galls from potatoes grown in naturally infested 

soil. This research provided the first insight into the S. subterranea transcriptome in planta. 

However, the unavailability of a genome for S. subterranea did not allow the full implication 

of this RNA-seq analysis. The release of a S. subterranea draft genome in 2018 (Ciaghi et al., 

2018) enabled the application of omics approaches for the detailed study of the molecular 

events during S. subterranea infection. However, the complex structure of the dormant spores, 

the obligate biotrophic and non-culturable nature of S. subterranea, and the shortcomings in 

methodology for the separation of resting spores remain significant limitations for the detailed 

molecular analysis of S. subterranea.  

In 2011, the potato genome was released by “the potato genome sequencing consortium” 

(Consortium, 2011). However, the availability of this genome has not changed the status of 

Spongospora-potato interaction research and similar to the pre-infection processes, there is a 

https://www.sciencedirect.com/topics/immunology-and-microbiology/next-generation-sequencing
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lack of detailed knowledge of this interaction. Lekota et al. (2019) analysed the responses of 

potato tubers in cultivars susceptible and resistant to S. subterranea infection at the 

transcriptome level. They identified several genes that showed contrasting expression patterns 

between the susceptible and resistant cultivars and might play a role in potato resistance against 

S. subterranea (Lekota et al., 2019). To our knowledge, this study is the only study that 

investigated potato response to S. subterranea infection using transcriptomics tools.   

Transcriptome analysis cannot monitor the post-transcriptional modifications (Haddad 

et al., 2018). Therefore, investigation at the protein level is required to better understand the 

pathogen life cycle and plant defence mechanisms. Proteomics is defined as the large-scale 

study of different proteins expressed by an organism (Wilkins et al., 1996) and has become a 

driver in discovering host-pathogen communication (Lum and Cristea, 2016). In Chapter 2, we 

have reviewed the application of proteomics techniques to study plant-pathogen interactions 

(Balotf et al., 2022c). However, there is no previous report on the application of proteomics 

approaches to study pre- and post-infection processes in S. subterranea research and this thesis 

provides the first insight into the proteome of S. subterranea during the germination of resting 

spores and in interaction with the potato host. 

Metabolomics is a relatively new endeavour in the field of plant pathology. There are a 

few examples of metabolomics in S. subterranea research. Balendres et al. (2016b) employed 

targeted metabolomics to characterize compounds in the root exudates of potato cultivars. This 

study identified several organic compounds within potato root exudates, including organic 

acids, amino acids, and sugars stimulatory to S. subterranea resting spore germination 

(Balendres et al., 2016b). Lekota et al. (2020) used untargeted metabolomics to illuminate the 

biochemical mechanisms of resistance and susceptibility of potatoes to S. subterranea root 

infection. This study showed that root infection by S. subterranea leads to differential 

expression of metabolites in the resistant and susceptible potato cultivars. Their results showed 

that glutamine was more abundant in the susceptible cultivars than the resistant cultivars 

(Lekota et al., 2020). While these single-level omics approaches have contributed to 

understanding plant-pathogen interaction, it is also becoming clear that no single omics 

technique can fully unravel the complexities of this interaction. In contrast, the multi-omics 

approaches have the potential to provide a precise picture of the pathogen disease processes 

and plant defence responses. Therefore, in this thesis, various omics approaches including 

transcriptomics, proteomics, and phosphoproteomics were used to advance our understanding 

of the pre- and post-infection process of S. subterranea.   



 

 

5 

 

1.3 Research questions and objectives 

This thesis focuses on deepening knowledge on the molecular mechanisms that control S. 

subterrenea spore germination and interaction with its potato host. 

Specifically, this thesis aimed to: 

1. Develop a method for the partial purification of S. subterranea resting spores from 

potato debris and other contaminants (Chapter 3). 

a. Can we purify S. subterranea sporosori from plant and microbial contaminants? 

b. To what extent can we purify S. subterranea sporosori? 

 

2. Provide comprehensive knowledge of S. subterranea spore germination process using 

transcriptome and proteome analysis of germinating and non-germinating spores 

(Chapter 4 and Chapter 5). 

a. What are the genes and gene products that are activated and important in S. 

subterranea resting spore germination? 

 

3. Analyse the transcriptome and proteome of S. subterranea inside the susceptible and 

resistant host environments to identify key genes from the pathogen involved in the 

pathogenicity processes (Chapter 6). 

a. Is there any difference between S. subterranea transcriptome/proteome in the 

resistant and susceptible host environments? 

b. What genes and proteins from S. subterranea interact with the potato immune 

system during the root infection?  

 

4. Identify key regulatory genes, proteins and phosphoproteins involved in potato 

resistance to S. subterranea (Chapter 7 and Chapter 8).  

a. What are the molecular processes underlying Spongospora-potato interaction? 

b. What are the activated processes upon root infection by S. subterranea that cause 

resistance or susceptibility of potato cultivars?   

This thesis provided several omics datasets for one of the least studied plant pathogens. 

The knowledge gained from this thesis will encourage further research leading to more 

effective management of S. subterranea.  
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1.4 Thesis Overview 

The thesis has been written using the paper-based format and is composed of nine 

chapters, including six experimental chapters. Chapter 1 provides the background and 

objectives of the thesis. Chapter 2 reviews the application of proteomics techniques for the 

study of the proteomes of plants, their pathogen and plan-pathogen interaction. This chapter 

highlights various proteomics approaches that we used to analyse S. subterranea spore 

germination and Spongospora-potato interaction. Chapter 3 used Ludox® density gradient 

centrifugation for the partial purification of S. subterranea resting spores. A protein preparation 

method was then optimised for the proteomics analysis of S. subterranea resting spores. 

Chapter 4 uses this optimised method for protein preparation to analyse the proteome of S. 

subterranea during the germination of resting spores. In this chapter, the critical role of 

transcription and translation during the germination of S. subterranea dormant spores was 

discussed in detail. This is the first proteomics analysis of S. subterranea resting spores. In 

chapter 5, a deep RNA sequencing approach was employed to study the molecular event of 

spore germination in S. subterranea. This study paves the way for future studies on the 

molecular mechanisms of germination in other complex soilborne pathogens. This provides the 

first in vitro transcriptome analysis of S. subterranea during the germination of resting spores. 

Chapter 6 describes the transcriptome and proteome of S. subterranea inside the roots of the 

susceptible and resistant cultivars. Transporter activity, actin processes, and enzyme activity 

were shown to be involved in the pathogenicity of S. subterranea. In Chapter 7, an integrated 

transcriptomics and proteomics approach was used to analyse the immune response of potato 

roots in the susceptible and resistant cultivars after infection by S. subterranea. Glutathione 

metabolism was shown to play a key role in potato resistance response to S. subterranea in 

both RNA and protein levels. Chapter 8 uses a combination of proteome and phosphoproteome 

analysis of potato leaves to study the effect of root infection by S. subterranea on the 

photosynthetic tissues. The dataset generated in this study provides an inside into the post-

transcriptional change of potato after infection by S. subterranea. It has identified new roles 

for protein phosphorylation in the regulation of potato immune response. Chapter 9 summarises 

the significant findings of this thesis and draws together conclusions from the study.    
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 Shotgun proteomics as a powerful tool for the study of 

the proteomes of plants, their pathogens and plant-

pathogen interactions 

This chapter has been published, as Balotf, S., Wilson, R., Tegg, R.S., Nichols, D.S., and 

Calum W.R. (2022). Shotgun proteomics as a powerful tool for the study of the proteomes of 

plants, their pathogens, and plant-pathogen interactions. Proteomes10, 5. 

DOI: 10.3390/proteomes10010005 

 

2.1 Abstract 

The interaction between plants and pathogenic microorganisms is a multifaceted process 

mediated by both plant- and pathogen-derived molecules, including proteins, metabolites, and 

lipids. Large-scale proteome analysis can quantify the dynamics of proteins, biological 

pathways, and posttranslational modifications (PTMs) involved in the plant–pathogen 

interaction. Mass spectrometry (MS)-based proteomics has become the preferred method for 

characterizing proteins at the proteome and sub-proteome (e.g., the phosphoproteome) levels. 

MS-based proteomics can reveal changes in the quantitative state of a proteome and provide a 

foundation for understanding the mechanisms involved in plant-pathogen interactions. This 

review is intended as a primer for biologists that may be unfamiliar with the diverse range of 

methodology for MS-based shotgun proteomics, with a focus on techniques that have been 

used to investigate plant–pathogen interactions. We provide a summary of the essential steps 

required for shotgun proteomic studies of plants, pathogens and plant–pathogen interactions, 

including methods for protein digestion, identification, separation, and quantification. Finally, 

we discuss how protein PTMs may directly participate in the interaction between a pathogen 

and its host plant.  

 

Keywords:  mass spectrometry; shotgun proteomics; plant-pathogen interaction; post-

translational modification 
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2.2 Introduction 

As a multifaceted process, plant-pathogen interactions have been extensively researched 

from both the pathogen and plant viewpoints. Plants are surrounded by many microorganisms, 

some of which can cause diseases and lead to negative impacts on yield, quality, and value 

(Boyd et al., 2013). Pathogen-derived molecules such as nucleic acids, secondary metabolites 

and proteins are major factors in pathogenicity which allow the successful invasion and 

colonisation of host tissues. Plants also produce molecules important in recognition of the 

pathogens and pathogen-derived molecules that can elicit defense responses. These responses 

need to be quick and specific to minimise the damage caused by pathogenic microorganisms 

(Gupta et al., 2015a). An understanding of how pathogens and plants recognise each other and 

how they communicate pre- and post-infection is crucial in this field of investigation. The 

increase in genomic and transcriptome studies has advanced the understanding of the 

pathogenicity strategies employed by pathogens and the immune responses in plants 

(Schneider and Collmer, 2010; Hayden et al., 2014; Gupta et al., 2015a; Balotf et al., 2021a; 

Zhang et al., 2022). However, these approaches have limitations and cannot monitor post-

transcriptional processes (Haddad et al., 2018). Therefore, investigation at post-transcriptome 

levels (i.e., proteome and metabolome levels) is required for a better understanding of the 

pathogen-host interaction. 

Proteomics is defined as the large-scale study of different proteins expressed by an 

organism (Wilkins et al., 1996) and has become a driver in discovering host-pathogen 

communication (Lum and Cristea, 2016). Study at the proteome level allows the concurrent 

study of the total proteome, its qualitative presence and quantitative abundance, variation 

within a population and localisation. The role of mass spectrometry (MS) in studying different 

aspects of plant biology, such as plant defence and signal transduction, has been reviewed in 

detail (Glinski and Weckwerth, 2006; Chen and Weckwerth, 2020). Technological advances 

in MS-based proteomics have significantly accelerated the characterisation of pathogen-host 

protein interactions (Meyer et al., 2020) and while gel-based methods for intact protein 

separation and identification remain in use for specialised applications (Prathi et al., 2018), 

shotgun analysis is well established as the dominant proteomics platform (Sinitcyn et al., 2018). 

The success of these approaches depends on various factors, including the methods used for 

isolation, digestion, separation, identification, and quantification of proteins (Walther and 

Mann, 2010). In addition to improvements in MS sensitivity that continue to extend proteome 
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depth, modern tools for bioinformatic analysis (da Veiga Leprevost et al., 2020) and the 

availability of annotated genomes for many non-model organisms (Salanoubat et al., 2002; 

Consortium, 2011; Poimala and Vainio, 2020; Seo et al., 2020; Baroncelli et al., 2021) has 

increased the potential to expand our understanding of plant-pathogen interactions. The 

purpose of this review is to summarise the research techniques of proteomics and 

posttranslational modifications (PTMs) analysis that can be used to uncover regulatory 

principles underlying plant host-pathogen interaction. We discuss methodological aspects, with 

emphasis on sample preparation, MS strategies and PTMs, with a focus on the approaches that 

have already been successfully introduced in plant-pathogen studies. 

 

2.3 Sample preparation prior to LC-MS/MS 

An efficient sample preparation method for obtaining high-quality peptides for proteomic 

analysis of pathogens and plants represents a greater challenge than most other cell/tissue types 

(Song et al., 2018). Plant tissues with robust cell walls can be difficult to fully disrupt and 

contain relatively high levels of secondary metabolites that can interfere with proteome 

analysis (Hussein and El-Anssary, 2019). In pathogens, sample preparation for proteomics can 

also be challenging. For example, obligate biotrophic pathogens are not culturable on the 

artificial media, and therefore, it can be difficult to obtain pure samples of these pathogens 

(Shimizu and Wariishi, 2005). Also, many plant pathogens, such as soilborne pathogens, 

produce long-lived resting spores, which are highly resistant to adverse environmental 

conditions (Balotf et al., 2020). Harsh conditions, including mechanical force, must be applied 

for the disruption of the thickened cell walls in these structures (Horvatić et al., 2016). 

2.3.1 Protein extraction 

Protein extraction is one of the most critical steps in proteome analysis studies (Patole 

and Bindschedler, 2019). The ideal extraction method should first and foremost be robust in 

terms of reproducibility. Extraction conditions should minimise protein degradation and 

unwanted modifications, and solubilize the maximum number of proteins (Wu et al., 2014). 

Plant tissues contain large amounts of compounds, including phenolics, organic acids, 

pigments, and polysaccharides that interfere with further steps of protein analysis (Charmont 

et al., 2005). There are several different methods to disrupt microorganisms and plant tissues 

and reduce protein degradation. Cell disruption for protein extraction can use chemical and/or 
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physical approaches (Hopkins, 1991). Snap freezing in liquid nitrogen, bead beating, the 

addition of organic solvents, thermolysis, and sonication are commonly used in plant and 

pathogen proteomics studies. Selecting the best cell/tissue disruption method depends on 

several factors and has been extensively reviewed (Fernandez-Acero et al., 2007; Thiellement 

et al., 2007; Wang et al., 2008; Wu et al., 2014; Niu et al., 2018). A perennial challenge for 

proteomic analysis of plant tissues is the interference of high abundance proteins such as the 

subunits of ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco), which can account for 

up to 50% of total protein in mature leaves of C3 plants (Makino et al., 1984). Depletion of 

Rubisco is therefore potentially one method to extend proteome coverage by ‘unmasking’ 

lower abundance proteins. Several methods have been developed for the high-abundant protein 

depletion (Koroleva and Bindschedler, 2011; Gupta et al., 2015b; Righetti and Boschetti, 2020), 

of which a few examples are presented here. Widjaja et al. (2009) used a combination of 

Rubisco depletion and sub-proteome enrichment for the identification of low abundance 

proteins during Arabidopsis defence response. This approach enabled them to identify several 

low abundance proteins that differentially regulated post infection. Zhang et al. (2013b) 

developed a polyethyleneimine assisted Rubisco clean-up (PARC) method to improve 

proteomics coverage in rice plants. The results showed that PARC effectively removed Rubisco 

and improved protein identification. In another study of plant proteome, a fractionation method 

using 10 mM Ca2+ and 10 mM phytate was used to precipitate Rubisco from soybean leaf 

protein extracts (Krishnan and Natarajan, 2009). This technique successfully removed 85% 

Rubisco enzyme from soybean leaf extracts and enable identification of several new low 

abundance proteins.  

2.3.2  Sample clean-up  

Plant and pathogen proteomics currently has moved from gel-based methods to gel-free 

shotgun (bottom-up) approaches (Wang et al., 2018e; Ball et al., 2019; Bahmani et al., 2021). 

Several new strategies for proteome sample preparation containing the removal of substances 

such as detergents, salts, and chaotropic agents, which interfere with protein digestion and MS 

analysis, have been introduced in recent years (Yang et al., 2020). Traditional approaches for 

the removal of surfactants and other contaminants have been reviewed before (Feist and 

Hummon, 2015; Wither et al., 2016). More recent innovations include filter-aided sample 

preparation (FASP) (Wiśniewski, 2018), protein suspension trapping (S-Trap) (Zougman et al., 

2014), and single-pot solid-phase-enhanced sample preparation (SP3) (Hughes et al., 2019). In 
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the FASP method, the sample lysate is applied to an ultrafiltration unit for washing out the low-

mass contaminants and digesting the proteins on the membrane. Although many useful 

modifications of FASP protocol were published (Nel et al., 2015; Lipecka et al., 2016; 

Wiśniewski, 2018; Zhang et al., 2020e), there are a few disadvantages with the FASP method, 

which can limit the application of this method. The FASP methods are expensive and rather 

time-consuming. Moreover, the efficiency of the FASP filter for SDS removal has been 

doubted by the detection of traces of remaining SDS after FASP (Yeung and Stanley, 2010). 

In the S-Trap (suspension trapping) method, the proteins are digested in a filter after removing 

contaminants in a short wash step. In contrast to the FASP method, which employs a molecular 

weight cut-off membrane, the S-Trap filter consists of a three-dimensional porous material. 

FASP requires hours of processing (approximately 3h), while due to the large pore size, the 

total processing time is reduced to less than 15 min in the S-Trap (HaileMariam et al., 2018). 

In the protein analysis of bacterial whole-cell lysate, both S-trap and FASP methods yielded 

similar results regarding peptide and protein identifications (HaileMariam et al., 2018). The 

SP3 protocol consists of nonselective protein binding, where proteins are captured on the 

surface of magnetic beads. The beads are compatible with various organic solvents and 

detergents, including urea, SDS, and acetonitrile (ACN). Ludwig et al. (2018b) showed that S-

Traps outperformed FASP and in-solution digest methods for colorectal cancer cell lysate 

regardless of lysis conditions. The adaptability of the SP3 protocol to a 96-well platform 

provides a fast and efficient technique easily applicable for large-scale protein interactome 

analysis (Gonzalez‐Lozano et al., 2019; Hayoun et al., 2020). However, the potential for losses 

during wash steps if protein material does not completely aggregate onto magnetic beads 

remains the main limitation to the SP3 protocol. The solvent precipitation SP3 (SP4) method 

can be an efficient and effective alternative to SP3 (Johnston et al., 2021), in which the 

magnetic beads are omitted, and brief centrifugation with (or without) an inert glass bead will 

capture the aggregated protein. SP4 recovered equivalent or greater protein yields and 

improved reproducibility compered to SP3 (Johnston et al., 2021).  

The selection of sample preparation method is highly dependent on tissue type, and no 

sample preparation method has been found to be applicable for all sample types. For example, 

Mikulášek et al. (2021) showed that the SP3 workflow was the best sample preparation method 

(in comparison to FASP and S-Trap) for protein analysis of Arabidopsis leaves in terms of 

number of identifications, proteome coverage, number of missed cleavages, reduction of 

handling time, repeatability, and cost per assay. Similarly, Stoyan Stoychev (2017) found that 
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the SP3 workflow resulted in over 30% increase in identified post-translational modifications 

of peptides and an approximately two-fold increase in peptide recovery compared to FASP. In 

contrast the SP3 method was not very successful for the proteomic analysis of barley anthers 

(Lewandowska et al., 2019).  

 

2.4 MS strategies 

There are many options for MS-based proteomics, and decisions on what approaches to 

use are influenced by the equipment and expertise available as well as the specific research 

questions (Schubert et al., 2017). An untargeted proteome analysis that provides global-scale 

proteome changes would likely to be chosen by the researcher aiming to quantify as many 

proteins as possible (Elmore et al., 2021). However, for the accurate quantification of a specific 

protein or small group of proteins, a targeted proteomics approach is preferred (Peterson et al., 

2012). Deciding on the data acquisition and quantification methods is highly dependent on the 

experimental design and sample preparation (Borràs and Sabidó, 2017).  

Mass spectrometry using data-dependent acquisition (DDA) and, increasingly, data-

independent acquisition (DIA) approaches have dominated the methodology for untargeted 

proteomics (Fernández-Costa et al., 2020). In DDA mode, the most intense peptide precursors 

in a survey MS1 scan (10–25 most abundant peptides) at each point of the chromatographic 

gradient are identified and fragmented to acquire MS2 (second stage of mass spectrometry) 

spectra. Each MS2 spectrum in DDA is effectively a single analyte and matched to a protein 

database to identify specific peptides (Davies et al., 2021). The well-established instrument 

operation, the option of label-dependent quantitation, data analysis, and processing pipelines 

are all benefits of DDA workflows (Verheggen et al., 2020; Yu et al., 2020). However, due to 

the semi-stochastic sampling of lower abundance peptides, the inter-sample reproducibility in 

DDA is relatively low. The resulting "missing value" problem potentially limits the statistical 

analysis of all identified proteins across an experiment (Elmore et al., 2021). DIA methods 

represent an appealing alternative for DDA as all theoretical peptides in a sample are 

fragmented sequentially across mass windows of predefined m/z intervals. This provides 

quantitative data across the chromatographic peak at the MS2 level, which can be used in 

addition to MS1-level data for more precise peptide quantitation (Bruderer et al., 2017; Chen 

et al., 2021). While the resulting MS2 spectra are highly multiplexed, an ever-expanding array 

of software solutions exist for MS2 spectrum deconvolution and peptide identification, using 
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both spectrum-centric and peptide-centric approaches (Pino et al., 2020; Zhang et al., 2020b; 

Gotti et al., 2021; Sinitcyn et al., 2021). In addition to improvements in sensitivity and 

reproducibility, a further benefit of the DIA workflow is the ability to reanalyse previous DIA 

results as spectral libraries and algorithms are developed (Ludwig et al., 2018a). Parallel 

accumulation–serial fragmentation (PASEF) is another acquisition method that enhances 

sequencing speed and enables hundreds of MS/MS events per second at full sensitivity. In this 

method synchronized scans in a trapped ion mobility device allow a 10-fold gain in sequencing 

speed without decreasing sensitivity (Meier et al., 2015). A detailed description of the 

construction and operation of the PASEF has been published elsewhere (Fernandez-Lima et al., 

2011; Michelmann et al., 2014; Charkow and Röst, 2021). This approach can improve protein 

identification in a complex interaction between plant and pathogen. JIN et al. (2021) used a 

PASEF-MS/MS workflow to identify proteins associated with Fusarium crown rot resistance 

in wheat. A total of 9234 proteins were identified, including proteins associated with defense, 

photosynthesis, and cell wall formation.  

Proteomic approaches can also be classified as label-based or label-free, which both have 

their own sets of strengths and limitations (Anand et al., 2017). For intact protein analysis, the 

two-dimensional difference gel electrophoresis (2D-DIGE) method (Ünlü et al., 1997) uses 

protein labeling with cyanine fluorescent dyes for relative protein quantitation between two or 

more multiplexed samples. 2D-DIGE has been widely used in the study of plant proteomes 

(Arruda et al., 2011; Bindschedler and Cramer, 2011; Guo et al., 2022) prior to the more 

widespread adoption of gel-free proteomics. In another early example of label-based analysis, 

this time analogous to the SILAC (stable isotope labeling by amino acids in cell culture) 

approach, Bindschedler et al. (2008) developed a cost-effective method called Hydroponic 

Isotope Labelling of Entire Plants (HILEP) for quantitative plant proteomics. In HILEP, the 

whole and mature plants are labeled with a stable isotope such as 15N. Zhang et al. (2013a) later 

used HILEP combined with phosphopeptide enrichment to study the phosphorylation events in 

auxin signaling in lateral root induction of Arabidopsis. The isobaric tag for relative and 

absolute quantitation (iTRAQ) is another label-based method that is used in plant proteomics 

(Zou et al., 2021), pathogen proteomic (Zhang et al., 2021b), and plant-pathogen interaction 

analysis (FENG et al., 2022). One of the advantages of iTRAQ compared to HILEP is that 

iTRAQ allows for 4 or 8 comparisons, while HILEP is suitable for pair-wise comparisons 

(Bindschedler and Cramer, 2011). In label-based quantitation, most often used in conjunction 

with DDA-MS, samples are differentially labeled with alternative differential mass tags, which 
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allows the detection of peptides based on the change in the mass (Wang et al., 2018a; Elmore 

et al., 2021). Sample multiplexing enables the comparison of two different sample preparations 

simultaneously within a single MS injection, and reduces variability, which can substantially 

minimize instrument time. Alternatively, peptide labeling can be combined with off-line 

fractionation using an orthogonal separation approach (e.g., strong cation exchange) as a 

method to significantly extend proteome depth. The proteolytic, metabolic, and chemical 

labeling strategies are the most widely used labeling methods (Huang et al., 2020) and can be 

used for both absolute and relative quantification of proteins (Domon and Aebersold, 2010). In 

contrast to label-based methods, label-free quantification (LFQ) of peptides is typically a more 

straightforward workflow that also does not require expensive labeling reagents. An overview 

of the experimental workflows for methods that can be used in shotgun proteomics is presented 

in Figure 2.1.   

            

Figure 2.1. Overview of different experimental workflows for shotgun proteomics. 
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Several recent studies have employed DIA approaches for the analysis of the interaction 

between pathogens and their host plants. The interaction between barley and Pyrenophora teres 

was also studied using DIA-MS (Hassett et al., 2020). Over 1000 proteins were quantified in 

which the increase in abundance of several classes of pathogenesis-related (PR) proteins was 

confirmed. A similar method demonstrated an increase in jasmonic acid biosynthesis and a 

decrease in photosynthesis-associated proteins in rice plants in response to pathogen infection 

(Cheah et al., 2020). More than 2000 proteins from tomato leaves infected by Pseudomonas 

syringae were identified using DIA-MS (Fan et al., 2019). The significantly changed proteins 

belonged to immune response, redox processes, energy generation, and carbon fixation in the 

chloroplast. Fan et al. (2021) employed a DIA-MS method to study the interaction between 

tomato and the hemibiotrophic oomycete pathogen Phytophthora infestans. Among the 

changed proteins, several were involved in plant defense responses, metabolism pathways, and 

signaling. Kerr et al. (2019) used DIA-MS to analyse barley seed proteome during fungal 

infection. This study showed that oxalate oxidase was the only protein consistently increased 

in abundance in the infected plants. The effect of Funneliformis mosseae in soybean roots was 

investigated using a transcriptomic and proteomic (DDA-MS) analysis. A total of 9488 proteins 

were identified, and the key pathways and differentially abundance proteins were involved in 

plant-pathogen interaction, phenylalanine metabolism, hormone signal transduction, and 

metabolic pathways (Zhang et al., 2020c). Using a combination of a shotgun MS-DDA and a 

targeted DIA-MS analysis, several peptides of potential markers for resistance to Peyronellaea 

pinodes, causes Ascochyta blight, were identified. This study revealed the importance of plant 

cell walls to hinder the growth of the pathogen within cells and redox response for the 

detoxification of fungal toxins (Castillejo et al., 2020).  

 

2.5 Post-translational modifications 

All living organisms need to respond to environmental changes quickly and efficiently 

using a strict regulatory system through molecular interactions of hundreds to thousands of 

biomolecules (Iqbal et al., 2021). Due to multiple levels of regulation such as PTM and 

alternative splicing, a single gene can produce several different proteins, increasing proteome 

diversity (Liu et al., 2021b). PTMs act as molecular switches that can lead to dramatic changes 

in the regulation of molecular functions without changes at the transcriptome and proteome 

levels (He et al., 2017). Protein phosphorylation is one of the most frequently studied PTMs 
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and represents over 53% of all the PTMs based on the published experimental data (Silva‐

Sanchez et al., 2015). Phosphorylation/dephosphorylation of proteins is a fast response that can 

switch on or off cell processes or biological pathways. In eukaryotes, phosphorylation occurs 

on serine, tyrosine, and threonine (Batalha et al., 2012). MS-based proteomics has become the 

primary tool used to study protein phosphorylation. The simultaneous identification and 

quantitation of phosphopeptides and proteins has expanded our understanding of complicated 

biological systems and regulations (Thurston et al., 2005; Xing and Laroche, 2011; Yang et al., 

2013; Roustan and Weckwerth, 2018; Pang et al., 2020). 

Similar to proteomics, a phosphopeptide analysis workflow starts with protein extraction 

and digestion (Figure 2.2). Phosphopeptide analysis needs one- or multi-stage enrichment 

strategies to achieve comprehensive coverage of phosphorylation events (Zhang et al., 2017; 

Song et al., 2020), and therefore requires more starting material, in the range of an order of 

magnitude compared with total peptide analysis. Enrichment methods include immobilized 

metal affinity chromatography (IMAC), metal oxide affinity chromatography (MOAC), 

titanium dioxide (TiO2) phosphopeptide enrichment, electrostatic repulsion hydrophilic 

interaction chromatography (ERLIC), and phosphopeptide precipitation (Wolschin et al., 2005; 

Fíla and Honys, 2012; Qiu et al., 2020; Low et al., 2021). Large-scale profiling of Arabidopsis  

phosphoproteome after infection by pathogens has revealed the dynamic phosphorylation 

events that regulate plants' resistance or susceptibility to pathogens (Pang et al., 2020; Zhang 

et al., 2021a). Quantitative phosphoproteomics analysis of Arabidopsis revealed the regulatory 

mechanisms of pathogen-associated molecular pattern immunity (Kadota et al., 2019). The 

results of this study showed that some of the identified phosphosites (a site on a protein 

responsible for phosphorylation) are required for the production of reactive oxygen species 

during immunity against a virulent necrotrophic fungus Plectosphaerella cucumerina (Kadota 

et al., 2019). Phosphoproteomics profiling of cotton roots in response to the soilborne plant 

pathogenic fungus Verticillium dahliae infection identified 92 and 38 specific phosphoproteins 

in the resistant and susceptible lines, respectively (Zhang et al., 2019).  
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Figure 2.2. An overview of the possible experimental workflows for shotgun 

phosphoproteomics. 

 

In addition to phosphorylation, large-scale profiling of other PTMs such as acetylation 

and ubiquitination during plant-pathogen interactions is becoming more common. In Rice 

(Chen et al., 2018; Zhang et al., 2020a) and Arabidopsis (Grubb et al., 2021; Liu et al., 2021c; 

Song et al., 2021), hundreds of ubiquitin-modified proteins were identified during the plant 

immune responses. The acetylome profiling of maize in response to Cochliobolus carbonum 

infection confirmed the hyperacetylation of several proteins, including chromatin remodeling 

enzymes and transcription factors (Walley et al., 2018). Although recent studies have identified 

many acetylated proteins in diverse pathogens, the impact of these PTMs on the pathogenicity 

of plant pathogens is yet to be understood (Li et al., 2016; Lv et al., 2016; Zhou and Wu, 2019; 

Liao et al., 2021).  

 

2.6 Bioinformatics 

Molecular research routinely involves the application of computational methods to 

convert raw experimental data into condensed results for biological interpretation. In recent 

years, several software packages and online platforms have been developed to facilitate the 
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analysis, interpretation, and visualisation of proteomics data. The MaxQuant/Perseus (Tyanova 

et al., 2016) platform is a user-friendly, interactive workflow environment and can provide 

complete documentation of computational methods, which has become one of the most popular 

software suite in proteomics. This software supports biological researchers in interpreting 

protein quantification, interaction, and PTM data (Tyanova et al., 2016). Relative label-free 

quantification (LFQ) of shotgun proteomics data is one of the most used applications in 

biological science, such as plant science, microbiology, and plant pathology. LFQ-Analyst has 

recently been created to perform differential expression analysis with "one-click" and to 

visualise proteomics data sets preprocessed with MaxQuant software (Shah et al., 2019). 

Galaxy (Afgan et al., 2018) and MetaboAnalyst (Chong et al., 2018) also provide various 

workflow management systems to analyse MS-based proteomics data. The PeptideWitch 

software package is a python-based web module for the label-free shotgun proteomics data 

visualisation (Handler et al., 2020). This software produces many statistical and graphical 

outputs including heatmaps, volcano plots, Venn diagrams, and P-value histograms. In addition 

to the technical advance in proteomics data analysis software, specific bioinformatics tools 

have been developed to study the relationships between plants and pathogens. However, most 

of these tools only provide genomics/transcriptomics data from plant-pathogen interaction. For 

example, PhytoPath which is a database on plant-pathogen interactions provides genome-scale 

data from pathogens with information about plant infection phenotypes. To date, this database 

includes the genome information of 99 plants, 107 pathogens and 350 interactions. The access 

to the complete assembly of genome and gene models of phytopathogens in PhytoPath (Pedro 

et al., 2016) gained using the Ensembl Genomes browser. NIASGBdb that links the genetic 

resources of plants and pathogens to plant disease information is another example of plant-

pathogen interactions databases (Takeya et al., 2010). 

Data sharing in MS-based proteomics is becoming a standard for proteomics researchers. 

However, any proteomics data set is only partially understood according to the availability of 

analytical tools (such as the algorithms for peak detection and quantitation and the proteome 

database that was searched). Therefore, there is an excellent opportunity for re-analysing and 

reusing public data, particularly for benchmarking studies and evaluation of new 

bioinformatics software. While the majority of publicly available data sets correspond to 

human and other main model organisms, there has been a rapid expansion in proteomic datasets 

for non-model organisms in recent years (Martens and Vizcaíno, 2017). The first proteomics 

resources were set up more than 15 years ago. The GPMDB (Craig et al., 2004), PeptideAtlas 
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(Deutsch et al., 2008), and the PRoteomics IDEntifications (PRIDE Archive) (Vizcaíno et al., 

2016) databases are a few examples of MS-based proteomics resources. PRIDE is the world's 

largest MS-based proteomics data repository, with an average of around 500 datasets deposited 

per month during 2021 (Perez-Riverol et al., 2021). PRIDE stores datasets coming from all 

experimental proteomics approaches, including DDA and DIA proteomics. The PhosPhAt 4.0 

is one of the most significant phosphorylation databases for Arabidopsis phosphorylation 

studies and contains phosphorylation sites identified in Arabidopsis by MS-based proteomics 

(Xi et al., 2021). In addition, the PhosPhAt 4.0 database includes phosphorylation site 

prediction and kinase-target relationships retrieval which provide researchers with more 

functionality for plant phosphoproteomics analysis. The availability of large MS datasets and 

bioinformatics tools has enabled the comparison of different proteomics studies. For example, 

Pinski et al. (2021) used several previously published MS data to compare the bioinformatics 

predictions of the subcellular localisation of cell wall proteins. Together, several public 

databases have included the resources for humans, model organisms, non-model plants, and 

microorganisms. However, there is still a need for more comprehensive plant-pathogen genome 

and proteome databases (Dong et al., 2021). 

 

2.7 Conclusions and future perspective 

In summary, recent advances in MS-based proteomics and bioinformatics tools now 

enable the robust profiling of plant and pathogenic microbe samples to an unprecedented depth. 

Global proteome profiling using shotgun approaches during infection can identify specific 

proteins, molecular functions, and PTMs involved in plant disease resistance and susceptibility 

and pathogenicity processes. Therefore, proteomics will remain one of the fastest-growing 

areas in plant and pathogen research. Increasingly, studies that use "omics" technologies in 

combination (multi-omics approaches) enable cross-validation of data sets and the potential to 

filter out the most significant biological changes. Integration of shotgun proteomics with other 

omics approaches, will further expand our understanding of biological mechanisms involved 

in host-pathogen interactions.  

Proteomics analysis of mixtures containing different cell populations only provides a 

quantitative analysis of proteins that reflect the average variation in the whole cell population. 

Thus, the molecular changes in distinct subpopulations of rare cells will be missed in bulk 

sampling methods (Ctortecka and Mechtler, 2021). Techniques that address single cells' 
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molecular identity can help better understand uniqueness within the complexity of plan-

pathogen interaction. The proteome of single cells can bring unique information about the 

processes taking place in the interaction between plants and pathogens, revealing signaling 

events that are taking place in a specific types of plant (or pathogen) cells. In spite of the fact 

that single cell proteomics has a huge potential in developing a better understanding of the 

intricate connections between the host plant and its pathogen, it has yet to be applied to the 

analysis of such a complex interaction. These tools must be adapted to circumvent the 

difficulties related to working with an obligate biotroph pathogens such as S. subterranea 

which is unculturable and laboratory trials often fail owing to complexity of the factors 

controlling dormancy, growth and multiplication of these organisms (Merz and Falloon, 2008). 

In addition, cross-linking mass spectrometry (XL-MS) has recently emerged to study 

protein interactomics on the system-wide level (Yu and Huang, 2018). XL-MS is a unique 

technology capable of capturing the dynamic biological assemblies in their native environment 

and uncovering their physical interaction contacts (Iacobucci et al., 2020; Piersimoni et al., 

2021). Liu et al. (2018) developed an in planta chemical cross-linking-based quantitative 

interactomics (IPQCX–MS) workflow in Arabidopsis to study protein–protein interactions. 

They identified 354 unique cross-linked peptides and showed that this workflow can in vivo 

identify hundreds of cross-linked peptides. Considering the exciting new developments in 

computational approaches, XL-MS can be expected to become one of the most versatile 

methods in the study of plant-pathogen interactions within the next ten years. Together, we 

believe that proteomic studies using the techniques presented in this review can guide breeding 

efforts to identify resistant cultivars and help with the development of antimicrobial agents, 

leading to improved global food security. 
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 Optimisation of sporosori purification and protein 

extraction techniques for the biotrophic protozoan 

plant pathogen Spongospora subterranea 

This chapter has been published, as Balotf, S., Wilson, R., Tegg, R.S., Nichols, D.S., and 

Wilson, C.R. (2020). Optimisation of sporosori purification and protein extraction techniques 

for the biotrophic protozoan plant pathogen Spongospora subterranea. Molecules 25, 3109.  

DOI: 10.3390/molecules25143109 

 

3.1 Abstract 

Spongospora subterranea is a soilborne plant pathogen responsible for the economically 

significant root and powdery scab diseases of potato. However, the obligate biotrophic nature 

of S. subterranea has made the detailed study of the pathogen problematic. Here, we tested the 

benefits of sporosori partial purification utilizing Ludox® gradient centrifugation. We 

undertook optimisation efforts for protein isolation comparing the use of a urea buffer followed 

by single-pot solid-phase-enhanced sample preparation (SP3) and a sodium dodecyl sulphate 

(SDS) buffer followed by suspension-trapping (S-Trap). Label-free, quantitative proteomics 

was then used to evaluate the efficiency of the sporosori purification and the protein preparation 

methods. The purification protocol produced a highly purified suspension of S. subterranea 

sporosori without affecting the viability of the spores. The results indicated that the use of a 

combination of SDS and S-Trap for sample preparation obtained a significantly higher number 

of identified proteins compared to using urea and SP3, with 652 and 218 proteins identified 

using the S-Trap and SP3 methods, respectively. The analysis of proteins by mass spectrometry 

showed that the number of identified proteins increased by approximately 40% after the 

purification of spores by Ludox®. These results suggested a potential use of the described spore 

purification and protein preparation methods for the proteomics study of obligate biotrophic 

pathogens such as S. subterranea. 

 

Keywords:  Spongospora subterranea; sporosori; density gradient centrifugation; Ludox®; 

proteomics; S-Trap 
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3.2 Introduction 

Plasmodiophorid organisms include several important plant pathogens that cause 

significant losses in a range of species either directly (Neuhauser et al., 2009; Balendres et al., 

2016a) or as vectors of plant viruses (Adams et al., 1988). A common feature of 

plasmodiophorids is their environmental persistence through the production of long lived 

resting spores. Resting spore formation and sporosori complexity varies between the members 

of the plasmodiophorid genera (Neuhauser et al., 2010). Plasmodiophora produces individual 

non-aggregated resting spores, while Polymyxa, Spongospora, Sorodiscus, Tetramyxa, 

Octomyxa, Woronina and Ligniera all produce sporosori of variable shape and size (Sherwood, 

1968; Dylewski and Miller, 1984; Devi et al., 1995; Robbins and Braselton, 1997; Tamada and 

Asher, 2016; Amponsah et al., 2021). Among all the known plasmodiophorids, Spongospora 

has the most complex sporosori with a sponge-like structure of variable size (Falloon et al., 

2011). 

S. subterranea is the causal agent of root and powdery scab diseases of potato, of 

economic importance wherever potatoes are grown (Wilson, 2016). The pathogen can persist 

in infested soils for years, providing inoculum for subsequent potato crops and negating much 

of the benefits of crop rotation (Tsror et al., 2020). The pathogen produces large sporosori, 

comprise of an aggregation of hundreds to thousands of long-lived resting spores (Falloon et 

al., 2016). The resting spores within the sporosori have phases of both constitutive and 

exogenous dormancy. After exposure to the germination stimulant, a proportion of the resting 

spores within the sporosori are not stimuli responsive and show characteristics of constitutive 

dormancy. These spores will germinate over time after constitutive dormancy factors have been 

removed (Balendres et al., 2017). The processes of infection and disease development in the S. 

subterranea-potato pathosystem have been well examined. However, the complex structure of 

the sporosori, the obligate biotrophic nature of S. subterranea and the shortcomings in current 

methodology for the separation of resting spores from the host tissues have hindered the 

application of new technologies for the detailed molecular analysis of these processes. 

Density gradient centrifugation, developed by Brakke (Brakke, 1951), has proven to be 

a feasible method for the isolation of particles of various structures and sizes. Harrison and 

Nixon (Harrison and Nixon, 1960) introduced density gradient centrifugation to soilborne 

disease research by using a sucrose density gradient method for the purification of three 

soilborne plant viruses. Castlebury et al. (Castlebury et al., 1994) developed a density gradient 
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technique for the purification of Plasmodiophora brassicae resting spores from infected 

Chinese cabbage host root tissue. Resting spores were first extracted from infected roots by a 

series of centrifugations in 50% sucrose followed by a continuous gradient of Ludox® (Ludox® 

HS 40, a colloidal silica 40 wt. % suspension in H2O, density 1.3 g mL−1 at room temperature) 

to the separate spores from other contaminants. By reducing the number of centrifugation steps, 

Xu et al. (Xu et al., 2010) developed a much more practical method of a Ludox® density 

gradient centrifugation for extracting ciliates in marine sediments. This method has a higher 

efficiency whilst minimizing the number of centrifugation steps. 

In recent years, microbial biology and host–pathogen interactions have benefited 

considerably from technological advances in the global identification and quantification of 

proteins via mass spectrometry (MS)-based shotgun approaches. Huang et al. (Huang et al., 

2015) identified 18 spore-specific proteins in Cryptococcus neoformans using proteomic 

profiling between spores and vegetative cells. In another example, a complementary analysis 

of the conidial surface proteome in Aspergillus fumigatus identified 148 proteins which are 

essential for the virulence of the pathogen (Voltersen et al., 2018). Spore proteomic studies 

have been carried out using gel-based techniques (Lai et al., 2003), isobaric labelling (Wang et 

al., 2013) and label-free shotgun proteomics (Wang et al., 2018c). Isotope labelling and gel-

based approaches may involve several technical difficulties, such as the specific requirements 

for metabolic labelling, while label-free methods are straightforward and correlate well with 

isotope label-based quantification (Li et al., 2012). In soilborne pathogens with strong cell 

walls, both cell lysis and protein recovery remain the most difficult steps in the proteomic 

studies of these organisms (Shimizu and Wariishi, 2005). 

Many efficient sample preparation methods are available for the MS-based proteomic 

analysis of microorganisms when samples are unlimited. Recent innovations include the SP3 

(single-pot solid-phase-enhanced sample preparation method) (Hughes et al., 2019) and the 

suspension-trapping filter-based approach (S-Trap) developed by Zougman et al. (Zougman et 

al., 2014). The SP3 protocol consists of nonselective protein binding and uses a hydrophilic 

interaction mechanism for the removal of non-protein components. In this method, proteins are 

captured on the surface of magnetic beads which facilitates the following washing steps and 

the recovery of peptides (Hughes et al., 2019). For the S-Trap method, the proteins are trapped 

in a filter and the contaminants such as detergents, chaotropic agents, salts, buffers, acids, and 

solvents are removed in a short wash step (Ludwig et al., 2018b). Hayoun et al. (Hayoun et al., 

2019) compared the sample preparation methods including in-gel proteolysis, SP3, and S-Trap 
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methods for the MS analysis of microorganisms. Their study demonstrated that SP3 delivers a 

higher coverage of the sample with greater numbers of identified proteins. However, 

Doellinger et al. (Doellinger et al., 2020) showed that in the presence of sodium dodecyl 

sulphate (SDS), the SP3 method identified the lowest number of peptides, which highlights a 

potential limitation of this technique where high concentrations of detergent are required. 

Due to the difficulties with sporosori isolation and purification, there have been no 

reports on the practical application of MS-based shotgun proteomics for the determination of 

the mechanism underlying the specific biological processes during the germination of resting 

spores in S. subterranea. In the present study, we first tested the efficiency of the Ludox® 

density gradient centrifugation, originally designed for marine sediments (Xu et al., 2010), for 

the purification of S. subterranea resting spores from potato tissue and other contaminants. 

Then, we examined the quantitative differences in proteins from S. subterranea that were 

prepared under various conditions. We compared the performances of a urea lysis buffer 

followed by the SP3 technique (Urea + SP3) with an SDS lysis buffer followed by the S-Trap 

filter (SDS + S-Trap) for the protein preparation of S. subterranea. 

 

3.3 Materials and Methods 

3.3.1 Pathogen source 

S. subterranea sporosori were scraped from powdery scab diseased potato tubers 

collected from commercial fields in Devonport, Tasmania, Australia. The diseased tubers were 

washed with running tap water for 2 min, rinsed in sterile water, and air dried for 2–3 days. 

Avoiding excessive potato tuber tissue, all the scab lesions were individually excised using a 

scalpel, and they were pooled and dried at 40 °C for 3 days and stored at 4 °C until use. Between 

50 and 80 tubers were excised to produce 1 g of dried material. 

3.3.2 Ludox® density gradient centrifugation for sporosori purification 

We adapted the method of Xu et al. (Xu et al., 2010) for sporosori purification. In this 

protocol, the purification of resting spores was performed in four steps:  

1. Dried S. subterranea sporosori preparation (100 mg) were macerated in 3 mL 

sterile water using a mortar and pestle and filtered through two layers of 

cheesecloth. 
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2. The filtrate (2–3 mL) was layered onto 9 mL of Ludox® (HS-40 colloidal silica, 

Sigma, Macquarie Park, NSW, Australia) in a 15 mL centrifuge tube and with 2 

mL distilled water added on the top. 

3. The mixture was centrifuged at 4200 ×g for 15 min at room temperature. Following 

centrifugation, two bands were recognizable; with S. subterranea sporosori found 

in the uppermost band approximately one quarter of the way from the top of the 

tube. The lower band contained contaminants. 

4. To remove any remaining Ludox®, 2–4 mL of purified extract was transferred to a 

new 50 mL tube and diluted with 40 mL of sterile water before centrifugation at 

4200 ×g for 8 min at room temperature. The supernatant was discarded and the 

pellet stored at 4 °C until use. 

The purity of the S. subterranea sporosori preparation was determined by the dilution of 

a 10 µL aliquot of the purified preparation in distilled water and observation with light 

microscopy (200×). 

3.3.3 Spore viability 

Resting spore viability was assessed by the determination of capacity to germinate and 

release active zoospores (Balendres et al., 2016b). Sporosori preparations (5 mg each of 

purified and non-purified), were added to individual 2 mL microcentrifuge tubes, suspended in 

1 mL of Hoagland’s solution (Hernandez Maldonado et al., 2013) and incubated at 25 °C in 

the dark. Ten tubes were used for each treatment. Sub-samples (10 µL) were taken from each 

tube daily for 7 days and observed microscopically (200–400×) for the presence of active 

zoospores. The time to the first observation of zoospores was recorded. 

3.3.4 Protein extraction and digestion 

An overview of the optimisation of a protein preparation protocol for S. subterranea 

proteomics is given in Figure 3.1. The purified sporosori (from 100 mg dried lesion material) 

were resuspended in lysis buffer (5% SDS, 50 mM ammonium bicarbonate, and protease 

inhibitor (1 tablet of cOmplete Mini EDTA-free; Roche Diagnostics, North Ryde, NSW, 

Australia)). The samples were homogenised using a Fast Prep-24 bead beater (4000 ×g for 60 

s) using PowerBead tubes, ceramic 2.8 mm (Qiagen, Hilden, Germany) followed by 30 s 

resting at room temperature. The homogenisation procedure was repeated three times for each 

sample. The lysates were then clarified by centrifugation at 16000 ×g for 10 min. The 
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supernatant was collected, 6 volumes of ice-cold acetone were added and the tubes were 

incubated at −20 °C overnight to precipitate the proteins. Following incubation, the tubes were 

centrifuged (16000 ×g for 10 min) and the supernatant was discarded. The pellets were washed 

three times with chilled acetone, left to air dry for 5-10 min at room temperature and 

resuspended in either urea buffer (7 M urea and 2 M thiourea in 40 mM Tris, pH 8.0) or SDS 

buffer (5% SDS and 50 mM ammonium bicarbonate) for the next step. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Workflow for the sample preparation optimisation experiments. Proteins from S. 

subterranea sporosori were prepared by the SP3 method or the S-Trap filters and analysed by 

an MS-based approach. SDS: sodium dodecyl sulphate, UPLC: ultra-performance liquid 

chromatography, SP3: single-pot solid-phase-enhanced sample preparation, S-Trap: 

suspension-trapping 

 

3.3.4.1 Single-pot solid-phase-enhanced sample preparation (SP3 method) 

The protein samples were quantified using the Qubit protein assay (Thermo Scientific, 

USA) and diluted to approximately 1 mg/mL in denaturation buffer (7 M urea and 2 M thiourea 
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in 40 mM Tris, pH 8.0). Aliquots of 30 µg protein were sequentially reduced using 10 mM 

DTT overnight at 4 °C, alkylated using 50 mM iodoacetamide for 2 hrs at room temperature 

and then digested with 1.2 µg proteomics-grade trypsin/LysC (Promega, Madison, Wis, USA) 

according to the published SP3 protocol (Hughes et al., 2019). The digests were acidified by 

the addition of trifluoroacetic acid to 0.1% and the peptides were collected by centrifugation at 

21,000 ×g for 20 minutes. The samples were further cleaned up by offline desalting using 

ZipTips (Merck, Darmstadt, Germany) according to the manufacturer’s instructions. 

3.3.4.2 Suspension-trapping (S-Trap method)   

Proteins in the SDS buffer were reduced by adding 20 mM dithiothreitol (10 min at 95 

°C) followed by alkylation with 40 mM iodoacetamide (30 min at room temperature in the 

dark). The samples were prepared according to the S-Trap microcolumns (Protifi, Farmingdale, 

N.Y., USA) manufacturer’s instructions. In brief, the samples were acidified with a final 

concentration of 1.2% phosphoric acid. To aggregate the proteins in colloidal particles, the 

samples were diluted with 6 volumes of S-Trap protein binding buffer (100 mM ammonium 

bicarbonate in 90 % aqueous methanol, pH 7.1) and each sample was loaded onto an S-Trap 

micro spin column. The proteins were trapped in the filter by centrifugations at 2800 ×g for 1 

min and washed 3 times with 150 µL of S-Trap buffer. Finally, 2 µg of sequencing-grade 

trypsin in 20 µL of 50 mM ammonium bicarbonate were added into the filter and digested at 

47 °C for 1 h. The peptides were eluted using 50 mM ammonium bicarbonate and then 0.2% 

formic acid and vacuum centrifuged to dry. The samples were further cleaned up by offline 

desalting using ZipTips (Merck, Darmstadt, Germany) according to the manufacturer’s 

instructions. 

3.3.5 LC–MS/MS analysis  

The peptide samples equivalent to 1 mg were separated using an Ultimate 3000 nano 

RSLC system (Thermo Fisher Scientific, MA, USA). The peptides were first concentrated on 

a 20 mm × 75 μm PepMap 100 trapping column (3 μm C18) for 5 minutes, then separated using 

a 250 mm × 75 μm PepMap 100 RSLC column (2 μm C18) at a flow rate of 300 nL/min and 

held at 45 °C. A 90-minute gradient from a 98% mobile phase A (0.1% formic acid in water) 

to 50% mobile phase B (0.08% formic acid in 80% acetonitrile and 20% water) comprised the 

following steps: 2–10% B over 12 min, 10–25% B over 48 min, 25–45% B over 10 min, 

holding at 95% B for 5 min then re-equilibration in 2% B for 15 min. The nano HPLC system 
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was coupled to a Q-Exactive HF mass spectrometer equipped with a nanospray Flex ion source 

(Thermo Fisher Scientific, Waltham, MA, USA) and controlled using Xcalibur 4.1 software. 

The spray voltage was set to 2.0 kV, S-lens RF level to 50, and a heated capillary set at 250 

°C. The MS scans were acquired from 370–1500 m/z at a 60,000 resolution, with an AGC target 

of 3 × 106 and a maximum injection time of 100 ms. The fragment ion scans were acquired at 

a 15,000 resolution (scan range 200–2000 m/z), with an AGC target of 2 × 105 and a maximum 

injection time of 28 ms. An isolation width of 1.4 m/z was used, and the normalized collision 

energy for HCD was set to 27. The MS/MS spectra were acquired in a data-dependent mode 

using a Top15 method with 30 second dynamic exclusion of fragmented peptides. Four 

biological replicates were used for the protein extraction from purified and non-purified 

samples, while three technical replicates were used for the peptide sample preparation. 

3.3.6 Data processing 

The MS/MS raw data were investigated against the S. subterranea database in UniProt 

(https://www.uniprot.org/proteomes/, containing 11,129 proteins) using the Andromeda search 

engine in MaxQuant software (v. 1.6.0.16, www.maxquant.org) with default search settings for 

Obitrap MS and the match-between-runs function enabled only for the proteomic analysis of 

purified and non-purified sporosori. The proteins were identified based on the label-free 

quantification (LFQ) values reported by MaxQuant and based on at least two unique peptides. 

A filter was then applied to include only those proteins detected in a minimum of three 

replicates. The proteins labelled as either reverse hits (match against a nonsense database) or 

contaminants (originate in the laboratory and come from either the user, such as keratin from 

hair and skin or from reagents, such as trypsin) were removed from the final analysis. Based 

on a normal distribution of protein abundances, the missing values were replaced with random 

intensity values. The clustering correlation analyses were performed in the Perseus software 

(v. 1.5.0.15, www.perseus-framework.org). All the data were exported from Perseus into Excel 

after each data-processing step (Supplementary Materials).  

 

3.4 Results and Discussion 

S. subterranea sporosori, the aggregates of resting spores present in the soil and within 

the lesions of diseased potato tubers, are critical for pathogen survival, dispersal and for the 

initiation of new host infections. Host infection follows the stimulation of resting spore 
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germination to release motile zoospores (Balendres et al., 2016b). Understanding the molecular 

basis of sporosori dormancy and germination are therefore valuable for the development of 

novel disease interventions. 

3.4.1 Sporosori purification 

S. subterranea cannot be grown in pure culture on an artificial medium and thus sources 

of the pathogen will invariably be contaminated with remnant potato tissues and various soil 

microorganisms (Harrison et al., 1997a). This poses major difficulties for obtaining the pure 

protein, RNA, or DNA of the pathogen. Here, we utilized a density gradient method using 

Ludox to separate S. subterranea sporosori from the contaminants. After centrifugation in the 

Ludox® gradient, a band of living organisms (e.g., bacteria, fungi, and other rhizosphere 

microorganisms) including S. subterranea sporosori was consistently found one-fourth of the 

way from the top of the tube (Figure 3.2a). A viability assay results from purified spores 

prepared by the Ludox® method showed that purification by the Ludox® density gradient 

centrifugation did not affect the viability of S. subterranea (Figure 3.2b), with no statistically 

significant difference. The germination of spores in Hoagland’s solution for both purified 

(Ludox®-purified) and non-purified (air-dried lesions scraped from powdery scab-diseased 

tuber) sporosori was 100% after 6 days, confirming no effect of the treatment on the viability 

(Balendres et al., 2016b). 

 

Figure 3.2. (a) Band of resting spores in the Ludox® gradient and (b) the cumulative curve of 

purified and non-purified S. subterranea resting on the spore’s germination in the Hoagland’s 

solution. 
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3.4.2 Optimisation of protein preparation for mass spectrometry 

In order to optimize a protocol for S. subterranea MS-based proteomics, two sample 

preparation methods were compared. Sporosori were first extracted and enriched using Ludox® 

gradient centrifugation. Protein samples solubilized in either SDS or urea were then prepared 

for digestion using the S-Trap or SP3 approaches, respectively. According to the numbers of 

peptides and proteins identified, the best performing method was the S-Trap, with an average 

of 654 proteins and 6658 peptides, whereas the SP3 method resulted in only 189 proteins 

identified on the basis of 602 matching peptides (Figure 3.3a,b). After the exclusion of proteins 

identified on the basis of a single matching peptide, the proteins identified using the S-Trap 

and SP3 methods were reduced to 595 and 95, respectively (Figure 3.3c,d). 

 

Figure 3.3. (a) Total number of proteins and (b) the total number of peptides identified in the 

database searches. Total proteins were filtered based on at least two unique peptides and 

include only those proteins detected in a minimum of three replicates (c and d). SP3: single-

pot solid-phase-enhanced sample preparation, S-Trap: suspension-trapping 
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To evaluate the reproducibility of protein preparation techniques, the number of missing 

values for each identified protein was calculated. In the S-Trap samples, more than 90% of the 

identified proteins had no missing intensity values and only ~ 8% of the samples showed one 

or two missing values in their abundance. On the other hand, in the SP3 samples, 37% and 12% 

of the proteins presented with two and one missing values, respectively (Figure 3.4). 

 

 

 

 

 

 

Figure 3.4. The percentage of proteins with no missing values (Miss 0), one missing value 

(Miss 1), and two missing values (Miss 2). SP3: single-pot solid-phase-enhanced sample 

preparation, S-Trap: suspension-trapping 

 

Efficient sample preparation for the MS-based analysis often requires the solubilization 

of cellular and hydrophobic proteins in the presence of either SDS or strong chaotropic 

reagents. However, such conditions are incompatible with both enzymatic digestion and 

LC−MS. Among the strategies developed for the sample clean-up, the suspension trapping was 

found to be superior to both in-solution digestion and other filter-based sample preparation 

methods (Ludwig et al., 2018b; Elinger et al., 2019). The S-Trap is a simple device that traps 

proteins in a filter and enables the efficient removal of contaminants such as chaotropic agents 

and detergents prior to digestion. In comparison to the SP3 approach, we found that the S-Trap 
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enabled more efficient digestion leading to higher proteomic coverage in a shorter period and 

showed an improved reproducibility (Figure 3.3 and 3.4). The proteomic analysis of the 

soilborne necrotrophic pathogen Rhizoctonia solani using in-gel digestion and MALDI-TOF 

MS identified 130 proteins related to the maturation of fungal sclerotia (Kwon et al., 2014). In 

Colletotrichum acutatum, 365 proteins were identified using two-dimensional electrophoresis 

combined with MALDI-TOF/TOF mass spectrometry during the germination of the pathogen 

(El-Akhal et al., 2013). Mappa et al. (Mappa et al., 2018) assessed the ratio of Bacillus 

atrophaeus spores and vegetative cells by shotgun proteomics and identified 602 proteins. The 

number of proteins identified in other proteomic studies of spores included 319 in 

Moniliophthora perniciosa, 118 in Botrytis cinerea spores and 148 conidial surface proteins in 

Aspergillus fumigatus (González-Rodríguez et al., 2015; Mares et al., 2017; Voltersen et al., 

2018). Thus, the present study has identified a comparable number of proteins from the resting 

spores of S. subterranea. 

3.4.3 Quantitative efficiency of Ludox® purification for protein analysis of resting 

spores 

To evaluate the efficiency of the spore purification method, we used the S-Trap method 

for sample preparation, followed by the label-free shotgun proteomic analysis of purified and 

non-purified sporosori. The quantitative results demonstrated that the number of identified 

proteins in S. subterranea resting spores increased by 38.9% after the Ludox® purification, 

where 470 and 653 proteins were identified in non-purified and purified resting spores, 

respectively (Figure 3.5a). As shown in Figure 3.5b, although 38 proteins were not detected 

after the purification of the resting spores (these proteins were lost during the purification 

processes), 221 new proteins were identified in the purified spores compared to the non-

purified ones. Molecular and functional studies of the powdery scab pathosystem were 

hampered by the obligate biotrophic nature of the pathogen. S. subterranea is not culturable 

and can only be found on its living host or in the soil as a form of resting spore. Several 

protocols have been developed for the soilborne pathogen purification (Harrison and Nixon, 

1960; Bryngelsson et al., 1988; Castlebury et al., 1994). The gradient density centrifugation by 

Percoll® and Ludox® are the two commonly used methods for the purification of living 

microorganisms from the contaminants. In contrast to Percoll®, Ludox® is cheaper, denser and 

needs fewer preparation steps (Xu et al., 2010; Zhao et al., 2012). In this study, we adapted the 

Ludox® method for the purification of S. subterranea resting spores and characterized any 
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improvement in the resting spore proteome analysis. The results presented here showed that 

the purification of sporosori increased the quantitative efficiency of the protein analysis of S. 

subterranea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. (a) The ranked protein abundance plots for the purified and non-purified material; 

(b) the Venn diagram summarises the groupings of the identified proteins in the S. subterranea 

proteome database. False Discovery Rate (FDR)-adjusted P-value cut-off was set to 0.05. LFQ: 

label-free quantification 
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3.4.4 Major metabolic pathways and cellular processes of S. subterranea resting spores 

revealed by a bioinformatics approach  

Label-free quantitative proteomic LC–MS analyses revealed 653 unique proteins in the 

S. subterranea resting spore’s proteome. These proteins were identified in at least three 

replicates with a protein false discovery rate of less than 1%. Here, a web-based functional 

annotation analysis of S. subterranea resting spores’ proteins was used to identify the gene 

ontology (GO) terms. The identified proteins were classified into three GO categories: 

molecular functions, cellular components, and biological processes (Figure 3.6a-c). The largest 

categories of molecular functions were proteins with catalytic activity (n = 243) and binding 

proteins (n = 224), respectively (Figure 3.6a). In the cellular component category (Figure 3.6b), 

68% of the identified proteins were involved in cellular anatomical entity, 27% in protein-

containing complex, and 5% in the cell structure. In the biological process category, the 

identified proteins were involved in cellular processes (n = 209), metabolic processes (n = 197), 

localization (n = 43), biological regulation (n = 30), cellular component organization (n = 12), 

response to stimulus (n = 5), and formaldehyde catabolic processes (n = 1) (Figure 3.6c). The 

expression analysis of the protein pathway of S. subterranea resting spores revealed that the 

identified proteins were mainly concentrated on the carbohydrate degradation, amino acid 

biosynthesis, amino acid degradation, and carbohydrate metabolism (Figure 3.6d). Considering 

the minimal metabolic activity of resting spores, most of the proteins required for the 

maintenance of dormancy and the germination of dormant spores must be supplied during 

sporulation (Taubitz et al., 2007; Novodvorska et al., 2016). In line with our results here (Figure 

3.6), previous proteomic analyses of fungal spores have identified the proteins primarily 

associated with pyrophosphatase, hydrolase, transferase, and oxidoreductase activities , protein 

folding and degradation (Sephton-Clark et al., 2018), the biological processes of protein 

synthesis, protein metabolism, and energy production (Balendres et al., 2018a). 
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Figure 3.6. Functional annotation analysis of the S. subterranea resting spores’ proteins (FDR 

≤ 5%) based on gene ontology (GO) terms (a) molecular function, (b) cellular components, (c) 

biological processes and (d) pathways. 
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3.5 Conclusions 

This paper marks the first report of method development for the purification and 

proteomic analysis of the resting spores of the obligate plant pathogen S. subterranea, a process 

confounded by the aggregation of resting spores into complex sporosori structures of unequal 

size. A deeper understanding of the molecular basis of resting spore germination will be critical 

for the development of novel approaches for the management of persistent soil inoculum 

(Balendres et al., 2018a). For proteomic studies, we showed the benefits of Ludox® density 

gradient centrifugation purification of S. subterranea sporosori from a complex sample that 

may contain very diverse contaminants (e.g., plant and soil debris, and rhizosphere organisms) 

with an increase the numbers of identified proteins of approximately 40%. The Ludox® 

purification protocol provides a cleaner suspension of the resting spores which should be useful 

for the protein analysis and comparative molecular studies of S. subterranea. These procedures 

remove most of the contaminating debris and microorganisms without affecting the viability 

of spores. The SP3 method and on-filter proteolysis of extracted proteins were optimised to 

improve the label-free quantitative proteomics of S. subterranea. In comparison with the SP3 

method, the S-Trap method delivered a higher number of protein identifications with an 

improved reproducibility and will form the foundation of our further analysis of resting spore 

germination and disease development in S. subterranea. Overall, these data provide optimised 

procedures for the global proteome analyses of the obligate biotroph S. subterranea and we 

anticipate that it may be applicable for other similarly difficult non-culturable pathogens. 

 

3.6 Data availability statement 

The mass spectrometry proteomics data were deposited to the ProteomeXchange 

Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset 

identifier PXD019776. The following supplementary materials for this article can be found 

online at:  

https://www.mdpi.com/1420-3049/25/14/3109.  
 

- Excel S1: List of the proteins identified using the SP3 method  

- Excel S2: List of the proteins identified using the S-Trap method  

- Excel S3: T-test results (purified vs. non-purified) 

  

https://www.mdpi.com/1420-3049/25/14/3109


 

 

37 

 

 Quantitative proteomics provides an insight into 

germination-related proteins in the obligate 

biotrophic plant pathogen Spongospora subterranea  

This chapter has been published, as Balotf, S., Wilson, R., Tegg, R.S., Nichols, D.S., and 

Wilson, C.R. (2021). Quantitative proteomics provides an insight into germination-related 

proteins in the obligate biotrophic plant pathogen Spongospora subterranea. Environmental 

Microbiology Reports 13, 521-532.  

DOI: 10.1111/1758-2229.12955    

 

4.1 Abstract 

The soilborne and obligate plant-associated nature of S. subterranea has hindered a 

detailed study of this pathogen and in particular the regulatory pathways driving the 

germination of S. subterranea remain unknown. To better understand the mechanisms that 

control the transition from dormancy to germination, protein profiles between dormant and 

germination stimulant-treated resting spores were compared using label-free quantitative 

proteomics. Among the ~680 proteins identified 20 proteins were found to be differentially 

expressed during the germination of S. subterranea resting spores. Elongation factor Tu, 

histones (H2A and H15), proteasome and DJ-1_PfpI, involved in transcription and translation, 

were upregulated during the germination of resting spores. Downregulation of both actin and 

beta-tubulin proteins occurred in the germinating spores, indicating that the changes in the cell 

wall cytoskeleton may be necessary for the morphological changes during the germination of 

the resting spore in S. subterranea. Our findings provide new approaches for the study of these 

and similar recalcitrant microorganisms, provide the first insights into the basic protein 

components of S. subterranea spores. A better understanding of S. subterranea biology and 

may lead to the development of novel approaches for the management of persistent soil 

inoculum. 

 

Keywords: Spongospora subterranea; resting spores; germination; proteomics 
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4.2 Introduction 

Plasmodiophorids are obligate biotrophic plant pathogens that can infect a wide variety 

of commercially important crops (Neuhauser et al., 2010). Since they produce spores, 

historically, the plasmodiophorids have been allied with fungi (Waterhouse, 1973). However, 

the phylogenetic analyses of small subunit ribosomal RNA genes have revealed that these 

organisms are not true fungi, but rather belong to the protozoan phylum Cercozoa (Castlebury 

and Domier, 1998; Cavalier-Smith and Chao, 2003). Plasmodiophora brassicae, the cause of 

clubroot disease in cruciferous plants, is the best-studied plasmodiophorid (Dixon, 2014). 

Other plasmodiophorids include Spongospora subterranea, S. nasturtii, Polymxa graminis, 

Sorodiscus callitrichis and Polymyxa betae (Bass et al., 2018; Hittorf et al., 2020). The 

production of long-lived resting spores is a common feature of the plasmodiophorids. However, 

resting spore morphology varies between members of the plasmodiophorid genera (Cavalier-

Smith and Chao, 2003). While a few of them, such as Plasmodiophora, produce individual 

non-aggregated resting spores, many other members, such as Spongospora, produce sporosori 

comprised of aggregations of hundreds of resting spores (Kageyama and Asano, 2009; Tamada 

and Asher, 2016).  

Previous studies in Plasmodiophora brassica showed that both dormant and non-

dormant resting spores exist in the population. While non-dormant spores need only a 

favourable environment, dormant spores require an external germination stimulant which can 

be the host root exudate or nutrient solution (Neuhauser et al., 2010). Among the 

plasmodiophorids, S. subterranea has the most complex sporosori (Falloon et al., 2011). In S. 

subterranea the cell walls of spores have a five-layer envelope (which encases the cytoplasm), 

and a three-layer outer wall (Lahert and Kavanagh, 1985). To unravel the complexities of the 

cell wall structure and the nature of the spore’s dormancy, a comprehensive analysis of the S. 

subterranea cell wall is required (Amponsah et al., 2021).    

Germination is a remarkable process that provides a mechanism for breaking the 

dormancy of resting spores. It plays an essential role in the pathogenesis of soilborne disease 

and is also a key target for disease management (Balendres et al., 2016a). Resting spore 

germination is triggered by the presence of stimulants such as amino acids or sugars in the 

environment that activate specialized receptors within the spore. Crucially, spore germination 
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is associated with loss of resistance properties such that the released or germinating structures 

are more labile and may more easily perish (Krawczyk et al., 2016; Balendres et al., 2017). 

Understanding the molecular basis of resting spore germination is therefore valuable to 

develop control strategies that either encourage resting spore germination in absence of a host 

plant leading to soil inoculum depletion (Balendres et al., 2017), or to prevent spore 

germination altogether eliminating release of infective forms of the pathogen (Setlow, 2014). 

The transition from dormant to germination phase involves wide-ranging physiological 

adaptation, such as rapid swelling and changes in surface properties and cell wall composition 

(Hollomon, 1970). At the same time enhanced rates of metabolic activities such as protein 

synthesis and trehalose breakdown can also be detected (Cooper et al., 2007). For example, a 

noticeable change in cell wall composition was reported during the germination of Mucor 

rouxii including the formation of a large central vacuole and a new cell wall (Bartnicki-Garcia 

et al., 1968). 

Proteomics approaches, based on mass spectrometry analysis, are useful for studying the 

protein profiles of plant pathogens. Until now most proteomics-based analysis of plant-

biotrophic pathogen interactions have focused on resistance responses of the plant host (Lee et 

al., 2009; Lan et al., 2019) and few studies have investigated the pre-penetrative events that 

occur before these pathogens colonise host plant roots (Bheri et al., 2019; Pham et al., 2019). 

Detailed knowledge of the molecular events occurring during spore germination of S. 

subterranea could reveal new targets for control strategies focused on the pre-infection phase. 

However, strategies to achieve this are hindered by the lack of methods for laboratory-based 

culture of these obligate biotrophs. Thus, the application of high-throughput omics approaches 

to study the biologically significant life stages of these organisms has been limited. Standard 

extraction of S. subterranea material relies on excising lesions from powdery scab-infected 

potato tubers. The proteomic analysis of such samples is technically challenging, as the 

pathogen proteins are contaminated by proteins from the host plant and other rhizosphere 

microorganisms. We recently reported an optimised method for sporosori purification and 

protein extraction for proteomic analysis of S. subterranea (Balotf et al., 2020). Here, we used 

this approach, along with data filtering using the known S. subterranea proteome to eliminate 

extraneous peptides, to provide the first proteomic analysis of S. subterranea germinating and 

resting spores. The proteome presented in this study opens new horizons and expands 

opportunities for studies on spore germination in other obligate biotrophic pathogens. 
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4.3 Materials and Methods 

4.3.1 Sporosori collection and purification 

Spongospora subterranea sporosori were excised from powdery scab infected potato 

tubers, collected from commercial fields in Devonport, Tasmania, Australia. The infected 

tubers were first washed with running tap water, rinsed in sterile water, and then air-dried for 

3 days. All scab lesions were carefully excised using a scalpel and dried at 40 °C for 3 days. 

The sporosori were further purified using Ludox® (HS-40 colloidal silica, Sigma, NSW, 

Australia) density gradient centrifugation as previously described (Balotf et al., 2020). Briefly, 

100 mg of dried S. subterranea sporosori were macerated in 3 mL sterile water and filtered 

through two layers of cheesecloth. Two mL of filtrate was layered onto 9 mL of Ludox®, 2 mL 

distilled water added on the top and centrifuged at 4200 ×g for 15 min. Three mL of the 

uppermost band including S. subterranea sporosori was diluted with 40 mL of sterile water and 

centrifuged as before for 8 min. The resultant pellet was used for protein extraction. PCR was 

performed with primer pairs targeted to the 18S rRNA gene to confirm the presence of S. 

subterranea in purified samples following the method of Hernandez Maldonado et al. (2013).  

4.3.2 Resting spore germination and protein extraction 

Sporosori were purified from 100 mg of dried lesions suspended in 1 mL of Hoagland’s 

solution (Balendres et al., 2018a) and incubated at 25 °C in the dark to induce the germination 

of resting spores. Sporosori samples incubated at 25 °C in the dark in absence of a germination 

stimulant (Hoagland’s solution was replaced with water) served as the non-germination 

treatment. Sub-samples from stimuli-treated sporosori samples were taken daily and observed 

microscopically (200 - 400 ×) for the presence of active zoospores. The sporosori were 

harvested for protein extraction when zoospores were detected in all four replicates. Purified 

sporosori from germination and non-germination treatments were separately lysed with 250 µL 

of SDS lysis buffer (5% SDS and 50 mM ammonium bicarbonate) and 25 µL of protease 

inhibitor cocktail (cOmplete Mini EDTA-free; Roche Diagnostics, NSW, Australia) using 

PowerBead tubes, ceramic 2.8 mm (Qiagen, Hilden, Germany). The mixture was homogenised 

three times for 60 s each using a Fast Prep-24 bead beater (Mp Biomedicals, Seven Hills, NSW, 

Australia) at 4000 ×g at room temperature with 30 s intervals between runs. Lysates were then 

clarified by centrifugation at 16000 ×g for 10 min. To the collected supernatant, 6 volumes of 

ice-cold acetone was added, and tubes incubated at -20 °C overnight to precipitate total proteins. 
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Following incubation, the tubes were centrifuged at 16000 ×g for 10 min and pellets were 

washed three times with chilled acetone. The protein pellets were then resuspended in 50 µL 

of SDS solubilization buffer containing protease inhibitor. The experiment was performed with 

four independent biological replicates with the treatment groups.  

4.3.3 Trypsin digestion via the S-Trap filters and off-line desalting 

Protein samples were quantified using the Pierce™ 660nm protein assay reagent 

containing ionic detergent compatibility reagent (Thermo Fisher Scientific, MA, USA). 50 μg 

of total protein was reduced by adding 20 mM dithiothreitol, boiled at 95 °C for 10 min, cooled 

to room temperature and alkylated with 40 mM iodoacetamide in the dark for 30 min. Samples 

were then prepared according to the S-Trap microcolumns (Protifi, Farmingdale, N.Y., USA) 

manufacturer’s instructions. In brief, samples were acidified with a final concentration of 1.2% 

phosphoric acid. To the samples was added six volumes of binding buffer (100 mM ammonium 

bicarbonate in 90 % aqueous methanol, pH 7.1) and each sample loaded onto an S-Trap micro 

spin column after gentle mixing. S-Trap tubes were spun at 4000 rpm for 1 min and washed 

three times with 150 µL of S-Trap buffer. Samples were then digested with trypsin (2 μg of 

sequencing-grade trypsin in 20 µL of 50 mM ammonium bicarbonate) for 1 h at 47 °C. The 

digested peptides were eluted using 50 mM ammonium bicarbonate and then 0.2% formic acid. 

Samples were further cleaned by off-line desalting using Millipore ZipTips (Merck, Darmstadt, 

Germany) according to the manufacturer’s instructions and dried peptides were reconstituted 

in HPLC loading buffer (2% acetonitrile and 0.05% TFA in water).  

4.3.4 LC-MS/MS analysis 

Peptides (1 µg of each digest) were separated and analysed using an Ultimate 3000 nano 

RSLC system (Thermo Fisher Scientific, MA, USA). Tryptic peptides were first concentrated 

on a PepMap 100 C18 trapping column (particle size, 3 μm; length, 20 mm; diameter, 75 μm) 

for 5 min. Peptides were then separated using a PepMap 100 C18 analytical column (particle 

size, 2 μm; length, 250 mm; diameter, 75 μm) at a flow rate of 300 nL/min and held at 45 °C. 

A 90-minute gradient from 98% mobile phase A (0.1% formic acid in water) to 50% mobile 

phase B (0.08% formic acid in 80% acetonitrile and 20% water) comprised the following steps: 

2-10% B over 12 min, 10-25% B over 48 min, 25-45% B over 10 min, holding at 95% B for 5 

min then re-equilibration in 2% B for 15 min. The nanoHPLC system was coupled to a Q-

Exactive HF mass spectrometer equipped with nanospray Flex ion source (Thermo Fisher 
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Scientific, MA, USA) and controlled using Xcalibur 4.1 software. Spray voltage was set to 2.0 

kV, S-lens RF level to 50, and heated capillary set at 250 °C. MS scans were acquired from 

370-1500 m/z at 60,000 resolution, with an AGC target of 3 x 106 and a maximum fill time of 

100 ms. Fragment ion scans were acquired at 15,000 resolution (scan range 200-2000 m/z), 

with an AGC target of 2 x 105 and a maximum fill time of 28 ms. An isolation width of 1.4 m/z 

was used, and normalized collision energy for HCD set to 27. MS/MS spectra were acquired 

in data-dependent mode using a Top15 method with 30-second dynamic exclusion of 

fragmented peptides. 

4.3.5 Protein identification and analysis of abundance data 

The MS/MS raw data were imported into MaxQuant software (v. 1.6.0.16,  www. 

maxquant.org) for label-free quantitative comparison between germinating and resting spores. 

Searches were conducted using the Andromeda search engine with default search settings 

against the S. subterranea database downloaded from UniProt (www.uniprot.org/proteomes 

/,containing 11,129 proteins). Searches were restricted to a peptide false discovery rate (FDR) 

of 1% for both peptide-spectrum matches and protein identification. The match-between-runs 

function was enabled. Statistical analysis of LFQ data was performed by LFQ Analyst (Shah 

et al., 2019) and the Perseus software (v. 1.5.0.15, www.perseus-framework.org). Protein 

groups identified either as potential contaminants, by reverse database matching or identified 

“only by site” were removed. The default data processing workflow used in LFQ-Analyst only 

retains proteins that have 75% or more valid values and identified based on at least two unique 

peptides. Missing values were imputed using the normal distribution of protein abundances 

left-shifted by 1.8 standard deviation with a width of 0.3. A Benjamini-Hochberg test 

(Benjamini and Hochberg, 1995) was used to identify the differentially abundant proteins 

between germinating spores and control samples. Proteins with a fold-change of 1.3 times or 

more and the FDR of 0.05 or less were defined as quantitatively significant. The 

proteinGroups.txt output file is presented in Supplemental Tables S4.  

4.3.6 Annotation and gene ontology enrichment analysis  

The protein sequences of each accession number in S. subterranea proteome were 

obtained using the Basic Local Alignment Search Tool (BLAST). The functional 

categorization was obtained from the gene ontology (GO) terms of each protein according to 

the UniProt database (www.uniprot.org) and the Kyoto Encyclopedia of Genes and Genomes 

http://www.maxquant/
http://www.maxquant/
http://www.uniprot.org/proteomes%20/,containing
http://www.uniprot.org/proteomes%20/,containing
http://www.perseus-framework.org/
http://www.uniprot.org/
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(KEGG) entries (www.genome.jp/kegg/). Enzyme Commission (EC) was retrieved from the 

Expasy database (https://enzyme.expasy.org/). Heatmap was drawn using Perseus software and 

volcano plot was obtained from LFQ Analyst platform (https://bioinformatics.erc.monash.edu 

/apps/LFQ-Analyst/).  

4.3.7 RNA extraction and real-time PCR analysis 

To validate the proteomics data, a quantitative real-time PCR (qRT-PCR) analysis was 

used to measure the mRNA transcript level for the six randomly selected DEPs. For each 

sample, 100 mg of dried S. subterranea sporosori were purified using Ludox® density gradient 

centrifugation. Half the samples were suspended in 1 mL of Hoagland’s solution to stimulate 

the germination of the spores. Spores were collected 4 days after treatment when motile 

zoospores were observed in the germinating samples. Two hundred μL of an overnight culture 

of the marine bacterium Pseudoalteromonas prydzensis was added to each sample and used as 

internal control to confirm RNA quality and to normalise qPCR data. Total RNA from the 

samples was isolated using the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) following 

the manufacturer’s protocol. The amount of RNA was determined using a Qubit™ RNA BR 

Assay Kit (Invitrogen, Waltham, MA). Total RNA was then treated with the DNase I (Qiagen, 

Hilden, Germany) to remove any remaining DNA from the samples before cDNA synthesis. 

Primers were designed using the Primer3 (Version 4; www.bioinfo.ut.ee/primer3-0.4.0/) and 

NCBI Primer-Blast (www.ncbi.nlm.nih.gov/tools/primer-blast). Quantitative real-time PCR 

experiments were carried out in 20 μL volume in a Qiagen RotorGeneQ (Qiagen, Hilden, 

Germany) using iTaq Universal SYBR Green Supermix (Bio-Rad, NSW, Australia). Data were 

normalized using the internal control (overnight culture of the marine bacterium 

Pseudoalteromonas prydzensis) and the fold change of each gene was calculated by the 2−ΔΔCT 

method (Livak and Schmittgen, 2001). The quantitative gene expression analysis were 

performed with three biological replicates and three technical replicates. The primer sequences 

were listed in Table S5. 

 

https://enzyme.expasy.org/
http://www.bioinfo.ut.ee/primer3-0.4.0/
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4.4 Results 

4.4.1 Validation of the presence of S. subterranea in the purified pathogen source 

Sporosori from powdery scab lesions collected from infected tubers (Figure 4.1a) were 

partially purified using the Ludox® gradient centrifugation protocol. DNA was extracted from 

two purified samples and PCR was used to detect the S. subterranea 18S rRNA gene with an 

expected 91 bp product (Figure 4.1b). 

 

Figure 4.1. (a) Powdery scab lesions on potato tubers and (b) agarose gel electrophoresis of 

the PCR product of S. subterranea 18S rRNA gene for DNA extracted from purified powdery 

scab materials. Lane M: MassRuler DNA ladder; lane NTC: non-templet control; lane 1 and 2: 

showing amplified S. subterranea 18S rRNA gene in purified samples. 

 

4.4.2 Overview of the S. subterranea proteome determined by shotgun proteomics 

Label-free quantitative proteomics analysis of germinating and non-germinating resting 

spores of S. subterranea identified a total of 935 proteins. Filtering against the known S. 

subterranea proteome on the UniProt database, based on detection in a minimum of 75% of 

the samples and at least two unique peptides, reduced the list to 681 proteins. 592 proteins were 

common to both germinating and non-germinating groups, whilst 17 and 72 proteins were 

detected specifically in germinating and non-germinating spores only, respectively (Figure 

S1a). This was consistent with the overall slight reduction in the numbers of proteins identified 

in the germinating spores (618 proteins on average) compared with the non-germinating spores 

(654 proteins on average) (Figure S1b). A complete list of the identified proteins is presented 

in supplementary Table S1. 
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4.4.3 Overall functional annotation of the identified proteins 

Gene ontology analysis was used for categorization of the 681 proteins into different 

groups based on molecular function and biological processes (Figure 4.2). More than 50% of 

the proteins could be divided into five major functional categories of molecular function, 

named organic cyclic compound binding, heterocyclic compound binding, ion binding, small 

molecule binding and hydrolase activity. Other significantly represented categories include 

carbohydrate derivative binding, oxidoreductase activity, transporter activity and ATP binding 

(Figure 4.2, left). Our results indicated that the majority of identified proteins related to 

metabolic activities. The three largest groups were organic substance metabolic processes, 

cellular metabolic processes and nitrogen compound metabolic processes (Figure 4.2, right), 

with small molecule metabolic processes, biosynthetic processes, protein metabolic processes, 

nucleobase-containing compounds, catabolic processes and localisation the next most abundant 

groups represented. These metabolic polypeptides are very abundant soluble proteins and 

generally well represented in other plant pathogens such as Phytophthora capsici (Pang et al., 

2017), Colletotrichum acutatum (Brown et al., 2008) and Botrytis cinerea (Fernández‐Acero 

et al., 2010).  

 

 

 

 

 

 

 

 

 

Figure 4.2. Distribution of identified proteins from the proteome of S. subterranea into gene 

ontology (GO) categories, according to their involvement in biological processes (right) and 

their molecular function (left). 
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Pathway analysis of the identified S. subterranea proteins revealed a number of proteins 

associated with carbohydrate degradation (n = 7), amino acid biosynthesis (n = 5), amino acid 

degradation (n = 5), cofactor biosynthesis (n = 3) and nucleotide-sugar biosynthesis (n = 3) 

(Figure 4.3a), amongst others. Further functional classification of the S. subterranea proteins 

identified groups of enzymes belonging to several categories, with hydrolases (EC3) the largest 

group of enzymes identified (Figure 4.3b). Other major represented enzyme classes include 

oxidoreductases (EC1), transferases (EC2) and isomerases (EC5).  

Figure 4.3. (a) Pathway analysis and (b) enzyme classes of S. subterranea identified proteins. 

 

4.4.4 Differentially abundant proteins in S. subterranea spores in response to 

germination stimulants 

Statistical comparison of the proteomics data identified changes in abundance of 20 

proteins in response to germination stimulants, of which seven were upregulated and 13 were 

downregulated (Figure 4.4). To establish how the metabolism of S. subterranea differed after 

the germination of resting spores, we used a KEGG‐based analysis to classify the differentially 

expressed proteins into metabolic pathways and cellular processes. Of the upregulated proteins, 

the most highly modulated protein was elongation factor Tu (EF-Tu) (Table S2). In addition, 

two histone subunits (H2A and H1) were also modestly increased, providing evidence for 

increased transcriptional activity during spore germination. Upregulation of the multifunctional 

protein DJ-1_PfpI was also observed during the germination of S. subterranea resting spores 
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which can be related to its role in the regulation of transcription and hydrolase activity (Zhao 

et al., 2014). In contrast, structural proteins such as actin and tubulin showed a decrease in their 

expression during the germination of S. subterranea spores (Figure 4.4 and Table S2). Of the 

downregulated proteins, several were classified as uncharacterised proteins, which is consistent 

with the overall paucity of functional annotation of the S. subterranea proteome. 

 

 

 

 

 

 

 

 

 

Figure 4.4. Comparison of differently abundant proteins in germinating and resting spores of 

S. subterranea. Proteins with FDR < 0.05 are indicated by dark data points and labeled with 

their respective accession numbers, details of which are provided in Table S2. N-GS: Non-

germinating Spores; GS: Germinating Spores. 

 

In addition to those proteins quantified across all samples, we identified sets of proteins 

that were regarded as either specific to non-germinating spores (15 proteins) or germinating 

spores (seven proteins) (Figure S2 and Table S3). The non-germinating spore-specific proteins 

were mostly involved in catalytic activity and may have roles in the maintenance of dormancy 

whilst germination-specific proteins were mostly involved in metabolic activity and in the 

initiation of translation. Enrichment analysis of up and downregulated proteins (the 

differentially expressed proteins were combined with the germination- and non-germination-

specific proteins for this analysis) according to their major biological functions are shown in 

Figure 4.5. Three main categories of GO classification including biological processes, cellular 

component and molecular function were analysed to obtain the functional distribution of the S. 
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subterranea spores’ proteins. Likewise, the most abundant downregulated proteins were 

distributed by molecular function. Of the 28 significantly downregulated proteins, 

carbohydrate derivative binding (GO:0097367) was the largest group, while the largest 

molecular function group for upregulated proteins was organic cyclic compound binding 

(GO:0097159). Upregulated proteins contributed more to cellular components than 

downregulated proteins (Figure 4.5). The most common biological process categories in both 

germinating and non-germinating spores were associated with primary metabolic and cellular 

metabolic processes. The most highly enriched biological process categories in upregulated 

proteins were the organic substance catabolic processes (GO:1901575), cellular metabolic 

processes (GO:0044237), catabolic processes (GO:0009056) and primary metabolic processes 

(GO:0044238). The proteins related to transport, microtubules-based process and “response to 

stimulants” were decreased.  

 

 

Figure 4.5. GO enrichment analysis of (a) the upregulated and (b) downregulated proteins 

during the germination of S. subterranea spores. MF: molecular function; CC: cellular 

components; BP: biological process. 
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4.4.5 Verification of differential proteins using qPCR 

According to our proteomic analysis of S. subterranea spores, 20 proteins were found to 

be altered in abundance between germination treatments. Six DEPs were selected at random 

for further validation by qPCR at the mRNA level. Although the expression level of histone 

H1 (A0A0H5RJM2) did not significantly differ between the germinating and non-germinating 

spores, the transcript levels of the other upregulated proteins, DJ-1_PfpI (A0A0H5R546) and 

proteasome (A0A0H5R4R4) corroborated the data from the LC-MS/MS experiments (Figure 

4.6a). The mRNA levels of actin (A0A0H5RFH9), SH3 domain-containing protein 

(A0A0H5R8Z1) and ubiquitinyl hydrolase 1 (A0A0H5R6S0) were all decreased during resting 

spore germination (Figure 4.6b). These results were consistent with the protein analysis data 

confirming downregulation of proteins has occurred during resting spore germination. 

 

 

 

Figure 4.6. Transcript levels of genes encoding (a) upregulated and (b) downregulated proteins. 

The fold-change presented as relative expression (the expression in germinating spores relative 

to the expression in non-germinating spores). Error bars represent the standard deviation based 

on three independent biological and three technical replicates. Asterisk (*): significant mRNA 

difference between germinating and resting spores (p < 0.05); ‘ns’: no significant difference (p 

≥ 0.05); N-GS: Non-germinating Spores; GS: Germinating Spores. 
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4.5 Discussion 

In this study, the molecular response of S. subterranea to germination stimulants was 

analysed at the proteome level. We have added value to our preliminary experiments through 

label-free quantification (LFQ) proteomic analysis of spore germination, enabling relative 

quantification of nearly 700 S. subterranea proteins. Among the identified proteins, 20 proteins 

were significantly differentially expressed (adjusted P‐value < 0.05) during the germination of 

S. subterranea (Figure 4.4 and Table S2). Our qPCR analysis showed that protein expression 

and transcript were correlated for the candidate genes we randomly sampled (Figure 4.6). 

Analyses of the proteomic profile of S. subterranea revealed that most of the identified 

proteins are classified as metabolic proteins, involved in carbohydrate, amino acid, lipid, and 

protein metabolism (Bindschedler et al., 2009). Similar profiles have been reported in C. 

acutatum (El-Akhal et al., 2013) and Aspergillus nidulans (Oh et al., 2010). Inspection of the 

classes of protein that were upregulated during the germination of resting spores revealed a 

higher abundance of proteins related to protein synthesis (i.e. EF-Tu) (Table S2, Figure 4.4 and 

4.5a). The dependence of conidial germination on protein synthesis has been demonstrated in 

Neurospora crassa (Mirkes, 1974), Aspergillus nidulans (Osherov and May, 2000) and 

Botrytis cinerea (González-Rodríguez et al., 2015). These studies are consistent with our 

results since we have found EF-Tu as the most upregulated protein, suggesting that increased 

protein synthesis is required in the early stages of S. subterranea spore germination. Protein 

synthesis is one of the most energy-consuming processes in both eukaryotic and prokaryotic 

cells (Browne and Proud, 2002). Proteins that mediate translation, such as the elongation factor 

Tu which is a universally conserved GTPase, are observed in the proteomes of many organisms 

(Macek et al., 2008; Pereira et al., 2015). 

Our results showed that both protein synthesis and transcription occurs during the 

germination of S. subterranea and are probably required for its progression (Zhou et al., 2019). 

The expression levels of both histone H2A and histone H1 were increased in response to 

germination stimulants. It has been demonstrated that sporulation defects occur in strains when 

the expression level of H2A/ H2B-encoding genes is reduced (Norris and Osley, 1987; Tsui et 

al., 1997). The lower amount of H2A/H2B can also prevent proper regulation of the 

transcription cascade (Govin and Berger, 2009). The upregulation of proteasome-associated 

proteins (proteasome subunit alpha type) provides further evidence for the importance of 
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transcription during spore germination in S. subterranea. The upregulation of this protein has 

been reported in the germination of Nosema bombycis spores (Liu et al., 2016a) and might 

indicates a large turnover of proteins associated with the germination of resting spores (Seong 

et al., 2008). Wang et al. (2011) showed that proteasome inhibitors can affect the pathogenicity 

of Magnaporthe oryzae, the rice blast fungus, and delayed its spore formation as well.  

Another interesting protein that showed a significant change in our study was DJ-1_PfpI 

which was upregulated during the germination of S. subterranea resting spores (Figure 4.4, 

4.6a and Table S2). DJ-1 domain-containing proteins, known as “DJ-1” or heat-shock proteins 

(Hsp proteins), are multifunctional proteins that have been reported to be involved in the 

regulation of transcription and mitochondrial function and having protease and molecular 

chaperone activities (Zhao et al., 2014). Abdallah et al. (2016) showed that YhbO and YajL, 

members of the PfpI/Hsp31/DJ-1 superfamily, are involved in protection against 

environmental stresses and like DJ-1 and Hsp31, they repair methylglyoxal-glycated proteins. 

In Saccharomyces cerevisiae, DJ-1 family members regulate mitochondrial homeostasis, cell 

cycle and apoptosis (Bankapalli et al., 2020). In Escherichia coli, these proteins are shown to 

perform multiple functions, including acid resistance and holdase chaperone activity (Subedi 

et al., 2011). However, the underlying molecular mechanism involved in cellular processes by 

DJ-1 domain-containing proteins is poorly understood. The upregulation of DJ-1_PfpI domain-

containing protein during the germination of S. subterranea is probably related to its role in the 

regulation of transcription (Zhao et al., 2014). A noteworthy finding is that most of the 

upregulated proteins were involved in the regulation of transcription and RNA synthesis which 

raises the possibility that the source of the transcripts required for translation during the 

germination of S. subterranea resting spores could be derived from newly synthesized mRNA 

(Segev et al., 2012). 

Some major structural proteins have been characterized in this study. We found that both 

actin and beta-tubulin proteins were significantly downregulated during S. subterranea spore 

germination (Figure 4.4 and 4.6b). It has been shown that the distribution of actin patches 

polarize and depolarize in the germinating spore in S. cerevisiae (Kono et al., 2005). Similarly, 

Horio and Oakley (2005) demonstrated the important role of tubulin in the hyphal tip growth 

of A. nidulans. The polarization of actin patches, which happen in the early stage of spore 

germination, maintain the localization of actin to the site of cell surface growth. In line with 

the above studies, our results indicated that the changes in the actin cytoskeleton are necessary 
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for the morphological changes during the germination of the resting spore in S. subterranea. 

However, not enough is known about S. subterranea cell wall composition and further 

experimental evidence will be required to determine how actin and beta-tubulin are organised 

within the cell wall.  

Our results indicated a significant change in metabolic pathways during the germination 

of S. subterranea resting spores (Figure 4.5). We also identified several proteins that showed 

expression in non-germinating spores but were absent in the germinating spores. 

Argininosuccinate synthase is one of the non-germination-specific proteins identified in the 

present study. This enzyme participates in metabolic pathways that are linked to the varied uses 

of the amino acid arginine. The phosphorylation/dephosphorylation of arginine is shown to be 

related to spore germination in bacteria (Zhou et al., 2019). In fact, arginine 

phosphomodification can mediate the degradation of spore proteins that need to be removed to 

enable germination (Trentini et al., 2016). Acetyl-coenzyme A synthetase, a key molecule that 

participates in many biochemical reactions in carbohydrate, lipid, amino acid, and protein 

metabolism, is another non-germination-specific candidate protein. In Colletotrichum 

higginsianum, acetyl‐coenzyme A synthetase gene (ChAcs) has been shown to be essential for 

carbon utilization, lipid metabolism and virulence (Gu et al., 2019). Before germination, during 

the dormant phase, the pathogens must utilize nutrient sources present in the spore, such as 

lipids, trehalose and glycogen (Wilson and Talbot, 2009). Both glycogen and trehalose break 

down into glucose and then to pyruvate. In mitochondria, pyruvate is converted into acetyl-

coenzyme A, which is required for the tricarboxylic acid (TCA) cycle (Salazar et al., 2009).  

In conclusion, our findings here represent a significant advance in our understanding of 

the germination of S. subterranea resting spores. We have revealed that protein and RNA 

synthesis occurred during the germination of spores in S. subterranea. We have also identified 

several candidates for resting spore- and germination- specific proteins that are likely to take 

part in the maintenance of dormancy of resting spores as well as the virulence of S. subterranea. 

The upregulation of the multifunctional protein DJ-1 is one of the major findings of the present 

experiment. However, how this protein is involved in the subsequent steps of spore germination 

is another important question that should be addressed in future studies. Not only helping to 

gain a better understanding of the germination process of S. subterranea, the work presented 

here is also a steppingstone on the way to further study of the biology of other obligate 
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biotrophic pathogens. The full implication of our results will be realized when functional 

annotation of the detected proteins is available. 

 

4.6 Data availability statement 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset 

identifier PXD022089. The following supplementary materials for this article can be found 

online at:  

https://sfamjournals.onlinelibrary.wiley.com/doi/10.1111/1758-2229.12955  

 

- Figure S1: Qualitative proteomics analysis of S. subterranea resting spore’s 

germination  

- Figure S2: Clusters analysis of non-germinating spore- and germination-specific 

proteins 

- Table S1: List of identified proteins  

- Table S2: List of differentially expressed proteins (DEPs)  

- Table S3: List of N-GS- and GS-specific proteins 

- Table S4: proteinGroups 

- Table S5: List of primers for qPCR 
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 Spore germination of the obligate biotroph 

Spongospora subterranea: transcriptome analysis 

reveals germination associated genes 

This chapter has been published, as Balotf, S., Tegg, R.S., Nichols, D.S., and Wilson, C.R. 

(2021). Spore germination of the obligate biotroph Spongospora subterranea: transcriptome 

analysis reveals germination associated genes. Frontiers in Microbiology 12, 1557. 

DOI: 10.3389/fmicb.2021.691877    

 

5.1 Abstract 

For soilborne pathogens, germination of the resting or dormant propagule that enables 

persistence within the soil environment is a key point in pathogenesis. Spongospora 

subterranea is an obligate soilborne protozoan that infects the roots and tubers of potato 

causing root and powdery scab disease for which there are currently no effective controls. A 

better understanding of the molecular basis of resting spore germination of S. subterranea 

could be important for development of novel disease interventions. However, as an obligate 

biotroph and soil-dwelling organism, the application of new omics techniques for the study of 

the pre-infection process in S. subterranea has been problematic. Here, RNA sequencing was 

used to analyse the reprogramming of S. subterranea resting spores during the transition to 

zoospores in an in-vitro model. More than 63 million high-quality reads per sample were 

generated from the resting and germinating spores. By using a combination of reference-based 

and de novo transcriptome assembly, 6,664 unigenes were identified. The identified unigenes 

were subsequently annotated based on known proteins using BLAST search. Of 5,448 

annotated genes, 570 genes were identified to be differentially expressed during the 

germination of S. subterranea resting spores, with most of the significant genes belonging to 

transcription and translation, amino acids biosynthesis, transport, energy metabolic processes, 

fatty acid metabolism, stress response and DNA repair. The datasets generated in this study 

provide a basic knowledge of the physiological processes associated with spore germination 

and will facilitate functional predictions of novel genes in S. subterranea and other 

plasmodiophorids. We introduce several candidate genes related to the germination of an 
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obligate biotrophic soilborne pathogen which could be applied to the development of 

antimicrobial agents for soil inoculum management.   

 

Keywords: obligate biotrophic, spore germination, Spongospora subterranea, powdery scab, 

transcriptomics 

 

5.2 Introduction 

Our understanding of the pre-infection process in plant-pathogen interaction events has 

rapidly increased in the last 20 years with the advent of new molecular tools. However, with 

biotrophic soil-dwelling pathogens, the difficulty of obtaining high-quality DNA, RNA and 

protein has made the application of new omics technologies difficult (Singh et al., 2018). The 

plasmodiophorid pathogen Spongospora subterranea falls within this category with a complex 

obligate biotrophic lifestyle associated with the roots and tubers of potato. Root infection by S. 

subterranea results in root disfunction and reduced capacity for water and nutrients absorption, 

causing reductions in plant productivity and yield (Falloon et al., 2016). Root galls can also 

form approximately 1-3 months following the first zoospore-mediated root infection. New 

resting spores of S. subterranea are produced inside the galls and liberate into the soil at the 

end of the pathogen life cycle. The pathogen also infects developing tubers resulting in the 

disease powdery scab, another source of resting spores, which are expressed as unsightly 

lesions (Wilson, 2016). These reduce the quality of tubers for fresh market sale, increase 

processing costs of potato products such as fries and chips and downgrade the value of seed 

potatoes, as diseased tubers may fail certification standards (Balendres et al., 2016a). Despite 

the importance of this pathogen, S. subterranea has received relatively little research attention. 

For soilborne pathogens, the first step in pathogenesis is the germination of dormant 

spores, a process often associated with root exudation of phytochemicals from a host plant in 

the near vicinity. However, in some instances germination can be triggered by alternate 

compounds in the absence of a host (Pinto et al., 2020). Resting spore germination in S. 

subterranea is a complex and poorly understood process (Balendres, 2017). The resting spores 

are present as aggregates of several hundreds of individual spores, termed sporosori. Within a 

sporosorus, not all individual resting spores at any one time will be stimulated to germinate by 

incubation with stimulants such as Hoagland’s solution; a proportion of resting spores will 
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remain constitutively dormant (Balendres et al., 2017). In Plasmodiophora brassicae, one of 

the most closely related plasmodiophorid to S. subterranea, both dormant and non-dormant 

resting spores exist in the population. The dormant spores require an external germination 

stimulant such as the host root exudate or nutrient solution. After germination, zoospores also 

need water to move toward the host roots through the soil. Germination of a small proportion 

of resting spores is shown to be sufficient to initiate root infection (Neuhauser et al., 2010).   

The molecular mechanisms of the interactions between plasmodiophorids and their hosts 

have been investigated using RNA sequencing (RNA-seq) technology (Jia et al., 2017; Dakouri 

et al., 2018; Irani et al., 2018; Galindo-González et al., 2020). Schwelm et al. (2015) reported 

the genome draft of P. brassicae from genomic DNA of resting spores from the single spore 

isolate whilst the transcriptome of S. subterranea was obtained from resting spores in potato 

root galls. In total, 9,730 and 12,732 (7,490 were full-length) proteins were predicted for P. 

brassicae and S. subterranea, respectively (Schwelm et al., 2015). Lekota et al. (2019) analysed 

the responses of potato cultivars to S. subterranea infection and identified several defence‐

response genes that showed contrasting expression patterns between the susceptible and 

resistant cultivars. There are several other examples of the interaction between 

plasmodiophorids and their hosts (Barr et al., 1995; Zhao et al., 2017; Galindo-González et al., 

2020; Ji et al., 2021). For example, Galindo-González et al. (2020) used RNA sequencing to 

evaluate differential gene expression of two Brassica napus cultivars with differential 

responses to P. brassicae at 7, 14 and 21 days after inoculation (dai). This study showed that 

immune responses, including salicylic acid (SA)-mediated responses were better sustained in 

the resistant cultivar. Additionally, their results confirmed that the susceptible cultivar turned 

off defence mechanisms earlier than the resistant cultivar. However, most of these studies 

focused on the post-penetration phase of the host-pathogen interaction (in planta analysis) 

while in contrast there is insufficient information available on critical pre-infection events 

including resting spore germination processes in plasmodiophorids. This can be explained by 

the non-culturable and plant-associated nature of these pathogens. We previously reported a 

density gradient centrifugation using the Ludox® technique for purification of S. subterranea 

resting spores (Balotf et al., 2020). In the present study, RNA-seq analysis was employed to 

gain insight into the transcriptional reprogramming that occurs during the germination of S. 

subterranea resting spores. This provides the first transcriptome analysis of S. subterranea 

during the germination of resting spores.  
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5.3 Materials and Methods 

5.3.1 Sample collection and purification  

Spongospora subterranea spores were scraped and purified from powdery scab-infected 

potato tubers, collected from fields in Devonport, Tasmania, Australia as previously described 

(Balotf et al., 2020). Briefly, the heavily infected tubers were washed for 2-3 min using tap 

water and left to dry for three days (air dried). The powdery scab lesions were excised from the 

tuber and dried for 72 hours at 40 °C. Then 100 mg of the dried lesions were gently 

homogenized in 3 mL sterile water using a pestle and mortar. Large debris was removed from 

the suspension by filtration through two layers of cheesecloth. The spores were further purified 

through a Ludox® (HS-40 colloidal silica, Sigma, NSW, Australia) gradient centrifugation 

(4200 ×g, 15 min) (Balotf et al., 2020). After washing with sterile water, the spore purity was 

examined microscopically (200-400×). To confirm the presence of S. subterranea in the 

purified samples, a PCR was performed with primer pairs targeted to the 18S rRNA gene 

(Balotf et al., 2021c) 

5.3.2 Spore germination 

The purified spores were divided into two parts. The first part was used for the 

germinating spore treatment. Spores were suspended in Hoagland’s solution, a known 

stimulant of resting spore germination (Balendres et al., 2016b), and incubated at 25 °C for 3 

days. Resting spore germination was verified by observation of active zoospores by light 

microscopy (200-400×) within a 10 μL sample of the solution. The samples were then 

centrifuged at 10000 ×g for 1 min and the supernatant discarded. The second part was 

incubated at 25 °C as dry sporosori for 3 days and served as the non-germinated spores 

treatment. Each treatment included three independent biological replications. 

5.3.3 RNA preparation for sequencing 

Total RNA was extracted from 50 mg of each sample using the RNeasy Plant Mini Kit 

(Qiagen, Hilden, Germany) following the manufacturer’s protocol. Any contaminating 

genomic DNA was removed from the extracted RNA using the RNase-free DNase Set 

following the manufacturer’s protocol (Qiagen, Hilden, Germany). The yield of the RNA was 

measured with a Qubit fluorometer using the Qubit RNA Broad-Range kit (Invitrogen, 

Waltham, MA, United States). RNA quality was assessed by a 2100 Bioanalyser RNA Nano 
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Chip (Agilent, Palo Alto, CA, United States). One μg of RNA from each sample was used for 

further analysis. Library construction was generated using the Illumina TruSeqTM Stranded 

mRNA Library Preparation Kit TruSeq (Illumina, San Diego, CA, United States) and then 

sequenced on a NovaSeq 6000 instrument at Macrogen, Inc. (Macrogen, Seoul, South Korea) 

to obtain ∼100 million 2 × 150 bp reads/sample. 

5.3.4 Transcriptome assembly 

The RNA-seq analysis was performed using next-generation sequencing (NGS) analysis 

tools available on the Galaxy platform (Afgan et al., 2018). Specifically, the NGS raw data 

were processed using the de novo transcript reconstruction protocol described by Freeberg and 

Heydarian (2020). The quality of raw reads was assessed with FastQC 0.11.9 tools. The 

Trimmomatic tool was used to trim the sequence reads by removing the remaining TrueSeq 

Illumina adaptors in the reads. This program also discards unpaired reads from paired-end 

RNA-seq output. After the removal of low-quality reads, the read quality was assessed again 

using FastQC. Forward and reverse reads were mapped to the S. subterranea draft genome 

(Ciaghi et al., 2018) to remove the non-target reads using the HISAT2 2.1.0 tool with a 

minimum fragment length of 20. The Stringtie 2.1.1 tool was used for de novo transcriptome 

reconstruction of the assembled reads. A transcriptome database was created using the tool 

Stringtie-Merge by combining redundant transcript structures across the six assembled samples 

(the Stringtie outputs). Finally, GFFcompare 0.11.2, FeatureCounts 1.6.4 and DESeq 2.11.40.6 

tools were used to compare and visualize the relative expression abundances between the two 

groups (non-germinating and germinating spores) (Love et al., 2014). The transcript’s 

abundance was calculated using the fragments per kilobase of per million mapped reads 

(FPKM). A false discovery rate (FDR) threshold of 5% was used to determine DEGs. The 

workflow for the RNA-seq experiment is provided in Supplementary Figure 1. 

5.3.5 Functional annotation and gene ontology 

To provide comprehensive annotation for the final unigenes, the transcripts were subject 

to BLAST analysis against the S. subterranea database in UniProt (https://www.uniprot.org/, 

containing 11,129 proteins), NCBI non-redundant database and the Swissprot database with an 

e-value cut-off of 1 × 10−5. Gene ontology (GO) terms (describing the biological process and 

molecular function) and the gene pathway networks for the DEGs were derived from DAVID 

(https://david.ncifcrf.gov/), UniProt, the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
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entries (www.genome.jp/kegg/) and STRING (https://string-db.org/cgi/input). Enzyme 

Commission (EC) was obtained from the Expasy database (https://enzyme.expasy.org/). 

Heatmap was drawn using Perseus software (v. 1.5.0.15, www.perseus-framework.org) and the 

PCA plot was obtained from the Galaxy platform.   

5.3.6 RNA-seq validation with real-time PCR 

To validate the RNA-seq data, 10 randomly selected DEGs (up and downregulated, 5 

each) were subject to quantitative real-time PCR (qRT-PCR) analysis. Primers were designed 

using Primer3 (Version 4).7 NCBI Primer-BLAST8 was used for the specificity check of 

primers. The primer sequences are listed in Supplementary Table 1. Total RNA was isolated 

from germinating and non-germinating samples using the RNeasy Plant Mini Kit (Qiagen, 

Hilden, Germany) following the manufacturer’s protocol. To be used as an internal control, 

200 μL of an overnight culture of the marine bacterium Pseudoalteromonas prydzensis was 

added to each sample before RNA extraction. The concentration of RNA was obtained using a 

QubitTM RNA BR Assay Kit (Invitrogen, Waltham, MA, United States). To remove any 

remaining genomic DNA from the samples, total RNA was treated with the DNase I (Qiagen, 

Hilden, Germany). DNase I-treated RNA was then subjected to cDNA synthesis using 

Superscript III reverse transcriptase (Invitrogen, Waltham, MA, United States). The amount of 

cDNA was measured with a NanoDrop® ND-1000 spectrophotometer (ThermoFisher, 

Waltham, MA, United States). qPCR was performed in a Qiagen RotorGeneQ (Qiagen, Hilden, 

Germany). Real-time PCR reactions were prepared using iTaq Universal SYBR Green 

Supermix (Bio-Rad, NSW, Australia) in 20 μL volume. The qPCR conditions were 95 °C for 

2 min; 40 cycles at 95 °C for 5 s, 59 °C for 30 s. The RNA transcript level was presented as 

relative quantification calculated by the 2–ΔΔCT method (Livak and Schmittgen, 2001). The fold 

change of each gene was determined using three independent biological replicates.  

5.3.7 Statistical analysis 

The statistical procedures for qPCR experiments were performed using SPSS statistical 

software package version 24 (SPSS Inc, Chicago, IL, United States). One-way ANOVA was 

employed to calculate differences in the mean relative abundance of selected transcripts in 

germinating and non-germinating spores. A P-value <0.01 was considered statistically 

significant.  

 

https://enzyme.expasy.org/
http://www.perseus-framework.org/
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5.4 Results 

5.4.1 RNA-seq strategy 

For high-resolution capture of the transcriptional regulation of spore germination in S. 

subterranea, we used de novo assemblies from raw sequence data to infer transcript structures 

from the mapped reads in the absence of the annotated genome. The RNA extracted from the 

non-germinating and germinating spores of S. subterranea were sequenced at a depth of 100 

million reads per sample and mapped to the available S. subterranea draft genome. A total of 

380,678,646 reads were obtained, averaging 63,446,441 per sample and the majority of those 

reads from each library (84.42%) aligned to the S. subterranea reference genome (Table 5.1).  

 

Table 5.1. Summary of RNA sequencing raw and alignment data in million reads from six 

RNA libraries of germinating and non-germinating spores of S. subterranea. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4.2 Global transcriptional changes in response to germination stimulant 

After alignment to the S. subterranea genome and de novo reconstruction of the 

transcriptome, a total of 14918 unigenes were identified which reduced to 6664 after 

eliminating those with an average FPKM value less than 3. Of those, 5448 unigenes (81.75%) 

were annotated with the non-redundant NCBI, UniProt, or String Protein databases with an E-

value of 1 × 10-5. The remaining 1216 unigenes (18.25%) were not annotated (Supplementary 

 Replicate Total reads Alignment rate 

Germinating 

1 65,676,382 84.52% 

2 55,385,215 84.93% 

3 66,197,900 86.12% 

Mean 62,419,832 85.19% (53,175,454) 

Non-germinating 

1 61,260,223 84.02% 

2 66,122,815 85.12% 

3 66,036,111 81.79% 

Mean 64,473,050 83.64% (53,925,259) 

Total (Mean)  63,446,441 84.42% 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T1
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
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Table 2). The relationships between samples were studied by principal component analysis 

(PCA) which indicated that the biological replicates grouped closely together (Figure 5.1). 

PCA of the transcriptome data revealed the clear separation between germinating and non-

germinating spores in PC1, which accounts for 85% of the variation between samples. 

 

Figure 5.1. Principal component analysis (PCA) of transcriptome profiles based on normalised 

read counts per gene. RNA-seq analysis was performed with three biological replicates for 

germinating (GS) and non-germinating spores (N-GS). 

 

The transcripts were further analysed to identify differentially expressed transcripts in 

germinating spores relative to non-germinating spores. A total of 679 differentially expressed 

transcripts were identified during the germination of S. subterranea resting spores (FDR < 

0.05). Among these 252 were upregulated and 427 downregulated (Figure 5.2A). A Heatmap 

generated from the normalised expression of aligned reads of germinating and non-germinating 

spores (n = 3) revealed hierarchical clustering of all the differentially expressed transcripts 

with P-value < 0.05. The analysis yielded two major clusters of transcripts showing distinct 

patterns between germinating and non-germinating spores of S. subterranea. Cluster 1 contains 

transcripts with expression levels peaking in germinating spores (Figure 5.2B, top). Cluster 2 

contains transcripts that had high expression levels in non-germinating spores, but low levels 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F1
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F2
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during germination (Figure 5.2B, bottom). A complete list of the annotated DEGs is provided 

as Supplementary Table 2. 

 

Figure 5.2. (A) The number of transcripts significantly (FDR < 0.05) differentially up or 

downregulated in the germinating vs non-germinating spores, expressed in fold 

changes. (B) Heatmap (based on Z-scores of the normalised expression of transcripts) showing 

the expression patterns of differentially expressed genes in response to germination stimulant. 

 

5.4.3 Gene annotation and differentially expressed gene analysis 

Of 679 differentially expressed transcripts, 570 transcripts were annotated in protein 

databases. Gene ontology (GO) enrichment analysis of differentially expressed genes (DEGs) 

was conducted to identify the functional categories of the annotated genes. These DEGs were 

assigned to GO-terms for biological processes and molecular functions (David annotation). 

The significantly (P-value <0.05) enriched biological processes (top 25 only) and molecular 

functions are presented in Figure 5.3. The complete list of GO categories of DEGs is listed 

in Supplementary Table 3. The major functional categories of biological processes were as 

follows: cellular metabolic process, organic substance metabolic process and metabolic process 

(n = 38 each); primary metabolic process (n = 36); macromolecule metabolic process (n = 32); 

cellular macromolecule metabolic process (n = 30); protein metabolic process (n = 24); 

response to stimulus (n = 23) and cellular protein metabolic process (n = 21) (Figure 5.3A). 

Among the various categories, binding (n = 35), protein binding and transferase activity (n = 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
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16 each) were dominantly represented within the molecular function category. Other 

significantly represented categories include kinase activity (n = 8) and macromolecular 

complex binding (n = 4) (Figure 5.3B). 

 

Figure 5.3. Distribution of DEGs into gene ontology (GO) categories, according to (A) their 

involvement in biological processes and (B) their molecular function. 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
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The functional annotation of DEGs was also retrieved from UniProt (Figure 5.4). 

Transport (n = 34), transcription regulation (n = 27), Ubl conjugation pathway (n = 18), DNA 

repair (n = 11) and mRNA processing (n = 11) were the most represented functions in the DEGs. 

 

 

 

 

 

 

 

 

 

Figure 5.4. Functional annotation of DEGs obtained from UniProt database. 

 

After obtaining the functional annotation of the identified transcripts from the gene and 

protein databases, we generated a list of selected DEGs with the possible role in the germination 

of resting spores in S. subterranea (Table 5.2). Among the upregulated group, the majority of 

genes were related to the initiation and regulation of transcription such as heat shock protein, 

transcription initiation factor and proteasome. The DNA repair genes such as DNA repair factor 

IIH helicase (Table 5.2 and Supplementary Table 2) were also found in the upregulated 

transcript. The multifunctional transcription factor, MADS-box transcription factor 6, was 

another upregulated gene. The expression levels of mannitol dehydrogenase, fatty acid 

synthase, trehalase and lipid droplet phospholipase which are involved in lipid and fatty acid 

metabolism were found to be downregulated upon germination. The mRNA expression of three 

important antioxidant genes was detected in the transcriptome of non-germinating and 

germinating spores of S. subterranea. While superoxide dismutase (SOD) was not found 

among the DEGs, the upregulation of glutathione S-transferase (GST) and the downregulation 

of catalase (CAT) was confirmed (Table 5.2 and Supplementary Table 2), highlighting the 

importance of these antioxidant enzymes in the protection of dormant and germinating spores 

from environmental stresses. 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
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Table 5.2. DEGs with known role in the germination of resting spores. 

Transcript Id Annotation Id Description 

Up   

TCONS_00004168 Q9SSQ8 26.5 kDa heat shock protein, mitochondrial 

TCONS_00010748 P22843 Histone H3 

TCONS_00011859 A0A0H5RIM4 Chromo domain-containing protein 

TCONS_00004586 Q9HFE8 Transcription-associated protein 1 

TCONS_00013989 O00835 General transcription and DNA repair factor IIH helicase  

TCONS_00000655 O43497 Voltage-dependent T-type calcium channel subunit alpha-1G 

TCONS_00000548 Q67XX3 F-box protein 

TCONS_00005155 F4JC97 Proteasome activator subunit 4 

TCONS_00005901 P56839 Phosphoenolpyruvate phosphomutase (EC 5.4.2.9) 

TCONS_00014747 A0A0H5RAN4 DUF4200 domain-containing protein 

TCONS_00005328 Q6EU39 MADS-box transcription factor 6 

TCONS_00003271 Q9ATB4 Transcriptional adapter 

TCONS_00007933 Q9MA98 DNA excision repair protein ERCC-1 

TCONS_00008936 P54211 Plasma membrane ATPase (EC 7.1.2.1) (Proton pump) 

TCONS_00014207 A1Z9L3 ATP-dependent RNA helicase DHX8 (EC 3.6.4.13) 

TCONS_00005711 Q10074 Vacuolar amino acid transporter 3 

TCONS_00008752 Q43362 V-type proton ATPase 16 kDa proteolipid subunit 

TCONS_00008729 Q54CN8 Transcription initiation factor TFIID subunit 13 

TCONS_00005526 Q9FHE1 Glutathione S-transferase T3 (EC 2.5.1.18) 

TCONS_00012137 P56282 DNA polymerase epsilon subunit 

TCONS_00009388 A0A0H5R1C2 RNase H domain-containing protein 

Down   

TCONS_00008644 Q9ZRF1 Probable mannitol dehydrogenase (EC 1.1.1.255) 

TCONS_00010484 A0A0H5RB43 Zn (2)-C6 fungal-type domain-containing protein 

TCONS_00011177 Q08448 Lipid droplet phospholipase 1 (EC 3.1.1.4) 

TCONS_00009401 O93662 Catalase (EC 1.11.1.6) 

TCONS_00008033 P43098 Fatty acid synthase subunit alpha (EC 2.3.1.86) 

TCONS_00003907 P25867 Ubiquitin-conjugating enzyme E2-17 kDa (EC 2.3.2.23) 

TCONS_00000069 A0A0H5R2B3 NDC10_II domain-containing protein 

TCONS_00000821 A0A0H5R7J3 alpha-1,2-Mannosidase (EC 3.2.1.-) 

TCONS_00008810 Q7ZYC4 Long-chain-fatty-acid--CoA ligase ACSBG2 (EC 6.2.1.3) 

TCONS_00002913 Q557D2 Glucose-6-phosphate 1-dehydrogenase (EC 1.1.1.49) 

TCONS_00002390 P16905 cAMP-dependent protein kinase type I regulatory subunit 

TCONS_00011972 P71741 Trehalase (EC 3.2.1.28) 

TCONS_00010927 Q02972 Cinnamyl alcohol dehydrogenase 8 (EC 1.1.1.195) 

TCONS_00004841 A0A0H5QK57 DDE-1 domain-containing protein 

TCONS_00000359 Q17551 E3 ubiquitin-protein ligase rpm-1 (EC 2.3.2.33) 
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5.4.4 Enzyme classification 

The resulting enzyme classification (EC) for all 5448 annotated genes and for the 

significantly changed genes during germination is described in Figure 5.5. For all identified 

genes, the most representative enzyme classes were transferases (EC2, n = 426), hydrolases 

(EC3, n = 339) and oxidoreductases (EC1, n = 138). Other represented enzyme classes include 

ligases (EC6, n = 67), lyases (EC4, n = 49) and isomerases (EC5, n = 43) and translocases 

(EC7, n = 29) (Figure 4, left panel). In the significantly changed genes, the most representative 

enzyme classes were hydrolases (EC3, n = 50), transferases (EC2, n = 49) and oxidoreductases 

(EC1, n = 14) (Figure 5, right panel). Other represented enzyme classes include 

oxidoreductases (EC1), transferases (EC2) and isomerases (EC5). The higher abundance of the 

hydrolyses among the DEGs in comparison to the whole transcriptome indicated the important 

role of these enzymes in the transition from a dormant spore to a germinating spore in S. 

subterranea. 

 

Figure 5.5. Enzyme classification (EC) codes for the total (left) and significantly changed 

transcript (right) upon S. subterranea spore germination. Note that one transcript can be 

associated with more than one EC term. 

 

5.4.5 KEGG pathway enrichment 

KEGG pathway analysis of DEGs identified six significantly enriched metabolic 

pathways (FDR < 0.05) (Table 5.3). Some interesting pathways such as “arginine biosynthesis” 

and “biosynthesis of amino acids” which are involved in amino acid metabolism and might 

have a role in spore germination of S. subterranea identified in the DEGs. Arginine 

biosynthesis was considered to be involved in the pathogenesis of Colletotrichum 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F5
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F5
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T3
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higginsianum  (Takahara et al., 2012). A link between deficient amino acid biosynthesis and a 

loss, or reduction, in germination and pathogenicity has also been reported in several 

pathogenic fungi (Bailey et al., 2000; Solomon et al., 2000; Namiki et al., 2001). 

 

Table 5.3. Pathway classification of differentially expressed genes (DEGs). 

               

 

 

 

 

 

 

5.4.6 Validation of RNA-seq data using qRT-PCR 

The expression levels of ten randomly selected genes from the DEGs were assessed using 

the qRT−PCR analysis to validate the RNA−seq experiment. Similar to the RNA-seq data, the 

relative expression analysis of the selected up (Figure 5.6, left) and downregulated transcripts 

(Figure 5.6, right) showed a significant (P-value <0.01) change in the mRNA level of these 

genes upon germination. The correlation between RNA-seq and qRT-PCR methods confirmed 

that the transcriptomics data are reliable. 

 

Figure 5.6. Validation of RNA-seq results using qRT-PCR. Values are the means of three 

biological replicates ± SD. Asterisk (*) denotes a significant mRNA difference between 

germinating (GS) and non-germinating spore (N-GS) for each gene (P-value <0.01). 

Number Pathway False discovery rate 

1 Arginine biosynthesis 0.0263 

2 2-Oxocarboxylic acid metabolism 0.0084 

3 Nucleotide excision repair 0.0423 

4 Spliceosome 0.0372 

5 Biosynthesis of amino acids 0.048 

6                  Carbon metabolism 0.048 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F6
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F6
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5.5 Discussion 

The present study is the first to investigate the in-vitro germination process of S. 

subterranea by profiling the transcriptomics of germinating and dormant spores. The draft 

genome available for S. subterranea (Ciaghi et al., 2018) is not annotated and therefore 

information on the transcriptome of this pathogen is very limited. The presence of plant debris 

and rhizosphere microorganisms within the collected samples can also complicate analyses. 

The establishment of the method for in-vitro germination of S. subterranea resting spores 

(Balendres et al., 2018a) as well as the availability of the sporosori purification technique 

(Balotf et al., 2020), enabled us to efficiently analyse the transcriptome of the pathogen during 

the germination of resting spores. Our RNA-seq data was validated by gene expression analysis 

of randomly selected transcripts using qPCR analysis (Figure 5.6). 

Germination of resting spores is highly regulated by metabolic processes and energy 

metabolism. It initiates a series of processes that gradually degrade the protective structures of 

the dormant spore and resume cellular processes (Moir and Cooper, 2016; Sephton-Clark and 

Voelz, 2018). In our experiment, 679 differentially expressed transcripts were identified during 

the germination of S. subterranea resting spores (Figure 5.2). The functional annotation and 

pathway analysis of DEGs demonstrated that most of these genes were involved in energy 

metabolic processes, transcription and translation, amino acid biosynthesis, transport, fatty acid 

metabolism, stress response, DNA repair, binding and transferase activity (Figures 

5.3, 5.4 and Table 5.3). Similar results have been reported in the spore germination of other 

pathogens (Bindschedler et al., 2009; Ah-Fong et al., 2017; Bobek et al., 2017). Sharma et al. 

(2016) showed that the majority of changes in transcriptome during spore germination 

of Fusarium oxysporum was related to energy metabolism functions including fatty acid 

biosynthesis, amino acid metabolism, purine metabolism and glycolysis. In Penicillium 

digitatum , an elevated energy metabolism has been reported during spore germination with 

low concentration limonene treatment (Tao et al., 2019). Metabolomics analysis of P. 

digitatum revealed that central carbon and energy metabolism were upregulated during 

germination of spores (Che et al., 2020). In line with previously reported works on gene 

expression during spore germination (Luo et al., 2020; Swarge et al., 2020), important cellular 

metabolic pathways including fatty acid biosynthesis and amino acid biosynthesis showed 

significant changes in the germinating spores in comparison with dormant spores (Figure 

5.4 and Table 5.3). In the lipid fraction, there is a decrease in fatty acid synthase and trehalase 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F6
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T3
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activity (Table 5.2). The germination of resting spores depends on several internal and external 

factors such as the composition of carbohydrates, mainly trehalose (Feofilova, 1992) and lipids 

(Mysyakina et al., 2018). In Cunninghamella echinulata (Mysyakina et al., 

2016), Saccharomyces cerevisiae (Katohda et al., 1987), Nosema algerae (Undeen et al., 1987) 

and Umbelopsis ramanniana (Mysyakina et al., 2016) the trehalose content of germinated 

spores decreased. Trehalose is a widespread molecule in nature and it has been established that 

it is a source of energy and is a reserve carbohydrate (Elbein et al., 2003). In Streptomyces 

griseus, glucose accumulation in spores caused an increased concentration of intracellular ATP 

and restored the activity of the trehalase enzyme (Mcbride and Ensign, 1987). Activated 

trehalase initiates the mobilisation of trehalose in swelled spores during early germination and 

ensures that spores are supplied with the necessary intermediates and energy (Thevelein et al., 

1984; Chrungu et al., 2017). Due to the degradation of trehalose into higher concentrations of 

smaller molecules, the osmotic pressure increases until the filament begins its emergence and 

facilitates the germination processes (Undeen, 1990). Germination of resting spores might 

remove the need for storage carbohydrates such as mannitol and trehalose. Mannitol 

accumulation in the biotrophic plant pathogen Uromyces fabae resting spore is accompanied 

by transcript expression of a mannitol dehydrogenase. Kinetic analyses of the mannitol 

dehydrogenase indicate that the enzyme might be responsible for the utilisation of mannitol in 

spores (Voegele et al., 2005). The downregulation of lipid droplet phospholipase and mannitol 

dehydrogenase (Table 5.2) was also detected in our experiment which provides further 

evidence of the changes in energy metabolism during the germination of S. subterranea resting 

spores. Yang et al. (2017) observed that Schizosaccharomyces pombe spores lacking the ability 

to form lipid droplets failed to germinate. They concluded that lipid droplet dynamics is 

essential for spore survival. Taken together, changes in the composition and amounts of lipids 

and carbohydrates may provide the required energy for the transition from the dormant state to 

germination of S. subterranea resting spores. 

Many genes involved in transcription and translation (e.g., heat shock proteins, histones 

and proteasome activator; Table 5.2 and Supplementary Table 2) were upregulated during the 

germination of resting spores (Figure 5.4). Similar results were found in the proteome analysis 

of the germinating and non-germinating spores of S. subterranea (Balotf et al., 2021c). The 

end of spore dormancy is a process that needs the progressive re-starting of gene expression 

and protein synthesis processes. In Neurospora crassa, the most expressed genes during the 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
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early stage of conidial germination are heat shock proteins (Kasuga et al., 2005). These proteins 

have an important role in translation and are responsible for the correct folding of the newly 

synthesised proteins. We found five proteins from the heat shock proteins family in the DEGs 

(Supplementary Table 2) which is evidence of the dependence of spore germination on protein 

synthesis (González-Rodríguez et al., 2015). In addition, the upregulation of transcription-

associated protein, histones and proteasomes was found in the transcriptome of germinating 

and non-germinating spores of S. subterranea (Table 5.2). These proteins are responsible for 

the initiation and control of transcription and were identified in the transcriptome and proteome 

of several bacterial and fungal pathogens during the germination of resting spores (Govin and 

Berger, 2009; Liu et al., 2016a). The transcription activation could serve as biological switches 

functioning to control protein synthesis when exiting dormancy (Zhou et al., 2019). 

In this study, we confirmed the mRNA expression of catalase (CAT), superoxide 

dismutase (SOD) and glutathione S-transferase (GST) in the transcriptome of S. 

subterranea resting spores (Table 5.2 and Supplementary Table 2). These are the key 

antioxidant enzymes participating in the ROS homeostasis of living organisms. Similar to our 

results here, the downregulation of CAT and upregulation of GST have been detected in the 

germination of resting spores in other pathogenic microorganisms. In P. digitatum, GST1 and 

CAT1 were downregulated, whereas GST2 and CAT2 were upregulated (Tao et al., 2019). Suo 

et al. (2015) found that the activities of GST and peroxidase (POD) were clearly induced during 

spore germination of Osmunda cinnamomea, while the CAT activity was decreased. The 

downregulation of CAT activity was also reported in the Botrytis cinerea during the 

germination of spores (González-Rodríguez et al., 2015). The expression levels of SOD did 

not change during S. subterranea spore germination (Supplementary Table 2). Superoxide 

dismutase is a metal-containing enzyme that catalyses the dismutation of superoxide to produce 

oxygen and hydrogen peroxide. It has been shown that SOD contributes to virulence in multiple 

pathogens including Mycobacterium tuberculosis (Piddington et al., 2001), Puccinia 

triticina (Wang et al., 2020) and Rhizoctonia solani (Foley et al., 2016). Cybulski et al. (2009) 

demonstrated the role of SOD in protecting Bacillus anthracis spores from oxidative stress. It 

has also been confirmed that the activity of SOD is essential for spore germination 

in Schizosaccharomyces pombe (Plante et al., 2017). Thus, the expression of SOD in both 

dormant and germinating phases might be related to its contribution to the protection of resting 

spores from environmental stresses and its role in the germination of spores. These reports, 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#S9
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together with our results, indicated that antioxidant activity homeostasis is important in the 

maintenance of dormancy as well as in the germination of the pathogen. Several transcripts 

related to general DNA repair were also expressed actively during the germination of S. 

subterranea resting spores (Table 5.2 and Figure 5.4). The presence of “nucleotide excision 

repair” in the KEGG pathway enrichment (Table 5.3) emphasised the importance of DNA 

repair during the germination of the pathogen. Moeller et al. (2014) showed that Bacillus 

subtilis spores deficient in DNA repair were more sensitive to ionizing radiation than wild-type 

spores. In dormant spores, DNA is believed to be in a supercoiled state, providing protection 

against damage. The rapid relaxation of the supercoiled DNA is necessary for an efficient 

reactivation of transcription during the early stages of germination (Setlow, 1995). Therefore, 

the upregulation of DNA repair genes such as DNA excision repair protein ERCC-1 or DNA 

repair factor IIH helicase subunit XPB (Table 5.2) in the transcriptome of S. 

subterranea during the germination of resting spores might accelerate the transcription process. 

The presence of MADS-box transcription factor 6 in the DEGs was another interesting 

finding of the present study. The MADS-box family proteins are conserved in nearly all 

eukaryotes and play important roles in signal transduction, responses to environmental stresses 

and developmental control in plants, fungi and animals. Leesutthiphonchai and Judelson (2018) 

showed that a MADS-box transcription factor regulates a central step in sporulation of the 

oomycete Phytophthora infestans by regulating about 3000 sporulation-associated genes. Their 

results demonstrated that both mRNA and protein levels of MADS-box transcription factor 

decline upon P. infestans spore germination. They concluded that the expression of the MADS-

box transcription factor is required for sporulation but not hyphal growth or plant colonisation 

(Leesutthiphonchai and Judelson, 2018). In contrast to this result, our transcriptome data 

showed the upregulation of MADS-box transcription factor 6 during the germination of S. 

subterranea resting spores (Table 5.2). In B. cinerea, the MADS-Box transcription factor 

Bcmads1 was required for growth, sclerotia production and pathogenicity of the pathogen 

(Zhang et al., 2016). Bcmads1 was also required for the full virulence potential of B. cinerea on 

apple fruit. Their results suggest that Bcmads1 may regulate pathogenicity by its effect on the 

protein secretion process. The MADS-box transcription factor was also involved in the cell 

wall synthesis, actin cytoskeleton organisation and spore coat stability in Dictyostelium sp.   

(Escalante et al., 2004). In the present study, the upregulation of the MADS-box transcription 

factor 6 was confirmed and our previous study demonstrated the decrease in actin protein 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F4
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
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during the germination of S. subterranea resting spores (Balotf et al., 2021c). Therefore, we 

concluded that the presence of MADS-box transcription factor 6 in our RNA-seq data could be 

related to its role in the actin cytoskeleton organisation (Xiong et al., 2016). 

We confirmed the presence of several enzymes in the transcriptome of S. 

subterranea (Figure 5.5). In the DEGs hydrolases were the most presented enzyme type 

showing the importance of these enzymes in the germination of S. subterranea resting spores. 

Hydrolases are needed for the initial reconstruction of the cell wall during the sporulation, 

spore maturation period and spore germination (Lim et al., 2001; Haiser et al., 2009). These 

enzymes facilitate the reconstruction of the cell wall allowing the entrance of external nutrients 

which is necessary for the initiation of germination. In Streptomyces coelicolor, mutants of two 

cell wall hydrolases showed slower germination (Haiser et al., 2009). These enzymes are 

known to participate in the growth restoration in Streptomyces, Mycobacterium and 

Micrococcus spp. (Mukamolova et al., 1998; Keep et al., 2006). Hydrolases were also shown 

to be important for the pathogenicity in Colletotrichum lagenarium (Takano et al., 1995). The 

mRNA expression of these enzymes during the germination of S. subterranea resting spores 

might therefore induce restoration of dormant spores by increasing the absorption of nutrients 

(Bobek et al., 2017).  

Using GO enrichment analysis of DEGs, we have also identified several molecular 

functions related to phosphorylation and kinase activity (Figure 5.3B). The protein kinases are 

a large superfamily of enzymes that catalyse the modification of proteins by phosphorylation 

(Manning et al., 2002). Nguyen et al. (2016) investigated the role of protein kinases in the 

resting spore germination in Bacillus subtilis. The results of their study showed that the 

phosphorylation of the spore coat protein H, which is a protein kinase, was required for the 

efficient germination of B. subtilis spores. The role of cAMP/protein kinase A signaling in the 

germination of Schizosaccharomyces pombe has also been confirmed (Hatanaka and Shimoda, 

2001). In the soilborne plant pathogen Verticillium dahlia, the mutant for cAMP-dependent 

protein kinase had similar growth rates to those of wild-type strains, while conidia production 

was significantly reduced and spore germination was slightly increased suggesting the 

inhibitory role of this protein kinase in the germination of spores (Tzima et al., 2010). 

Consistent with this result, the mRNA level of cAMP-dependent protein kinase decreased in 

the germinating spores in comparison to non-germinating spores of S. subterranea (Table 5.2). 

Although not enough is known about the signaling pathway in the germination processes of 

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F5
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#F3
https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#T2
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plasmodiophorids, our transcriptome data suggesting the importance of kinase activity and 

cAMP-dependent protein kinase in the germination of dormant spores in S. subterranea. 

One of the major significantly over-represented group of functional genes identified in 

DEGs were genes involved in the transport of various molecules such as amino acid, protein 

and ion transport (Figure 5.4 and Table 5.2). The activities of these transporters are considered 

essential for the successful germination of dormant spores (Dembek et al., 2013). The roles of 

the amino acid and protein transporters in the germination processes of S. subterranea are 

unknown at present. The involvement of ions during the germination process has been studied 

before and a potential explanation for the upregulation of calcium channel during the 

germination of dormant spores (Table 5.2) is that divalent cations such as calcium, zinc and 

manganese accumulate in resting spores during spore formation (Charney et al., 1951) and 

rapid release of these cations is distinct early germination (Swerdlow et al., 1981). 

In conclusion, the results of the present study provide an overview of the changes in 

transcriptome during the germination of S. subterranea resting spores and extend our 

knowledge on the spore germination in plasmodiophorids. Employing a de novo reconstruction 

of the spore’s transcriptome, we identified several genes with a potential role in the spore 

germination and pave the way for future studies on the molecular mechanisms of the 

germination in the complex obligate biotrophic soilborne pathogens. 

 

5.6 Data availability statement 

The data presented in this study are deposited in the NCBI database 

(https://ncbi.nlm.nih.gov), accession number PRJNA720224. The following supplementary 

materials for this article can be found online at:  

https://www.frontiersin.org/articles/10.3389/fmicb.2021.691877/full#supplementary-material 

- Figure S1: Workflow for the RNA-seq experiments 

- Table S1: List of primers 

- Table S2: Complete list of the identified, annotated and differentially expressed 

transcripts 

- Table S3: Complete list of GO categories of DEGs 
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 In planta transcriptome and proteome profiles of 

Spongospora subterranea in resistant and susceptible 

host environments illuminates regulatory principles 

underlying host-pathogen interaction 

This chapter has been published, as Balotf, S., Wilson, R., Tegg, R.S., Nichols, D.S., and 

Wilson, C.R. (2021). In planta transcriptome and proteome profiles of Spongospora 

subterranea in resistant and susceptible host environments illuminates regulatory principles 

underlying host-pathogen interaction. Biology 10, 840. 

DOI: 10.3390/biology10090840      

 

6.1 Abstract 

Spongospora subterranea is an obligate biotrophic pathogen, causing substantial 

economic loss to potato industries globally. Currently, there are no fully effective management 

strategies for the control of potato diseases caused by S. subterranea. To further our 

understanding of S. subterranea biology during infection, we characterized the transcriptome 

and proteome of the pathogen during the invasion of roots of a susceptible and a resistant potato 

cultivar. A total of 7650 transcripts from S. subterranea were identified in the transcriptome 

analysis in which 1377 transcripts were differentially expressed between two cultivars. In 

proteome analysis, we identified 117 proteins with 42 proteins significantly changed in 

comparisons between resistant and susceptible cultivars. The functional annotation of 

transcriptome data indicated that the gene ontology terms related to the transportation and actin 

processes were induced in the resistant cultivar. The downregulation of enzyme activity and 

nucleic acid metabolism in the resistant cultivar suggests a probable influence of these 

processes in the virulence of S. subterranea. The protein analysis results indicated that the 

majority of differentially expressed proteins were related to the metabolic processes and 

transporter activity. The present study provides a comprehensive molecular insight into the 

multiple layers of gene regulation that contribute to S. subterranea infection and development 

in planta and illuminates the role of host immunity in affecting pathogen responses. 

 

Keywords: Spongospora subterranea, potato, in planta analysis, transcriptomics, proteomics 
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6.2 Introduction 

The obligate biotrophic Spongospora subterranea is an important pathogen of potato, the 

world’s third most valuable food crop for human consumption. The pathogen induces root and 

tuber diseases in potato, the latter known as powdery scab, that impact both tuber yield and 

quality (Zeng et al., 2020; Amponsah et al., 2021). Currently, there are no effective strategies 

for the control of these root and tuber diseases. Thus, an understanding of the regulatory 

principles underlying Spongospora-potato interactions is important, particularly during 

colonisation of potato roots (Balendres et al., 2016a). Spongospora subterranea is a soil-

dwelling obligate biotroph. Similar to other plasmodiophorids, S. subterranea has a complex 

lifecycle that allows the pathogen to persist in soil between host plants with the production of 

long-life resting spores (Neuhauser et al., 2010). In most genera of plasmodiophorids, resting 

spores are found as aggregates known as sporosori (Balendres et al., 2018a). The resting spores 

germinate releasing short-lived zoospores in the presence of potato plants. Following 

attachment and encystment to a host root, the zoospore transfers its cellular contents to a host 

cell. The pathogen forms a plasmodium within infected cells which develops into a 

zoosporangium producing and releasing secondary zoospores that will induce further root and 

tuber infections. Zoospores are the main infective form of S. subterranea that can swim in the 

soil and search for the potato roots to infect with a specialised extrusome and develop a 

zoosporangium (Falloon et al., 2016). This zoospore-mediated root infection can form root 

galls approximately 1–3 months following the infection, with galls producing sporosori that 

can be released into the soil as root degrade following senescence (Balendres et al., 2018b).  

RNA-sequencing has been widely used to investigate the molecular aspects of plant-

pathogen interaction with more focus on the host responses during infection with pathogens 

(Kawahara et al., 2012; Gao et al., 2013; Liu et al., 2021a). A deep sequencing approach allows 

the simultaneous capture of both plant and pathogen transcripts during infection (Naidoo et al., 

2018). The transcriptome analysis of the necrotrophic fungus Bipolaris sorghicola inside the 

sorghum leaves revealed the key genes in the plant-pathogen interaction that included 

transcriptional factors and plant cell-wall degrading enzymes (Yazawa et al., 2013). Teixeira 

et al. (2014) profiled the transcriptome of Moniliophthora perniciosa in the infected shoots of 

the Theobroma cacao and identified putative virulence effectors by characterizing the fungal 

infection strategies. The in planta transcriptome analysis of the bacterial pathogen 

Pseudomonas syringae in Arabidopsis revealed specific “immune-responsive” bacterial genes 
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and processes (Nobori et al., 2018). A time-course analysis of the rusty root rot pathogen 

Ilyonectria robusta transcriptome in planta revealed pathogenicity-related genes, in particular 

candidate effector genes (Guan et al., 2020). Although transcriptome analysis is a useful 

approach for the study of plant-pathogen interaction, it has been well established that transcript 

levels do not always reflect protein levels and protein activities. Mass spectrometry (MS) based 

proteomics has previously been applied to pathogens in vitro and in planta. Previous in planta 

proteomics analyses of the biotrophic barley fungal pathogen Blumeria graminis identified 

several proteins related to pathogenicity inside the infected tissues (Bindschedler et al., 2009). 

The proteome analyses of proteases in the biotroph fungal pathogen Cladosporium fulvum, 

confirmed the presence of six proteases at proteome level during host infection (Jashni et al., 

2020). However, the capacity of proteomics to describe pathogens in planta remains limited as 

the pathogen proteins are diluted by the plant proteome. Therefore, the integration of 

transcriptomics and proteomics is essential to acquire a precise picture of pathogens during the 

colonisation of their host.  

To understand the biology and virulence of obligate biotrophic plant pathogens, a 

comprehensive analysis of the transcriptome and proteome of these pathogens is a priority. We 

have researched the transcriptome (Balotf et al., 2021a) and proteome (Balotf et al., 2021c) 

dynamics of S. subterranea during the germination of resting spores using an in vitro model. 

However, to better understand the complex life cycle of the obligate biotrophic pathogens 

inside their host, a comparable effort to analyse the in planta transcriptome and proteome of S. 

subterranea during root infection is required. To unravel key components of the infection and 

interaction with the host during the biotrophic interaction, we simultaneously profiled the 

transcriptome and proteome of S. subterranea inside the potato roots of a susceptible and a 

resistant potato cultivar. We also compared the in planta data to our previous in vitro analysis 

of S. subterranea transcriptome and proteome during the germination of spores.    

 

6.3 Materials and Methods 

6.3.1 Pathogen source and potato cultivars used in this study 

Two potato cultivars that differ in resistance to S. subterranea were used in this study. 

Cultivar ‘Gladiator’ has a strong resistance to both tuber and root disease, while cultivar ‘Iwa’ 

is known as highly susceptible to root and tuber infection by S. subterranea (Falloon et al., 



 

 

77 

 

2016). The S. subterranea inoculum was obtained by dry scraping lesions from powdery scab-

infected tubers and purified using Ludox® (HS-40 colloidal silica, Sigma, NSW, Australia) as 

described before (Balotf et al., 2020). 

6.3.2 Plant growth and pathogen infection 

Potato plants obtained from single-node cuttings were grown in sterile tissue culture in 

standard Murashige and Skoog (MS) medium with 30 g/L of sucrose, 500 mg/L of casein 

hydrolysate and 40 mg/L of ascorbic acid (Balendres et al., 2016b). During the initial growth 

stage, plants were maintained under a 16 h light/8 h dark photoperiod at 22 °C. After three 

weeks of culture, seedlings were carefully uprooted from their medium and inoculated by 

dipping their roots in an inoculum suspension (two milligrams of dried S. subterranea resting 

spore in 2 mL of Hoagland solution, incubated at 25 °C for 3 days) for one hour. The seedlings 

of similar size were then transplanted into plastic pots filled with wetted sterilised potting mix 

and transferred to a greenhouse with a relative humidity of 80 ± 5% and a temperature of 25 ± 

3 °C. To ensure strong disease pressure, an additional 20 ml of the inoculum suspension (one 

gram of dried S. subterranea resting spore in 1 L of water) was added directly to the potting 

mix fourteen days after planting. After 6 weeks in the greenhouse, when Spongospora root 

galls were visible on the roots, potato roots were collected for RNA-seq (n = 3) and proteome 

(n = 4) analysis. The collected roots were washed thoroughly under running water, frozen in 

liquid nitrogen and stored at - 80 °C until use. 

6.3.3 RNA extraction and sequencing 

Total RNA was extracted from 50 mg of each sample using the RNeasy plus mini kit 

(Qiagen, Hilden, Germany) including the gDNA eliminator spin columns to remove genomic 

DNA. RNA concentration was checked by a Qubit fluorometer using the Qubit RNA Broad-

Range kit (Invitrogen, Waltham, MA, USA). The integrity of the RNA samples was analysed 

using an Agilent 2100 Bioanalyser system (Agilent, Palo Alto, Santa Clara, CA, USA). A total 

of 4 μg of RNA per sample was used as the input material for further analysis. The Illumina 

TruSeq Stranded Total RNA Library Prep Kit with RiboZero (Illumina, San Diego, CA, USA) 

was used to produce the sequencing libraries that were then sequenced on the NovaSeq6000 

(Illumina, San Diego, CA, USA) platform (50 M, 2 × 100 bp) at the Australian Genome 

Research Facility (AGRF, Melbourne, Victoria, Australia). 
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6.3.4 Transcriptome assembly and differential expression analysis 

The transcriptome analysis was performed using RNA-seq analysis tools available on the 

Galaxy Australia platform (https://usegalaxy.org.au/ (accessed on 5 February 2021)). Paired-

end reads were initially quality checked using FastQC v.0.11.9 tools. Reads of low quality (<20 

nucleotides) and of adapter contaminations were trimmed by Trimmomatic v.0.36.6. The 

quality of trimmed reads was assessed again using FastQC. The processed reads were mapped 

to the host first (the potato reference genome, downloaded from http://solanaceae.plantbiology. 

msu.edu/pgsc_download.shtml (accessed on 5 February 2021)) with the remaining reads 

mapped to the S. subterranea draft genome (Ciaghi et al., 2018) using the HISAT2 v.2.1.0 tool. 

Stringtie 2.1.1 was used for de novo transcriptome reconstruction of the aligned reads. The 

Stringtie-Merge tool was then used to combine the Stringtie outputs and create a transcriptome 

database. To determine the uniquely mapped reads, FeatureCounts v.2.0.1 was used to generate 

a count matrix by calculating the transcript’s abundance using the fragments per kilobase of 

per million mapped reads (FPKM). The mapped reads were then served as input to DESeq2 

v.2.11.40.6 tool for the quantification of differential gene expression. The list of differentially 

expressed genes (DEGs) was filtered with a cut-off for a false discovery rate (FDR) of 0.05. 

The RNA-seq data were further validated using qRT-PCR as described before (Balotf et al., 

2021a). The primer sequences were listed in Supplementary Table S1. 

6.3.5 Protein extraction and digestion 

Proteins were extracted from 50 mg of frozen roots per sample by adding 150 µL of 

extraction buffer including 7 M urea and 2 M thiourea, 1% dithiothreitol (DTT), 100 mM NaCl, 

40 mM Tris, pH 8.0 and protease inhibitor cocktail (cOmplete Mini EDTA-free; Roche 

Diagnostics, NSW, Australia). The mixture was homogenized two times for 60 s each using a 

Fast Prep-24 bead beater (Mp Biomedicals, Seven Hills, NSW, Australia) at 5500 × g in room 

temperature. Samples were then centrifuged at 16,000 × g for 10 min at 4 °C and the 

supernatant was transferred to a new tube. Six volumes of cold acetone were added to the 

resulting clarified extracts and tubes incubated at - 20 °C overnight. The tubes were centrifuged 

at 10,000 × g for 8 min, the protein pellets were left to air dry for 5 min at room temperature 

and resuspended in denaturing buffer (7 M urea and 2 M thiourea, 40 mM Tris, pH 8.0 and 

protease inhibitor). Protein concentration was estimated by a Qubit fluorometer using the Qubit 

protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, DTT was 

added to a final concentration of 10 mM and proteins were reduced overnight at 4 °C. Samples 

https://usegalaxy.org.au/
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were then alkylated in dark using 50 mM iodoacetamide for 2 h at room temperature and then 

digested with trypsin/LysC (Promega, Madison, WI, USA) according to the SP3 method 

(Hughes et al., 2019). Peptides were desalted using ZipTips (Merck, Darmstadt, Germany) and 

dried down in a SpeedVac concentrator. 

6.3.6 Data-independent acquisition mass spectrometry (DIA-MS) 

Peptide samples were dissolved in 12 µL loading buffer (0.05% (w/w) trifluoroacetic acid 

in water/acetonitrile (98:2)). Approximately 1 μg of each sample was analysed using an 

Ultimate 3000 nano RSLC system (Thermo Fisher Scientific, Waltham, MA, USA) coupled to 

a Q-Exactive HF mass spectrometer fitted with nanospray Flex ion source (Thermo Fisher 

Scientific, Waltham, MA, USA) and controlled using Xcalibur version 4.3. Peptides were 

preconcentrated onto a 2 cm PepMap 100 C18 trap column at a flow rate of 5 µL/min and then 

separated at 300 nL/min on a 25 cm PepMap 100 C18 analytical column held at 45 °C using a 

120-min segmented gradient. Mobile phase A comprised 0.1% (w/w) formic acid in water and 

mobile phase B comprised 0.08% (w/w) formic acid in acetonitrile/water (80:20). Data 

acquisition parameters were: 2.0 kV spray voltage, S-lens RF level of 60 and heated capillary 

set to 250 °C. MS1 spectra (390–1240 m/z) were acquired at a scan resolution of 120,000 in 

profile mode with an AGC target of 3e6 and followed by sequential MS2 scans across 26 DIA 

× 25 amu windows over the range of 397.5-1027.5 m/z, with 1 amu overlap between sequential 

windows. MS2 spectra were acquired in centroid mode at a resolution of 30,000 using an AGC 

target of 1 × 106, maximum IT of 55 ms and normalized collision energy of 27. 

6.3.7 Raw data processing and protein label-free quantitation (LFQ) 

DIA-MS raw files were processed using Spectronaut software (ver 14.8) (Biognosys AB, 

Wagistrasse, Switzerland). A project-specific library was generated using the Pulsar search 

engine to search the DIA MS2 spectra against the Solanum tuberosum UniProt reference 

proteome (UP000011115) comprising 53,106 entries concatenated with the UniProtKB protein 

sequences for S. subterranea (11,129 entries). For library generation, N-terminal acetylation 

and methionine oxidation were included as variable modifications, and cysteine 

carbamidomethylation was specified as a fixed modification and up to two missed cleavages 

were allowed. Peptide, protein, and PSM thresholds were set to 0.01. Mass tolerances were 

based on first pass calibration and extensive calibration for the calibration and main searches, 

respectively, with correction factors set to 1 at the MS1 and MS2 levels. Targeted searching of 
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the library based on XIC extraction deployed dynamic retention time alignment with a 

correction factor of 1. Protein identification deployed 1% q-value thresholds at the precursor 

and protein levels, and automatic generation of mutated peptide decoys based on 10% of the 

library and dynamic decoy limitation for protein identification. MS2-level data were used for 

relative peptide quantitation between experimental samples, using the intensity values for the 

Top3 peptides (stripped sequences) and cross-run normalization based on median peptide 

intensity. Proteins identified on the basis of a single peptide (single hit proteins) were excluded 

while only proteins identified by matching to entries in the S. subterranea database were 

included in further analysis. 

6.3.8 Gene ontology enrichment analysis 

The identified transcripts were subject to BLAST analysis against the UniProt 

(www.uniprot.org (accessed on 25 April 2021)) and NCBI (non-redundant protein and non-

redundant transcript) databases with an e-value cut-off of 10-5. For the differentially expressed 

transcripts and proteins, gene ontology enrichment and pathway analysis were derived from 

UniProt, DAVID and the Kyoto Encyclopedia of Genes and Genomes (KEGG) databases 

(www.genome.jp/kegg (accessed on 10 May 2021)). The PCA plot and heatmap were drawn 

using Perseus software (v. 1.6.14.0). The volcano plot was obtained from the VolcaNoseR app 

(Goedhart and Luijsterburg, 2020). 

 

6.4 Results and Discussion 

6.4.1 In planta transcriptome and proteome profiling of S. subterranea 

In this study, we have employed RNA-seq and label-free proteomics approaches to 

profile the transcriptome and proteome of S. subterranea inside potato roots of disease resistant 

(cv. Gladiator) and susceptible (cv. Iwa) cultivars. The experimental workflow for the RNA 

and protein preparation and omics data analysis is summarised in Figure 6.1. 

 

 

 

 

http://www.uniprot.org/
http://www.genome.jp/kegg
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f001/
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Figure 6.1. Workflow of analysis. Transcriptome and proteome of S. subterranea were 

analysed simultaneously by using different approaches. The mixed transcriptome obtained 

from S. subterranea-infected potato roots was sequenced by using Illumina mRNA-seq 

technology. The reads were aligned to the potato reference genome and unaligned reads were 

used to analyse the transcriptome of S. subterranea. For the proteome analysis, proteins were 

extracted from S. subterranea-infected potato roots, analysed using a label-free approach and 

searched in a combined host and pathogen database. Further analysis using multiple 

bioinformatics approaches identified the functional annotation of the differentially expressed 

genes and proteins. 

 

Applying these approaches for the in planta transcriptome and proteome analysis of S. 

subterranea enabled the identification of 7650 transcripts and 117 proteins, respectively (Table 

6.1). The lower number of identified proteins can be explained by the fact that the in 

planta protein analysis of pathogens is technically challenging as the pathogen proteins are 

embedded in and diluted by the plant proteome. There are published reports that analysed the in 

planta proteome of pathogens, but only a very limited number of pathogen proteins have been 

identified (Zhou et al., 2006; Bindschedler et al., 2009). 

 

Table 6.1. The number of identified and significantly changing (FDR < 0.05) transcripts and 

proteins from S. subterranea inside the resistant and susceptible hosts. 

 

 Identified Differentially expressed (Gladiator vs Iwa) 

RNA 7,650 1,377 

Protein 117 42 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/table/biology-10-00840-t001/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/table/biology-10-00840-t001/
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6.4.2 Transcriptome profile of S. subterranea inside the resistant and susceptible hosts 

To analyse the transcriptome of the obligate biotrophic pathogen S. subterranea in potato 

roots, a deep sequencing approach with an rRNA removal strategy was employed to overcome 

the RNA quantity difference between the host plant and pathogen. This method successfully 

enriched pathogen sequences allowing us to profile S. subterranea transcriptomes in 

planta with more than 4 million high-quality reads per sample using the Illumina HiSeq 

platform (Supplementary Table S2). The transcriptome results were validated by qPCR 

measurements of the selected DEGs with a correlation coefficient above 88% (Supplementary 

Figure S1), indicating the accuracy of our RNA-seq data. Of 7650 identified unigenes, 6458 

unigenes (~85%) matched the non-redundant (NR) protein and UniProt databases, suggesting 

that the de novo assembly approach was reliable. The complete list of identified and annotated 

transcripts is provided as Supplementary Table S3. The number of identified genes from S. 

subterranea in this study exceeded what has been reported in other in planta transcriptome 

analysis of plant pathogens (Yazawa et al., 2013; Rudd et al., 2015; Gétaz et al., 2020). 

According to the hierarchical clustering (sample-to-sample distances) of all six samples (Figure 

6.2A) and principal component analysis (PCA) (Figure 6.2B), our RNA-seq approach was 

sensitive enough to capture S. subterranea transcriptome differences between the biological 

replicates. 

 

Figure 6.2. Hierarchical clustering of the six samples used in RNA-seq study showing two 

distinct clades (A) and the principal component analysis of RNA-seq data (B). G; Gladiator, I; 

Iwa. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f002/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f002/
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6.4.3 Functional annotation of differently expressed genes 

A total of 1151 genes changed significantly in abundance (FDR < 0.05) in the 

transcriptome of S. subterranea (Gladiator vs. Iwa), including 837 upregulated and 314 

downregulated genes (Supplementary Figure S2). Our gene ontology (GO) analysis revealed 

five major sub-clusters (three up and two downregulated classes) among the DEGs. The Z-

scored expression levels of these DEGs were represented in the heatmap (Figure 6.3). The 

upregulated DEGs fell into three main clusters including transport (17 genes, 6 GO terms), 

actin (5 genes, 4 GO terms) and channel/transporter (18 genes, 11 GO terms) (Figure 6.3A). 

Upregulation of processes related to transportation and actin emphasized the role of ion 

exchange and structural rearrangement of the actin cytoskeleton in the pathogen during 

communication with host (Galhano et al., 2017; Gao et al., 2020). A transporter is a type of 

transmembrane protein that is involved in the movement of essential nutrients using the energy 

from ATP hydrolysis and can be divided into importers and exporters (Beis, 2015). Transporter 

activity has been associated with spore germination and pathogenicity of Schizosaccharomyces 

pombe (Plante and Labbé, 2019), Botrytis cinerea (Doehlemann et al., 2005), Colletotrichum 

gloeosporioides (Chagué et al., 2009) and Fusarium graminearum (Seong et al., 2008).  

The downregulated DEGs formed two main clusters: DNA/RNA metabolism (26 genes, 

9 GO terms) and enzyme activity (16 genes, 9 GO terms) (Figure 6.3B). One of the major 

significantly over-represented groups in these DEGs encoded for proteins involved in DNA 

and RNA metabolism (Figure 6.3B). The transfer RNA (tRNA) metabolic process is one of 

GO term associated with the downregulated DEGs (Figure 6.3B). The tRNA pathway is an 

alternative route for cytokinin biosynthesis in many organisms (Miyawaki et al., 2006). Plant 

pathogens have developed several strategies to prevail over their hosts including the production 

of phytohormones such as cytokinin which interfere with host immune responses (Hluska et 

al., 2021). The tRNA-mediated cytokinin production by the rice blast fungus Magnaporthe 

oryzae reduces the defence responses from the host and alters the amino acid and sugar 

distribution to the favour of pathogen (Chanclud et al., 2016). The hemibiotroph 

Colletotrichum graminicola altered cytokinin responses in maize leaves, either through fungal 

production of cytokinin or using an indirect route (Behr et al., 2012). Cytokinin production 

contributes to pathogen virulence of the plant pathogen Claviceps purpurea by the induction 

of susceptibility (Hinsch et al., 2016). The role of cytokinin in clubroot disease (caused by 

Plasmodiophorid, P. brassicae) have also been investigated in several studies (Dekhuijzen and 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f003/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f003/
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Overeem, 1971; Siemens et al., 2006; Malinowski et al., 2016; Malinowski et al., 2019; Zhu et 

al., 2022). Therefore, the resistant cultivar can limit the access of S. subterranea to the plant 

amino acid and sugar sources by downregulation of the tRNA metabolic process. Hence, our 

results could lay a foundation for further investigations into the influences of nucleic acid 

metabolism in potato susceptibility to powdery scab. 

Several enzymes including members of the hydrolase, kinase, transferase, ligase, and 

helicase families were downregulated in the S. subterranea transcriptome in the resistant 

cultivar (Figure 6.3B). Hydrolase (EC3) is a class of enzymes that catalyse the cleavage of a 

covalent bond using water and are known to participate in the germination of spores in fungal 

and bacterial pathogens by facilitating the reconstruction of the cell wall (Keep et al., 2006; 

Wrońska et al., 2018). These enzymes were shown to be involved in the pathogen invasion and 

pathogenicity of Colletotrichum lagenarium (Takano et al., 1995) and Cladosporium fulvum 

(Ökmen et al., 2019). Thus, the downregulation of hydrolase enzymes in the transcriptome of 

S. subterranea inside the resistant cultivar might be related to their role in S. subterranea 

pathogenicity (Talukdar and Sarker, 2020). The protein kinases (EC2) that catalyse the 

modification of proteins by phosphorylation were another downregulated enzyme group 

(Figure 3B). The role of protein kinases in the resting spore germination have been confirmed 

in Verticillium dahlia (Tzima et al., 2010), Bacillus subtilis (Nguyen et al., 2016), 

Schizosaccharomyces pombe (Hatanaka and Shimoda, 2001) and many other pathogens 

(Rekadwad, 2018). Consistent with the above results, our RNA-seq analysis confirmed the 

downregulation of several enzyme families in the transcriptome of S. subterranea inside the 

resistant cultivar compared to the susceptible one. Although not enough is known about 

the Spongospora-potato interaction during the root infection, our RNA-seq data suggest that 

suppression of enzyme activity, as well as nucleic acid metabolism, can contribute to resistance 

against S. subterranea. 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f003/
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Figure 3.6. Heatmap (based on Z-scores of the normalized expression of transcripts) of 

differently expressed genes from S. subterranea (Gladiator vs. Iwa). The upregulated (A) and 

downregulated (B) genes and their related GO terms. G; Gladiator, I; Iwa 
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6.4.4 In planta protein analysis of S. subterranea 

A label-free proteomics approach was used to profile the proteome of S. subterranea in 

the infected roots of potato cultivars. A total of 117 proteins from S. subterranea were 

identified in which 42 proteins were differentially expressed between Gladiator and Iwa 

(Figure 6.4A). A complete list of all identified and DEPs (Gladiator vs. Iwa) is provided 

as Supplementary Table S4. The GO analysis (biological process and molecular function) of 

the total identified and DEPs is shown in Figure 6.4B. This analysis revealed that DEPs were 

mainly concentrated on the catabolic and metabolic processes, binding, nitrogen compound 

metabolic process, and biosynthetic process. The proteins related to the metabolic and catabolic 

processes are very abundant soluble proteins and are generally well represented in several 

pathogens such as Phytophthora capsici (Pang et al., 2017), Colletotrichum acutatum (Brown 

et al., 2008) and Botrytis cinerea (Fernández‐Acero et al., 2010). Similar to the RNA-seq 

results, the existence of few molecular functions related to “transporter activity” such as ion 

transmembrane transporter activity, inorganic transmembrane transporter activity, active 

transmembrane transporter activity and proton-transporting ATP synthase activity was 

confirmed in the proteomics study (Figure 6.4B). Plants have developed a high capacity to 

recognise pathogens through various strategies and pathogens manipulate the defence response 

through secretion of virulence effectors (Dodds and Rathjen, 2010; Tabassum and Blilou, 

2022). Successful pathogens can suppress the plant responses and thereby cause disease. 

However, plants are able to recognise the pathogen effectors proteins through an accessory 

protein or by direct physical association (Duplessis et al., 2021). We identified 34 upregulated 

and eight downregulated proteins in the resistant cultivar compared to the susceptible cultivar 

(Figure 6.4A). The activation of several metabolic and catabolic processes as well as 

transporter activity was also confirmed among the DEPs (Figure 6.4B). Unfortunately, 20 

proteins out of 42 DEPs were not annotated in databases and presented as “uncharacterized 

protein” (Supplementary Table S4). The genome annotation is not complete in 

plasmodiophorids and many of the proteins associated with spore germination and disease 

development have yet to be characterized in S. subterranea.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f004/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f004/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f004/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f004/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
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Figure 6.4. Comparison of differently abundant proteins (FDR < 0.05) in resistant and 

susceptible potato cultivars. Proteins from S. subterranea are bolded (black; no significant, red; 

upregulated and blue downregulated) (A). The GO term for the S. subterranea DEPs (B). BP; 

biological process, MF; molecular function, G; Gladiator, I; Iwa. 

 

Comparison of the in planta transcriptome and proteome of S. subterranea identified 17 

proteins in common between both datasets (Supplementary Table S5). We then plotted the log-

transformed fold changes of proteins that were presented in RNA-seq and proteomics data 

(Figure 6.5). A high degree of concordance in changes in protein abundance between the two 

datasets was observed, with only four proteins having opposing changes in abundance between 

the RNA-seq and proteomics data (red dots in Figure 6.5). The MS/MS raw data were also 

searched against the proteome dataset generated from our RNA-seq data based on six-frame 

translation. A total of 44 proteins were found in this search (Supplementary Table S6) which 

were categorized into three groups according to functional annotation and pathway analysis 

(Table 6.2). The presence of GO terms related to peptide metabolism and translation showed 

that these processes are vital for the successful disease invasion of S. subterranea inside the 

host. The dependence of spore germination on transcription and translation has been 

demonstrated in many pathogens (Osherov and May, 2000; Sinai et al., 2015; Zhou et al., 2019). 

This finding aligned with the observed upregulation of transcription and protein synthesis in 

our previous in vitro analysis of transcriptome and proteome of S. subterranea during the 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f005/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/#app1-biology-10-00840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/table/biology-10-00840-t002/
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germination of resting spores (Balotf et al., 2021a; Balotf et al., 2021c). Therefore, transcription 

and translation may be induced upon the activation of resting spores both in planta and in vitro. 

 

 

 

 

 

 

 

 

 

 

Figure 6.5. Distribution of proteins common between transcriptomics and proteomics 

experiments. 

 

Table 6.2. GO term for the proteins from S. subterranea identified in the database created from 

translated transcripts from RNA-seq analysis. 

 

Categories GO terms adj P-value 

Biological process 

Peptide metabolic process 0.0032 

Organonitrogen compound metabolic 

process 

0.0032 

Cellular amide metabolic process 0.0032 

Translation 0.014 

Peptide biosynthetic process 0.014 

Amide biosynthetic process 0.014 

Molecular function 
Structural constituent of ribosome 0.00004 

Structural molecule activity 0.00009 

Pathway Ribosome 0.00048 
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6.4.5 Co-expression of in planta and in vitro analysis of S. subterranea transcriptome 

and proteome 

The in planta transcriptomes and proteomes of S. subterranea obtained in this study were 

compared to our previous in vitro transcriptome (Balotf et al., 2021a) and proteomic (Balotf et 

al., 2021c) studies of S. subterranea. The number of identified genes was significantly higher 

in the in planta analysis of S. subterranea transcriptome (Figure 6.6A, left). In contrast, the 

number of identified proteins in the in vitro analysis of S. subterranea proteome was higher 

compared to in planta (Figure 6.6A, right). The pathway analysis of identified proteins 

common between or independent in the in vitro and in planta analysis of S. 

subterranea transcriptome is presented in Figure 6.6B. The main pathways identified during 

this research include nucleotide excision repair, pyrimidine metabolism, transcription, 

translation, transport, protein degradation, pyrimidine biosynthesis and purine metabolism. The 

mRNA surveillance pathway, proteasome, fatty acid degradation, spliceosome and basal 

transcription factors were the prominent pathways in the common proteins between the in vitro 

and in planta transcriptome of S. subterranea. These pathways are related to transcription, 

translation and amino acid degradation processes (Osherov and May, 2000; Zhou et al., 2019). 

The purine metabolism and ubiquitin-mediated proteolysis were produced in vitro only, and 

these pathways were not recovered in planta (Figure 6.6B). On the other hand, some pathways 

such as RNA transport, inositol phosphate metabolism and phosphatidylinositol signalling 

system were only recovered in planta (Holtappels et al., 2018). In total, the co-expression of in 

planta and in vitro transcriptome analysis of S. subterranea revealed that the spore activation 

in both in planta and in vitro needed the activity of the mRNA synthetase, DNA repair, 

translation and carbohydrate metabolism (Djouiai et al., 2018; Zhang et al., 2020d; Mosquera 

et al., 2021) 

 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f006/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8471823/figure/biology-10-00840-f006/
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Figure 6.6. Venn diagrams depicting the overlap of identified proteins common between or 

independent in the in vitro and in planta analysis of S. subterranea transcriptome and proteome 

(A). Pathway analysis of identified proteins common between or independent in the in vitro 

and in planta analysis of S. subterranea transcriptome (B). 

 

6.5 Conclusions 

In conclusion, our in planta analysis of the S. subterranea transcriptome and proteome 

revealed broad-scale differences between susceptible and resistant potato cultivars. The 

upregulation of transporters/channels and actin metabolism in the resistant cultivar was 

discovered in this study. Downregulation of the enzyme activity and nucleic acid metabolism 

in S. subterranea transcriptome in the resistant cultivar is one of the most important findings 

of the present study. The suppression of these processes in S. subterranea within roots of the 

resistant cultivar provides new insight into Spongospora-potato interaction and may lead to the 

development of novel approaches for the resistance against powdery scab disease in potato 

breeding programs. The proteome data reported in this study provides the first in 

planta analysis of S. subterranea inside the potato roots and validates our transcriptome results. 

However, many of the identified proteins in the proteome analysis were not annotated 

according to publicly available databases. The value of this protein analysis will be understood 

when the genome annotation is completed in plasmodiophorids. In total, our study contributed 

to our understanding of the interaction between the obligate biotrophic pathogens and their host 

plants and increased the availability of “omics” data in such a complex interaction. 
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6.6 Data availability statement 

The original contributions presented in the study can be found here: the transcriptome 

data is deposited in the NCBI BioSample Submissions (SRA) repository, accession number 

PRJNA747755. The proteomics data have been deposited to the ProteomeXchange Consortium 

via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier 

PXD027266. The following supplementary materials for this article can be found online at:  

https://www.mdpi.com/article/10.3390/biology10090840/s1  

- Figure S1: Correlation between RNA-seq and qPCR 

- Figure S2: Comparison of differently abundant transcripts from S. subterranea in 

resistant and susceptible potato cultivars 

- Table S1: List of primers used in this study 

- Table S2: RNA-seq information 

- Table S3: List of identified, annotated and differentially expressed transcripts 

- Table S4: List of identified and differentially expressed proteins 

- Table S5: List of common proteins in both RNA-seq and proteomics 

- Table S6: List of identified proteins in our transcriptome 
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 Multi-omics reveals mechanisms of resistance to potato 

root infection by Spongospora subterranea 

This chapter has been published, as Balotf, S., Wilson, R., Nichols, D.S., Tegg, R.S., and 

Wilson, C.R. (2022). Multi-omics reveals mechanisms of resistance to potato root infection by 

Spongospora subterranea. Scientific Reports 12.  

DOI: 10.1038/s41598-022-14606-y 

 

7.1 Abstract 

The pathogen Spongospora subterranea infects potato roots and developing tubers 

resulting in tuber yield and quality losses. Currently, there are no fully effective treatments for 

disease control. Host resistance is an important tool in disease management and understanding 

the molecular mechanisms of defence responses in roots of potato plants is required for the 

breeding of novel resistant cultivars. Here, we integrated transcriptomic and proteomic datasets 

to uncover these mechanisms underlying S. subterranea resistance in potato roots. This multi-

omics approach identified upregulation of glutathione metabolism at the levels of RNA and 

protein in the resistant cultivar but not in the susceptible cultivar. Upregulation of the lignin 

metabolic process, which is an important component of plant defence, was also specific to the 

resistant cultivar at the transcriptome level. In addition, the inositol phosphate pathway was 

upregulated in the susceptible cultivar but downregulated in the resistant cultivar in response 

to S. subterranea infection. We provide large-scale multi-omics data of Spongospora-potato 

interaction and suggest an important role of glutathione metabolism in disease resistance.  

 

Keywords: plant-pathogen interaction; potato; powdery scab; proteomics; Spongospora 

subterranea; transcriptomics 

 

7.2 Introduction 

Potato (Solanum tuberosum) is the world’s third most important food crop for human 

consumption (Wang et al., 2021a). Root and tuber infection by soilborne pathogens is a 

constant threat to potato production, resulting in considerable yield and quality losses (Taylor 
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et al., 2008; Kamoun et al., 2015). The infection of plants by pathogens results in induced 

responses measurable at the transcriptomic, proteomic and metabolomic levels (Wang et al., 

2021b). During infection, pathogens attempt to change the host environment in their favour to 

facilitate colonisation and propagation. Plants, however, have developed several defence 

mechanisms to resist pathogen invasion (Dodds and Rathjen, 2010; Gorshkov and Tsers, 2022). 

Using specific cell surface receptors, plants recognise microbe-associated molecular patterns 

(MAMPs) which induce a cascade of defence responses to quell microbial attack. In response, 

pathogens can suppress the plant MAMP-triggered immunity by delivering effector proteins 

into the plant cell. Plants may in turn possess resistance (R) genes that recognise effectors and 

induce a secondary defence cascade (effector-triggered immunity). Plant defence responses 

will include the accumulation of reactive oxygen species (ROS), pathogenesis-related proteins, 

plant hormones and defensive secondary metabolites (Postel and Kemmerling, 2009). For 

example, in the interaction between barley and the biotrophic pathogen Blumeria graminis 

(powdery mildew), the production of ROS is one of the earliest responses by the host plant 

(Hückelhoven and Kogel, 2003). The induction of ubiquitous glutathione S-transferases (GSTs) 

in plants have been reported in fungal, bacterial and viral infections (Barna et al., 2012). GSTs 

are multifunctional enzymes associated with plant biotic stress, the upregulation of GSTs in 

response to pathogen infection can be related to their detoxification and antioxidant activity 

and the silencing or overexpression of some GST genes can modify pathogen multiplication 

rates and disease symptoms. However, very little is known about the exact metabolic functions 

of disease-induced GST enzymes (Gullner et al., 2018). Lignification and cell wall thickness 

are further barriers to prevent penetration of pathogens and restrict the growth of pathogens 

(Bacete et al., 2018; Molina et al., 2021).  

Spongospora subterranea is an economically important soilborne pathogen of potato 

world-wide (Wilson, 2016). Tuber surface lesions and root galling are typical visual symptoms 

of potato infection by S. subterranea (Falloon et al., 2016). The thick-walled dormant spores 

of the pathogen form within both root galls and tuber lesions (Tsror et al., 2021). Currently, 

there are no fully effective treatments for the control of S. subterranea disease (Balendres et 

al., 2016a). One of the most promising approaches to combat S. subterranea infection is 

through breeding resistant potato cultivars. However, the interaction between a soilborne 

biotrophic pathogen such as S. subterranea and its host plant is poorly understood. Previous 

genetic analysis of clubroot resistance genes suggested they are polygenic (Piao et al., 2009). 
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QTL analysis based on RAPD markers in Brassica oleracea suggested the existence of at least 

two genetic mechanisms implicated in the resistance against P. brassicae (Grandclément and 

Thomas, 1996). In another QTL study in Brassica rapa, two dominant major clubroot 

resistance genes were identified (Fredua-Agyeman et al., 2020). The challenges associated with 

introducing polygenic resistance into elite lines are one reason for the limited introduction of 

QTLs into new club root and powdery scab-resistant cultivars. Therefore, understanding the 

inducible defense responses in roots of potato plants and identifying genes and loci conferring 

partial resistance to S. subterranea infection may be of interest, as breeders could use these 

more readily. 

Understanding the dynamic regulatory network of plant-pathogen interaction is a major 

challenge for developing a new disease management strategy as well as the improvement of 

yield and quality of crops. Plant response to biotic stress is a multi-dimensional and complex 

process. To reveal the regulatory mechanism of plant-pathogen interaction, multiple omics 

(multi-omics) approaches are required (Wang et al., 2021b). In this study we examined the 

response of disease resistant and susceptible potato cultivars to S. subterranea infection using 

a combination of transcriptomics and proteomics that shed light on the cellular processes 

involved in disease resistance, including alterations to glutathione metabolism and cell wall 

structure. 

 

7.3 Materials and Methods 

7.3.1 Plant materials and pathogen infection 

We acknowledge the use of plant materials in this manuscript complies with all relevant 

institutional, national, and international guidelines and legislation. Potato cultivars ‘Gladiator’ 

and ‘Iwa’ used in this study were kindly supplied by NZ Plant and Food Research (variety 

owners). Cultivar ‘Iwa’ is known as highly susceptible to both tuber and root disease, while 

cultivar ‘Gladiator’ has a strong resistance to both root and tuber infection by S. subterranea 

(Falloon et al., 2003). The plants were maintained in tissue culture at 22 °C under a 16 h light/8 

h dark photoperiod for three weeks in a basic Murashige & Skoog (MS) medium with 500 

mg/L of casein hydrolysate, 30 g/L sucrose and 40 mg/L of ascorbic acid was used as the 

growth medium. Dried S. subterranea inoculum was obtained from powdery scab-infected 

tubers as previously described (Balotf et al., 2020). To stimulate germination of the resting 
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spores, two milligrams of dried S. subterranea resting spores (approximately 20000 sporosori 

per mg) were suspended in 2 mL of Hoagland solution (Balendres et al., 2018a) and incubated 

at 25 °C for 72 hours. Ten tissue cultured plantlets of each cultivar of similar size (~ 8 cm) 

were inoculated by suspending their roots into the inoculum suspension for one hour. A similar 

number of uninoculated plants of each cultivar were suspended in sterile water only for one 

hour. The seedlings were then transplanted into 2L plastic pots filled with sterilised potting 

mix (sand, loam, composted pine bark). The plants were maintained under controlled 

conditions in the greenhouse (25 ± 3 °C, 16 h photoperiod, 80 ± 5% humidity). Two weeks 

after planting, an additional 20 mL of fresh inoculum suspension was added to each pot, to 

ensure ongoing disease pressure. After 42 days in the greenhouse, plants were harvested and 

the roots of the infected and control plants were collected, washed thoroughly under running 

water, frozen in liquid nitrogen and stored at -80 °C for RNA-seq (n=3) and proteomics (n=4) 

experiments.  

7.3.2 RNA extraction, sequencing and transcriptome assembly 

Total RNA was extracted from 50 mg of frozen roots from three biological replicate 

plants per condition using the RNeasy plus mini kit (Qiagen, Hilden, Germany). Contaminant 

genomic DNA was removed from the samples using the gDNA Eliminator spin columns from 

the RNeasy plus mini kit. The quantity and quality of total RNA were checked by a Qubit 

fluorometer (Invitrogen, Waltham, MA, USA) and an Agilent 2100 Bioanalyser system 

(Agilent, Palo Alto, Santa Clara, CA, USA), respectively. Total RNA was then used to 

construct mRNA-seq libraries using TruSeq Stranded Total RNA Library Prep Kit with 

RiboZero (Illumina, San Diego, CA, USA) and sequenced at the Australian Genome Research 

Facility (AGRF, Melbourne, Victoria, Australia) to generate > 50 million (paired-end) 100-

nucleotide NovaSeq6000 Illumina reads per sample. After quality checks using FastQC 

(available on the Galaxy Australia platform; https://usegalaxy.org.au/), the adapter 

contaminations were trimmed from the reads by Trimmomatic (Bolger et al., 2014). The high-

quality trimmed RNA-seq reads were then mapped to the potato genome 

(http://spuddb.uga.edu) using HISAT2 (Kim et al., 2015) with default parameters. The 

uniquely mapped reads were determined using a count matrix of mapped fragments per 

reference-sequence annotated gene, generated by FeatureCounts (Liao et al., 2014). To identify 

the differentially expressed genes (DEGs), we used DESeq2 (Love et al., 2014) with a False 

Discovery Rate (FDR)-adjusted P-value cut-off set to 0.05.   

https://usegalaxy.org.au/
http://spuddb.uga.edu/
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7.3.3 Protein extraction 

The frozen roots (50 mg per sample) were homogenised in 150 µL of extraction buffer 

(7 M urea and 2 M thiourea, 100 mM NaCl, protease inhibitor cocktail (cOmplete Mini EDTA-

free; Roche Diagnostics, NSW, Australia), 1 % dithiothreitol (DTT), and 40 mM Tris, pH 8.0) 

using a Fast Prep-24 bead beater (Mp Biomedicals, Seven Hills, NSW, Australia) for 60 s. 

Extracts were then centrifuged at 16,000 g in the cold room (4 °C) for 10 min. The collected 

supernatant was added to six volumes of absolute acetone chilled to −20 °C and kept at −20 °C 

overnight. To concentrate precipitated protein, samples were centrifuged at 10,000 g for 8 min. 

The protein pellet obtained was washed using cold acetone and left to air dry to remove any 

acetone residue. The pellet was then resuspended in denaturing buffer (7 M urea and 2 M 

thiourea, protease inhibitor and 40 mM Tris, pH 8.0). Protein concentrations were calculated 

using a Qubit fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). Proteins were 

reduced overnight at 4 °C by adding DTT in a final concentration of 10 mM. For the alkylation, 

50 mM iodoacetamide was added to the samples and incubated for 2 h at room temperature in 

dark. Proteins (30 µg per sample) were then digested according to the standard SP3 method 

(Hughes et al., 2019) using trypsin/LysC (Promega, Madison, WI, USA). Peptides were dried 

down in the SpeedVac concentrator after desalted using ZipTips (Merck, Darmstadt, Germany). 

7.3.4 LC-MS/MS analysis and label-free quantification 

The dried peptides were reconstituted in 12 µL of HPLC loading buffer (2% acetonitrile 

and 0.05% TFA in water). Peptides (~1 µg per sample) were analysed by nanoLC-MS/MS 

using a Q-Exactive HF and Ultimate 3000 nanoHPLC system (ThermoFisher Scientific, 

Waltham, MA, USA). Tryptic peptides were loaded onto a 20 mm PepMap 100 C18 trapping 

column (3 mm C18) at 5 µL min−1. Peptides were separated at 300 nl min−1 on a 250 mm 

PepMap 100 C18 analytical column at 45 °C using a two-hour segmented gradient from mobile 

phase A (0.1% formic acid in water) to mobile phase B (0.08% formic acid in acetonitrile/water 

(80:20)). The separation phase comprised sequential increase in % mobile phase B from 2% to 

10% over 7 mins, 10% to 25% over 68 mins, 25% to 45% over 21 mins followed by column 

washing in 95% B and re-equilibration in 2% B. The mass spectrometer was controlled by 

Xcalibur 4.3 in a data-independent acquisition (DIA) mode. MS1 spectra were acquired in 

profile mode at 120,000 resolution (scan range 390-1240 m/z) while MS2 spectra of 26 x 25 

amu sequential windows (scan range 402.5-1027.5 m/z, 1 amu overlap) were collected in 

centroid mode at 30,000 resolution. RAW files were processed using Spectronaut software (v 
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14.7) whereby the DIA-MS spectra were used to generate a spectral library using the Pulsar 

search engine and the FASTA file of 53,106 entries comprising the UniProt proteome for 

Solanum tuberosum. Further details of Xcalibur and Spectronaut software parameter setting 

are described in Balotf et al. (2021b). Proteins identified on the basis of a single matching 

peptide were excluded. Downstream data analysis for the proteomics data was performed using 

Perseus version 1.6.14.0 (Tyanova et al., 2016). Data were first log2-transformed, and proteins 

with fewer than four valid values in any of the four treatment groups were removed from the 

dataset. Remaining missing values were imputed according to Perseus default settings. 

7.3.5 Bioinformatic analysis 

Association networks were constructed using ShinyGO (Ge et al., 2020) and String 

databases (https://string-db.org/). We used the MapMan tool (Thimm et al., 2004) to display 

our large datasets (RNA-seq and proteomics) onto diagrams of the metabolic pathways. 

MapMan version 3.5.1 was loaded with S. tuberosum database downloaded from the 

MapManStore server (http://mapman.gabipd.org/web/guest/mapmanstore). Our listing IDs for 

both protein and RNA data were loaded into MapMan after log2-transformed conversion along 

with fold change (FC) values. A colour scheme with a scale level that allowed an easy 

visualization of upregulated (red) or downregulated (blue) proteins or genes was used for all 

MapMan diagrams. Mercator4 (https://plabipd.de/portal/mercator4), DAVID bioinformatics 

resources (Huang et al., 2009) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

(Kanehisa et al., 2017) were used to identify representative functional networks and metabolic 

pathways for the proteomics and RNA-seq data. Heatmaps were drawn using Perseus software, 

Principal component analysis (PCA) plots were obtained from MetaboAnalyst 

(https://www.metaboanalyst.ca) and the volcano plot was obtained from the VolcaNoseR app 

(Goedhart and Luijsterburg, 2020).  

 

7.4 Results  

7.4.1 Root infection by S. subterranea induced general defence responses in both 

resistant and susceptible cultivars in transcriptome level 

In this study, we used multiple omics approaches to characterize the response to 

persistent stress caused by S. subterranea infection in resistant (Gladiator) and susceptible (Iwa) 

https://string-db.org/
http://mapman.gabipd.org/web/guest/mapmanstore
https://plabipd.de/portal/mercator4
https://www.metaboanalyst.ca/
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potato cultivars. Therefore, a tissue sampling timepoint at which both cultivars showed 

symptoms of S. subterranea infection (Figure S1) was chosen (42 days post-inoculation). Deep 

RNA sequencing was first used to detect contrasting gene expression patterns between the 

resistant and susceptible potato cultivars infected by S. subterranea. This RNA-seq approach 

resulted in over 47 million mapped reads (to potato genome) (Figure S2). According to PCA, 

the cultivar differences accounted for the largest observed variance in transcriptomes of potato 

roots (PC1> 60%) (Figure 7.1a). Within the cultivars, the difference between infected and 

control (uninfected) samples was more marked for the Iwa transcriptome compared with the 

Gladiator transcriptome. This suggested that the extent of the transcriptional adjustment to S. 

subterranea infection is greater in Iwa than in Gladiator. We found 2616 genes in Gladiator 

(FDR < 5%) and 3887 genes in Iwa (FDR < 5%) that were differentially expressed in response 

to S. subterranea infection (Figure S3). The log2 transformed fold-differences for the 

differentially expressed genes (DEGs) in both cultivars were displayed using in a two-way plot 

(Figure 7.1b). The highlighted area shows that a total of 400 genes were significantly 

upregulated in both Gladiator and Iwa. Functional enrichment analysis of these genes identified 

a number of significant processes including defence response, detoxification, response to biotic 

stimulus, response to stress and antioxidant activity (Figure 7.1c). These data showed that S. 

subterranea infection induced defence responses in both resistant and susceptible cultivars. 

The individual expression of the DEGs that were upregulated in both cultivars and were 

involved in the plant defence response (n=42) and antioxidant activity (n=13) is presented in a 

heatmap (Figure 7.1d). In both clusters, the Z-scored expression values for these genes revealed 

that the cultivar Gladiator showed stronger responses to the S. subterranea infection than Iwa. 

Moreover, we found 73 genes that were upregulated in the resistant cultivar but downregulated 

in the susceptible cultivar (Table S1). Functional enrichment analysis for these genes (Table 

S2) identified several categories related to phenolic polymers and lignin among the most 

significant functional terms (summarised in Table 1). These included “lignin metabolic 

process”, “lignin biosynthetic process”, “cinnamyl-alcohol dehydrogenase activity” and 

“phenylpropanoid metabolic process”. The phenolics polymers and lignin are known to be 

involved in various disease resistance mechanisms in plants (Buendgen et al., 1990; Bonello 

and Blodgett, 2003; Dicko et al., 2005). Lignin is one of the most abundant ubiquitous 

biopolymers and it has been shown that the intermediate phenylpropanoid compounds and 

metabolites produced during the lignin biosynthesis process are involved in plant defence 

(Bonawitz and Chapple, 2010).    



 

 

99 

 

Table 7.1. Enrichment analysis for the genes that upregulated in Gladiator but downregulated 

in Iwa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Functional Category Gene count FDR 

ADP binding 9 
0.000083 

Lignin metabolic process 4 
0.00042 

Small molecule binding 21 
0.00042 

Cinnamyl-alcohol dehydrogenase activity 3 
0.00042 

Nucleotide binding 19 0.00043 

Terpene synthase activity 4 0.00099 

Carbon-oxygen lyase activity  4 
0.0012 

Anion binding 19 
0.0012 

Lignin biosynthetic process 3 
0.0014 

Phenylpropanoid metabolic process 4 
0.0032 

Adenyl nucleotide binding 15 0.0032 

Ribonucleotide binding  16 0.0032 

Adenyl ribonucleotide binding  15 0.0032 

Carbohydrate derivative binding  16 0.0032 

Phenylpropanoid biosynthetic process  3 0.0059 

Secondary metabolic process  4 0.0061 

Secondary metabolite biosynthetic process  3 0.0068 

Magnesium ion binding  4 0.0067 

Purine nucleotide binding  15 0.0067 

Carbon-oxygen lyase activity  4 0.0095 

Defense response  7 0.0222 

UDP-glycosyltransferase activity  5 0.0258 

Peptidyl-tyrosine phosphorylation  2 0.0265 

Transferase activity, transferring glycosyl groups  6 0.0391 
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Figure 7.1. Transcriptional responses of potato to S. subterranea infection. (a) Principal 

component analysis (PCA) differentiates the transcriptomes of control and treated samples 

from Gladiator (resistant cultivar) and Iwa (susceptible cultivar). (b) Distribution of 

differentially expressed genes (DEGs) common between Gladiator and Iwa. The highlighted 

area shows that a total of 400 genes were significantly upregulated in both Gladiator and Iwa. 

The changes in genes were presented as log-transformed fold changes. (c) A hierarchical 

clustering tree summarising the correlation among significant pathways of the upregulated 

DEGs common between Gladiator and Iwa. Pathways with several shared genes are clustered 

together. Bigger dots (blue dots) indicate more significant P-values. (d) The Z-scored 

(normalized) expression of defence response and antioxidant activity genes. GI: Gladiator 

infected; GC: Gladiator control; II: Iwa infected; IC: Iwa control.  
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7.4.2 Resistant and susceptible cultivars exhibited significant differences in GST genes 

expression 

To further investigate the response to S. subterranea infection and identify cellular 

processes that may play role in pathogen resistance, we used bioinformatics (ShinyGO) to 

classify genes that were specifically upregulated in Gladiator (n=848) and those that were 

specifically upregulated in Iwa (n=1723) (Table S1). Among the networks of associated 

significant functional terms in Gladiator (Figure 7.2a) or in Iwa (Figure 7.2b), two functional 

clusters were associated with glutathione metabolism (e.g., glutathione metabolic process and 

glutathione transferase activity). Glutathione S-transferases are ubiquitous enzymes that 

usually participate in detoxification reactions (Dixon et al., 2011). The genome-wide analysis 

of the GST gene family demonstrated the presence of at least 90 GST genes in potato (Islam et 

al., 2018). In the upregulated DEGs in Iwa, several clusters were associated with transport 

activity but there was no cluster related to glutathione metabolism (Figure 7.2b). We then 

expanded our analyses to test the expression of all GST genes (n=32) that differentially 

expressed between infected and uninfected plants. The normalized expression of these genes 

is presented in a heatmap (Figure 7.2c). This analysis revealed that most of the GST genes were 

upregulated in Gladiator but did not change or were downregulated in Iwa after S. subterranea 

infection. These results suggested that glutathione may play role in resistance against S. 

subterranea root infection (Gullner et al., 2017).  
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Figure 7.2. Association networks analysis of the enriched pathway of upregulated DEGs in (a) 

Gladiator and (b) Iwa. Darker nodes (more intense in colour) are more significantly enriched 

gene sets and bigger nodes represent larger gene sets. Thicker edges represent more overlapped 

genes. The pathways related to “glutathione metabolism” are marked with the red asterisk. (c) 

The Z-scored (normalized) expression of GST genes in the infected and control potato plants. 

GI; Gladiator infected, GC; Gladiator control, II; Iwa infected; IC; Iwa control. 

 

In order to analyse the biotic stress responses after infection, the DEGs in Gladiator 

(Figure 7.3a) and Iwa (Figure 7.3b) were mapped to the MapMan biotic stress category. Our 

data revealed that the most changed processes were redox state, cell wall, secondary 
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metabolism, abiotic stress and Glutathione S-transferases (GSTs). Iwa showed a significant 

upregulation (n=8, FDR < 5%) in genes associated with abiotic stress while in Gladiator S. 

subterranea infection did not induce an abiotic stress response. Consistent with the ShinyGO 

analysis (above), several GST-encoding genes were upregulated in Gladiator, while GST-

encoding genes were mainly downregulated in Iwa (Figure 7.3). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3. MapMan analysis of changes in biotic stress-associated transcript expression in 

potato cultivars after 42 days in response to root infection by S. subterranea. The log2 fold 

change of DEGs in (a) Gladiator and (b) Iwa were mapped to the MapMan biotic stress. The 
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colour scale is shown in middle. A plant’s response to the pathogen attack includes a few steps: 

recognition of pathogen signal by the related receptors (R genes); induction of the transcription 

of the cascade of plant immune system including oxidative stress changes; the transition of 

signals to lead to the production of defense molecules including PR-proteins, secondary 

metabolites, and heat shock proteins. The big grey circle is an illustrated map of the nucleus, 

and the small grey circle indicates an annotated biological process. Square blocks represent 

genes, with up and downregulation marked by red and blue, respectively. Dark grey fields 

indicate that none of the expressed genes could be assigned to the respective class. ABA, 

abscisic acid; MAPK, mitogen-activated protein kinase; SA, salicylic acid; JA, jasmonic acid; 

HSPs, heat shock proteins. 

 

Inositol phosphate metabolism was one of the biological processes that showed different 

expression patterns in Gladiator and Iwa. Among the DEGs (FDR < 5%), the expression levels 

of genes involved in this metabolism were downregulated in Gladiator (Figure 7.4a) but were 

upregulated in Iwa (Figure 7.4b). However, the signalling role of the inositol phosphate 

metabolism in potato is unknown. It has been shown that transgenic Arabidopsis plants that 

express the human type I inositol polyphosphate 5-phosphatase were more susceptible to 

Pseudomonas syringae (Hung et al., 2014). This might explain upregulation of inositol 

phosphate in the susceptible cultivar after infection. 
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Figure 7.4. The expression levels of genes from inositol phosphate metabolism among DEGs 

in (a) Gladiator and (b) Iwa. Genes are represented by square blocks (expressed as log2 fold 

change), with up and downregulation are marked by red and blue, respectively. Grey circles 

indicate that none of the expressed genes could be assigned to the respective class. Ins1P, 

inositol-1-phosphate; Ins3P, inositol 3-phosphate; Ins4P, inositol-4-phosphate; Ins(1,4,5)P3, 

inositol 1,4,5-trisphosphate; Ins(4,5)P2, inositol 4,5-bisphosphate; Ins(1,4,5,6)P4, Inositol 

1,4,5,6-tetrakisphosphate; Ins(3,4)P2, inositol 3,4-bisphosphate; Ins(3,4,6)P3, inositol 3,4,6-

trisphosphate; Ins(3,4,5,6)P4, Inositol 3,4,5,6-tetrakissphosphate; Ins(1,3,4,5,6)P5, Inositol 

1,3,4,5,6-pentakisphosphate; Ins(1,3,4)P3, Inositol 1,3,4-trisphosphate; Ins(1,3,4,5)P4, 

Inositol 1,3,4,5-tetrakisphosphate; InsP6, Myo-inositol hexaphosphate; Ins(1,2,3,5,6)P5, 

Inositol 1,2,3,5,6-pentaphosphate; Ins(1,2,5,6)P4, Inositol-1,2,5,6-tetraphosphate; Ins(1,2,6)P3, 

Inositol 1,2,6-trisphosphate. 
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7.4.3 Proteomics changes in response to pathogen infection 

To augment the findings of our transcriptome analysis, we analysed potato roots after 

inoculation with S. subterranea, at the protein level using label-free quantitative proteomics of 

infected and uninfected plants. In total, 2934 proteins were quantified across both susceptible 

and resistant cultivars (Table S3). Hierarchical clustering of the identified proteins (total 

proteins) highlighted a group of proteins that increased in abundance in infected plants in both 

Gladiator and Iwa (Figure 7.5a). Functional analysis of these differentially abundant proteins 

(DAPs) showed that biosynthesis of secondary metabolites and carboxylic acid metabolic 

processes were the most significant enriched pathways (Figure 7.5b). The presence of proteins 

involved in plant defence and response to stress was also confirmed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. (a) The Z-scored (normalized) abundance of the complete set of identified proteins. 

GI; Gladiator infected, GC; Gladiator control, II; Iwa infected; IC; Iwa control. (b) A 

hierarchical clustering tree summarizing the correlation among significant pathways of the 

increased DAPs common between Gladiator and Iwa. Pathways with several shared genes are 

clustered together. Bigger dots (blue dots) indicate more significant P-values.  
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7.4.4 Major proteomic responses suggested alterations of glutathione metabolism-

related proteins in resistant cultivar 

We next used the increased DAPs that were found specifically in Gladiator or Iwa (Table 

S4) to identify cellular processes that might be involved in resistance against S. subterranea. 

The functional enrichment analysis confirmed the presence of three processes related to 

glutathione metabolism in Gladiator but not in Iwa (Figure 7.6 and S4). In Gladiator, “cellular 

modified amino acid metabolic process”, “glutathione metabolic process” and “glutathione 

transferase activity” were the most significant enriched processes (Figure 7.6a). However, in 

Iwa, the most significant enriched processes were related to “catabolic process”. In particular, 

five functional categories associated with proteasome were represented by the proteins in the 

increased DAPs in Iwa (Figure 7.6b). To show the protein abundance patterns for the complete 

set of GST enzymes we searched for GST proteins that differentially accumulated between 

infected and uninfected plants. The normalized abondance of 17 GST proteins, found among 

the DAPs is presented in a heatmap (Figure 7.6c). Except for one GST protein (M1B668), all 

GST proteins increased in abundance in Gladiator. In contrast, only a few GST proteins 

increased in abundance in Iwa, while other GSTs were decreased (or unchanged) in abundance 

after infection (Figure 7.6c).  
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Figure 7.6. Functional enrichment analysis of the upregulated DAPs in (a) Gladiator and (b) 

Iwa. The pathways related to “glutathione metabolism” are marked with the red asterisk. (c) 

The Z-scored (normalized) expression of GST proteins among DAPs in the infected and control 

potato plants. GI; Gladiator infected, GC; Gladiator control, II; Iwa infected; IC; Iwa control. 

 

 

7.4.5 Proteomics changes in response to pathogen infection 

To integrate proteome and transcriptome data, we focussed on the subset of entities that 

were significantly altered (FDR <5%) in at least one of the datasets. The relationship between 

protein and mRNA fold-changes for Gladiator (n= 2986) and Iwa (n= 4122) is shown in Figure 

7.7a and Figure 7.7b, respectively. This analysis identified 83 proteins and 53 proteins that 

were upregulated in both RNA-seq and proteome datasets in Gladiator and Iwa, respectively. 

Functional annotation of these proteins revealed that in Gladiator these proteins were mainly 
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involved in enzyme activity, lipid metabolism, redox homeostasis (glutathione-based redox 

regulation) and secondary metabolism (Figure 7.7c). In Iwa, several of the functional categories 

overlapped with those in Gladiator, such as protein homeostasis and lipid metabolism (Figure 

7.7d). Others functions however were cultivar specific including those related to redox 

homeostasis, providing further evidence for glutathione-based redox regulation in Gladiator. 

Figure 7.7. Distribution of the significant proteins common in RNA-seq and proteomics 

analysis in (a) Gladiator and (b) Iwa. The highlighted area shows that a total of 83 and 53 genes 

were significantly upregulated in both RNA and protein levels in Gladiator and Iwa, 

respectively. Functional annotation of the upregulated proteins in (c) Gladiator and (d) Iwa. 

   

The result of our multi-omics analysis highlighted a key role for glutathione metabolism, 

specifically within the resistant cultivar but not in the susceptible cultivar. We therefore used 

KEGG pathway analysis to map the genes and proteins significantly upregulated in Gladiator 

to the glutathione metabolism pathway (Figure 7.8). This analysis further highlighted the value 

of our multi-omics approach by revealing different stages of the glutathione metabolism 

pathway that were affected after infection by S. subterranea. In the RNA-seq data, glutamate-

cysteine ligase, glutathione S-transferase and ribonucleoside-diphosphate reductase were the 
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upregulated transcripts. The 5-oxoprolinase, glutamate-cysteine ligase, glutathione S-

transferase and 6-phosphogluconate dehydrogenase were the upregulated enzymes in our 

proteomics data. 

 

Figure 7.8. KEGG representation of the Glutathione metabolism (map00480). The upregulated 

genes and proteins in the resistant cultivar, Gladiator, were mapped to the KEGG glutathione 

metabolism. KEGG genes products found affected through RNA-seq (red) and proteome 

analysis (blue) are pinpointed in the figure. The brown squares are representing the 

genes/proteins that were upregulated in both RNA-seq and proteome analysis. Reprinted from 

www.genome.jp under a CC BY 4.0 open access license, with permission from Kanehisa 

Laboratories, original copyright 2022. 
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7.5 Discussion 

This study is the first to examine the molecular response of potato roots to the S. 

subterranea infection at multiple levels. It has been successful in illustrating one mechanism 

of resistance to disease in potato. It is worth noting that this study should be viewed with an 

understanding of the complexity of the interaction between a non-culturable obligate biotrophic 

pathogen and its host plant. Here, we provide new evidence that both glutathione and 

phenylpropanoid metabolism are associated with resistance to S. subterranea. In this section, 

we discuss the most interesting pathways that were differentially expressed between the 

resistance and susceptible potato cultivars in response to S. subterranea infection. 

We observed that the glutathione metabolism was upregulated in the transcriptome and 

proteome of the resistant cultivar in association to S. subterranea infection. To recognise the 

signals of pathogens, plants utilise a complicated surveillance system. Plants synthesize a 

diversity of secondary metabolites which play a role in plant defence against pathogens. These 

metabolites prominently function to protect plants against pathogens according to the toxic 

nature of pathogens (Zaynab et al., 2018). The timely recognition of the pathogen that enables 

the rapid deployment of efficient plant defence response is considered as resistance. The 

susceptibility, however, is a result of weak or late host defense reactions (Kushalappa and 

Gunnaiah, 2013). It has been shown that resistance is often associated with programmed cell 

death and the accumulation of ROS (Barna et al., 2012). Therefore, GSTs that possess 

glutathione peroxidase activities can be involved in the antioxidative defence against pathogens 

(Irani et al., 2018). Several studies reported that the increase in glutathione-related enzymes is 

correlated with resistance to different biotic stresses (Chronopoulou et al., 2014; Hasan et al., 

2020; Tiwari et al., 2020; Soviguidi et al., 2022). The decreases in cellular glutathione levels 

in the susceptible plants can be responsible for pathogen-elicited symptom development 

(Hernández et al., 2017). The resistance in tomato against Oidium neolycopersici (Pei et al., 

2011) and oilseed rape against Sclerotinia sclerotiorum (Zhao et al., 2009) were also associated 

with the upregulation of GSTs. Our proteomics analysis revealed that all identified GSTs were 

increased in abundance in the resistant cultivar, while we found few GSTs that were decreased 

in abundance in the susceptible cultivar after S. subterranea infection. Similar to our results, 

proteomic analysis of resistant and susceptible cultivars of oilseed rape showed that proteins 

involved in the antioxidative defence, including GSTs, only accumulated in the resistant 

cultivar after infection by Sclerotinia sclerotiorum (Garg et al., 2013). The overexpression of 
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a GST gene (OsGSTU5) in rice increased the resistance against a necrotrophic fungus, 

Rhizoctonia solani, whereas the knockdown line had greater lesion coverage, hyphal 

penetration and pathogen transcript level (Tiwari et al., 2020).   

In our transcriptome analysis, we found 73 genes that were upregulated in Gladiator but 

downregulated in Iwa. The enrichment analysis demonstrated that these genes were mostly 

involved in lignin biosynthesis. In the proteome analysis, the proteins related to the cell wall 

were differentially expressed in two cultivars after infection. For example, caffeic acid (5-

hydroxyconiferaldehyde) O-methyltransferase (COMT) which is one of the enzymes involved 

in the lignin biosynthesis pathway did not change in Gladiator but was decreased in abundance 

in Iwa after infection. Several studies have indicated that numerous genes associated with cell 

wall organization are involved in plant defence against pathogens (Vance et al., 1980; Dixon 

et al., 2002; Zhao and Dixon, 2014; Ma et al., 2018). Therefore, it is believed that the 

phenylpropanoid metabolic process and in particular lignin biosynthesis contribute to 

resistance against pathogens in plants (Zhao and Dixon, 2014). The establishment of 

mechanical barriers to pathogen invasion, restricting polysaccharide degradation by pathogen 

enzymes and limiting the diffusion of toxins and nutrients from the pathogen to the host is the 

proposed mechanism behind the resistance associated with the phenylpropanoid metabolic 

process (Yadav et al., 2020). Previous studies on clubroot disease have shown that P. brassicae 

can cause drastic changes in the cell wall composition of host roots (Jia et al., 2017; Lahlali et 

al., 2017; Ciaghi et al., 2019). Transcriptome analysis of clubroot-infected Brassica oleracea 

showed that several genes involved in cell wall synthesis were upregulated in symptomless 

roots indicating high tolerance against P. brassicae (Ciaghi et al., 2019). Therefore, cell wall 

reinforcement of the host root seems to be a part of plants' resistance/tolerance mechanisms 

against P. brassicae (Rolfe et al., 2016). Increased cell wall stability requires higher mechanical 

force for successful primary infection of uninfected roots and movement between host cells 

(Donald et al., 2008). Together with these results, our findings in transcriptome and proteome 

analysis of potato root infected by S. subterranea suggest that cell wall reinforcement of the 

potato roots is a considerable obstacle for S. subterranea.  

The upregulation of the inositol phosphate pathway in the susceptible cultivar was 

observed in the DEGs. The involvement of several lipids in the interaction between pathogens 

and their host plants has been previously confirmed (Walley et al., 2013). However, there is 

less information on the potential involvement of inositol phosphates in the plant-pathogen 
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interaction. Gonorazky et al. (2016) showed that silencing of the tomato phosphatidylinositol-

phospholipase C2 reduced the plant susceptibility to Botrytis cinerea, while expression of the 

human type I inositol polyphosphate 5-phosphatase increased susceptibility of Arabidopsis to 

Pseudomonas syringae (Hung et al., 2014). One of the earliest responses triggered by the 

recognition of MAMPs in plants is the activation of phosphoinositide-specific phospholipase. 

The phosphoinositide-silenced plants had reduced ROS-dependent responses such as cell wall 

re-organisation (e. g. callose deposition) in response to microbial infection (D’Ambrosio et al., 

2017). In the line with these studies, our results confirmed the upregulation of inositol 

phosphate in the susceptible cultivar; Iwa. Therefore, the upregulation of the inositol phosphate 

pathway might cause potato susceptibility to S. subterranea infection by reducing lignification 

processes and ROS-dependent responses. 

In Iwa, five functional categories associated with proteasome were represented by the 

proteins in the increased DAPs. The ubiquitin proteasome system (UPS) plays a central role in 

protein degradation processes in plants and has been identified as an important component of 

plant-pathogen interactions in several contexts (Sorel et al., 2018). Regardless of pathogen type, 

the UPS is involved in several steps of plant defence. However, the UPS is not only used by 

plants to protect themselves, it can also be used by some pathogens for their own purposes 

(Dielen et al., 2010). For instance, Pseudomonas syringae (which does not have an endogenous 

UPS) targeted host proteins for degradation by harnessing the host UPS (Abramovitch et al., 

2006; Block et al., 2008). However, further research is needed to confirm the involvement of 

UPS in potato-Spongospora interaction. 

In summary, our study provides the first multi-omics data of Spongospora-potato 

interaction, adding important pieces to our understanding of the mechanisms of resistance to S. 

subterranea. The upregulation of glutathione metabolism in the resistant cultivar in both RNA 

and protein levels is one of the key findings of the present study. This pathway plays a critical 

role in the plant redox and thereby mediates immune signalling. The potential role of inositol 

phosphate in the susceptivity to S. subterranea was also discussed in the RNA-seq and 

proteomics analysis. Future work will aim to uncover the details surrounding the interplay 

between the inositol phosphate signalling and the plant immune system. More than that, the 

study provides databases for meta studies and can allow the exploitation of this knowledge for 

the benefit of agriculture.   

 



 

 

114 

 

7.6 Data availability statement 

The RNA-seq raw reads are available via the NCBI-SRA database under BioProject 

PRJNA776331. The MS/MS raw data were deposited to the ProteomeXchange Consortium via 

the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier 

PXD029381. The following supplementary materials for this article can be found online at:  

https://www.nature.com/articles/s41598-022-14606-y 

 

- Figure S1: Root gall formation in the infected plants 

- Figure S2: RNA-seq alignment statistics 

- Figure S3: Venn diagrams of the gene sets in Gladiator and Iwa  

- Figure S4: Enrichment analysis of differentially abundance proteins 

- Table S1: Differentially expressed genes with up/downregulated in either one cultivar 
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8.1 Abstract 

Potato is one of the most important food crops for human consumption. The soilborne 

pathogen Spongospora subterranea infects potato roots and tubers, resulting in considerable 

economic losses from diminished tuber yields and quality. A comprehensive understanding of 

how potato plants respond to S. subterranea infection is essential for the development of 

pathogen-resistant crops. Here we employed label-free proteomics and phosphoproteomics to 

quantify systemically expressed protein-level responses to S. subterranea root infection in 

potato foliage of the susceptible and resistant potato cultivars. A total of 2669 proteins and 

1498 phosphoproteins were quantified in the leaf samples of the different treatment groups. 

Following statistical analysis of the proteomic data, we identified oxidoreductase activity, 

electron transfer, and photosynthesis as significant processes that differentially changed upon 

root infection specifically in the resistant cultivar and not in the susceptible cultivar. The 

phosphoproteomics results indicated increased activity of signal transduction and defence 

response functions in the resistant cultivar. In contrast, the majority of increased 

phosphoproteins in the susceptible cultivar were related to transporter activity and subcellular 

localisation. This study provides new insight into the molecular mechanisms and systemic 

signals involved in potato resistance to S. subterranea infection and has identified new roles 

for protein phosphorylation in the regulation of potato immune response. 

 

Keywords: proteomics, phosphoproteomics, potato, powdery scab, Spongospora subterranea 
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8.2 Introduction 

Potato (Solanum tuberosum), after rice and wheat, is the third most important and 

valuable staple crop for human consumption globally and therefore, sustainable production of 

potato is vital for global food security. Potato production is threatened by plant pathogens such 

as fungi, viruses, bacteria, and protozoa (Liu et al., 2016b; Wang et al., 2021a). Spongospora 

subterranea is a biotrophic soil inhabiting plant pathogen and one of the most economically 

significant potato diseases. This pathogen invades both roots and tubers resulting in root 

disfunction, root galling and powdery scab lesions on tubers in potato (Amponsah et al., 2021). 

It has been estimated that tuber infection by S. subterranea accounts for annual losses of 

A$13.4M in the Australian processing potato sector alone (Wilson, 2016). Currently, there are 

no strategies for effective control of S. subterranea root and tuber diseases. Resistance to S. 

subterranea infection in potato cultivars has been examined in several studies (Falloon et al., 

2003; Nitzan et al., 2009; Houser and Davidson, 2010; Merz et al., 2012; Falloon et al., 2016). 

These studies provided a ranking for relative susceptibility to root galling or powdery scab of 

tuber. However, there is a lack of detailed knowledge of the molecular basis underlying 

resistance to S. subterranea infection. Thus, an understanding of the regulatory principles 

underlying Spongospora-potato interactions is important. 

The availability of genome sequences of potato (Xu et al., 2011) and the draft genome of 

S. subterranea (Ciaghi et al., 2018) makes sequence-based "omics" studies more accessible to 

potato powdery scab researchers. Proteomics has become a major contributor in investigating 

plant-pathogen interaction (Balotf et al., 2022c) and has led to the discovery of numerous 

proteins that are expressed during plant-pathogen communication. Although the study of this 

interaction has frequently focused on transcriptome and proteome levels, the activities of many 

proteins are further regulated by post-translational modifications (PTMs) (Liu et al., 2021b). 

Protein phosphorylation at serine, tyrosine, and threonine residues is a rapid mechanism for 

controlling cellular processes (Thurston et al., 2005) and is one of the most frequently studied 

PTMs. Reversible protein phosphorylation is vital for the plant immune signaling in response 

to pathogen attack (Park et al., 2012). For example, Pang et al. (2020) used label-free 

proteomics and phosphoproteomics analysis of Arabidopsis guard cells in response to a 

bacterial pathogen. They showed that phosphorylation and dephosphorylation of WRKY 

transcription factors play a crucial role in regulating plant immunity. In another study in 

Arabidopsis, protein phosphorylation was required to produce reactive oxygen species during 
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immunity against virulent necrotrophic fungus (Kadota et al., 2019). Zhang et al. (2019) 

profiled the phosphoproteome of cotton roots in response to the soilborne plant pathogenic 

fungus Verticillium dahliae infection. The abundance of thirty phosphoproteins common to the 

susceptible and resistant cotton lines was differentially changed after inoculation with V. 

dahliae. These proteins were correlated with resistance against fungal infection and primarily 

involved in signal transduction, plant-pathogen interactions and metabolic processes. 

Integration of proteomics with phosphoproteomics can further expand the understanding 

of molecular events involved in host-pathogen interactions (Thurston et al., 2005). Therefore, 

in this study, we combined shotgun proteomics with phosphoproteome analysis of leaves from 

resistant and susceptible potato cultivars in response to S. subterranea root infection. This study 

provides a novel insight for further investigations of biological processes and systemic signals 

involved in potato defence responses to S. subterranea, which holds promise for potential 

benefits in plant breeding programs. 

 

8.3 Materials and Methods 

8.3.1 Plant growth and pathogen infection 

Potato plants obtained from single-node cuttings were grown in a Murashige and Skoog 

(MS) medium. Forty mg/L of ascorbic acid, 30 g/L of sucrose and 500 mg/L of casein 

hydrolysate were added to the MS medium. Two potato cultivars that differ in resistance to S. 

subterranea were used; Iwa is a highly susceptible cultivar, and Gladiator, exhibits strong 

resistance to both tuber and root disease caused by S. subterranea (Balendres et al., 2016b). 

Spongospora subterranea inoculum was obtained from field-collected powdery scab-infected 

tubers and semi-purified using a Ludox column centrifugation method (Balotf et al., 2020). 

Tissue-cultured plantlets (21-day-old) of each cultivar were inoculated by dipping their roots 

into the inoculum suspension of S. subterranea for one hour. Uninoculated plants of each 

cultivar were suspended in sterile water only, for one hour. The seedlings were transplanted 

into 2L plastic pots containing sterilized potting mix and were maintained under controlled 

conditions in the greenhouse. To ensure ongoing disease pressure, an additional 20 mL of fresh 

inoculum suspension of S. subterranea was added to each pot, two weeks after planting. Plant 

growth condition and inoculation has been described in Balotf et al. (2021b). After six weeks 
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in the greenhouse, the leaves of the infected and control plants were collected, frozen in liquid 

nitrogen, and stored at -80 °C for protein extraction (n=4).   

8.3.2 Chlorophyll fluorescence 

Two days before sampling, the maximal photochemical efficiency of PSII was estimated 

by measuring the chlorophyll variable (Fv) and maximal (Fm) and fluorescence (Fv/Fm ratio) 

using Optiscan OS-30p+ fluorometer (Opti-Science, Hudson, NH, USA). The measurements 

were assessed in the leaves adapted to darkness using leaf clips. Five biological replicates were 

used per treatment for chlorophyll fluorescence measurements. 

8.3.3 Sample validation using PCR 

PCR was performed with primer pairs targeted to the rRNA gene to confirm the presence 

of S. subterranea in the root of the inoculated plants. The genomic DNA was extracted from 

50 mg of each root sample of all plants using the DNeasy Plant Pro kit (Qiagen, Hilden, 

Germany). The amount of DNA was determined using a Qubit™ dsDNA B.R. Assay Kit 

(Invitrogen, Waltham, MA). Sequences of oligonucleotides were as follows: F: 

GTGAACTGCGGAAGGACATT and R: CGTCACCCTTCAACAGACAA. PCR was carried 

out in 20 µl total reaction volume with the following program: 30 cycles of 94 °C for 30 s, 

59 °C for 30 s and 72 °C for 60 s, followed by 72 °C for 5 min. The Ludox-purified S. 

subterranea sporosori was used as a positive control for the PCR.   

8.3.4 Protein extraction, digestion and phosphopeptide enrichment 

The frozen leaves were homogenised (150 mg leaves in 450 µL extraction buffer) using 

a Fast Prep-24 bead beater (Mp Biomedicals, Seven Hills, NSW, Australia) for 60 s. The 

extraction buffer contained 100 mM NaCl, protease and phosphatase inhibitor cocktails (Roche 

Diagnostics, NSW, Australia), 1 mM dithiothreitol (DTT), 5 mM EDTA and 50 mM Tris, pH 

8.0. Extracts were then centrifuged at 16,000 g for 10 min in a cold room (4 °C), and the 

supernatant was collected. Protein concentration was estimated using the Qubit protein assay 

kit (Invitrogen, Waltham, MA). For each sample, 250 mg proteins were transferred to a new 

tube and precipitated by adding 9 vol of absolute acetone chilled to -20 °C and kept at -20 °C 

overnight. Samples were then centrifuged at 10,000 g for 8 min, and the pellet was washed 

using cold acetone. Protein pellets were resuspended in SDS buffer (5% SDS and 50 mM 

ammonium bicarbonate). Subsequently, DTT was added to a final concentration of 20 mM, 
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and proteins were reduced for 10 min at 90 °C followed by alkylation with 40 mM 

iodoacetamide for 30 min at room temperature. The samples were then digested using 

trypsin/LysC (Promega) at a ratio of 50:1 protein:enzyme using S-Trap™ mini columns (Protifi, 

Farmingdale, NY, USA) according to manufacturer's instructions. Peptides were desalted using 

Pierce peptide desalting columns (Thermo Fisher Scientific, Waltham, MA, USA) and the 

eluted peptides subsampled into separate Lo-bind Eppendorf tubes for total peptide analysis 

(30 ml) and phosphopeptide enrichment (270 ml) prior to evaporation using a SpeedVac 

concentrator. MagReSyn Ti-IMAC HP magnetic beads (ReSyn Biosciences, Gauteng, South 

Africa) were prepared for phosphopeptide binding using three washes in loading buffer (0.1M 

glycolic acid in acetonitrile/water/TFA (80:15:5)). Dried peptide samples were reconstituted in 

loading buffer then added to the beads, followed by sequential washing and elution of the 

phosphopeptide-enriched samples as per manufacturer’s instructions.  

8.3.5 LC-MS/MS analysis and data processing 

For total peptide analysis, dried peptides were reconstituted in 12 µL of HPLC loading 

buffer (2% acetonitrile and 0.05% TFA in water) and approximately 1µg peptides were 

analysed by nanoLC-MS/MS using a Q-Exactive HF and Ultimate 3000 nanoHPLC system 

(ThermoFisher Scientific, Waltham, MA, USA). Peptides were loaded onto a 20 mm PepMap 

100 C18 trapping column (3 mm C18) at 5 µL min−1. Using a 2 hr segmented gradient from 

mobile phase A (0.1% formic acid in water) to mobile phase B (0.08% formic acid in 

acetonitrile/water (80:20)), peptides were separated at 300 nL min−1 on a 250 mm PepMap 100 

C18 analytical column at 45 °C. For phosphopeptide analysis, the dried samples were 

reconstituted in 10 µL of HPLC loading buffer, of which 4 mL was injected then separated 

under the same conditions, using a shorter (1 hr) segmented gradient. The data-independent 

acquisition mass spectrometry (DIA-MS) method used for both total peptide and 

phosphopeptide analysis has been previously described in Balotf et al. (2021b). Raw MS files 

were processed using Spectronaut software (v15) using the directDIA approach. Spectral 

libraries were generated independently from the total peptide and phosphopeptide samples 

using the Pulsar search engine to search the Solanum tuberosum UniProt reference proteome 

(UP000011115) comprising 53,106 entries. Default search settings were used, with the 

exception that for phosphosite identification the PTM localisation filter was activated 

(minimum threshold 0.75) and phospho (S/T/Y) was included as an additional variable 

modification. Relative quantitation between samples at the proteome or phosphoproteome 
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levels was then achieved by targeted re-extraction of DIA-MS2 spectra from respective total 

peptide or phosphopeptide libraries. Data were exported from Spectronaut as a PTM site report 

for the phosphopeptide data and a protein group pivot report for the proteomics dataset. 

8.3.6 Statistics and bioinformatic analysis 

For both proteome and phosphoproteome analysis, the data were imported into Perseus 

v1.6.14.0 (Tyanova et al., 2016) and log2-transformed, followed by imputation of missing 

values from the normal distribution, according to default Perseus settings. Proteins were 

classified as significantly altered in abundance between groups on the basis of Student’s T-test 

(FDR < 0.05 with the s0 parameter set to 0.1). Association networks presented in Figures 7 and 

8 were constructed using ShinyGO (Ge et al., 2020). Darker nodes are more significantly 

enriched protein sets, and bigger nodes represent larger protein sets. Thicker edges represent 

more overlapped proteins. Clusters were manually defined and annotated based on inspection 

of node descriptions and based on Gene Ontology obtained from String databases 

(https://string-db.org/). Mercator4 (https://plabipd.de/portal/mercator4), agriGO v2.0 (Tian et 

al., 2017), and DAVID bioinformatics resources (Huang et al., 2009) were used to identify 

representative functional networks for the proteomics. Principal component analysis (PCA) 

plots were obtained from MetaboAnalyst (https://www.metaboanalyst.ca) and heatmaps were 

drawn using Perseus software.  

 

8.4 Results  

The aim of this study was to use a combined proteomics and phosphoproteomics 

approach to gain insight into the potato immune response to S. subterranea infection. We used 

two potato cultivars that differ in their susceptibility to S. subterranea. It is worth mentioning 

that while Gladiator and Iwa cultivars are classified as pathogen-resistant and susceptible, 

respectively, the inoculated plants of both cultivars formed root galls. However, the number of 

galls was fewer in Gladiator than Iwa (Figure S1), which is consistent with previous greenhouse  

and field assessments of potato cultivars for resistance to S. subterranea (Falloon et al., 2016). 

Firstly, we confirmed that S. subterranea infection had occurred using PCR with primer pairs 

targeted to the 18S rRNA gene with an expected 95 bp product, using DNA extracted from the 

roots of inoculated and uninoculated plants (Figure 8.1A). The PCR results validated our 

samples with amplified S. subterranea 18S rRNA gene in all inoculated plants but not in any 

https://string-db.org/
https://plabipd.de/portal/mercator4
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controls. We also measured the chlorophyll content in the infected and uninfected plants 

(Figure 8.1B) before collecting the samples for proteomics and phosphoproteomics analysis. 

Plant leaves can be an important tissue for practical monitoring of infection or resistance. An 

extensive change in the proteome profile of leaves in response to root infection by soilborne 

pathogen has been reported before (Coelho et al., 2021). Our results here showed that in both 

cultivars the amount of chlorophyll content significantly (P < 0.01) reduced after infection. 

However, the decrease in chlorophyll content after infection was more extensive in Iwa than in 

Gladiator.   

 

Figure 8.1. (A) Agarose gel electrophoresis of the PCR product of S. subterranean 18S rRNA 

gene for DNA extracted from potato roots of inoculated and control plants. Lane M: MassRuler 

DNA ladder; lane NTC: non-template control; lane P: positive control; GC: Gladiator control; 

GI: Gladiator inoculated; IC: Iwa control; II: Iwa inoculated. (B) Effect of potato root infection 

by S. subterranean on chlorophyll fluorescence. Values are means ± SE (n=5 independent 

plants). Different letters indicate a significant difference at P < 0.01. 
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8.4.1 Overview of the leaf proteome of potato plants with roots inoculated with S. 

subterranea    

The proteome of potato leaves of the susceptible and resistant potato cultivars was 

analysed using a shotgun quantitative proteomic approach. Our analysis identified nearly 2700 

proteins, of which several hundred proteins significantly (FDR < 0.05) changed in abundance 

across all experimental conditions (Table 8.1). The complete list of identified and significantly 

changed proteins is provided as Supplementary Table S1. 

 

Table 8.1. Number of quantified and significantly changing proteins (FDR ≤ 0.05) from 

inoculated and uninoculated potato plants. 

 

 

 

According to the PCA plot, the cultivar differences accounted for the largest observed 

variance in the potato leaf proteome (PC1 = 68%) (Figure 8.2A). The second largest observed 

variance belonged to the difference between infected and control (uninfected) plants (PC2 = 

11%). Accordingly, hierarchical clustering of the data and representation of Z-scored protein 

intensity values as a heat map also showed that sample replicates from each cultivar grouped 

together (Figure 8.2B). 

 

 

 

 

 Differentially abundant proteins (FDR < 5%) 

 Identified  GI vs GC            II vs IC 

Total proteins 2669 1341 

Increased 

744 
893 

Increased 

432 

Decreased 

597 

Decreased 

461 
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Figure 8.2. (A) Principal component analysis (PCA) differentiated the potato leaf proteomes 

of potato plants (Gladiator and Iwa) with roots non-inoculated and inoculated by S. subterranea.  

(B) The Z-scored (normalized) abundance of the complete set of identified proteins. GI: 

Gladiator infected; GC: Gladiator control; II: Iwa infected; IC: Iwa control.  

 

Enrichment analysis of differentially abundant proteins (DAPs) (infected vs control) 

according to their molecular function (MF) and biological process (BP) ontological terms are 

shown in Figure 8.3. The most common MF categories associated with pathogen infection in 

both Gladiator and Iwa were associated with binding, catalytic activity and transferase activity. 

Oxidoreductase activity, anion binding, electron transfer activity and tetrapyrrole binding were 

MF categories that were specifically found in the resistant cultivar Gladiator but not in the 

susceptible cultivar Iwa (Figure 8.3 top). Metabolic process, cellular process, cellular 

biosynthetic process, gene expression and translation were the most common BP categories in 

both Gladiator and Iwa. Oxidation-reduction process, biosynthetic process, generation of 

precursor metabolites and energy, electron transport chain, photosynthesis, small molecule 

metabolic process and biological regulation were BP categories found in DAPs in Gladiator 

but not in Iwa. In contrast, nitrogen compound metabolic process, cellular aromatic compound 

metabolic process, organic cyclic compound metabolic process, nucleobase-containing 

compound metabolic process, aromatic compound biosynthetic process and organic cyclic 

compound biosynthetic process were BP classes observed in Iwa only (Figure 8.3 bottom).  



 

 

124 

 

 

Figure 8.3. Gene ontology (GO) enrichment analysis of the differentially abundant leaf 

proteins of potato plants (Gladiator and Iwa) with roots non-inoculated and inoculated by S. 

subterranea. MF: molecular function; BP: biological process. 
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To further interrogate the proteomic dataset at the level of specific proteins, the subsets 

of proteins that were significantly altered upon S. subterranea infection in either one cultivar 

or both, DAPs were plotted according to their log2 fold-change (infection vs control). This two-

way plot (Figure 8.4A) showed that 264 proteins were significantly increased in both cultivars, 

while 281 proteins were significantly decreased in both cultivars (Table S2). To identify the 

key subset of proteins that might play a role in the resistance or susceptibility of potato to S. 

subterranea, we searched for those proteins that differentially accumulated between the two 

cultivars after infection. The highlighted area shows 36 proteins that were significantly (FDR 

< 5%) increased in the resistant cultivar but decreased in the susceptible cultivar (Table S2). 

Furthermore, functional enrichment analysis (biological process) showed that most of these 

proteins were related to cell redox homeostasis (Figure 8.4B). We also found 15 proteins that 

increased in Iwa but decreased in Gladiator. However, no significant GO term was associated 

with this subset of proteins (Table S2). 

 

Figure 8.4. (A) Distribution of the differentially abundant leaf proteins (inoculated vs non-

inoculated) common to both potato cultivars (Gladiator and Iwa). The changes in proteins were 

presented as fold changes (FC). (B) Enrichment analysis (biological process) for the proteins 

that increased in leaves of cultivar Gladiator but decreased in cultivar Iwa six weeks post-

inoculation.  

8.4.2 Phosphoproteome of potato leaves in response to root infection 

To investigate responses of potato to S. subterranea infection at the post-translational 

level, an MS-based approach was used to analyse the phosphoproteome of susceptible and 
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resistant cultivars. Our analysis identified 2640 phosphosites which were assigned to 1498 

phosphoproteins, as some proteins carried multiple phosphorylation sites. The complete list of 

identified phosphoproteins is provided as Supplementary Table S3. Furthermore, the PCA 

analysis revealed that the cultivars and the differences between infected and control (uninfected) 

plants were the primary sources of variance in phosphoproteomes of potato leaves (Figure 8.5). 

 

 

 

 

 

 

 

 

Figure 8.5. Principal component analysis (PCA) differentiated the potato leaf 

phosphoproteomes of potato plants (Gladiator and Iwa) with roots non-inoculated and 

inoculated by S. subterranea. GI: Gladiator infected; GC: Gladiator control; II: Iwa infected; 

IC: Iwa control.   

 

To identify phosphosites significantly affected by S. subterranea infection, we applied a 

t-test using P-value threshold of 0.05. In Gladiator, changes in abundance of 368 phosphosites 

were statistically significant, of which 229 were increased, and 139 were decreased in 

abundance after infection (Table S3). In Iwa, 590 phosphosites significantly changed, of which 

435 were increased and 155 were decreased (Table S3). For the enrichment analysis, a filter 

was applied to include only those significantly changed phosphoproteins with log2-fold change 

above 2. We next used the increased differentially abundant phosphoproteins (P-value < 0.05, 

log2 fold change > 2) in Gladiator (GI vs GC) or Iwa (II vs IC) to identify cellular processes 

and metabolic pathways that might be involved in resistance against S. subterranea. The major 

effect of infection by S. subterranea at the phosphoproteome level, according to the 

phosphopeptides that were significantly increased in Gladiator, was on signal transduction and 

defence response (Figure 8.6). Specifically, GO terms that were related to signaling and 
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defence in Gladiator included plant hormone signal transduction, phosphorelay signal 

transduction system, defence response by cell wall thickening and defence response by callose 

deposition in cell wall (Figure 8.6). 

 

Figure 8.6. A hierarchical clustering summarising the correlation among significant pathways 

of the increased differently abundant phosphoproteins in Gladiator (P-value < 0.05, log2 fold 

change > 2). Pathways with several shared genes are clustered together. Bigger dots (blue dots) 

indicate more significant P-values. 
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In contrast, the majority of cellular processes represented by phosphoproteins that were 

significantly increased in Iwa after infection were related to transporter activity and localisation 

(Figure 8.7). In particular, biological processes and molecular functions related to 

transportation including inorganic anion transport, transporter activity, transmembrane 

transporter activity, transmembrane transport, transport, localisation and establishment of 

localisation were increased in Iwa after infection by S. subterranea (Figure 8.7).   

 

Figure 8.7. A hierarchical clustering summarising the correlation among significant pathways 

of the increased differently abundant phosphoproteins in Iwa (P-value < 0.05, log2 fold change > 

2). Pathways with several shared genes are clustered together. Bigger dots (blue dots) indicate 

more significant P-values. 
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8.5 Discussion 

In this study, we used large-scale proteomics and phosphoproteomics to analyse potato 

defence responses to S. subterranea. We identified several proteins and phosphoproteins that 

differentially changed between resistant and susceptible cultivars, highlighting the complexity 

of the potato defence regulatory system and S. subterranea disease processes. The present data 

provide new evidence that both cell redox homeostasis and signal transduction are strongly 

associated with potato resistance to S. subterranea.  

In our proteomics analysis we identified oxidoreductase activity, photosynthesis, and 

electron transport as key molecular functions and biological processes associated with the 

DAPs in Gladiator but not in Iwa (Figure 3). Functional annotation of those proteins that 

increased in Gladiator but decreased in Iwa was also obtained (Figure 4B). Cell redox 

homeostasis was the most significant biological process related to these proteins. The changes 

in the abundance of the proteins involved in the above processes have been detected in plant 

response to various biotic and abiotic stresses (Kundu et al., 2018; Amaral et al., 2021). Due to 

the metabolic variations caused by stress, the photosynthetic electron transfer chain and the 

cell redox potential may undergo massive changes and a decline in photosynthetic rate after 

pathogen invasion is well documented (Schenk et al., 2000; Macedo et al., 2003; Major and 

Constabel, 2006; Bozsó et al., 2009). Consistent with these findings, root infection by S. 

subterranea reduced the efficiency of primary conversion of light energy of PSII (chlorophyll 

fluorescence Fv/Fm value) in the leaves of both cultivars.  

We measured that the chlorophyll level was higher in Gladiator than Iwa in control plants, 

while after infection, the chlorophyll content in Gladiator was less affected in comparison with 

Iwa (Figure 1B). The ferredoxin-thioredoxin system activates light-driven metabolic reactions 

in plant leaves. We compared the abundance levels of ferredoxin and thioredoxin in the DAPs 

in both cultivars (Figure S2). This analysis demonstrated that the abundance of these proteins 

was higher in Gladiator plants compared with Iwa. These results also confirmed that after 

infection, the abundance of most of these proteins increased in Gladiator but not in Iwa. 

Thioredoxins became reduced via the ferredoxin-thioredoxin reductase and PSI and provide a 

link between the activation of key photosynthetic enzymes and the activity of photosynthetic 

light reactions (Buchanan and Balmer, 2005). In photosynthesis, ferredoxin accepts electrons 

from PSI, and reduces NADP+ via ferredoxin NADPH oxidoreductase. Ferredoxin also is 
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involved in other reactions in the chloroplast, including redox regulation, amino acid synthesis, 

and sulphur and nitrogen assimilation. It was shown that the upregulation of ferredoxin reflects 

its direct participation in pathogen defence (Kuźniak and Kopczewski, 2020). The 

overexpression of ferredoxin in tobacco plants resulted in resistance to Pseudomonas syringae 

and Erwinia carotovora (Huang et al., 2007). Functional replacement of ferredoxin by a 

bacterial flavodoxin conferred resistance to the necrotrophic fungus Botrytis cinerea in tobacco 

(Rossi et al., 2017), and the infected plants showed a decreased ROS accumulation and a 

sustained photosynthetic electron flow. Wang et al. (2018d) showed that knockout of 

ferredoxin gene Fd2 (Fd2-KO) increased the plant's susceptibility to Golovinomyces 

cichoracearum. This result confirmed the defects in the accumulation of reactive oxygen 

species in the infected plants. Similar to ferredoxin, the involvement of thioredoxins in plant-

microbe interactions has been investigated in several studies (Viefhues et al., 2014; Mukaihara 

et al., 2016; Nogueira-Lopez et al., 2018). In line with the above studies, our total protein 

analysis of leaves of the susceptible and resistant to root infection by S. subterranea proposed 

the key role of electron transport (Figure 3), cell redox homeostasis (Figure 4), and ferredoxin-

thioredoxin oxidoreductase (Figure S2) in the potato resistance to this pathogen.  

In our total protein analysis, we identified several defence-related proteins and 

antioxidant enzymes, including cinnamoyl-CoA reductase (CCR), ascorbate peroxidase1 

(APX01) and chaperonin (TCPb and TCPe) that increased in the resistant cultivar but not in 

the susceptible cultivar (Table S1). Cinnamoyl-CoA reductase is involved in lignin 

biosynthesis and plays an important role in the plant immune response (Park et al., 2017). The 

activation of CCR leads to the production of monolignols, increased reactive oxygen species 

(ROS) accumulation and deposition of lignin. Thus, an increase in the activity of CCR will 

further activate plant defence responses against pathogens (Sun et al., 2019). Ascorbate 

peroxidase1 is an important antioxidant enzyme in plants. The accumulation of APX protein 

in Gladiator, therefore, has the capacity to increase resistance of this cultivar to S. subterranea. 

(Margaria et al., 2013; Han et al., 2014). We found two different chaperonin proteins 

(chaperonin containing t-complex protein1 and chaperonin containing t-complex protein1, beta 

subunit) that were increased in Gladiator but not in Iwa (Table S1). These molecular 

chaperones are known to be involved in stabilization and assembly of actin and tubulin 

molecules. We found that the abundance of one of the tubulin proteins (accession number: 

M0ZYR0) was increased in Gladiator but not in Iwa (Table S1). Molecular chaperones are 
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involved in regulatory roles to prevent stress injury and the plant's immune response (Ishikawa 

et al., 2003). In line with our results, the 60 kDa chaperonin protein was significantly increased 

in the resistant cultivar compared with susceptible cultivar in tomato plants after infection by 

Pseudomonas solanacearum (Afroz et al., 2009). Therefore, chaperonin proteins might 

contribute to the resistance of potato against pathogen attack. 

Protein phosphorylation is one of the most common post-translational modifications, and 

it is known to regulate many plant molecular functions, including stress responses, signaling, 

and metabolism (Damaris and Yang, 2021). Our phosphoproteomics analysis of potato 

cultivars showed that the susceptible and resistant cultivar differentially responded to S. 

subterranea infection (Figure 5). In the resistant cultivar, several signaling, and defence-related 

processes were increased after infection in the phosphoproteome level (Figure 6). In the 

susceptible cultivar, however, the majority of increased processes belonged to transporter 

activity (Figure 7). Previous studies showed that protein phosphorylation plays a key role in 

regulating pattern-triggered immunity (PTI) signaling in plants and provided evidence that 

protein kinases participate in downstream signaling to induce defence responses in plants 

(Martin, 1999; Lin et al., 2014; Macho et al., 2014). Additionally, mitogen-activated protein 

kinases (MAPKs) are activated during plant defence responses by upstream MAPK kinases 

(MAPKKs) (Colcombet and Hirt, 2008). In fact, the activation of MAPKKs and calcium-

dependent protein kinases participate in downstream signaling to activate plant defence 

responses (Tena et al., 2011; Li et al., 2014). Through the phosphorylation/dephosphorylation 

of kinase cascade, the signals of pathogen infection stimuli are transmitted to the nucleus and 

activate the phosphorylation/dephosphorylation processes of disease resistant-related proteins 

to initiate the immune response (Li et al., 2022). Consist with this, we found several functions 

related to kinase activity and phosphorylation that increased after infection in Gladiator but not 

in Iwa (Figure 6 and 7). Our phosphoproteome analysis also confirmed the decrease in 

abundance of pyruvate phosphate dikinase (PPDK) in the susceptible cultivar (Table S3). 

PPDK belongs to the family of transferases and plays role in plant resistance against pathogens 

(Wang et al., 2012; Lu et al., 2019). The induction of PPDK in abiotic stresses including cold, 

salt stress, low oxygen, heavy metals, and osmotic stress (Moons et al., 1998; Dong et al., 2016; 

Wang et al., 2018b), and biotic stress such as viral infection (Spoustová et al., 2015; Lu et al., 

2019) have been reported before. Thus, the decrease in the abundance of PPDK in Iwa might 

reduce the resistance to S. subterranea infection.  
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In conclusion, our proteomics and phosphoproteomics analysis of potato cultivars in 

response to S. subterranea infection provide a better understanding of the regulatory 

mechanisms that are involved in resistance response to the pathogen. We identified specific 

changes on redox homeostasis, electron transport, carbohydrate metabolism, and kinase 

activity in the resistant cultivar Gladiator upon S. subterranea infection. These results extend 

the current knowledge of Spongospora-infected potato and its resistance responses from the 

perspective of combined proteomics and phosphoproteomics analysis. 

 

8.6 Data availability statement 

The proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD031529. 

The following supplementary materials for this article can be found online at:   

https://www.frontiersin.org/articles/10.3389/fpls.2022.872901/full 

 

- Figure S1: Root gall formation in the inoculated potato cultivars 

- Figure S2: The Z-scored abundance of the ferredoxin and thioredoxin proteins in the 

differentially abundant proteins (DAPs) in Gladiator and Iwa 

- Table S1: Complete list of identified and significantly changed proteins  

- Table S2: List of total protein that increased in Gladiator and decreased in Iwa  

- Table S3: Complete list of identified and significantly changed phosphoproteins  
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 Conclusion and future research 

9.1 Conclusion 

Powdery scab and root disease by S. subterranea significantly contribute to potato yield 

loss around the world. To ensure the sustainably of increased potato production, the S. 

subterranea infection cycle and potato plant response to S. subterranea must be examined to 

identify novel targets for disease control and crop improvement. However, the application of 

new molecular techniques for the detailed study of S. subterranea has been problematic. In 

particular, the pathogen is an obligate biotroph and thus unculturable. It is soilborne and 

continuously associated with other microorganisms. It lacks a comprehensive, fully annotated 

genome, although a draft genome exists (Ciaghi et al., 2018). The main aims of this thesis were 

to adopt a density purification method for the partial purification of S. subterranea from plant 

and microbial contaminants and then study the pre- and post-infection processes of S. 

subterranea using omics approaches. 

A Ludox® density gradient centrifugation was established to produce enriched resting 

spore inoculum of S. subterranea (Chapter 3). This method was able to provide a highly 

enriched inoculum of S. subterranea, however, traces of contaminants (e.g., bacteria and fungi) 

were detected under the light microscope. Later, it was shown that even partial purification of 

S. subterranea using Ludox® density gradient could significantly improve further analysis of 

resting spores. Proteomics analysis of purified and non-purified S. subterranea sporosori 

showed that the numbers of identified proteins were increased by approximately 40% after 

purification using the Ludox® method. Therefore, even though the Ludox® method did not 

provide a pure inoculum of S. subterranea, it enabled the application of proteomics (Chapter 

4) and transcriptomics (Chapter 5) for the study of spore germination in S. subterranea in an 

in vitro model. 

Obtaining high-quality DNA, RNA and protein are the major challenges for applying 

new omics technologies in biotrophic soilborne pathogens (Singh et al., 2018). The Ludox® 

method enabled the extraction of high-quality protein from S. subterranea dormant and 

germinating spores. In S. subterranea, due to the lack of methods for laboratory-based culture 

of this obligate biotroph, there have been no reports on the application of MS-based shotgun 

proteomics. The success of proteomics techniques depends on various factors, including the 

method used for isolation, digestion, separation, identification, and quantification of proteins 
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(Walther and Mann, 2010). Therefore, an optimised protein preparation method is needed to 

efficiently profile S. subterranea resting spore proteomes. The performances of an SDS lysis 

buffer followed by the S-Trap filter and a urea lysis buffer followed by the SP3 technique for 

the protein preparation of S. subterranea were compared (Chapter 3). The results indicated that 

the number of identified proteins in the S-Trap method was three times higher than the SP3 

method. This can be related to the ability of S-Trap filters in removing non-protein 

contaminants from such a complex suspension prior to MS analysis (Elinger et al., 2019). 

Overall, this experiment provides optimised procedures for the global proteome analyses of S. 

subterranea, which may apply to other similarly difficult obligate biotrophic pathogens. 

Germination is a remarkable process that plays an essential role in the pathogenesis of 

soilborne disease and is also a key target for disease management (Amponsah et al., 2021). In 

S. subterranea, resting spores are present as aggregates of several hundreds of individual spores 

(i.e., sporosori), and not all individual resting spores at any one time will be stimulated to 

germinate (Balendres, 2017). Due to the complexity of sporosori, resting spore germination in 

S. subterranea is a poorly understood process. One of the central aims of the present study was 

to extend our knowledge on the spore germination in S. subterranea and gain insight into the 

proteome (Chapter 4) and transcriptome (Chapter 5) reprogramming that occurs during the 

germination of S. subterranea resting spores. A significant increase in the abundance of 

proteins involved in transcription and translation was observed in both proteome and 

transcriptome levels during the germination of resting spores. The dependence of spore 

germination on transcription and translation has been demonstrated in many pathogens (Mirkes, 

1974; Osherov and May, 2000; González-Rodríguez et al., 2015). Proteomics and RNA-seq 

results suggested that increased RNA and protein synthesis is required for S. subterranea spore 

germination. As the end of spore dormancy is a process that needs the progressive re-starting 

of gene expression and protein synthesis processes, it raises the possibility that the source of 

the transcripts required for translation during the germination of S. subterranea resting spores 

could be derived from newly synthesized mRNA (Segev et al., 2012). In these two experiments, 

several candidate genes and proteins were introduced that are induced during the germination 

of resting spores in S. subterranea.  

Spongospora subterranea has a complex obligate biotrophic lifecycle associated with 

the roots and tubers of potatoes. The lifecycle of S. subterranea has been described in detail in 

several reviews (Harrison et al., 1997a; Merz, 2008; Balendres et al., 2016a). The proteomics 

and transcriptomics analysis of spore germination expanded our knowledge in the pre-infection 
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processes of S. subterranea. However, to better understand the complex lifecycle of S. 

subterranea inside the host and to study the post-infection processes of the pathogen, a multi-

omics analysis of S. subterranea during root infection was required. In Chapter 6, the in planta 

transcriptome and proteome of S. subterranea was profiled in resistant (Gladiator) and 

susceptible (Iwa) potato cultivars. The transcriptome and proteome of S. subterranea 

differentially changed between resistant and susceptible host environments. The induction of 

molecular functions related to transportation and actin processes and the reduced level of 

enzyme activity and nucleic acid metabolism was confirmed in the resistant cultivar. These 

results demonstrated a probable impact of these processes in the virulence of S. subterranea, 

suggesting that suppression of enzymes activity (e.g., hydrolases and transferases) and nucleic 

acid metabolism can contribute to resistance against S. subterranea. 

Host resistance is one of the most promising approaches in the sustainable management 

of S. subterranea diseases. The introgression of S. subterranea disease resistance genes 

requires the understanding of defense responses of potato plants during colonisation of the root 

by S. subterranea. Thus, large-scale analysis of potato cultivars using omics tools is critical for 

the identification of candidate genes to be used in breeding programs. The integration of 

transcriptomics and proteomics was used to study the immune response of the roots of 

susceptible and resistant potato cultivars to S. subterranea infection (Chapter 7). The proteome 

and phosphoproteome of potato leaves were also profiled to quantify systemically expressed 

protein-level responses of the susceptible and resistant potato cultivars in potato foliage in 

response to S. subterranea root infection (Chapter 8). In the roots, the upregulation of 

glutathione metabolism at the levels of RNA and protein was confirmed in the resistant cultivar 

but not in the susceptible cultivar. This pathway plays a critical role in the plant redox and 

thereby mediates immune signaling (Gong et al., 2018; Li et al., 2019; Cao et al., 2022). The 

upregulation GST genes in response to P. brassicae infection has also been reported in the B. 

napus clubroot resistant homozygous lines (Shah et al., 2020). GST is a vast group of proteins 

involved in plant disease resistance, biosynthesis of jasmonic acid (JA), and detoxification 

(Tiwari et al., 2020). Ji et al. (2018) suggested that in Chinese cabbage, GST plays an essential 

role in response to P. brassicae infection. It can trigger inducible systemic resistance vis JA 

biosynthesis and activate SA-mediated systemic acquired resistance (SAR) (Ji et al., 2018). 

Therefore, the upregulation of GST in the resistant cultivar (Chapter 8) suggests a similar role 

for GST in plant resistance against root infection by S. subterranea.  
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The phenylpropanoid metabolic process was also found to be upregulated in the 

resistant cultivar and downregulated in the susceptible one at the transcriptome level. This 

pathway is involved in the biosynthesis of several metabolites such as lignin, tannins, 

anthocyanins, and flavonoids (Vogt, 2010). In Arabidopsis, it has been shown that the 

phenylpropanoid pathway plays a role in the plant response to clubroot disease (Fuchs and 

Sacristán, 1996). In two recent studies of plant root and shoot responses to P. brassicae, the 

upregulation of phenylpropanoid pathway genes in both roots and shoots were confirmed (Irani 

et al., 2018; Irani et al., 2019). They concluded that phenylpropanoid pathway has a preference 

towards the production of flavonols in shoots and lignification in roots. Their results also 

showed that after P. brassicae infection, changes in transcript levels of phenylpropanoid genes 

were observed sooner and at a higher level in the resistant lines compared to the susceptible 

lines. These results align with our transcriptome analysis of potato responses to S. subterranea 

infection (Balotf et al., 2022b), where we confirmed the upregulation of phenylpropanoid genes 

in Gladiator but not in Iwa. The recent studies on P. brassicae (Irani et al., 2018; Irani et al., 

2019) and our present study on S. subterranea (Balotf et al., 2022a) underlies the need for 

deeper exploration of the impact of soilborne root pathogens on the foliage of infected plants. 

In addition, the inositol phosphate pathway was upregulated in the susceptible cultivar 

but downregulated in the resistant cultivar in response to S. subterranea infection. This 

pathway might be involved in the susceptibility to S. subterranea (Hung et al., 2014; Irani et 

al., 2019). The involvement of salicylic acid (SA)-mediated responses in plant-biotroph 

interaction has been reported in several studies (Irani et al., 2019; Galindo-González et al., 

2020). However, in Spongospora-potato interaction, SA was not significantly changed between 

infected and uninfected potato cultivars 42 days post-inoculation. This can be explained by the 

fact that plant SA-mediated responses to pathogen attacks can be considered as an early 

immune responses. Irani et al. (2019) reported the changes in the phenylpropanoid pathway in 

the transcriptomes of susceptible and resistant B. napus lines in response to P. brassicae 

inoculation. Their results showed that SA-mediated responses were induced 7 to 14 days post-

infection in the root and shoot of B. napus. A similar observation was obtained by Galindo-

González et al. (2020), where both susceptible and resistant cultivars B. napus showed 

upregulation of SA genes 7 days post-infection. However, 21 days after infection, SA-mediated 

responses were downregulated and were only detectable in resistant cultivar. The systematic 

response analysis of potato leaves to the root infection by S. subterranea revealed that 

oxidoreductase activity, electron transfer, and photosynthesis were differentially changed in 
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the resistant cultivar but not in the susceptible cultivar at the proteome level. Signal 

transduction and defence response functions were the molecular functions that showed an 

increase in the resistant cultivar at the phosphoproteome level. In the susceptible cultivar, 

however, most increased phosphoproteins were related to transporter activity and subcellular 

localisation. 

In summary, this thesis increased knowledge of resting S. subterranea spore 

germination mechanisms and interaction with potato plants. The proteome and transcriptome 

analysis of S. subterranea resting spore germination provide several candidate genes that may 

help develop a germination suppression management strategy. The full implication of these 

RNA-seq and protein analysis will be realised when a fully annotated genome for S. 

subterranea is available. The genes and proteins that were related to the resistance or 

susceptibility of potato cultivars are novel targets for disease control and can be used in potato 

breeding programs. This thesis provided several databases for meta studies and can allow the 

exploitation of this knowledge to benefit agriculture.   

 

9.2 Summary 

This thesis expands our understanding of pre- and post-infection processes of S. 

subterranea and increases the availability of omics data for an obligate biotroph pathogen with 

such a complex lifestyle. Specifically, 

1. Ludox® density gradient centrifugation provided a partially pure and highly enriched S. 

subterranea sporosori which was enough for obtaining high-quality DNA, RNA, and 

protein for further analysis of pathogen spore germination (Chapter 3). 

2. SDS lysis buffer followed by the S-Trap filter as a protein preparation method provided a 

clear peptide solution that increased the number of identified proteins by three times 

compared to the SP3 method (Chapter 3).  

3. A significant increase in the abundance of proteins involved in transcription and translation 

processes was observed in the proteome (Chapter 4) and transcriptome (Chapter 5) of S. 

subterranea during the germination of resting spores. In addition, amino acids biosynthesis, 

transport, energy metabolic processes, fatty acid metabolism, stress response, and DNA 

repair were other biological processes that differentially changed during the germination of 

resting spores (Chapter 5). 
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4. The induction of transportation and actin processes and the reduction of enzyme activity and 

nucleic acid metabolism is S. subterranea transcriptome inside the resistant cultivar 

suggesting the involvement of these processes in the virulence of S. subterranea (Chapter 

6). 

5. Glutathione metabolism and the inositol phosphate pathway were found to be important in 

potato resistance against S. subterranea (Chapter 7). Protein phosphorylation had a 

regulatory role in signal transduction and defence response functions in the resistant 

response to S. subterranea.  

 

9.3 Future research 

Spongospora subterranea remains a major threat to the potato production industry. 

With no effective disease control, S. subterranea continues to increase potatoes' yield and 

quality losses. In this thesis, the molecular basis of resting spore germination was studied in 

multiple levels in vitro (Chapter 4 and Chapter 5) and in planta (Chapter 6). These experiments 

introduced several candidate genes responsible for the germination of dormant spores in S. 

subterranea, which encourages further investigation of potential novel disease control 

approaches for S. subterranea diseases. However, further investigation using a time-course 

experiment that provides more lifecycle stage-specific marker genes during the germination of 

S. subterranea could be valuable. The unavailability of a well-annotated genome for the S. 

subterranea (and other plasmodiophorids) did not allow for the full implication of the 

transcriptomics and proteomics analysis of S. subterranea spores. Thus, a fully annotated 

genome of S. subterranea is needed to enable the identification of more resting spore and 

germinating-specific genes during germination.  

The involvement of glutathione metabolism and inositol phosphate (Chapter 7 and 

Chapter 8) in the resistance/susceptibility against S. subterranea  will have to be tested in more 

specific experiments to determine their role in the defence response of potato host. These 

further investigations will use molecular biology and genome editing tools such as CRISPR-

Cas9 and RNAi gene silencing for the suppression or overexpression of the candidate genes to 

confirm their role in the resistance or susceptibility of potato to S. subterranea.   
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