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Thesis Abstract 

Potato wart is an infection of cultivated potato plants caused by the soil-borne biotrophic fungus 

Synchitrium endobioticum. The main symptoms of infection are formation of warts on the tuber 

tissue and the production of biflagellated mobile spores that undergo long-lasting dormancy 

periods. Genomic studies have significantly contributed to an overall understanding of the fungal 

life cycle, including the discovery of the first S. endobioticum avirulence genes, and the 

identification of multiple pathotypes. However, the molecular pathways involved in host-pathogen 

interactions during potato wart infection and the factors contributing to resistance in plants remain 

unknown. In this work, a combination of proteomic analysis and protein structure analysis resulted 

in the discovery of protein classes associated with immune response-based changes post-infection. 

Comparative proteomics of four potato varieties highlighted the differences in resistance between 

groups. Co-immunoprecipitation experiments led to detection of interaction partners of 

recombinant AvrSen1 protein, providing insight into its localization and functions. 
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Summary for Lay Audience 

The fungal kingdom is estimated to contain around 11 million different species that vary in 

structure, functions, and preferred living environments. 1, 2 Many different types of fungi grow on 

plants and can have either beneficial or harmful effects on the growth and development of certain 

crops, including potatoes. One of the fungal infections that results in major crop losses in Canada 

and worldwide is potato wart. The pathogen that causes this infection is not well-understood and 

the factors that play a role in disease progression remain unknown. Previous research indicated 

that the fungus responsible for potato wart is capable of producing chemicals that facilitate the 

infection. Identifying these fungal molecules may aid in understanding the mechanisms the fungus 

is using to attack potato plants. Mass spectrometry (MS) is an analytical technique that determines 

the structure and mass of molecules that are present in the sample. The components of the sample 

mixture are broken down into fragments that are then detected by the instrument. These generated 

fragments are characteristic of their overall chemical structure, where fragmentation patterns can 

be compared and matched to libraries of previously identified chemicals to confirm their identity. 

In this study, mass spectrometry was used to compare the differences in protein levels between 

uninfected and infected tubers. Overall, around 600 proteins were identified in each variety. 

Following data analysis, it was determined that different potato varieties respond to infection 

differently.  

In addition to protein analysis, the other goal of this project was to express, purify, and characterize 

one of the effector proteins that is produced by the fungus. By mixing the purified fungal protein 

with protein extracts from tuber tissue, we were able to identify protein-protein interactions that 

occur between the plant and the fungus. 
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1 Chapter 1 - Introduction 

1.1 Fungal infections in plant material 

The fungal kingdom is comprised of approximately 11 million species that are extremely diverse 

in nature and are widely distributed in the ecosystem, with 150,000 species previously 

characterized. 1-4 Fungi can utilize numerous types of surfaces for growth purposes and are capable 

of infecting various eukaryotic cells. However, while fungal diseases in both animals and humans 

are less common, the majority of plant infections are fungi-induced. 4 More specifically, more than 

120 fungal genera, or 10,000 species, have been previously identified to cause diseases in plants. 

4-7  The first observation of the interaction of plant parasitic fungi with the surface of the host plant 

was observed in 1866 by Anton De Bary8, who recorded the change in the hyphae structure post-

germination. It is important to highlight that fungi have a limited range of susceptible hosts they 

can infect, and require specific environmental conditions (e.g., temperature, moist content of the 

plant surfaces and water availability) to occur for infection to proceed. 4, 5  

Based on the nutrient acquisition strategy, fungi are categorized into biotrophs, necrotrophs and 

hemitrophs. 8, 9 Biotrophic fungal plant pathogens rely on plant tissue as the main source of 

nutrients needed for their survival and growth. 6 Necrotrophs promote tissue necrosis in plants to 

use the resulting necrotic tissue as a food source. 6, 8 Hemitrophs, or hemibiotrophs, establish a 

biotrophic relationship with the host during the initial stage of infection or until sporulation, 

followed by transition to necrotrophic lifestyle to acquire nutrients from dead cells that underwent 

necrosis. 8 While all three types of fungi are common plant pathogens, biotrophic fungal species 

are widely distributed and cause numerous crop infections, including potato wart. 10 Plant diseases 

caused by biotrophic fungi are highly destructive, resulting in global food insecurity while causing 

negative economic impact. 6, 11 The harmful effects of biotrophic pathogenic fungi on the crop 

yield resulted in the need to study cellular, molecular, and resistance mechanisms involved in 

plant-pathogen interaction. 7, 9 

The main steps of biotrophic pathogenesis includes attachment to the host cell, penetration inside 

the cell through the cell wall and the plasma membrane, and proliferation. 8 The formation of 

infection structures is controlled on both a genetic level and through numerous regulatory fungal 

pathways. Fungal infection can occur in intracellular (within cells), intercellular (between cells), 
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extracellular (outside the cell) layers, or in plant epidermis, which is an outer layer of  plant organs. 

8 Biotrophic fungi are separated into obligate biotrophs, endomycorrhizae, facultative biotrophs, 

and hemibiotrophs. 12 All four groups establish symbiotic relationships with plant organisms to 

survive and complete their life cycle. 12 The growth and infection mechanisms of both obligate 

and non-obligate biotrophic fungi are associated with the development of infection structures, 

restricted secretory activity (limited activity of cell-wall degrading enzymes in the host cells), 

continuous suppression of the host immune defense, presence of interfacial layers that are rich in 

sugars and proteins that separate the plasma membrane of the pathogen and the plant, as well as 

formation of haustorium. 6, 8, 12 Haustorium represents a specialized fungal organ that plays a role 

in disease progression and nutrient uptake. 8, 12-15 Other functions of haustoria include water uptake, 

signalling, and inhibition of recognition by the host. 12, 16-20 Both haustorial membrane and hyphae 

tissue (filamentous structure of a multicellular fungus) are separated through the intracellular 

membrane of the host by the interfacial matrix. 12 The fungal infection is considered successful if 

the pathogen has penetrated both the plant cuticle and the cell wall and has entered the cell. 6, 13, 21 

The adhesion of fungal tissue, such as spores or hyphae, to the surface of the plant is facilitated by 

the establishment of hydrophobic interactions between the cuticle and the pathogen material. 4 

Spores are reproductive cell units in fungi that promote fungal dispersion and survival. Fungal 

spores can remain in the dormancy state until environmental conditions become favourable for 

their proliferation. 7 Some spores are capable of synthesising mycotoxins and hydrolase or 

depolymerase enzymes to promote wearing off of the cuticle layer, which enhances the fungal 

adhesion. 22-25 Spread of sporulated material can occur by wind, soil and water. Spores can also be 

transferred to the neighboring farm fields by animals. Additionally, certain fungal species are 

capable of penetrating the host cell wall by increasing the turgor pressure of the hyphae up to 80 

bar. 26 During the infection, fungal hyphae pumps excess water into the cell which results in high 

osmotic pressure. The generated pressure is then used to push fungal hyphae through the cuticle 

of the plant cell.  

The plant-pathogen interaction is accompanied by the production of numerous proteins and small-

molecular weight molecules by both organisms. These compounds are synthesized as a result of 

long and complex co-evolution between the plant and fungus and play an important role in plant 

defense mechanisms. 4 Plants adapt to inhibit fungal infections though synthesis of pathogenesis-

related proteins, cell wall strengthening, induction of necrosis through hypersensitive response, or 



 3 

 

 

oxidative burst. 4, 9 In response, fungal pathogens evolve to overcome those defensive mechanisms 

and inactivate certain plant defense enzymes, causing their reductancy. Fungi are capable of 

producing effector molecules with both narrow and broad ranges to facilitate the infection in one 

or multiple hosts, respectively. As a result, two types of defense responses are initiated in plants, 

which includes host-specific resistance and non-host resistance, respectively. 4 The host-specific 

resistance is established through recognition of fungal avirulence gene products by host resistance 

proteins. 9 The non-host resistance is accomplished in plants through expression of pathogenesis-

related proteins and antifungal proteins. 27 While pathogenesis-related proteins are induced in 

response to numerous biotic stressors and may exhibit antimicrobial activity, antifungal proteins 

are produced in plants following fungi-triggered infection. These proteins have a wide-ranging 

action. 27 Some examples include chitinases, thaumatin-like proteins, chitin-binding proteins, 

defensins, and protease inhibitors. 27 Chitinases and chitin-binding proteins degrade or bind to 

chitin, respectively, which is a predominant component of fungal cell walls. 28 This results in the 

increased permeability of the plasma membrane of the pathogen. 27 Similarly, thaumatin-like 

proteins affects the permeability of the fungal cell membrane due to their binding affinity to -1,3-

glucan, one of the building blocks of fungal cell wall.  29 In contrast, the mechanism of fungal 

inhibition used by defensin proteins remains understudied. 27 In terms of protease inhibitors, they 

play an important role in plant defense as they bind to proteases secreted by fungi and block their 

catalytic sites. 30 

Plant pathogenic fungi can compromise global food security, which has been previously observed 

during potato late blight outbreak or Pyricularia oryzae-induced infection in rice. 7 Additional 

challenges associated with fungal plant infections are caused by the high persistence and fungicide 

resistance of the pathogen. A further complication is a lack of conventional detection methods due 

to the shared similarity of plant disease symptoms between different fungal infections. 7 Current 

methods for fungal analysis include visual examination of plant material for the presence of fungal 

growth, strain isolation through microbiological applications (i.e., culturing, plating, and isozyme 

isolation), and biochemical analysis. 7 Fungal detection can also be accomplished using 

immunology-based and polymerase chain reaction (PCR)-based techniques, spectroscopic 

imaging, and mass spectroscopic analysis of volatile organic compounds (VOCs). 7 
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1.2 Potato wart 

Potato wart, also known as potato canker, is a fungal disease of cultivated potato plants (Solanum 

tuberosum). 31 The causal agent for this infection is Synchitrium endobioticum, which is an obligate 

biotrophic soil-borne fungus that was first described in 1896 by Schilberzsky. 31, 32 Since then, 

potato wart has been reported across multiple continents and is currently considered one of the 

most predominant quarantine pathogens that affect potatoes. In Canada, potato wart was first 

detected in Prince Edward Island in 2000. 33 This resulted in the implementation of Potato Wart 

Domestic Long Term Management Plan that outlines sampling requirements and restrictions 

associated with limiting the risk of spread of potato wart. Since the first detection of potato wart 

in Canada, the export of Canadian potato to U.S. has been suspended twice, resulting in huge 

economic losses. 33 More specifically, it is estimated that the industry lost  $50 million CDN in 

sales following the 5-month closure of U.S.- Canada border from late 2021 until early spring of 

2022. 33, 34 

The main disease symptom of S. endobioticum-induced infection is characterized by the growth of 

wart-like malformations (Figure 1A-D) on plant meristematic tissue. 31 This includes tubers, 

sprouts, and stolons (Figure 1E); however, the root system usually remains unaffected. Warts have 

also been detected on aboveground plant organs, such as leaves and shoots. S. tuberosum 

represents the main host for the disease; however, potato wart can also affect other Solanaceous 

plants, such as tomatoes, cherries, and nightshades, under certain environmental conditions. 31 
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Figure 1. Variations in appearance of warted material in different potato varieties and a schematic 

diagram of a potato plant. Potato wart may affect different potato varieties differently, causing 

unique infection symptoms. Figures 1A, 1B and 1C show the formation of warted material on 

tubers of Russet Burbank potato variety. Depending on the farm field and the stage at which the 

tuber was collected, severity of the infection varies even among one variety. The S. endobioticum-

associated warty malformation on Targhee Russet tuber is shown on Figure 1D. Figure 1E shows 

a schematic diagram of a potato plant, including the main types of meristematic tissue.  

S. endobioticum belongs to the Synchitrium genus, which is a part of the Chytridiomycota (chytrid) 

fungal division. 31 Fungal species in this lineage inhabit aquatic and terrestrial environments high 

in moisture and are categorized into saprotrophic and pathogenic species. 35-37 One of the main 

characteristics of chytrid fungi is the ability to produce zoospores, which are motile biflagellated 

spores. 31 Zoospores are short-lived germinated spores that are capable of migrating over short 

distances to promote dissemination of fungal infection. 31, 38 Zoospores are approximately 1.5-2 

m in radius and contain flagella that enable their mobility through soil. 39-41 

In potato wart, zoospores play an important role in invading the host. The infection of host cells 

with S. endobioticum occurs through encystment on the plasma membrane. 31 This occurs when 

resting S. endobioticum spores undergo germination, resulting in release of haploid zoospores into 

the soil. Zoospores, which are capable of detecting external effector molecules secreted by potato 

plants, move towards the host organism through the pores in the soil. 31 Following detection of 
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host-derived signals, zoospores form a cyst outside the plant cell wall and penetrate through the 

lipid bilayer inside the cytosol. Penetration of the plasma membrane results in introduction of a 

fungal thallus into the host cytoplasm, while the cyst wall remains in the extracellular space. 31, 42 

Inside the cell, the fungal body undergoes repeated mitosis to generate more spores. Infection-

induced hypertrophic growth of host cells results in cellular lysis and release of replicated 

zoospores. 31 Newly produced zoospores can then undergo asexual replication cycle or go through 

a diploid phase. As a part of asexual cycle, mitotic reproduction of haploid zoospores continues 

through re-infection of host tissue. 31 Alternatively, the produced spores can fuse together, forming 

a diploid zoospore with two flagella. 31, 43 These spores infect the susceptible potato plants to 

generate resting spores, completing the life cycle. 43 Once favourable conditions occur, the resting 

spores undergo germination again and the cycle repeats. 

Due to the tight relationship between Synchitrium endobioticum and Solanum tuberosum, the 

prolonged co-evolution of this fungal pathogen with its potato host resulted in the formation of 

multiple pathotypes of S. endobioticum. Over 40 different pathotypes of S. endobioticum are 

recognized currently. 31 Based on the previously conducted genomic studies, data suggest that 

these pathotypes could establish different pathogen-host interactions. The variation in the 

mechanism of host invasion of unrelated fungal strains resulted in the lack of available eradication 

techniques and, therefore, current regulatory control systems are focused on limiting the spread of 

S. endobioticum. 31 This includes extensive monitoring and sampling of infected material to 

prevent new infestations. The cultivation of susceptible varieties is usually restricted within the 

fields where infected material has been previously detected; however, different countries may 

follow different guidelines for limiting the spread of potato wart. 31  

 

 

1.3 Analytical techniques  

1.3.1 Liquid Chromatography 

Liquid chromatography is an analytical technique that separates analytes present in the mixture 

based on their physical properties, such as hydrophobicity, molecular size, binding efficiency, or 

charge. 44, 45 The analyte separation in liquid chromatography is achieved based on the interaction 

efficiency of sample components with stationary and mobile phases. The compounds that have 
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higher affinity to solvent travel with the solvent front and elute from the column faster. In contrast, 

the analytes that exhibit stronger interaction with the stationary phase are collected in the later 

elution fractions. 

The most prevalent technique of liquid chromatography is called high-performance liquid 

chromatography, or HPLC. 44 The main difference between the classical liquid chromatography 

and HPLC is the use of additional pressure. In LC, the separation is often gravity-induced which 

results in the slow flow rate. In comparison, the HPLC is equipped with a pump that pushes the 

solvent through the column at high pressure. The application of a high-pressure pump in HPLC 

instruments facilitates faster analyte separation and increases analysis efficiency. 

In its simplest form, the HPLC analysis starts with injection of sample solution into the column by 

the autosampler. The HPLC system can also be equipped with a guard column, which is a miniature 

version of the analytical column. 46 It is between 1 to 5 centimeters in length and its main goal is 

to prevent clogging of the column caused by the accumulation of material that gets irreversibly 

adsorbed to the stationary phase. 46 The solvent is continuously pumped through the system in 

either isocratic or gradient elution mode. During the isocratic setting, the solvent composition is 

consistent over the run. In comparison, the ratio of mobile phase solvents is changed during the 

gradient separation. Gradient elution is used to separate a mixture of analytes that have varying 

polarities and, therefore, retention times, providing a better resolution. As analyte compounds 

separate and elute from the column, their signal intensity and retention times are measured by the 

detector which generates the chromatograph. 44 Common detector types include fixed-wavelength 

ultraviolet (UV) detector, fluorescence detector and electrical detector. 45, 46 The HPLC system is 

also commonly used in tandem with mass spectrometry, which is referred to as LC-MS. 

The choice of column for HPLC analysis depends on the desired mode of separation; however, the 

two main components of the column packing are the rigid support and the stationary phase attached 

to it. 44 Due to high mechanical strength, broad solvent and ligand compatibility, and high stability 

at various pH and pressure levels, silica-based particles are the most commonly used HPLC 

supports. 44, 45, 47 Other alternative option for column packing material are graphitic carbon, 

alumina, zirconia, titania, and porous-polymeric particles. 44, 45 The stationary phase is organic in 

nature and is covalently bound to the support. It is attached to the support through the covalent 
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interaction between the silanol groups that are located on the silica surface and organosilane 

supplemented with a functional group. 44-46 The functional groups used in stationary phase are 

categorized into alkyl, phenyl, fluoro, cyano, and aryl ligands. In reverse-phase liquid 

chromatography (RPLC), which is a predominant HPLC mode, the stationary phase consists of 

nonpolar saturated alkyl carbon chain attached to porous silica particles. 44 The alkyl substituent 

can contain either three, four, five, eight, eighteen, or thirty carbons. 44, 45 Both C8 and C18 are 

commonly used for separation of compounds with relatively low molecular weight, while C4 phase 

is used to separate analytes of larger size. 45 The mobile phase in RPLC is represented by a mixture 

of polar organic solvent, such as acetonitrile, and water. 48 The sample compounds are separated 

based on their individual polarities. The polar compounds have a higher affinity to a polar water-

containing mobile phase and are, therefore, eluted from the column faster. 44, 45 The nonpolar 

solutes strongly interact with nonpolar stationary phase and are retained by the column longer. 44, 

45 However, as the ratio of organic solvent to water increases, the retention of the analytes 

decreases.  

Due to the high compatibility of reverse-phase liquid chromatography with mass spectrometry, 

RPLC is a commonly used mode for peptide separation. 48 The mobile phase for proteomic analysis 

is supplemented with low concentrations of acid (such as acetic, formic, or trifluoroacetic) to 

facilitate the positive charging on peptide sequences, as well as to prevent ionic interactions 

between the protein fragments and the stationary phase. 46, 48 The HPLC analysis acts as desalting 

step and results in enhancement of  MS signal, reduced ion suppression, and increased resolution. 

48  

 

1.3.2 Mass Spectrometry 

Mass Spectrometry is an analytical technique that allows for the analysis of compounds present 

within a sample and measurement of their abundances. The mass spectrometric analysis consists 

of fragmentation of gas-phase ions, followed by their separation based on the mass-to-charge ratio 

(m/z). 49 The mass of each ion is measured in Daltons (Da), which is a unified atomic mass unit 

(amu). Numerically, one amu is equal to one twelfth of the mass of 12C atom which is equivalent 

to 1.66  10-27 kg. 50 In comparison, the total charge of the analyte ions is represented by the 
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multiplication of the number of ion charges (z) and the absolute value of elementary charge (1 e = 

1.602  10-19 C). 49   

In order for analytes to be detected by the mass spectrometer, they first have to be ionized. While 

protonation and cationization are the most common ionization types, neutral molecules can also 

be ionized by addition or removal of electrons, protons, or charged groups. Depending on the 

ionization mechanism, different adducts of one analyte can be detected within a spectrum.  

Mass spectrometers are often coupled with chromatographic separation techniques to obtain higher 

selectivity. The high-resolution proteomics data herein was generated using Q-Exactive Orbitrap 

combined with HPLC system. The main components and their functions of this type of mass 

spectrometer are described below.  

 

1.3.3 Electrospray ionization 

Electrospray ionization (ESI) is an ionization technique that was first developed by Fenn and 

Yamashita in 1984. 51 ESI occurs at atmospheric pressure and induces minimal to no in-source 

fragmentation, which made it a popular method for analysis of large molecules in biological 

solutions. 51-53 One of the main advantages of ESI over other ionization techniques is the ability to 

easily couple it with liquid chromatography.54 Additionally, low fragmentation rates that occur 

during ESI allow for the detection of high-molecular weight compounds, such as proteins, nucleic 

acids, polymers, and biopolymers because multiple charging of these compounds results in a 

relatively low m/z ratio of their ion fragments. 49, 54 However, this also makes the ESI spectrum 

difficult to interpret, which is one of the main disadvantages of this technique. 

Depending on the nature of the analyte, ESI can be operated in either positive or negative 

ionization modes. In both cases, the analyte is usually suspended in a polar solvent which is 

introduced to the mass spectrometry system via a capillary tube at 1-100 L/min. 49, 54, 55 To induce 

the formation of charged droplets at the ES capillary tip, an electric voltage of around 3 kV is 

applied to the spray capillary, which is located approximately 3 centimeters away from the plate 

of the mass spectrometer. 49, 54 The applied voltage causes polarization of the solvent, resulting in 

the charge accumulation near the surface of the meniscus and the accumulation of negative ions 

away from it. This causes distortion of the meniscus and results in the formation of a Taylor cone. 
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49, 54 When the tip of the solvent cone becomes unstable, releasing fine jet from the cone which 

then breaks into small-charged progeny droplets. This process is Rayleigh limit dependent. Briefly, 

Rayleigh limit refers to the instability state when the electrostatic forces within the droplet (which 

is caused by the repulsion of charged ions inside the droplet) is counterbalanced by the surface 

tension. 56 These droplets undergo continuous shrinkage due to solvent evaporation, either induced 

by application of heat to the capillary or via interaction with pre-heated inert gas. 49, 54 When the 

charge repulsion exceeds the droplet surface tension, the droplet undergoes Coulomb explosion, 

forming more progeny droplets. The first-generation droplets are usually around several (i.e., 1-2) 

micrometers in size and can carry up to 50,000 elementary charges, while the offspring droplets 

have a radius of a few nanometers. 49, 55 This process continues until desorption occurs, producing 

gas-phase analyte ions.  

The main difference between the positive and negative ion modes is determined by the source of 

electrons. 49 In the positive mode, the electrons have to be provided through oxidation of analytes 

in the capillary tip. For the negatively charged ions, electrons have to be acquired through the 

process of reduction. Both oxidation and reduction occur in the metallic capillary tube, making 

ESI an electrochemical process. 49  

Regardless of the ionization mode, the analyte desorption (or ion generation) occurs through one 

of the three main ESI mechanisms (Figure 2), which includes charged residue model (CRM), ion 

evaporation model (IEM), and chain ejection model (CEM). 55, 57 In the charged residue model, 

the analyte acquires the charge from the solvent as it evaporates to dryness. 55, 58 This mechanism 

is believed to apply to large molecules, such as proteins, that are spherical in shape and might be 

charged or neutral in nature. The IEM model is characterized by the ejection of solvated analyte 

ions from the surface of the droplet. 55, 59 This is caused by the high electric field within the 

Rayleigh-charged nanodroplet. 55 As a result, the analyte ion has some residual solvent molecules 

attached to it. This model is believed to be applicable for small and pre-charged species. In addition 

to these two well-established mechanisms, the CEM has been proposed as an alternative 

mechanism for release of protein ions from the Rayleigh-charged nanodroplet. More specifically, 

as the proteins unfold in solution, protein structure changes from compact to extended 

conformation and the unfolded chain migrates towards the outer surface of the droplet. 55 To 

minimize the repulsion forces, the chain terminus eventually gets ejected from the droplet. As 
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protein separates from the droplet, the peptide chain gains the charge from the solvent, resulting 

in the formation of a highly charged analyte ion. 55  

 

Figure 2. Schematic diagram of three ESI mechanisms. Figure 2A shows the process of solvent 

evaporation and formation of progeny droplets induced by ESI. Figure 2B shows the three 

mechanisms of ion release from the droplet. Depending on the nature of analyte, ions can be 

released from the sample droplet through Charged Residue Model, Ion Evaporation Model, or 

Chain Ejection Model. 

For conventional proteomics analysis, nano-electrospray ionization is utilized. While nano-ESI 

follows a similar mechanism employed in a standard ESI, it operates at decreased flow rate of 

approximately 20-50 nL/min and requires small sample volume for analysis. 60, 61 The droplets 

produced following nano-ESI are smaller in magnitude in comparison to the solution droplets 

generated in ESI mode and do not exceed 150 nm in diameter. 60, 61 The small size of produced 

droplets also results in faster evaporation rates of the solvent, which allows to minimize the 

distance between the spraying capillary and the orifice of the mass spectrometer. 61 This increases 
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the signal sensitivity and minimizes the sample loss. 60 Additionally, each nano-ESI droplet 

contains on average one molecule, which prevents spectral clustering. 61  

 

1.3.4 Quadrupole mass filter 

A quadrupole is a type of mass analyzer that is used to filter analyte ions based on their mass-to-

charge ratios. 62 A quadrupole consists of four electrodes that have either hyperbolic or cylindrical 

cross section. 62, 63 The mass-resolving properties of the quadrupole are caused by the application 

of time-dependent alternating current (AC) and time-independent direct current (DC) to the 

electrodes. 62 The electrodes located opposite to one another receive the same voltage and, 

therefore, one pair of electrodes is negatively charged while the other pair is given positive AC 

and DC voltages. To promote the travel of ions through the quadrupole, the voltage gets 

successively altered between two pairs of electrodes which guides the beam of ions in x, y, and z 

axis.  

For given voltage settings, only the ions of a specific m/z will pass through a quadrupole filter and 

will be identified by the detector. These ions will have a stable trajectory and undergo finite 

displacement along x or y axis (Figure 3). In contrast, analyte ions that have unstable trajectories 

collide with one of the electrodes and get filtered out from the ion beam. The quadrupole mass 

filter can also be operated in radio frequency (RF)-only mode which can be activated by removal 

of DC voltage. 62 The RF-only quadrupoles transmit almost all analyte ions in a high-range m/z 

ratios and are operated as ion guides. 
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Figure 3. Schematic diagram of ion transmission in quadrupole mass filter. A) The difference 

between ion with stable trajectory (transmitted ion) and ion with unstable trajectory (filtered-

out ion). B) The stability diagram of quadrupole mass filter. Depending on the voltage setting, 

the ions of different m/z ratios will be scanned by the detector. Analyte ions that end up being 

detected will fall into stable region, which has a tip at a = 0.237 (proportional to DC voltage) 

and q = 0.706 (proportional to DC voltage). 
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1.3.5 Orbitrap mass analyzer 

The Orbitrap is a type of ion-trapping mass analyzer that was invented by Alexander Makarov. 64 

It consists of the central spindle electrode and the outer barrel-like electrode and uses the 

electrostatic fields to induce stable ion trajectories. 64 After ions get injected into the Orbitrap, they 

start oscillating simultaneously around the inner electrode and along the z-axis of the analyzer 

(Figure 4). While the ions entering the Orbitrap have the same amplitude, the ions of different m/z 

values will adapt different rotational and radial motion frequencies. 64 More specifically, different 

ions will rotate around the central electrode with different magnitude, which will result in their 

radial dephasing. Analyte ions of the same m/z will remain in-phase and will continue to oscillate 

along the z-axis together. The frequency of coherent axial oscillations is measured through the 

acquisition of current transients which are then converted to m/z ratios using fast Fourier transform 

(FFT) algorithms. The correlation between m/z ratio of the ion and the frequency of its oscillation 

can be represented by the following formula: 

 = √(𝑧/𝑚) × 𝑘  

where  is a specific frequency, z is charge, m is mass, and k is an instrumental constant. 

 
Figure 4. Schematic diagram of ion movement in Q-Exactive Orbitrap mass spectrometer. The ions 

generated by the ESI source get captured by the RF lens where they get focused in a tight beam. 

65 The ions are then transferred to the bent flatapole ion guide called Advanced Active Beam Guide 
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(AABG) to reduce signal noise, followed by quadrupole mass filter. 65 The quadrupole transmits 

ions of a specific mass-to-charge ratio based on the precursor settings. 62, 65 The selected ions are 

then transferred through the RF-only octupole and enter C-trap, which acts as an ion trap. 65 Here, 

the ions are slowed down by the nitrogen gas molecules and are accumulated into packets. 64 Ions 

are then injected into Orbitrap mass analyzer to generate mass spectra. 64, 65 To acquire MS/MS 

data, the ions are pushed into the Higher Energy Collision Dissociation (HCD) cell, where the ions 

collide with nitrogen and undergo fragmentation. 65 Following fragmentation, the ions are moved 

back to the C-trap and are injected into the Orbitrap analyzer. 

 

1.3.6 C-trap and Higher-Energy Collision Dissociation Cell  

The C-trap is a C-shaped RF-only quadrupole (flatapole) that accumulates and stores ions prior to 

their injection into Orbitrap mass analyzer. 66-69 The C-trap is filled with nitrogen gas atoms which 

promote collisional cooling and capturing of ions. 66-69 

After the ion concentration reaches the pre-set amount, the pulsed high voltage is applied, and the 

stored ions are orthogonally injected into the analyzer in packets. 66-69 The injected ions undergo 

steady electrical acceleration which prevents movement of ions back to the trap once they enter 

the trapping field. 67 This allows simultaneous injection of ions to the analyzer, providing better 

signal. The C-trap is capable of storing ions that underwent fragmentation at different conditions 

which allows for parallelization of multiple measurements. 67 Ability to parallelize the analysis 

allows for MS/MS scans on one packet of ions, while the other set of fragmented ions is trapped 

in either the C-trap or the higher collision energy dissociation cell (HCD). 68 For MS/MS analysis, 

the ions can be directed into HCD, which is an RF-only quadrupole type cell. 67, 68 Here, the DC 

offset voltage is applied to the electrodes of the quadrupole to accelerate the precursor ions. The 

fragmentation occurs when ions collide with neutral gas molecules, which is usually either helium 

or nitrogen. 67, 68, 70 The high collision energies used in the HCD cell of the Orbitrap mass 

spectrometer allows multiple ion fragmentations to occur. 70 The resulting fragment ions are then 

trapped and cooled inside HCD, followed by their injection back to the C-trap and subsequent 

analysis by the Orbitrap detector. 
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1.4 Proteomics 

Proteomics is a large-scale study of the proteome in order to identify protein structure and analyze 

protein expression and interactions. 71, 72 The proteome refers to all proteins that are expressed by 

a certain organism. 72-74 Proteomic analysis provides complementary information to genomic data 

and allows for identification of numerous protein modifications. 71 This includes analysis of post-

translational modifications (PTMs), proteoforms (or different conformations of a singular protein), 

and abundances of each protein in a sample. 71, 72 Due to the complex and dynamic nature of 

proteins, the extensive characterization of the proteome using mass spectrometry-based 

proteomics can enhance our understanding of numerous biological processes. 73 

Following introduction of Electrospray Ionization (ESI), tandem mass spectrometry (MS) has 

become a leading method for qualification and quantification of proteomics samples. In mass 

spectrometry-based proteomic analysis, the mass-to-charge (m/z) ratio of the intact peptide 

sequence (or full proteoform) is analyzed in the initial MS scan. 73 In the MS2 scan, the analyte 

ions get fragmented, resulting in generation of the product ions. 73 The m/z values of the product 

ions are then used to determine the amino acid sequence of each peptide or the full-sized protein 

present in the sample and are used for the protein identification. 73 

Modern proteomics is categorized into top-down and bottom-up proteomics. 75 In the top-down 

proteomics, the mass spectrometry analysis is performed on the intact protein. 73, 75, 76 The amino 

acid sequence obtained from top-down analysis correlates with the specific biologically active 

proteoform of the protein of interest, which preserves any post-translational modifications. 73 

Additionally, top-down analysis provides information regarding the function of the protein in vivo. 

75 The main limitations of top-down proteomics are associated with the low abundance and low 

signal-to-noise ratio of product ions, as well as poor sequence coverage. 73 In addition to that, the 

solubility of vast majority of proteins in the appropriate for mass spectrometry analysis solvent 

may be difficult to achieve. 73  

Bottom-up proteomics (also known as shotgun proteomics) involves proteolytic digestion of 

protein mixture into small peptides that vary from 6 to 50 amino acids in size. 72, 73, 75, 76 The main 

steps of bottom-up proteomic experiments include extraction of proteins from the sample, 

concentration measurement of isolated protein mixture, enzymatic digestion, mass spectrometry 
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analysis, protein annotation and identification. 71 The ionization, solubility, and fragmentation of 

peptide sequences produced using bottom-up approach is easier to achieve over that of full-sized 

proteins. 71, 72 The other advantages of shotgun proteomics include improved sample homogeneity 

and separation efficiency. 75 One of the main limitations of the bottom-up approach is associated 

with differentiation of analyzed proteins or peptides between different organisms, which presents 

a challenge when analyzing heterogeneous samples (e.g., infected plant material). 73 The amino 

acid sequences of some protein groups are highly homologous, resulting in the large number of 

shared peptides. 73 This makes the peptide annotation process complicated.  

Peptide fragmentation in mass spectrometry-based proteomics occurs due to intramolecular 

transfer of proton and thus the charge transfer to one of the cleavage sites. 76 The six main ion 

types produced during peptide ionization are called x, y, z and a, b, c ions (Figure 5) when the 

charge is retained at the C-terminal and N-terminal, respectively. 77 The cleavage at the amide 

bond results in generation of b and y ions. 76 These types of ions are produced following Collision 

Induced Dissociation (CID). 76 The loss of a CO group from the b ions results in generation of a 

ions that form an ion pair with x ions on the C-terminal end. 76 The a and x ions represent the 

breakage of the peptide bond between the alpha and carbonyl carbons. 78 In comparison, if the 

peptides are ionized using Electron Capture Dissociation (ECD), c and z ion types are formed. 76 

These ions indicate the cleavage of the peptide at the amide nitrogen-alpha carbon site. 78 To 

indicate which peptide bond is cleaved, the ions are numbered. 77 Moreover, the number of 

hydrogen atoms that are either lost or transferred to the peptide fragment is indicated by the 

apostrophes. 77 If the hydrogens were transferred to the N-terminal, the apostrophes are placed to 

the right of the letter representing the ion type. 77 If the hydrogen atoms were left from the C-

terminal, the apostrophes are put to the left of the letter. 77  
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Figure 5. Peptide fragmentation during mass spectrometry analysis. During ionization, peptide 

sequences get fragmented in one of three sites, producing a and x ions, b and y ions, or c and z 

ions, respectively. 

The workflow of sample preparation for proteomic analysis consists of lysate preparation, protein 

digestion, and peptide cleanup. Lysate preparation involves cellular lysis to extract proteins from 

the extracellular space and can be achieved using both mechanical and reagent-based techniques. 

79 Lysis is optimized to the cell type of the sample and should be done in the presence of protease 

inhibitors to prevent protein degradation. 79 To separate proteins from cellular debris and other 

small molecules present in the sample, numerous purification methods are available. This includes 

liquid chromatography, dialysis, gel electrophoresis, and protein precipitation with either acetone 

or a methanol/chloroform mixture. 71 Protein digestion involves denaturation, reduction, 

alkylation, and proteolytic digestion steps. Denaturation can be accomplished by running sodium 

dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or by addition of strong 

chaotropic agents to the sample solution. 79 The disulfide peptide bridges are then reduced by 

addition of dithiothreitol (DTT) or Tris(2-carboxyethyl)phosphine (TCEP). 79 To prevent 

reformation of disulfide bonds, the sulfhydryl groups are alkylated by iodoacetamide (IAA) or 

iodoacetic acid. 79 Trypsin is the foremost protease used for protein digestion in proteomic analysis 

due to its affordability and robustness. 72, 73, 80-82 It typically generates small peptide fragments by 

cleaving the protein after arginine and lysine residues. 72, 73 Chymotrypsin, Lys-C, Lys-N, Glu-C, 

Asp-N, and Arg-C can also be used as alternative options. 73, 80 Chymotrypsin cleaves at 

x

a
b

c

y
z
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phenylalanine and tryptophan residues, and Lys-C and Lys-N result in digestion at lysine residue 

at C-terminal and N-terminal positions, respectively. 73, 80 Glu-C facilitates cleavage at aspartic 

and glutamic acids, Asp-N cleaves before the residues of aspartic acid, and Arg-C cuts following 

arginine. 73 The choice of protease depends on the goal of the analysis, as well as digestion time, 

buffers used for sample processing, and the nature of the protein analyte. Proteolytic digestion 

requires the unfolded (denatured) structure of the protein due to the easier enzyme access to the 

digestion sites. 71 To facilitate protein denaturation, the buffer used for cell or tissue lysis is 

supplemented with ionic detergents (e.g., sodium dodecyl sulfate (SDS) or sodium deoxycholate 

(SDC)), nonionic zwitterionic detergents (e.g., Triton X-100 or NP-40), or strong denaturing 

agents, such as urea. 71  

Following digestion and prior to mass spectrometry analysis, resulting peptides undergo cleanup 

step which can be accomplished using solid-phase extraction and subsequent liquid 

chromatography step. 

 

 

1.5 Acquisition modes of mass spectrometric data 

Data acquisition, including the selection of precursor ions, during mass spectrometry analysis can 

be obtained using either a data-dependent or a data-independent approach. In data-dependent 

acquisition (DDA), all precursor ions are scanned during the MS1 scan. 83-85 Following the 

generation of the survey scan, only a predetermined number of ions are further fragmented and 

analyzed to produce MS2 scans. 83-85 The MS/MS data collected provide a detailed information 

about the precursor ions. In comparison, data-independent acquisition (DIA) involves 

fragmentation of all precursor ions detected during a specific isolation window of a survey scan. 

83, 85, 86 This allows acquisition of fragmentation data for all ions detected in MS scan instead of 

focusing on a predefined ion set. Depending on the nature of the sample, concurrent fragmentation 

of co-eluting peptides during DIA approach results in a highly multiplexed ion spectra. 86 

However, despite the complexity of the spectra, data-independent acquisition collects unbiased 

data in a systematic fashion and has higher reproducibility and increased sensitivity than DDA. 83, 

86 Additionally, no prior knowledge about mass-to-charge ratio of the precursor peptides is 

required. 
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The DDA method is usually offered as a default setting on most mass spectrometers and requires 

the definition of TopN peptides to be fragmented. 86 Retrospective targeting (using chromatogram 

extraction) for DDA is possible on MS1 level only, while it can be done for both MS1 and MS2 

scans in DIA. 86 In comparison, the DIA requires the definition of the mass range to be analyzed, 

as well as the width of the precursor window (usually around 25 m/z in range) and the number of 

MS2 scans desired for each isolation window. 86  

The main steps of the sample processing workflow for both DDA and DIA analysis of proteomic 

samples share similarities and include protein extraction and digestion, fractionation, and data 

processing and acquisition. 83 However, the fragment ion spectra obtained using DIA analysis are 

usually complex and require deconvolution. This can be accomplished by interrogating obtained 

MS data with available spectral libraries. The spectral libraries include information regarding a 

mass-to-charge ratio of both precursor and fragment ions, as well as retention time observed, and 

the settings used to generate mass spectrometric data. However, such spectral libraries may not be 

available due to the lack of experimentally derived data and, therefore, low confidence in identified 

compounds. 83-85 The other limitations of DIA analysis over DDA include higher cost, time, and 

larger sample volume required to generate data and, therefore, this technique might not be suitable 

depending on the sample availability. In contrast, because selection of precursor ion fragments is 

automated, the data collected using DDA method lacks reproducibility as different precursor ions 

can be selected for further fragmentation for different samples, resulting in the inconsistency of 

acquired results. 83, 84 

In the study, I used the data-dependent acquisition approach to analyze acquired proteomics 

samples. The mass range for the MS1 scan was from 340 m/z to 1,800 m/z with resolution set to 

70,000. The further fragmentation was performed on the 10 most abundant peptides to acquired 

MS2 scan. More specifically, the MS/MS analysis was conducted on the top ten peptides that had 

the highest peak intensities. The dynamic exclusion was set to 8 seconds to allow for detection of 

peaks of lower abundances. Peptide identification was performed using a combination of 

MaxQuant and Perseus software that aided in quantification and interpretation of large high-

resolution proteomic data sets, respectively.  
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1.6 Recombinant protein expression 

Recombinant protein expression using microbial systems is a biochemical technique that utilizes 

bacterial transformation process for production of recombinant proteins. 87 Bacterial 

transformation refers to a type of horizontal gene transfer mechanism that results in the acquisition 

and subsequent incorporation of exogeneous DNA into bacterial genome or plasmid. 88 Bacterial 

transformation is a parasexual process that naturally occurs in bacterial cells, and it was first 

discovered in a Streptococcus pneumoniae strain. 88, 89 While this type of homologous 

recombination allows acquisition of new genetic traits by the recipient cell, the protein expression 

occurs temporarily and requires specific environmental conditions. During transformation, one of 

the strands of external DNA is incorporated into the cell through a transmembrane channel. Inside 

the cell, single-stranded DNA (ssDNA) binds to DNA processing protein, which facilitates the 

attachment of RecA recombinase to the DNA strand. 88 Binding of RecA induces polymerization 

of ssDNA and its pairing to the bacterial chromosomal DNA. 88  

The main steps of high-throughput protein expression include cloning of the gene of interest into 

the vector, transformation of the vector into the host cells, induction, purification and 

characterization. 87 Briefly, the target gene is first cloned into bacterial promoter system and is 

transformed into bacterial cells. 90 The starter cultures are grown overnight and are scaled up into 

a larger culture. Depending on the vector used, the cultures that reached the mid-log growth phase 

can be induced with -thio-galactosidase (IPTG) to promote protein expression, followed by 

overnight incubation with vigorous shaking. 90 Finally, the cells are pelleted and resuspended in 

lysis buffer. 

To induce cell competence and promote transformation, chemical transformation or 

electroporation can be used. 89 The chemically induced transformation can be achieved using 

various techniques. This includes treating bacteria cells with divalent metal ions (i.e., Ca2+, Ba2+, 

or Mg2+ ions) followed by a brief heat shock incubation or freeze-thaw cycle. 89 The membrane 

permeability of the cells can also be improved by addition of tris(hydroxymethyl)aminomethane 

(Tris) buffer supplemented with polyethylene glycol (PEG) to the cells. 89 In contrast, 

electroporation refers to exposure of bacterial membranes to high-voltage electric fields with the 

purpose of creating transient holes in the bacterial membrane. 89  
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Escherichia coli is often used as a preferred prokaryotic system due to its short generation time, 

high cell culture density, and fast transformation time. 87, 90 One of the E. coli strains that can be 

used for recombinant protein expression is called BL21, which was first described in 1986 by 

Studier and Moffatt. 87 The inability to produce Lon protease in levels sufficient for degradation 

of foreign proteins is one of the important features that makes it a suitable choice as a host 

organism. 87 Additionally, BL21 cells lack OmpT protease, which is responsible for digestion of 

T7 RNA polymerase which is needed for expression of extracellular proteins. 87, 90 Despite multiple 

advantages of using E. coli as a host organism for recombinant expression, the rapidity of the 

cellular growth may result in the expression of misfolded proteins. 90 Furthermore, the expression 

of eukaryotic proteins in bacterial cells might be accompanied by the absence of necessary post-

translational modifications. 90 This may result in an insoluble expression of proteins. One of the 

techniques that can be used to improve protein solubility is by addition of affinity tags.  

Affinity tags are differentiated into peptide tags and fusion partners, respectively, and can be 

attached to either C-terminal or N-terminal domain; however, the fusion proteins are commonly 

designed with affinity tag on the C-terminus which is connected to the protein sequence on the N-

terminus through a linker region that contains the recognition site for the protease. 87, 91-93 Some of 

the common affinity tags that can be used to construct fusion proteins include poly-histidine, 

maltose-binding protein (MBP), N-utilization substance protein A (NusA), ubiquitin, Protein A, 

thioredoxin (TRX), small ubiquitin related modifier (SUMO), and glutathione S-transferase 

(GST), or their combination. 87, 93, 94 The designed AvrSen1 sequence used in this study contained 

both poly-histidine and maltose-binding protein tags to improve its solubility. The 6His tag has 

a small size and is uncharged at neutral pH conditions, which minimizes the effects of histidine 

residues on the structure and, therefore, the function of the tagged protein. 95 In comparison, 

maltose-binding protein, or MBP, allows the transformation of the protein of interest at malE gene 

in E. coli. 92, 93 Some of the advantages of fusing proteins with MBP tag include easy post-

transformation purification protocol, high-yield, simple and inexpensive large-scale purification 

steps, and the lack of cysteine residues that might interfere with expression of the target protein. 

92 Incorporation of these affinity tags in tandem results in improved solubility levels and enables 

the use of multiple methods for efficient purification. 93 



 23 

 

 

The use of affinity tags during protein expression and purification process has multiple advantages. 

While the presence of the affinity tags allows development of high-throughput sample processing 

method that would be suitable for diverse range of proteins, they also promote protein yield and 

result in increased protein stability. 91, 93 However, affinity tags can potentially affect protein 

activity or structure and have to be removed as part of the protein purification protocol. 91, 93 This 

can be achieved through the use of either chemical reagents or enzymes. 87, 91, 93 While the choice 

of proteolytic reagent depends on the goal of the analysis, the enzymatic digestion is usually 

preferred. In addition to mild reaction conditions, enzymes usually exhibit greater specificity and 

prevent irreversible damage to the protein of interest. 91 Some of the proteases that are commonly 

used for digestion of fusion proteins include factor Xa, enterokinase, thrombin, and tobacco etch 

virus (TEV) protease. 87, 91, 93 Due to the high specificity and activity over broad pH range and at 

various ionic strength conditions, TEV protease was selected for the cleavage of MBP tag from 

AvrSen1 protein. 96 TEV protease recognizes and cleaves between glutamine and serine at 

ENLYFQS sequence. 91, 93, 96 The serine in P1 position can be replaced with either glycine, alanine, 

methionine, cysteine, or histidine. 96  While the optimal activity of TEV protease is observed at 

37°C, the digestion can also be optimized to low temperatures, which ensures the stability of the 

protein of interest. 

 

 

1.7 Immobilized metal affinity chromatography 

Immobilized metal affinity chromatography (IMAC) is a single-step protein purification technique 

that was implemented in 1970s. 97 It allows purification of recombinant proteins or peptides due 

to the high-affinity binding to chelated divalent metal ions. The metal ions are immobilized in 

resin and interact with proteins tagged with six consecutive histidine residues (Figure 6). This 

provides a fast method of purification of the protein of interest from the rest of the contaminants. 

95, 97 Other proteins present in the sample solution have either weak or no affinity to the metal ions 

and end up in the flow-through fractions during the washing steps. 95 98 Moreover, the addition of 

NaCl and imidazole to the loading and wash buffers minimizes the electrostatic attraction to metal 

beads and prevents low affinity binding to resin, respectively. 98 The elution of bound proteins is 

accomplished by either increasing imidazole concentrations, decreasing pH, or use of a strong 

chelating agent. 95, 98 While imidazole competes for binding to metal ions and displaces 
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recombinant proteins from the resin, decreasing pH level results in protonation of histidine 

residues, which abates binding efficiency between the protein and metal. 95, 98 In comparison, the 

use of a strong chelator, such as Ethylenediaminetetraacetic acid (EDTA), disrupts metal-resin 

interaction and causes the elution of metal ions and the proteins attached from the resin matrix. 98 

The sample preparation for IMAC purification includes centrifugation of harvested bacterial cells, 

followed by resuspension of bacterial pellet with loading buffer and its enzymatic or mechanical 

lysis. 99 The mechanical lysis can be accomplished by sonication, homogenization, or repeated 

freeze/thaw cycles. Following cellular lysis, the sample is applied to the pre-equilibrated column.  

In addition to simple sample processing method, other advantages of IMAC over other 

conventional protein purification systems include scalability, high protein loading capacity, 

column regeneration, high ligand stability, and low costs. 97  

IMAC columns can be charged with either nickel, copper, zinc, or cobalt. 98 The chelators that are 

commonly used for metal immobilization include iminodiacetic acid (IDA) and nitrilotriacetic acid 

(NTA). 95, 98 In this study, Ni Sepharose 6 Fast Flow column, which consists of highly cross-linked 

beads of agarose pre-charged with Ni2+ ions, was used to purify AvrSen1 from the bacterial lysate. 

99  
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Figure 6. Schematic diagram of the binding between His-tagged protein to Ni2+-charged Sepharose 6 

Fast Flow column. The protein structure of AvrSen1 was obtained using AlphaFold prediction. 100, 

101 AvrSen1 designed for this study contains both an MBP and a 6His tag. The His-tag allows to 

purify the protein using Ni resin. The nickel is bound to the carbonyl groups of the matrix via -N 

and -OH moieties. Additionally, it binds to two histidine residues of the recombinant protein by 

forming coordinate bonds.  

 

 

1.8 Size-exclusion chromatography 

Size-exclusion chromatography (SEC) is a non-destructive analytical technique used to separate 

biomolecules, such as proteins, based on their hydrodynamic radius. 102, 103 In SEC, the separation 

is facilitated by the diffusion of molecules through a stationary phase and is based on the molecular 

size of biomolecules. 102, 103 While the stationary phase is composed of porous spherical particles, 

the mobile phase is usually represented by the aqueous solution. 102 The proteins of larger size are 

unable to enter and travel through the pores of the stationary phase and, therefore, elute from the 

column first (Figure 7A and 7B). 104 The elution of subsequent proteins occurs in the order of 

decreasing molecular weight (Figure 7C). 102-104 The separation time of SEC analysis is directly 

Ni2+

Sepharose beads charged with Ni2+ ions

MBP + AvrSen1 6 × histidine tag
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correlated to the flow rate of the mobile phase used. 102 Therefore, reduction of run time can be 

accomplished by either increasing the flow rate or reducing the length of the SEC column to be 

used.  

The SEC column can be packaged with either silica or cross-linked polymeric material. The silica 

columns most commonly consist of bare silica, 1,2-propanediol-bonded silica, or ethylene-bridge 

hybrid material (BEH). 102 In comparison, the polymer packings can contain cross-linked agarose 

or sulfonated polystyrene, polydivinylbenzene, or polyamide. 102 The choice of stationary phase 

mainly depends on the desired pore size, which is correlated with the size of the protein of interest; 

however, one of the parameters that should be considered when choosing the stationary phase is 

non-binding interactions that can occur between silica and proteins. This includes both electrostatic 

and hydrophobic interactions. 102 More specifically, the electrostatic interactions can occur due to 

similar or opposite charging on protein and silica. Identical charges can result in electrostatic 

repulsion that will prevent the protein from entering the pores of the stationary phase particles. 102, 

105 In this case, the protein will elute faster than expected, causing elution time shifting. If the 

protein and silica are oppositely charged, protein adsorption occurs and the elution time increases. 

102, 105 The electrostatic interactions can be prevented by increasing the ionic strength of a mobile 

phase buffer. 102, 103 In addition to non-binding interactions, ionic interactions can also occur during 

SEC analysis. The ionic binding may alter the protein structure and its three-dimentional 

conformation, or it can strengthen the affinity of proteins to the silica pores, resulting in elution 

time shift or peak tailing. Both hydrophobic and ionic interactions can be prevented by 

supplementation of mobile phase with SEC additives, such as arginine, or by optimizing the pH to 

ensure it does not exceed the isoelectric point (pI) of the analyte. 102, 103, 105 

Following protein elution from SEC column, the separated fractions are analyzed by the detector. 

The most common detection mode for SEC analysis is ultraviolet (UV) detector at 210, 214, 220, 

270, 275, and 280 nm wavelengths. 102, 103 While the lower UV wavelengths allow detection of 

amide peptide bonds, aromatic amino acids get detected at higher wavelengths. In addition to UV 

detector, static and dynamic light scattering (LS), fluorescence, intrinsic velocity, viscometer, and 

refractive index (RI) detectors, as well as their combination, can also be used depending on the 

goal of the analysis. 102 In some cases, SEC can be interfaced with a mass spectrometer to 

determine the accurate molecular weight information of the analyte.  
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Figure 7. Separation of proteins of different molecular weight on SEC column. Figure 7A shows the 

difference between the paths that proteins of different size take through the resin during size-

exclusion chromatography. Figure 7B shows that the smaller proteins enter the pores of the column 

and are retained by the stationary phase longer. By comparison, the proteins of large molecular 

weight are too big in size to enter the porous material and, therefore, elute from the column faster. 

Figure 7C represents an example of chromatogram obtained following size-exclusion analysis. As 

indicated before, the larger proteins elute faster and require smaller volume of the mobile phase. 

The smaller proteins will be represented by the later peaks on the chromatogram. 

 

 

Even though the data obtained by size-exclusion chromatography are qualitative, the SEC 

chromatogram can be used to roughly approximate the molecular weight of the analyte. 102 This 
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can be accomplished by preparing a calibration curve based on proteins of known size. By plotting 

the logarithm of the molecular weights versus retention volumes obtained during calibration, the 

third order polynomial curve line can be generated. 102, 105 However, one of the limitations of using 

a calibration curve to determine the molecular size of the protein of interest is caused by the 

potential variations in the protein configuration. More specifically, changes in temperature can 

result in alteration of protein confirmation, viscosity of the mobile phase or the rate of analyte 

diffusion, which would alter the volume of mobile buffer needed for elution. 105 

In this study, the Bio-Rad NGC Chromatography System equipped with Superdex 200 SEC 

column was used for size-exclusion chromatography purification of AvrSen1. This system consists 

of the system pump, mixer, sample inject valve with sample pump and the sample loop, column 

and the column-switching valve, multi-wavelength detector, and the fraction collector. 106 The 

SEC buffers get pulled through the system by the system pump and are then homogenized in the 

mixer module. The sample is manually injected into the selected sample loop, where it then gets 

mixed with the sample buffer. 106 The sample buffer acts as a mobile phase and pushes the sample 

through the column. Following elution of analyte solution from the column, each of the fractions 

is analyzed by the conductivity and UV/Vis detectors and is then collected into a 96-well plate by 

the fraction collector. 106  
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2 Chapter 2 - Comparative proteomics analysis of control and potato wart - infected 

Solanum tuberosum tuber samples 

2.1 Chapter 2 Objectives 

Potato wart is one of the major quarantine pathogens in the agricultural sector in both Canada and 

worldwide. Due to high pathogenicity of S. endobioticum and inability to grow this fungus in 

laboratory conditions, the mechanisms of host invasion and molecular host-pathogen interactions 

involved in disease progression remain underresearched. Studying proteomic and metabolomic 

changes associated with infection could provide additional information on disease distribution and 

resistance development and may aid identification of potential biomarkers that can be used for 

disease diagnosis. Current testing guidelines include harvesting potato tubers following their 

growth and visually accessing plant material, followed by running PCR or other genomic 

experiments to characterize fungal pathotype. PCR is a simple and relatively inexpensive process 

that allows identification of a specific fungal species causing an infection based on the presence 

of a certain DNA fragment in the genome. However, it does not verify whether the proteins 

produced by this pathotype are then successfully translated. In comparison, proteomics results in 

detection of expressed proteins, providing a more accurate representation of the pathways affected 

by infection. Therefore, development of techniques for plant material screening based on detection 

of certain upregulated or downregulated biological molecules may result in easier testing approach. 

In this study, a comparative proteomic analysis of four potato varieties with and without wart 

infection was conducted to study the immune response mechanisms of S. tuberosum induced 

following infection with S. endobioticum. The analysis was performed using liquid 

chromatography–tandem mass spectrometry (LC–MS/MS) approach through coupling of an 

EASY-nLC 1000 system with Q-Exactive Orbitrap mass spectrometer.  

 

2.2 Introduction 

Potato wart induced by Synchitrium endobioticum is a devastating infection of cultivated potato 

plants in many geographical areas worldwide. The pathogenicity and virulence profile of S. 

endobioticum pathotypes is assessed based on its ability to promote infection in potato varieties 

lacking certain resistance genes. Both genome and transcriptome studies provide information on 

mechanisms involved in plant-pathogen interactions; however, analysis of post-transcriptional 

processes in proteome and metabolome can advance the understanding of pathogenicity of the 
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organism and the immune response strategies employed by plants. 107 Conducting proteomic 

analysis on plants pre- and post-infection allows for quantification of proteins involved in the 

interaction between the pathogen and its host and to study post-translational modifications and 

biological pathways that may play roles in the progression of the disease. 107 Qualitative and 

quantitative proteomics provides insight regarding the physiological and structural changes that 

occur as a result of infection. 108 Analysis of proteins involved in phytopathogenic fungal disease 

can result in identification of effector molecules and pathogenic factors that are involved in fungal 

virulence. Additionally, comparative proteome studies analyze proteins involved in immune 

response, signal transduction, and metabolic pathways that play an important role in fungi-plant 

interaction. 108  

 

2.3 Methods 

2.3.1 Plant material acquisition 

Samples for this study were provided by the Canadian Food Inspection Agency (CFIA) research 

centre in Charlottetown, PEI. Overall, four potato cultivars of varying resistance response to S. 

endobioticum infection were obtained for proteomic analysis, which were analyzed in two different 

rounds. The first round included analysis of Russet Burbank and Targhee Russet varieties, while 

the second round of sampling consisted of analysis of Russet Burbank, Mountain Gem Russet, and 

Caribou Russet tubers. The choice of these varieties was based on the availability of sample 

material collected from the farm fields. For each variety, both non-infected, or control, and infected 

material were collected. Infected tubers were sampled twice to account for the difference between 

the warted tissue and visually non-warted tissue. More specifically, tissue fragments were 

collected from both the tuber end and the wart material, which were then referred to as infected 

non-warty and infected with visible warts, respectively. 

 

2.3.2 Protein extraction from tuber material 

To extract proteins from the tuber samples, a modified version of the protocol developed by 

Murawska et al. (2017)109 was used. Briefly, the tuber fragments were cut out from the tuber using 

a 7-mm corkborer and were then collected in 2.0-mL Eppendorf tubes. To prevent biochemical 

changes, the tubes were immediately snap-frozen in liquid nitrogen, and the sample material was 

lyophilized over 48 hours. The freeze-dried samples were manually homogenized using a sterile 
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micropestle, followed by addition of 15 µL of 4 % sodium deoxycholate and 585 µL of 25 mM 

NH4HCO3 solution to the ground material. The samples were then sonicated in an ice-cold water 

bath for 15 minutes, vortexed for 15 seconds, and centrifuged for 10 minutes at 12,000 × g and 

4°C. Following centrifugation, 50 µL of supernatant was transferred to a fresh 2.0-mL Eppendorf 

tube, while the rest of the supernatant was saved and stored at 4°C. To precipitate proteins and 

separate them from the rest of the cellular debris present in the sample solution, the supernatant 

was mixed with 1 mL of cold acetone and incubated at -20°C for 1 hour. When the incubation step 

was complete, the samples were centrifuged for 10 minutes at 12,000 × g and 4°C and the acetone 

was removed from the tubes, leaving the protein pellet at the bottom of the tube undisrupted. To 

ensure no more acetone was remaining in the sample, the protein pellets were air-dried and were 

then stored in -80°C until they were ready to be shipped to Ontario.  

 

2.3.3 Trypsin digestion and SPE clean-up 

The dried protein samples were resolubilized in 200 µL of 100 mM digestion buffer (TrisHCl, pH 

8.5; 1% SDC). To measure the overall protein concentration, 20 µL of each sample was transferred 

to a 96-well plate, where it was mixed with the Pierce™ Rapid Gold BCA Protein Assay Kit 

reagent buffers (Thermo Fisher Scientific, Waltham, MA, United States). The volume 

corresponding to 25 µg of total protein content in the sample was then transferred into a new 1.5-

mL Eppendorf tube. Each sample was mixed with digestion buffer to reach 200 µL overall volume 

and was incubated for 10 minutes at 60°C and 800 rpm. The proteins were then reduced and 

alkylated with 2.5 µL of 100 mM dithiothreitol (Roche Diagnostics, Indianapolis, IN, United 

States) and 3 µL of 200 mM iodoacetamide (MilliporeSigma, Burlington, MA, United States), 

respectively. The proteolytic digestion was accomplished by adding a working solution of trypsin 

(Thermo Fisher Scientific, Waltham, MA, United State) in a 1:50 ratio (trypsin:sample). The 

samples were then incubated at 37℃ overnight with intermittent shaking. 

Following overnight incubation, the protein digests were mixed with 20 µL of 10% trifluoroacetic 

acid (TFA) solution and 200 µL of ethyl acetate. The resulting peptide mixture was vortexed and 

centrifuged at 13,000 × g for 3 minutes. The top organic layer was then discarded, and the bottom 

aqueous layer was transferred to another 1.5-mL Eppendorf tube, where it was diluted with 200 

µL of Milli-Q water. The sample clean-up step involved addition of sample solutions to Oasis 
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HLB 1cc (30 mg) extraction cartridges. More specifically, the cartridges were first conditioned 

with 2 mL of methanol and equilibrated with 2 mL of 0.1% aqueous solution of formic acid (FA). 

To load samples into HLB sorbent, the cartridges were filled halfway with 0.1% FA and the 

samples were added on top of the formic acid solution. The mixture was then allowed to slowly 

drip through, followed by a washing step with 400 µL of 0.1% FA and elution with 600 µL of 70% 

acetonitrile (ACN). The final step of the clean-up procedure included drying the samples in the 

CentriVap Centrifugal Vacuum Concentrator (Labconco Corporation, Kansas City, MO, United 

States). Once the samples were dried down, the peptide pellets were reconstituted with 200 L of 

5% ACN, 0.1% FA solution and transferred to 250-µL snap cap polypropylene HPLC vials 

(Agilent Technologies, Santa Clara, CA, United States).   

 

2.3.4 Proteomic analysis on nLC-MS/MS and MaxQuant data processing 

All peptide samples were analyzed on an EASY-nLC 1000 system coupled to a Q-Exactive 

Orbitrap mass spectrometer. Full MS scan was acquired at 70,000 resolution in the mass range of 

340-1,800 m/z, with automatic gain control (AGC) target and maximum injection time (IT) set to 

1×106 and 256 ms, respectively. The high-resolution MS/MS analysis was performed on the top 

10 peptides with 17,500 resolution, AGC of 1×106 and maximum IT of 110 ms. 

The data processing was performed using MaxQuant software v.2.0.3.0. (Max Planck Institute of 

Biochemistry, Munich, Germany). To quantify identified proteins and generate a protein group 

library, each DDA-MS raw file was searched against a S. tuberosum reference proteome obtained 

from UniProt (UP000011115), which consisted of 53,106 amino acid sequences, as well as a S. 

endobioticum proteome (UP000320475) that was comprised of 8,518 proteins. Both proteomes 

were accessed on January 19th, 2024. Most settings were kept as default, with the exception of 

making sure the Label-free quantification and iBAQ analysis options were selected. Following 

MaxQuant database search, the protein IDs output file was imported into the Perseus software 

platform (v. 1.6.13.0.). Protein identifications containing potential contaminants, reverse 

sequences, and peptides identified by site peptides were filtered out. The peak area values of the 

remaining proteins were transformed to log2(x) values. Lastly, two-sample T-test analysis was 

performed to determine which proteins were differentially expressed between control and infected 

plants. The protein identifications with a p-value higher than or equal to 0.05 were ignored. 
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Significant proteins (proteins with a p-value of less than 0.05) were then annotated using 

PANTHER classification system. In short, the protein ID numbers were batch uploaded for gene 

list analysis and Solanum tuberosum was selected as an organism in order to view the functional 

classification of detected proteins. 

 

2.4 Results and Discussion  

2.4.1 First round of sample acquisition – Russet Burbank and Targhee Russet 

During the first round of sampling, a total of 20 samples were acquired. Eight of the samples 

belonged to Russet Burbank variety and included four control (RBC) and four infected warted 

(RBI) samples. The other 12 samples were Targhee Russet tubers with four control (TC), four 

infected non-warted tissue material (TINW) and four infected with warts (TIW) samples obtained, 

respectively.  

Following MaxQuant analysis, the label-free quantification (LFQ) intensities of identified proteins 

were transformed to log2(x) values and the missing values were normalized. To compare the 

protein expression levels between the control and infected groups, the two-sample T-test was 

conducted. The protein groups that had a p-value higher than 0.05 were removed. In Russet 

Burbank variety, a total of 623 proteins were detected, 102 of which were differently expressed in 

control and potato wart-infected samples and had a p-value of less than 0.05 (Figure 8). For 

Targhee Russet samples, all three groups were compared to one another. When comparing TC and 

TINW samples, out of 415 proteins that had non-zero LFQ values, 414 of them were insignificant 

(p > 0.05). This suggests that there is no significant change on the proteome level between the non-

infected tubers and the infected tissue that was sampled at the non-warted end. These observations 

may indicate that potato wart has a localized nature and low virulence. This has not been described 

previously; however, considering that Synchitrium endobioticum is a biotrophic fungus and 

heavily relies on its host for nutrient acquisition, the slow disease progression is beneficial for 

fungal survival. In other words, potato wart seems to spread through tuber tissue slowly. This 

allows continuation of the normal metabolic processes of the host, which supplies enough nutrients 

for both fungal and plant growth. The comparison between Targhee Russet control and infected 

with warts material (TC versus TIW) resulted in detection of 464 proteins with 48 of them having 

values above zero in one or more samples in both sample group. The rest of the proteins identified 

in MaxQuant had quantifiable peak intensity values detected for only one sample group and were 
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excluded from statistical analysis. Out of 48 non-zero proteins, 16 of them did not differ 

significantly between sample groups, while the other 32 proteins were downregulated in infected 

plants. Finally, looking at the differences between the infected non-warty (TINW) and infected 

with warts (TIW), 552 protein groups were identified and 207 of them were significant (p < 0.05) 

(Figure 8). Since the comparison of TIW and TINW yielded the largest number of proteins being 

identified, these two groups were therefore used for subsequent annotation via gene ontology (GO) 

analysis.  

 
Figure 8. Volcano plot displaying the results of t-test comparisons of A) Targhee Russet infected non-

warty (TINW) versus Targhee Russet infected with visible warts tuber samples and B) Russet 

Burbank control versus Russet Burbank infected tuber material.  

 

By conducting GO analysis using Panther software, 102 and 207 significant proteins in Russet 

Burbank and Targhee Russet varieties, respectively, were annotated based on their functions. The 

most abundant protein classes identified in both varieties were metabolite interconversion 

enzymes, metabolism-related proteins, ribosomal proteins, and protein involved in plant defense 

(Figure 9). Heat shock (or chaperone) proteins ones involved in plant growth and development, as 

well as proteases and protease inhibitors were abundantly present in the samples.  
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Figure 9. The distribution of significant proteins detected in Targhee Russet and Russet Burbank 

based on their functions. This bar chart shows the protein groups that had a p-value < 0.05 and 

were, therefore, identified as significant when comparing control and infected samples (RBC 

versus RBI and TINW versus TIW, respectively). 

 

Looking at the fold change (FC) of the proteins identified in both varieties, it was observed that 

there are differences in the way these two varieties respond to infection. These data are visualized 

in the heat map below (Figure 10). The plot shows the change in protein expression levels post-

infection when comparing control and infected tubers. To visualize the difference in immune 

response mechanisms between varieties, the Log2 fold change was calculated by comparing the 

average of detected peak areas of control and infected samples of each variety. By plotting the 

Log2 fold change values for Russet Burbank variety, it was determined that majority of the proteins 

are upregulated following infection. This trend is observed throughout protein groups of different 

functions, including metabolism-interconversion proteins. However, this does not apply to the 

proteins involved in plant defense. More specifically, the expression of some of the proteins that 

play role in plant defense increased, while other plant defense-related proteins were 

downregulated. Therefore, future work should concentrate on obtaining more conclusive results 

on the effects of S. endobioticum on the immune system of Russet Burbank potatoes in a larger 
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sample set. In contrast, Targhee Russet variety seems to respond differently to the infection. All 

protein groups that were used to plot a heat map were downregulated. Interestingly, three out of 

four TIW samples did not have any proteins. These results were verified through re-analysis of the 

same samples, as well as technical replicates of these samples. The lack of proteins in infected 

potatoes has not been described in literature before, and may suggest that this variety undergoes 

necrotic decomposition as a result of S. endobioticum – triggered disease.   

 
Figure 10. Heat map illustrating the change in expression levels of proteins detected in Targhee Russet 

and Russet Burbank potato varieties. The two columns of the map show the Log 2 fold change 

between control and infected samples of Targhee Russet and Russet Burbank varieties. Each row 

represents a different protein. If the fold change value is positive, that means the level of that 

protein is higher in infected material. Therefore, this protein is upregulated upon infection and the 

cell that correspond to that protein is red. Alternatively, if the level of the protein is lower in 
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infected tubers in comparison to control sample, that protein is downregulated and will be 

highlighted in the shade of blue on the map. Protein identities can be found in Table S3 in 

Appendix section. 

 

2.4.2 Second round of sample acquisition – Russet Burbank, Mountain Gem Russet, 

Caribou Russet, and decomposed warted material 

During the second round of sampling, 45 more samples were acquired. Out of these samples, 35 

samples belonged to Russet Burbank variety, while Caribou Russet and Mountain Gem Russet 

groups included two samples each. The decomposed wart material sample group included 6 

samples total. 

The Russet Burbank variety group included 15 control tubers (RBC), 12 infected without visible 

warts (RBINW), and 8 infected with warts (RBIW) samples. All three groups contained between 

102 and 175 proteins and the comparative analysis was conducted in a same way to the Targhee 

Russet variety analyzed in round 1. Looking at the differences between RBC and RBINW groups, 

105 proteins were considered insignificantly different (p > 0.05) between the two sample groups, 

while the other seven were identified as significant (Figure 11A). Three proteins were upregulated 

and the levels of the other four decreased following infection. The upregulated proteins consisted 

of patatin B-2, serine protease inhibitor 5, and monodehydroascorbate reductase. These proteins 

have been previously identified to play a role in plant defense and/or stress response. In 

comparison, linoleate 9S-lipoxygenase 8 (putatively identified), patatin, annexin, and miraculin 

were downregulated following the activation of pathogen-triggered immune response in plants. 

Using Panther software, it was determined that both linoleate 9S-lipoxygenase 8 and patatin play 

a role in plant defense, annexin is involved in stress response, and miraculin may play a role in 

taste modification. These data suggest that while some plant defense proteins are produced at a 

lower rate, the infection with S. endobioticum can cause the overexpression of some proteins 

involved in defense mechanisms. These results correlate to the data obtained in the first round of 

sampling.  
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Figure 11. Volcano plot displaying the results of t-test comparisons of A) Russet Burbank control 

(RBC) versus Russet Burbank infected non-warty (RBINW); B) Russet Burbank control versus 

Russet Burbank infected with visible warts tuber samples (RBIW); C) Russet Burbank infected non-

warty versus Russet Burbank infected warted material.  

 

The comparative proteomic analysis of RBC versus RBIW samples revealed that 18 out of 136 

detected proteins were significantly different between the groups and had a p-value less than 0.05 

(Figure 11B). Twelve proteins in the significant category were upregulated upon infection, while 

the levels of six proteins significantly decreased. Five of the downregulated proteins play a role in 

plant defense and were identified as linoleate 9S-lipoxygenase 8 (putatively identified, based on 

the annotation provided by UniProt), serine protease inhibitor 2, as well as patatin proteins. One 
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of the downregulated proteins was -1,4 glucan phosphorylase and is involved in metabolic 

processes. The other proteins were upregulated, and their functions varied from protein folding 

and metabolism to immune response.  

Finally, 102 proteins were identified following comparison of RBINW and RBIW groups with 88 

of them having a p-value greater than 0.05 (Figure 11C). The eight upregulated proteins were 

annexin, elongation factor 1-alpha, malate dehydrogenase, CBS domain-containing protein, malic 

enzyme, nucleoside diphosphate kinase, 5-methyltetrahydropteroyltriglutamate-homocysteine, S-

methyltransferase, and ATP synthase subunit beta. Elongation factor 1-alpha is involved in 

translation, while the other proteins predominantly play a role in metabolism and membrane 

transport.  The downregulated proteins included cysteine protease inhibitor 10, patatin-B2, aspartic 

protease inhibitor 8, patatin-07, aspartic protease inhibitor 1, and Kunitz-type enzyme inhibitor 

S9C11. While the cysteine protease inhibitor is involved in regulation of plant growth and 

development, the rest of downregulated proteins are involved in plant defense. Therefore, the 

results suggest that S. endobioticum interferes with metabolic processes in Russet Burbank plants 

and causes them to produce metabolism-related enzymes in abundance. This correlates with the 

results obtained previously. In comparison, this round of proteomic analysis provided clearer data 

on the effect of potato wart on immune response of the host. The lower levels of plant defense 

proteins observed in infected tubers suggest that S. endobioticum weakens plant immune response, 

resulting in downregulation of protease inhibitors necessary for inhibition of fungal growth. 

However, due to the difficulty of determining a specific age (in days or months) of collected tuber 

material, it is impossible to say whether the inhibition of plant defense proteins occurs during early 

or late stages of infection.  

Both Caribou Russet and Mountain Gem Russet contained one control and one infected tuber 

sample. Using MaxQuant, only 24 proteins were identified in both groups (Table 1). While some 

proteins in the infected warted material of Caribou Russet variety had non-zero detection levels, 

all Mountain Gem Russet infected with warts tubers did not contain any proteins. Despite this 

difference, all 24 proteins were downregulated upon infection in both Mountain Gem Russet and 

Caribou Russet. These results correlate with the protein levels observed in the first round of 

sampling and may suggest that both varieties respond to the infection similarly to Targhee Russet. 

However, more samples should be obtained to verify these results.  
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Table 1: Quantified proteins for Caribou Russet and Mountain Gem Russet varieties provided in the 

second round of sampling. 

The table below includes the information about names and functions of the proteins that are 

present in both varieties of potatoes and shows the peak area values quantified by MaxQuant 

software. 

Protein name Mountain Gem 

Russet 
Caribou Russet 

Protein 

function 

INW IW INW IW 

Kunitz-type tuber 

invertase inhibitor 

123110000 0 103180000 0 metabolism  

Nucleoside diphosphate 

kinase 

105780000 0 42495000 0 metabolism 

Metallocarboxypeptidase 

inhibitor 

2174000000 0 1490400000 2958300000 plant defense 

Metallocarboxypeptidase 

inhibitor 

36373000 0 0 0 plant defense 

catechol oxidase 46903000 0 10336000 0 plant defense 

Pathogen-and wound-

inducible antifungal 

protein CBP20 

87619000 0 0 0 plant defense 

Lipoxygenase 524540000 0 493960000 151400000 plant defense 

Aspartic protease 

inhibitor 11 

4130100000 0 7632500000 8772700000 plant 

defense/plant 

development 

Aspartic protease 

inhibitor 

3583100000 0 623660000 946380000 plant 

defense/plant 

development 

Patatin 2111600000 0 518320000 798620000 plant 

defense/storage 

Patatin-2-Kuras 3 53891000 0 170720000 0 plant 

defense/storage 

Patatin  43047000 0 357890000 209520000 plant 

defense/storage 

Patatin 357950000 0 713900000 168290000 plant 

defense/storage 

Probable inactive patatin-

3-Kuras 1 

554180000 0 1488200000 1260300000 plant 

defense/storage 

Patatin group J-1 334660000 0 345120000 174040000 plant 

defense/storage 

Patatin 156090000 0 0 155460000 plant 

defense/storage 

Cysteine protease 

inhibitor 10 and 8 

293110000 0 1539600000 118190000 stress response 
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Protein name Mountain Gem 

Russet 
Caribou Russet 

Protein 

function 

INW IW INW IW 

Cysteine protease 

inhibitor 9 

147380000 0 1048200000 1125100000 stress response 

Phosphopyruvate 

hydratase 

172620000 0 99807000 0 stress response 

Cysteine protease 

inhibitor 1 

413670000 0 91408000 0 stress response 

Lactoylglutathione lyase 109520000 0 173780000 133830000 stress response 

Probable linoleate 9S-

lipoxygenase 3 

40502000 0 0 0 stress response 

Linoleate 9S-

lipoxygenase 1 

0 0 43841000 32144000 stress 

response/plant 

development 

Miraculin 3679600000 0 980900000 1484000000 taste modifier 

Miraculin 67197000 0 213560000 45435000 taste modifier 

Additionally, CFIA also provided decomposed warted material for sampling. Similar to the other 

two varieties sampled during this round, only 19 proteins were quantified in six decomposed 

samples following sample processing and mass spectrometric analysis (Table 2). Four out of six 

samples (Sample 1, 2, 5, and 6) did not have any detectable proteins, which provided additional 

confidence levels for the previously acquired data. The other two samples, Sample 3 and 4, had 

five and nineteen proteins quantified, respectively. Majority of these proteins play a role in 

metabolism, plant defense, storage, and stress response. As suggested before, the lack of proteins 

in these samples could be caused as a result of S. endobioticum – induced necrosis. The 

hypersensitive immune response triggered by the plant in response to the fungal infection results 

in formation of necrotic tissue. The premature death of plant cells causes nutrient deficiency, 

preventing the metabolic pathways to proceed as normal. Due to the lack of metabolites, the host 

organism is unable to keep up with nutrient requirements of both the plant and the fungus. The 

interference of potato wart with plant growth and development may also result in decreased levels 

of protein synthesis. Alternatively, fungi can also interfere with protein folding, decreasing the 

activity of produced plant proteins. The other possible reason for low protein number in the 

decomposed material could be associated with the ability of S. endobioticum to synthesize 

proteases that digest proteins associated with resistance or plant defense; however, more research 

should be conducted to verify that. 
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Table 2: Protein groups identified in six decomposed warted samples provided in the second round 

of sampling. 

The table below includes protein names, quantified peak areas, and protein functions of all the 

proteins identified in all six decomposed material samples.  

Protein name Decomposed material Protein 

function 1 2 3 4 5 6 

Nucleoside 

diphosphate kinase 

0 0 0 275810000 0 0 metabolism 

Metallocarboxy-

peptidase inhibitor 

0 0 2429900000 2278100000 0 0 plant defense 

Metallocarboxy-

peptidase inhibitor 

0 0 0 41292000 0 0 plant defense 

Pathogen-and 

wound-inducible 

antifungal protein 

CBP20 

0 0 0 39918000 0 0 plant defense 

Lipoxygenase 0 0 0 672700000 0 0 plant defense 

Aspartic protease 

inhibitor 11 

0 0 4143100000 2052000000 0 0 plant defense 

and plant 

development 

Aspartic protease 

inhibitor 

0 0 0 4805300000 0 0 plant defense 

and plant 

development 

Patatin 0 0 0 474720000 0 0 plant defense 

and storage 

Patatin-2-Kuras 3 0 0 38439000 331510000 0 0 plant defense 

and storage 

Patatin 0 0 0 153830000 0 0 plant defense 

and storage 

Probable inactive 

patatin-3-Kuras 1 

0 0 1269300000 3448100000 0 0 plant defense 

and storage 

Patatin group J-1 0 0 0 1380300000 0 0 plant defense 

and storage 

Patatin 0 0 0 119480000 0 0 plant defense 

and storage 

Cysteine protease 

inhibitor 10 and 8 

0 0 0 1594100000 0 0 stress 

response 

Phosphopyruvate 

hydratase 

0 0 0 67462000 0 0 stress 

response 

Lactoylglutathione 

lyase 

0 0 0 134230000 0 0 stress 

response 

Probable linoleate 

9S-lipoxygenase 3 

0 0 0 27228000 0 0 stress 

response 
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Protein name Decomposed material Protein 

function 
1 2 3 4 5 6 

Miraculin 0 0 0 1020600000 0 0 stress 

response 

Miraculin 0 0 379530000 64683000 0 0 stress 

response 

 

 

2.5 Conclusions and Future Work 

This study represents the first nLC-MS/MS study conducted to analyze the difference in proteomic 

profiles between control and potato wart infected tuber samples provided by CFIA. The 

upregulation of metabolomic proteins obtained for Russet Burbank variety confirms the biotrophic 

nature of Synchitrium endobioticum and its use of plant cells to acquire nutrients. Additionally, the 

differences observed between the protein levels post- and pre-infection suggest that the varieties 

analyzed respond differently to potato wart. It is important to point out, however, that those 

differences could be related to the progression of infection during sampling. Therefore, the future 

experiments should concentrate on conducting a normalized study where the samples are collected 

at specific time points. This will confirm whether the proteomic changes observed between 

varieties in this study are associated with a particular stage of the infection.  

While the levels of plant defense proteins reported do not provide a conclusive data on their role 

in resistance against the fungus, the lack of proteins in infected Targhee Russet, Mountain Gem 

Russet, and Caribou Russet tubers may suggest facilitation of necrosis in these varieties. Necrotic 

reaction is induced as a result of hypersensitive immune response, which is believed to occur in 

varieties resistant to a specific pathotype of S. endobioticum. However, more research should be 

conducted to determine the effects of potato wart on plant defense pathways. This can be 

accomplished by studying the differences between the protein groups involved in PTI, which is 

the first line of plant immune response, and proteins that contribute to the effector-triggered 

immunity.  

Analysis of the decomposed material revealed the lack of identifiable proteins in those samples. 

This might indicate that infection in varieties that trigger activation of hypersensitive response 

undergo necrosis, resulting in formation of non-viable tissue. This causes death of both host and 

pathogen cells and the infection is no longer able to proceed.   
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In addition to identification of differences in immune response between varieties tested, the 

quantitative proteomic data obtained in this study suggests that there is little to no diversity 

between control samples and the non-warted tissue. More specifically, the infected tubers tested 

at the part of the tuber that did not have visual warts present showed high resemblance to the non-

infected potato material. This is something that has not been previous documented; however, it 

confirms that Synchitrium endobioticum is a biotroph. Biotrophic fungi heavily rely on its host for 

survival. Therefore, the localization of infection to a certain area limits the damage to the plant, 

allowing it to sustain normal metabolic processes. The synthesized nutrients are then used by both 

plant and fungus, resulting in slow disease progression but production of more zoospores.  

Overall, this study provides insight into which protein groups play role in plant-pathogen 

interactions during potato wart and their potential use as biomarkers for diagnostic screening. The 

future steps for this work should concentrate on analysis of metabolic changes in the same set of 

samples to validate collected proteomics data and get a further insight into factors involved in plant 

resistance pathways. Additionally, microscopy experiments, such as fluorescence imaging, can be 

conducted to determine the location of proteins downregulated as a result of infection. 
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3 Chapter 3 - Expression of AvrSen1 and its characterization 

3.1 Chapter 3 objectives 

S. endobioticum avirulence genes encode for diverse types of secreted effector molecules that can 

potentially suppress host defense responses and promote host colonization during infection. 

Similar to many other fungal effector molecules, the intrinsic function of AvrSen1 remains 

unknown. Previous work done on AvrSen1 consisted of genome mining analysis to identify 

chromosomal location of a gene encoding for AvrSen1; however, this protein has not been 

previously expressed or purified using recombinant approach. Understanding its structure and 

function would aid in determining its role in host resistance and pathogenicity of S. endobioticum. 

Due to the host specificity of S. endobioticum, localization and primary structure characterization 

of AvrSen1 might assist in identification of corresponding resistance genes encoded in potato 

plants, which could result in successful generation of plants bred to resist infection. To produce 

recombinant AvrSen1, the gene encoding the protein was synthesized, expressed in E. coli, and 

the recombinant protein was enriched from the bacterial cell lysate via metal affinity 

chromatography. To ensure AvrSen1 was made correctly in E. coli, the protein was immobilized 

on a resin and analyzed via a bottom-up proteomics approach on a Q-Exactive mass spectrometer. 

 

3.2 Introduction 

Fungal pathogens cause numerous infections in plants and account for approximately 10% loss in 

agronomic production annually. 110 To suppress fungal growth, plants have developed multiple 

defense strategies. These include pathogen-associated molecular pattern (PAMP)-triggered 

immunity, or PTI, which is triggered in response to production of certain damage-associated 

molecules, such as chitin and -glucan, by the pathogen. 31, 110-114 The PTI is considered the first 

line of plant defence and leads to changes in hormone biosynthesis, initiation of reactive oxygen 

species production, and deposition of callose in between the plasma membrane and the cell wall. 

Another line of host defense includes recognition of fungal effectors, namely avirulence (Avr) 

genes. This defense mechanism involves recognition of effector molecules by the intracellular 

receptors, which results in the activation of the hypersensitive response (HR) by the host cells and 

leads to cell death. 31, 110-112, 114 This type of immunity is referred to as effector-triggered immunity 

(ETI).  
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Fungal effector molecules can be both proteinaceous and non-proteinaceous (i.e., secondary 

metabolites, RNA molecules) in nature and are classified as cytoplasmic and apoplastic molecules. 

110, 112-115 Apoplastic effectors inhibit plant immunity mechanisms in the cell wall and surrounding 

extracellular space through degradation of cell wall constituents, inhibition of chitin-triggered 

immunity, as well as papain-like cysteine proteases and pathogenesis-related proteins. 115 In 

contrast, intracellular effectors target protein stability, gene transcription, phytohormone signaling, 

and receptor mediated defense signaling. 115 Effectors that alter cell structure or the function of the 

host are considered virulence factors or toxins, while the effector molecules that trigger the 

immune response in plants are called avirulence factors. 114 Despite having different virulence and 

avirulence functions, fungal effectors are usually non-enzymatic, rich in cysteine residues and do 

not exceed 300 amino acid residues in length. 110, 111, 113, 115 

Avirulence genes are extremely diverse and vary between species or even strains. In most cases, 

their expression is induced by specific plant-pathogen interaction. 111 While the function of many 

fungal avirulence genes remains unknown, their maintenance in pathogen population might 

suggest that their expression is beneficial for the pathogen. It is thought that Avr genes encode 

molecules that are specifically recognized by the host plant, which produce matching resistance 

(R) genes. 111, 116 According to the gene-for-gene concept, the interaction of an Avr gene product 

with the corresponding R gene product may occur either directly or through a third component, 

such as co-receptor. 114, 117 Therefore, if the infected plant contains a resistance gene, the binding 

of its protein product to the Avr protein would initiate a signal transduction pathway, resulting in 

necrosis of plant tissue. 114, 116, 117 Alternatively, if the R gene is missing, host cells are considered 

susceptible and infection progresses. 116 In addition to binding to host targets, fungal effectors can 

also manipulate host machinery through enzymatic activity, modulation of plant signaling 

cascades, and altering gene expression through DNA binding. 112 Therefore, effector molecules 

play an important role in disease development. 

AvrSen1 is the only effector molecule that has been previously described for S. endobioticum. 31 

It is an avirulence protein that consists of 376 amino acids in length and encodes for a putative 

non-enzymatic protein, which is thought to be recognized by the Sen1 protein produced by 

resistant potato varieties. 31, 118 The mechanism by which S. endobioticum delivers its effector 

proteins into the host plant cell cytoplasm remains unknown. However, once the fungus has 
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penetrated the host, it can secrete these effector proteins into the host cell to manipulate the 

metabolism and physiology of the plant. 119 This is what causes the increase in individual cell size 

(hypertrophy) and increase in cell production (hyperplasia), which is characteristic of the wart-like 

growths that develop on the potato meristematic tissue. As described above, AvrSen1-Sen1 

interaction initiates effector-triggered immunity and, therefore, the intracellular recognition of 

AvrSen1 triggers hypersensitive immune response, resulting in tissue necrosis. Identification of 

AvrSen1 followed the discovery of Sen1 gene in plants resistant to pathotype 1(D1); however, the 

sequencing of additional S. endobioticum pathotypes capable of evading plant immune system 

resulted in detection of multiple variants of AvrSen1 gene, suggesting its role in fungal virulence. 

31, 118 Cloning various potato wart fungus pathotypes showed that five different AvrSen1 variants 

were found in higher pathotypes that could not trigger a hypersensitive response in Sen1 plants. 

119 The main difference between the variants is associated with the presence of single-nucleotide 

substitutions/insertions. 31, 118 This suggests that AvrSen1 mutated several times during evolution 

with the purpose of evading detection by the plant's ETI response. 

There is a critical lack of structural and functional information for AvrSen1. Biochemical 

characterization of the protein will aid in better understanding its biological role during potato wart 

infection. In addition, identification of AvrSen1 structure and its difference between pathotypes 

could give better insight into the evolution of S. endobioticum species, while explaining phenotypic 

differences between pathotypes.  

 

 

3.3 Methods 

3.3.1 Transformation of designed sequence into competent E. coli cells 

AvrSen1 was expressed recombinantly in E. coli BL21(DE3) competent cells. A series of AvrSen1 

constructs were designed and contained increasing amounts of the open reading frame of the 

protein. The goal was to identify a construct of AvrSen1 that expressed at high levels and produced 

functional and stable protein. N- and C-terminal truncations were designed based on predicted 

secondary structure of the protein. Overall, five different AvrSen1 clones were synthesized: 

CPG102 (151 a.a. long), CPG103 (181 a.a. long), CPG104 (256 a.a. long), CPG105 (305 a.a. long), 

and CPG106 (375 a.a. long), respectively (Figure 12). While the size of AvrSen1 has been 
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previously reported to be 376 amino acids long, the only FASTA sequence for this protein 

deposited to National Center for Biotechnology Information (NCBI) database contains 375 amino 

acids. All five sequences were synthesized as 6X-His-tagged N-terminal MBP fusion proteins 

(Twist Biosciences, CA, USA).  

 

Figure 12. Schematic diagram of designed AvrSen1 homologs. The location of alpha helices and beta 

sheets was predicted by Phyre2 web portal based on the amino acid sequence of a full-length 

AvrSen1. 120 While CPG106 sequence represents the full-length AvrSen1, CPG102 was designed 

to encode for amino acids 1-151, CPG103 encodes for amino acids 1-181, CPG104 consists of 256 

amino acids, and CPG105 consists of 305 amino acids.  

Since the recombinant AvrSen1 has not been expressed and purified before, choosing the sequence 

that encodes for functional, stable and soluble protein is critical. CPG102 and CPG103 (151 a.a. 

long and 181 a.a. long, respectively) contain multiple -helices and -sheets and were predicted 

to have a relatively folded structure. CPG104 (256 a.a. long) and CPG105 (305 a.a. long) represent 

longer sequences that have regions without predicted secondary structures; however, they have 
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been previously identified as the predominant AvrSen1 variants in S. endobioticum pathotypes in 

Europe and Canada, respectively, and were, therefore, selected for this study. In comparison, 

CPG106 represents the full-length protein and was chosen for this study as it is the most accurate 

representation of the native structure of this effector molecule. 

3.3.2 Protein expression in liquid E. coli cultures and cellular lysis 

Each construct of AvrSen1 was transformed into the E. coli BL21(DE3) expression cell line. 

Individual colonies of each clone were grown overnight (O/N) at 37°C in 20 mL LB medium + 

kanamycin (50 g/mL). Overnight liquid cultures were transferred into 1 L of freshly prepared LB 

medium supplemented with kanamycin at the same concentration as before. Cells were grown at 

37°C with shaking until an OD600 value of 0.8-1.0. Protein expression was then induced via the 

addition of IPTG to a final concentration of 0.05 mM, and cells were grown O/N at 16°C with 

shaking. 

Cells were pelleted via centrifugation, and the pellets were resuspended in 35 mL of resuspension 

buffer (50 mM sodium phosphate (pH 8), 500 mM NaCl, 10 mM imidazole, 5mM -

Mercaptoethanol (-ME), 0.5 mg/mL lysozyme; and cOmplete™ protease inhibitor cocktail at one 

tablet per 50 mL of buffer concentration [MilliporeSigma, Burlington, MA, United States]). 

Resuspended cells were sonicated for a total of 5 minutes at 30 second on/30 seconds off cycle at 

30% amplitude. To clear the lysate from cellular debris, the lysate was centrifuged at 15,000  g 

at 4°C for 15 minutes. Following centrifugation, the bacterial pellet was disposed, and the 

remaining supernatant was used in the steps described below. 

 

3.3.3 Purification of AvrSen1 using metal affinity and size-exclusion chromatography 

Recombinant AvrSen1 proteins were enriched from clarified lysate supernatants via immobilized 

metal affinity chromatography using an Econo-Column (Bio-Rad Laboratories, Inc., Hercules, 

CA, United States) packed with Ni Sepharose 6 Fast Flow resin (Cytiva, Washington, DC, 

United States). The Ni was equilibrated with resuspension buffer (50 mM sodium phosphate (pH 

8), 500 mM NaCl, 10 mM imidazole, 5mM -Mercaptoethanol (-ME), 0.5 mg/mL lysozyme; and 

cOmplete™ protease inhibitor cocktail at one tablet per 50 mL of buffer concentration 

[MilliporeSigma, Burlington, MA, United States]). Clarified lysate was added to the resin and 
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incubated at 4°C for 60 minutes. The resin was then washed with 15 column volumes of wash 

buffer (50 mM sodium phosphate buffer, 500 mM NaCl, 25 mM Imidazole, 5 mM -ME). Protein 

was eluted in elution buffer (50 mM sodium phosphate buffer, 150 mM NaCl, 500 mM Imidazole, 

5 mM -ME). The collected fractions were then analyzed via SDS-PAGE (Bio-Rad Laboratories, 

Inc., Hercules, CA, United States) to verify successful expression of AvrSen1. 

Following Ni column purification, MBP-AvrSen1 fusion proteins were further purified via gel 

permeation chromatography using a Next Generation Chromatography (NGC) system (Bio-Rad 

Laboratories, Inc., Hercules, CA, United States). The sample was loaded onto a pre-equilibrated 

Superdex 200 size-exclusion chromatography (SEC) column equilibrated in 50 mM sodium 

phosphate buffer (pH 8) and 150 mM NaCl. Fractions were analyzed via SDS-PAGE gel to 

monitor for the presence of AvrSen1 fusion protein.   

Fractions containing AvrSen1 protein were pooled and analyzed on a Q-Exactive mass 

spectrometer (refer to section 3.3.4.) to ensure the correct protein was produced. The remaining 

sample was treated with Tobacco Etch Virus (TEV) protease to cleave the MBP-tag from AvrSen1 

at a 1:50 (TEV:protein) ratio. Digestion occured at room temperature for 6 hours, followed by 

overnight incubation at 4°C. The digest was then run on SDS-PAGE gel to determine the digestion 

efficiency. 

 

3.3.4 nLC-MS/MS analysis of fusion AvrSen1-MBP protein 

To verify the production and purification of recombinant AvrSen1 proteins, the collected lysate 

fractions were analyzed using bottom-up proteomic approach. First, 350 L of the lysate collected 

from the Ni column in Section 3.3.3 was added to a 2.0-mL Eppendorf tube containing 40 L of 

pre-equilibrated magnetic beads (New England Biolabs, Ipswich, MA, United States). These 

magnetic beads contain Anti-MBP antibodies that bind to MBP tag of the designed AvrSen1 

protein, allowing to purify it from other impurities present in the bacterial lysate. The bead-lysate 

mixture was incubated for a total of 60 minutes in a thermomixer (Eppendorf, Hamburg, Germany) 

set to 550 rpm. To remove all the proteins that did not bind to the beads, the microfuge tubes were 

placed in the magnetic separation rack (Thermo Fisher Scientific, Waltham, MA, United States) 

to pull the beads to the side of the tube. The supernatant was decanted, and the beads were washed 

thrice with 0.1 M sodium phosphate buffer (pH 8.0). To elute AvrSen1 protein from the beads, the 
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bead pellet was resuspended in 40 L of Laemmli sample buffer (Bio-Rad Laboratories, Inc., 

Hercules, CA, United States). The tubes were then heated at 70°C for 5 minutes and each sample 

was loaded onto an SDS-PAGE gel (Bio-Rad Laboratories, Inc., Hercules, CA, United States). 

The gel was run at 200 V for 35 minutes. 

Following SDS-PAGE electrophoresis, the gel was stained with Coomassie Brilliant Blue R-250 

staining solution to visualize the bands. The bands corresponding to the size of CPG103 and 

CPG106 proteins were excised from the gel. Each band was divided into 1 mm  1 mm pieces and 

placed together in a 1.5-mL Eppendorf tube, where they were destained using ammonium 

bicarbonate solution. Briefly, the gel pieces were incubated in 300 L of 2 mg/mL NH4HCO3 

solution in ultrapure water, followed by a 10-minute incubation step in a thermomixer set to 37°C 

and 700 rpm. The solution was then replaced with 300 L of 2 mg/mL NH4HCO3 solution in 50:50 

ACN:H2O mixture, and the incubation was repeated. The washing with ammonium bicarbonate 

solutions was repeated until all of the sample loading dye was removed. Reduction of proteins was 

performed by adding 30 L of 10 mM DTT in 25 mM NH4HCO3 solution. The tubes containing 

the sample were incubated for 10 minutes at 60°C. The samples were cooled to room temperature, 

the reducing buffer was removed, and the gel pieces were washed with 25 mM ammonium 

bicarbonate solution to wash away the remaining DTT. Protein alkylation was achieved by 

incubating samples with 30 L of 100 mM aqueous iodoacetamide buffer in the dark for a total of 

one hour. Following reduction of cysteine residues, IAA buffer was decanted, and the samples 

were incubated with 25 mM NH4HCO3 solution for 30 minutes at 37°C and with continuous 

shaking. The trypsin digestion was done by first shrinking the gel pieces with 50 L of acetonitrile, 

airdrying them for 10-15 minutes and adding activated trypsin solution (0.01 g/L trypsin in 25 

mM NH4HCO3). The resulting mixture was incubated for 15 minutes at room temperature prior to 

adding 45 L of 25 mM NH4HCO3 buffer. The microfuge tubes were then left to incubate 

overnight at 32°C with constant shaking at 300 rpm. The next morning, the digestion mixture was 

placed in a new 1.5-mL Eppendorf tube, while the remaining gel pieces were mixed with 10 L of 

1% FA solution. Following 5-minute incubation at 32°C and 300 rpm, the extraction solution was 

added to the digestion mixture. Lastly, 75 L of 5% ACN solution was added to the peptide 

samples.  
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The nLC-MS/MS analysis was performed using EASY-nLC 1000 system connected to Q-Exactive 

mass spectrometer. The same parameters described in Section 2.3.4 were applied. The qualitative 

analysis was performed using SearchGUI software (v. 3.3.3.) in combination with Peptide Shaker 

(v. 1.16.26.) to identify proteins, as well as the number of peptides, detected.  

 

3.4 Results and Discussion 

Following transformation of selected AvrSen1 sequences into competent E. coli cells and their 

purification via Ni-NTA chromatography, the expression of all five designed sequences was 

assessed by running their fractions on the SDS-PAGE gel. The CPG103 encodes for a 181 amino 

acid long or 20.7 kDa AvrSen1 and had the best expression out of all five sequences, and CPG106 

represents the full-length AvrSen1 protein, which is why only these two sequences were selected 

for MS analysis. The other three sequences either showed inconsistent expression post-

transformation, were produced in low quantities or were insoluble in Na3PO4 buffer used in the 

protocol.  

The incubation of CPG103 and CPG106 with Anti-MBP magnetic beads allowed further 

purification of each protein from other contaminants present in the bacterial lysate. Following the 

gel staining step, bands corresponding to the approximate size of the protein (62.8 kDa and 84.8 

kDa for CPG103 and CPG106, respectively) were cut out from the gel (Figure 13).  
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Figure 13. SDS-PAGE analysis of CPG103 and CPG106 after MBP-affinity enrichment. Running 

bacterial lysate samples containing CPG103 and CPG106 proteins resulted in acquisition of two 

main bands. The CPG106 band (approximately 84.8 kDa in size) was observed on the gel in 

between 75 kDa and 100 kDa protein ladder bands. In comparison, CPG103 band (predicted size 

of 62.8 kDa) was observed in between 50 kDa and 75 kDa ladder bands.    

To confirm the identity of the putative AvrSen1 bands, CPG103 and CPG106 were digested with 

trypsin and run on the Q-Exactive mass spectrometer. The mass spectrometric analysis of the 181 

a.a. long AvrSen1 protein bound to MBP resulted in detection of six proteins (Table 3).  
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Table 3: Protein detected following proteomics analysis of CPG103 protein enriched via anti-MBP 

magnetic beads.  

The number of PSMs refer to the number of peptide-spectrum matches. It shows the total number 

of all peptides detected for the protein. 

 Protein name 

Protein 

accession 

number 

MW 

[kDa] 

Coverage 

[%] 

#Validated 

Peptides 

#Validated 

PSMs 

Confidence 

[%] 

1 
CPG103-

MBP+AvrSen1 
- 62.72 89.01 117 562 100 

2 Cytochrome P450 M1B865 48.94 2.08 1 0 88 

3 Heat shock protein M0ZM32 
110.2

5 
1.53 1 1 100 

4 
Calcium uniporter 

protein 
M0ZL04 24.90 5.86 1 1 86 

5 
Elongation factor 

Tu 
M1B640 35.69 5.21 1 1 100 

6 
50S ribosomal 

protein L15 
M1B5R1 29.22 3.99 1 1 100 

 

CPG103 was the main protein detected in the sample fraction. The 117 peptides identified for 

CPG103 provide 89% coverage of the whole protein sequence (Figure 14). Since the expressed 

protein of interest underwent two purification steps, which included IMAC and SEC, prior to its 

analysis on the mass spectrometer, it was assumed that majority of contaminants were removed 

from the lysate. Therefore, the proteomic data correlates with the expected results and verifies that 

the expressed protein was in fact AvrSen1. The other five proteins present in the mixture had only 

one peptide detected each (Table 3). This might suggest that other proteins present in the cleared 

lysate co-migrated with CPG103. Alternatively, identification of those proteins in the sample 

shows a potential contamination of either the beads, buffers or microfuge tubes used. 
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Figure 14. Bottom-up nLC-MS/MS analysis of CPG103. Figure 14A shows an amino acid sequence 

of CPG103 protein, with AvrSen1 portion of the protein highlighted in pink. Figure 14B shows 

the sequence coverage of CPG103 based on the peptides detected using Q-Exactive mass 

spectrometer.  

 

The results of bottom-up analysis of CPG106-containing sample looked similar to the CPG103 

protein. CPG106 was the predominant protein present in the sample, with a total of 156 peptides 

detected by mass spectrometry (Table 4). Similar to CPG103, the other proteins present in the 

sample had no more than one peptide identified with overall coverage varying from 2.08% to 

15.29%. The peptide coverage for CPG106 was determined to be approximately 86% and is 

visualized on Figure 15. 
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Table 4: Protein detected following incubation of CPG106 protein with Anti-MBP magnetic beads.  

 Protein name 

Protein 

accession 

number 

MW 

[kDa] 

Coverage 

[%] 

#Validated 

Peptides 

#Validated 

PSMs 

Confidence 

[%] 

1 
Cytochrome 

P450 
M1B865 48.94 2.08 1 3 100 

2 

Probable 

inactive patatin-

3-Kuras 1 

Q3YJS9 41.17 4.28 1 1 100 

3 

Integrase core 

domain 

containing 

protein 

M1DG18 14.66 9.92 1 1 100 

4 
Serine protease 

inhibitor 7 
P30941 24.01 7.69 1 3 100 

5 

ATP-dependent 

clp protease 

ATP-binding 

subunit clpx 

M1AIM3 61.99 2.28 1 2 100 

7 

ATP synthase 

subunit alpha, 

mitochondrial 

M1B325 9.43 15.29 1 4 100 

9 Replicase M1C030 45.66 2.86 1 1 100 

10 
CPG106-

MBP+AvrSen 
- 84.78 85.75 156 1128 100 

12 
Heat shock 

protein 70-3 
M0ZHT9 71.16 2.47 1 2 100 

13 
50S ribosomal 

protein L15 
M1B5R1 29.22 3.99 1 4 100 
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Figure 15. Bottom-up nLC-MS/MS analysis of CPG106. Figure 15A shows an amino acid sequence 

of CPG106 protein, with AvrSen1 portion of the protein highlighted in pink. Figure 15B shows 

the sequence coverage of CPG106 based on the peptides detected using Q-Exactive mass 

spectrometer. 

 

Overall, the nLC-MS/MS analysis of AvrSen1-containing bacterial lysates confirmed the 

successful expression of both CPG103 and CPG106. Since no one has worked with recombinant 

AvrSen1 before, it was critical to verify that E. coli was able to produce this protein correctly. 

Therefore, this data provides additional confidence level that the ordered AvrSen1 sequences were 

transformed into bacteria successfully. However, despite successful expression of CPG106, it was 

determined that CPG103, which has a length of a 181 amino acids, had the best expression. Due 

to its expression efficiency and high solubility levels, this homolog of AvrSen1 has been chosen 

for initial protein analysis and purification experiments.  
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Following extraction of CPG103 from bacterial cells, it was purified via Ni Sepharose 6 Fast 

Flow and Superdex 200 columns to remove other bacterial proteins from the sample. The size-

exclusion analysis resulted in detection of two main peaks which included MBP-tagged AvrSen1 

and MBP alone, respectively (Figure 16).  

 

Figure 16. Chromatogram obtained following size-exclusion analysis on NGC system. By running 

bacterial lysate containing fused AvrSen1 protein on Superdex 200 column, two main peaks get 

detected at 280 nm wavelength. Running multiple fractions of each peak on SDS-PAGE gel 

allowed to identify that the first peak contains CPG103 (or MBP-bound) AvrSen1protein, while 

the second peak consists of MBP alone. 

 

To verify the size and purity of the protein, the fractions collected as a part of the CPG103 peak 

were run on SDS-PAGE gel (Figure 17). All fractions had one band that appeared on the gel in 

between 50 kDa and 75 kDa bands of the protein ladder, which is consistent with the predicted 

size of the protein. The presence of one thick band also confirms the efficiency of the protein 

purification. 
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Once the protein expression and size was confirmed, all CPG103 fractions were combined together 

and the protein concentration was measured using NanoDrop Microvolume Spectrometer (Thermo 

Fisher Scientific, Waltham, MA, United States).  

 

Figure 17. Qualitative analysis of CPG103 fractions isolated from SEC column. Fractions that were 

collected as a part of the first peak on Superdex 200 column formed one predominant band on 

the gel. The size of this band is in between 50 kDa and 75 kDa, which is consistent with the 

estimated size of 62.3 kDa for CPG103 protein. 

 

The next steps involved enzymatic digestion of the protein with the purpose of removing MBP tag 

from the AvrSen1 portion of the protein. The TEV enzyme was added at the 1:50 ratio of enzyme 

to protein. The resulting mixture was left to incubate for 6 hours at room temperature. To check 

the efficiency of digestion, the sample was run on SDS-PAGE gel (Figure 18). 
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Figure 18. Analysis of TEV-digested CPG103 protein on an SDS-PAGE gel. Following digestion of 

obtained CPG103 protein with TEV enzyme, the resulting sample digest was run on SDS-PAGE 

gel. Apart from the presence of minor contaminants, four main bands were observed which 

corresponded to the sizes of CPG103 protein (62 kDa), MBP alone (42 kDa), TEV enzyme (27 

kDa) and AvrSen1 alone (20 kDa), respectively. 

 

Looking at the gel, it can be seen that digestion of the fusion protein was successful as it resulted 

in the appearance of four main bands corresponding to fusion protein, MBP, TEV, AvrSen1, 

respectively. The next steps focused on isolation of AvrSen1 from the sample digest; however, all 

the protocols that I’ve tried to date to accomplish this were unsuccessful. The future steps for this 

project are further described in the Conclusions and Future Work section of this chapter. 
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3.5 Conclusions and Future Work 

Preliminary results collected for this project verified the successful expression and purification of 

two AvrSen1 proteins in E. coli cells. The immobilization of AvrSen1 on magnetic beads and its 

further analysis using a bottom-up approach allowed for identification of numerous peptides that 

were expected to be present based within the protein sequence used for expression. For the 181 

amino acids long and the full-length AvrSen1 sequence, a total of 117 and 156 peptides were 

identified, respectively. Considering that the overall coverage obtained was 89.01 % and 85.75%, 

this study provides an additional confidence level of the obtained results and confirms successful 

AvrSen1 expression in E. coli system. However, while the data represent the first mass 

spectrometric analysis conducted on the effector molecule of Synchitrium endobioticum, the native 

structure of AvrSen1 still remains unknown.  

Future work should concentrate on identification of AvrSen1 protein that behaves well in solution 

and can be produced at biochemical levels (in milligram quantities). CPG103 expressed here may 

behave differently to the full-length AvrSen1 due to it having different physical and chemical 

properties. The future experiments also ought to focus on separation of AvrSen1 from MBP tag 

and mass spectrometric analysis of the purified AvrSen1 using top-down proteomics. Performing 

the top-down analysis of a purified protein should provide a better understanding regarding the 

structure of this fungal protein, as well as reveal any potential PTMs or metal interactions. Once 

homogenous recombinant AvrSen1 is produced, a major goal of this project includes determining 

the X-ray crystal structure of the protein, which will help in understanding the function of the 

protein.  

Additionally, current work has shown that the use of Escherichia coli as a heterologous host for 

AvrSen1 expression results in production of a unstable protein, suggesting the low efficiency of 

this system. Therefore, the future work will also concentrate on utilizing Saccharomyces cerevisiae 

or Pichia pastoris yeast cells and Nicotiana benthamiana plants to identify a suitable heterologous 

host for production of functional protein. Successful purification and acquisition of AvrSen1 

crystals will result in identification of its structure, which will allow functional assays to better 

understand the type of proteins AvrSen1 interacts with upon penetration of the host membrane. 

Additionally, conducting a pull-down experiment of AvrSen1 with protein mixture extracted from 

resistant potato varieties might identify the Sen1 protein. The specificity of AvrSen1-Sen1 

interaction and its role in induction of hypersensitive immune response in host cells suggest the 
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importance of Sen1 in resistance to infection. Therefore, identification of this protein could 

promote the identification of the resistance loci regions in Solanum tuberosum. This would allow 

an improved understanding of the infection mechanisms at the molecular level.  
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4 Chapter 4 - Investigation of protein interaction partners of AvrSen1 

4.1 Chapter 4 objectives  

AvrSen1 is the only effector molecule that has been previously described to be associated with 

potato wart; however, its role in suppression of pathogen-triggered immunity in Solanum 

tuberosum plants remains unknown. 31 Therefore, understanding which potato proteins interact 

with AvrSen1 might help to expand our knowledge on the function of this protein, as well as its 

localization. This can be accomplished by isolating protein groups from various tissue material of 

potato plants and establishing co-immunoprecipitation reaction with the AvrSen1-containing 

fungal lysate. Hence, the objective of this study is to determine the interaction partners of AvrSen1 

using immunoprecipitation approach coupled with mass spectrometry analysis.  

 

4.2 Introduction  

Phytopathogens, like S. endobioticum, secrete effector molecules that act to suppress plant immune 

defenses and reprogram the host cell’s metabolism for its benefit. Investigating protein-protein 

interactions between the fungal protein of interest and plant proteins can yield crucial information 

about the function of fungal effector molecules. 121, 122  

One of the techniques that can be used to study protein-protein interactions following infection is 

called co-immunoprecipitation (Co-IP). This approach involves expressing and harvesting the 

protein of interest in the cell culture extract, followed by its binding to a solid support, such as 

magnetic beads. 121-123 To differentiate between the protein of interest and the rest of bacterial 

proteins present in the lysate, the magnetic beads are usually coated with a tag or an antibody that 

is specific to the target protein, resulting in its immobilization. The rest of the proteins remain 

unbound in solution and are removed during the washing steps. 123 The beads are then enriched 

with the protein solution that contains potential interaction partners. Unbound proteins are washed 

away, leaving only the target protein and its interaction partners attached to the beads. Depending 

on the goal of the analysis, the bound proteins can either be eluted and analyzed qualitatively on 

the SDS-PAGE gel or they can undergo on-bead trypsin digestion and identification using 

analytical techniques, such as mass spectrometry. The combination of co-immunoprecipitation 

technique with proteomics is referred to as Co-IP-MS or IP-MS. 121, 123  
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This study focused on the detection of AvrSen1 interaction partners in the leaf and tuber material 

of Russet Kennebec potato variety to better understand the function of AvrSen1 during infection. 

The interaction partners from both types of tissue were isolated using Co-IP technique, followed 

by their analysis on a nano-LC-MS/MS instrument. More specifically, MBP-AvrSen1 fusion 

protein was attached to the magnetic beads covalently coupled with anti-MBP antibodies. The 

MBP-tag of AvrSen1 acts as an antigen, resulting in strong antigen-antibody interaction between 

the fusion protein and the antibody molecule attached to the beads.  

 

4.3 Methods 

4.3.1 Transformation of AvrSen1 into competent E. coli cells  

To transform AvrSen1 protein into competent bacterial cells, the protocol described in “3.3.1 - 

Transformation of designed sequence into competent E. coli cells” section was followed. Overall, 

two different sizes of AvrSen1 were used, the full-length protein (CPG106) which consists of 375 

amino acids, and a shorter AvrSen1 homolog (CPG103) which is 181 amino acids long. Despite 

poor expression of CPG106 in competent bacterial cells, it should have a structure similar to the 

native protein. It would, therefore, provide a better understanding of what type of host-pathogen 

protein interactions occur during infection. In comparison, CPG103 has shown the best solubility 

and expression levels out of all the ordered AvrSen1 sequences. Therefore, in this study, both 

CPG103 and CPG106 were used. The MBP sequence was used as a negative control for this 

experiment and its expression was accomplished using the same steps that were used for AvrSen1 

sequences.  

 

4.3.2 Expression of AvrSen1 and its isolation from E. coli liquid cultures  

The procedure described in “3.3.2 – Protein expression in liquid E. coli cells” section was used, 

without any modifications. Before proceeding to the next step, the obtained supernatant was run 

on SDS-PAGE gel to ensure that AvrSen1 was expressed and to verify the sizes of AvrSen1 

sequences. The parameters used for gel electrophoresis remained unchanged. 

 

4.3.3 Extraction of leaf and tuber proteins 

The leaf and tuber material used for this experiment was extracted from one-month old Kennebec 

potato plants. More specifically, the leaf samples were obtained by cutting one leaf at a time using 
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tissue scissors. To extract the tuber material from plants, a 7 mm corkborer was used to collect 

small tissue fragments. Following extraction, both leaf and tuber fragments were placed into 

separate 50-mL Falcon tubes and were immediately snap-frozen. Both tuber and leaf samples were 

then placed at -80°C overnight and were then freeze-dried using a two-day lyophilization cycle. 

After the lyophilization step was complete, the mass of each sample was recorded. The freeze-

dried material was then homogenized at 1000 rpm for 60 seconds using stainless steel beads.  

The protein extraction protocol was adapted from Singh et al.121, with minor modifications. The 

homogenized material was resuspended with Co-IP buffer (100 mM TRIS-HCl, pH 7.5; 150 mM 

NaCl; 1 mM EDTA; 10 mM MgCl2; 10% glycerol; 0.2% Triton; 5 mM DTT; and 1X protease 

inhibitor cocktail tablet) at 1:10 and 1:1 for leaf and tuber material, respectively (sample:buffer). 

The samples were vortexed, incubated in the thermomixer for 30 minutes at 4°C and 600 rpm, and 

centrifuged for 60 minutes at 4°C and 13,000 rpm. The concentration of protein in the supernatant 

was quantified using Pierce™ Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, United States). The proteins were also analyzed qualitatively by running 10 L of 

the sample supernatant on the SDS-PAGE gel at 200 V for 35 minutes. 

 

4.3.4 Incubation of proteins with bead-attached AvrSen1 

To isolate interaction partners of AvrSen1 from the rest of soluble proteins present in potato lysate 

solution, the Anti-MBP magnetic beads were used. First, the MBP-bound AvrSen1 protein was 

attached to the beads following the protocol supplied by New England Biolabs124. Briefly, the 

beads were first thoroughly vortexed for 15 seconds, followed by the transfer of 40 µL of bead 

suspension into a new 1.5-mL Eppendorf tube. The conditioning step included washing the beads 

thrice with 500 µL of 0.1 M sodium phosphate buffer (pH 8.0) with 30-second incubations during 

each wash. To attach MBP-fusion AvrSen1 protein to the beads, 350 µL of cell culture extract 

containing the protein of interest was thoroughly mixed with Anti-MBP magnetic beads and 

incubated for 60 minutes at 4°C and 550 rpm. Following the incubation step, the supernatant was 

decanted, and the beads were washed with 0.1 M sodium phosphate buffer (pH 8.0) to prevent 

non-specific binding of other proteins present in the bacterial lysate.  

To facilitate binding of leaf and tuber proteins, 350 µL of protein solution was added to the beads, 

followed by three-day incubation at 600 rpm and 4°C. The flow-through was then removed from 
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each sample and the beads were washed with 0.1 M sodium phosphate buffer (pH 8.0) again. All 

of the supernatant fractions were collected to identify proteins that did not bind to the beads.  

 

4.3.5 Trypsin digestion of interaction proteins 

The protocol used to enzymatically digest bound proteins was adapted from The Proteomics Unit 

at University of Bergen125, with some modifications. The beads were first resuspended in 200 µL 

of phosphate-buffered saline (PBS) buffer (pH 7.4). The supernatant was discarded, and the PBS 

wash was repeated twice. To facilitate reduction of peptide bonds, the beads were mixed with 40 

µL of 50 mM Tris-HCl buffer (pH 7.9), followed by addition 4 µL of 0.1M DTT to the tube and a 

5-minute incubation at 95°C. Once the samples cooled down to room temperature, the proteins 

were alkylated with 5 µL of 0.2 M IAA. Following the incubation step at room temperature and in 

the dark for a total of 60 minutes, 0.8 µL of 0.1 M DTT was added and the sample solutions were 

incubated for 10 minutes at room temperature. The enzymatic digestion was performed by adding 

5 µL of trypsin working solution to the bead, which was prepared by mixing 2.5 L of 2 g/L 

trypsin stock with 47.5 L of 50 mM NH4HCO3. The samples were incubated at 37°C overnight 

with slight agitation. Following incubation with trypsin, 1.1 L of 5% formic acid (FA) was added 

to each sample to reach the final concentration of 0.1% FA. 

 

4.3.6 Sample clean-up using solid-phase extraction 

To clean up the samples prior to analysis on the mass spectrometer, the solid-phase extraction 

(SPE) protocol was used. To do that, Oasis HLB 1cc (30 mg) Extraction Cartridges were 

activated with three millilitres of methanol and equilibrated twice with 1 mL of 0.1% aqueous 

solution of formic acid. To load samples to the cartridges, the peptide solutions were carefully 

added to the SPE cartridges pre-filled with 500 L of 0.1% FA. This mixture was then allowed to 

slowly drip through the cartridge, followed by the washing step with 400 L of 0.1% FA. The 

cartridges were then dried, and the peptides were eluted with 400 L of 70% acetonitrile (ACN) 

solution. To concentrate digested proteins on the bottom of the tube, the samples were dried using 

CentriVap Centrifugal Vacuum Concentrator (Labconco Corporation, Kansas City, MO, United 

States). Once all the solvent evaporated, the dried peptide pellet was reconstituted in 200 L of 
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5% ACN, 0.1% FA solution. Prior to MS analysis, all samples were transferred into 250-μL snap 

cap polypropylene HPLC vials (Agilent Technologies, Santa Clara, CA, United States). 

 

4.3.7 Analysis on Thermo Q-Exactive Orbitrap mass spectrometer 

All proteomics data were acquired using Thermo Q-Exactive Orbitrap mass spectrometer fitted 

with Nanospray Flex ion source and coupled to an EASY-nLC 1000 system (Thermo Fisher 

Scientific, Waltham, MA, United States). Each sample (10 L) was injected onto Acclaim 

PepMap RSLC C18 column. The peptides were resolved with 0.1% FA in Optima LC/MS 

grade water and 0.1% in ACN mobile phases. The MS analysis was conducted using data-

dependent acquisition (DDA) mode comprised of full MS scan in the mass range from 340 m/z to 

1,800 m/z. The scans were obtained at 70,000 resolution, with maximum injection time (IT) set to 

256 ms and automatic gain control (AGC) target of 1106. The 17,500-resolution MS/MS scans 

were performed on the top 10 peptides in every window. The AGC target was kept at 1106, while 

the maximum IT was increased to 340 ms. 

 

4.3.8 Data analysis 

To annotate identified proteins, the qualitative analysis was performed using SearchGUI software. 

More specifically, the obtained DDA-MS raw files were first converted into mgf format using MS 

Convert (version: 3.0.22166-28b 1b 7b). The sample files were then searched against Solanum 

tuberosum reference proteome obtained from UniProt (UP000011115) with the addition of the 

FASTA sequences of CPG103, CPG106, and MBP. The majority of settings were kept as default; 

however, the carbamidomethylation of C was selected under fixed modifications and oxidation of 

M was chosen for variable modifications. The carbamidomethylation of cysteine is a type of post-

translational modification that gets introduced following interaction of the protein with IAA. 126 

Similarly, oxidation of methionine is one of the predominant post-translational oxidations in 

proteins and occurs during sample processing. 127 In addition, the fragment m/z tolerance was 

changed from 0.5 Da to 0.02 Da. Following SearchGUI analysis, the identified protein accession 

numbers, as well as the columns with the molecular weight, percent coverage, peptide number, 

and validation level, were transferred into a new Excel document. All proteins with less than five 

peptides detected were removed from the data.  
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The protein groups identified in both half-sized and full-length AvrSen1 were compared to the 

proteins detected in MBP sample. The proteins that were present in both the sample groups and 

the negative control were filtered out. The rest of proteins were sorted based on their function in 

Solanum tuberosum plants.  

 

4.4 Results and Discussion  

Prior to attachment of MBP-fused AvrSen1 proteins to the magnetic beads, the expression of all 

three protein sequences was assessed by running SDS-PAGE gel (Figure 19). The samples were 

run in replicates to ensure the accuracy of their size. The MBP is 42.5 kDa protein and its band 

appeared on the gel between 37 kDa and 50 kDa when compared to the bands of the standard 

ladder, which correlates with its expected size. The CPG103 sequence, which consists of half-

sized AvrSen1 protein and MBP, encodes for a fusion protein of 63.2 kDa in size. Both lanes 

containing CPG103 had a thick band that migrated the similar distance as 50 kDa ladder band. 

Similarly, CPG106 sequence consists of a full AvrSen1 protein and MBP and should be 85.3 kDa 

in size. Both CPG106 samples had a band eluted close to 75 kDa band of the standard used; 

however, the size and thickness of the band suggests that the protein was not well expressed or 

that it might be insoluble. 

After the bacterial lysates containing the fungal protein and negative control were incubated with 

both leaf and tuber mixture, the bound proteins were eluted from the beads to test and visualize 

the difference between the interaction affinity between maltose-binding protein, half-sized 

AvrSen1 and the full-length AvrSen1 protein. 
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Figure 19. Expression of extracted MBP, CPG103 and CPG106 sequences. Following expression and 

extraction of MBP and both half-sized and full-length AvrSen1 proteins, their size and expression 

efficiency were confirmed by running SDS-PAGE electrophoresis. Based on the bands obtained, 

all three proteins expressed successfully and were of the right size. 

 

The proteomic analysis of CPG103 and CPG106 fractions eluted from the beads resulted in 

identification of 116 leaf and 203 tuber interaction partners, respectively (Table S1 and Table S2 

in Appendix). When comparing the proteins detected in leaf material, 49 proteins interacted with 

half-sized AvrSen1 protein, while full-length AvrSen1 protein bound 96 potato proteins. Each 

identified protein was annotated using gene ontology analysis. Proteins that play a role in 

photosynthesis, plant defense and metabolism, as well as ribosomal proteins were the predominant 

protein groups identified for both fungal protein sequences (Figure 20). Other classes with fewer 

proteins included plant growth, chaperone, translation, ATP synthesis, redox signalling, and stress 

response proteins were detected in both samples.  
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Figure 20. The distribution of the function of identified interaction partners of AvrSen1 in the Russet 

Kennebec leaf material.  Following incubation of protein mixture extracted from Russet Kennebec 

potato plants with AvrSen1 protein, majority of identified proteins were involved in 

photosynthesis, metabolism, plant defense, or ribosomal processes. While the number of proteins 

identified for CPG103-containing proteins was lower, the overall number of proteins and their 

function-based distribution followed the similar pattern for both CPG103 and CPG106 sequences. 

 

The distribution of interaction partners detected in tuber material was similar to leaf proteins with 

the main groups being ribosomal proteins, metabolism-related proteins, proteins involved in plant 

defense and photosynthesis (Figure 21). Majority of the proteins detected in CPG103 sample had 

multiple functions. These interaction partners either do not have published data providing 

information about their specific functions or have been previously reported to participate in various 

cellular processes. In comparison, CPG106 bound only four proteins, which were all involved in 

plant defense. The lack of interaction partners of CPG106 could be caused by the fact that the 

AvrSen1 proteins used for this experiment are bound to the MBP tag, which could affect the 

binding efficiency or activity levels of AvrSen1. However, the qualitative analysis of the proteins 

that were collected in the flow-through fractions resulted in identification of large number of 

unbound proteins. This suggest high specificity of the AvrSen1 interaction with potato proteins. 
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Another reason for detection of low number of tuber proteins for CPG106 protein could be due to 

the low concentration of AvrSen1 in the sample. Despite it having the similar sequence to the 

native AvrSen1, the conditions used for this experiment could differ significantly from that of 

infection. First of all, the poor expression of CPG106 in E. coli might have resulted in production 

of protein in low concentrations, resulting in lower binding efficiency of the protein. Additionally, 

the buffer used for extraction of proteins from plant tissue contained proteases which could 

negatively impact the AvrSen1 activity.  

 

Figure 21. The distribution of the function of identified interaction partners of AvrSen1 in the tuberous 

tissue of Russet Kennebec plants.  Based on the observed mass spectra, the samples containing 

CPG106 protein, which is a full-length AvrSen1, did not interact with large number of proteins 

extracted from the tuber tissue of Russet Kennebec plants. In comparison, the half-sized fungal 

protein bound tuber proteins that varied in their function. 

Overall, the data collected in this experiment resulted in the identification of potential AvrSen1 

interaction partners that can play a role in infection. Interestingly, CPG103 had a higher affinity 

for proteins isolated from tuber material, while CPG106 primarily bound leaf proteins. Based on 

the number of identified proteins and their distribution based on function annotation, both CPG103 
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and CPG106 bind the proteins of similar functions when mixed with protein mixture extracted 

from leaves. However, this trend was not observed with tuber proteins.  

The most common functional categories for AvrSen1 interactors were ribosomal, plant defence 

and metabolic proteins. Considering the biotrophic nature of S. endobioticum, the binding of 

ribosomal proteins and proteins involved in metabolism is not surprising. Similarly, the 

identification of plant defense protein was also expected as potato wart majorly impacts the growth 

and development of S. tuberosum plants. These data correlate with the protein classes observed 

when sampling PEI samples as well.  

Out of 116 interaction partners from leaf material identified for both sequences, 30 proteins bound 

to both AvrSen1 sequences, which represents approximately 26% similarity. Comparatively, out 

of four CPG106 tuber interactors, two of the proteins also had affinity to CPG103, resulting in 

50% resemblance. Altogether, the differences between the proteins identified for half-sized and 

full-length AvrSen1 may indicate that they have distinct functions. The specific proteins and the 

number of proteins in each group varied when comparing the list of interactors generated for 

CPG103 and CPG106 proteins.  

 

4.5 Conclusions and Future Work  

The preliminary data collected in this study provide a further insight into the function of AvrSen1 

during potato wart infection. Majority of the proteins that were detected in the AvrSen1-containing 

samples were ribosomal proteins or proteins involved in plant defense, metabolism, or 

photosynthesis. These fundings are not surprising and correlate with the proteomics data collected 

for control plants and tubers infected with S. endobioticum. 

While the data obtained in this experiment provides a better understanding regarding the type of 

proteins participating in immune response mechanisms induced by S. endobioticum infection, the 

acquired data suggests that AvrSen1 interacts with the higher number of leaf proteins in 

comparison to the proteins extracted from tuber material. This contradicts with the nature of the 

infection due to the fact that the wart malformations associated with potato wart almost exclusively 

appear on the tuber tissue alone. Therefore, understanding the affinity of binding between the leaf 

proteins and AvrSen1 might enhance our knowledge of metabolites and proteins involved in the 
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host-pathogen interactions during infection, as well as the effects of disease progression on the 

overall plant health. 

The future work should focus on validating the identified AvrSen1 interactors. While numerous 

detected proteins have been previously associated with plant defense, their specific role in potato 

wart remains unknown. In addition to that, a lot of identified interaction partners were involved in 

metabolomic pathways and might lack experimental evidence to support their function in plant 

immunity. Therefore, the interaction efficiency of those proteins should be validated through 

transformation of their gene sequences into bacterial cells and their subsequent expression, 

extraction, and purification. Testing the isolated proteins instead of the protein lysate mixture 

might provide an addition support for binding affinity with AvrSen1.  

Furthermore, the future experiments should concentrate on testing different potato varieties. By 

incubating AvrSen1 with proteins from resistant and susceptible varieties, some of the less 

essential interaction partners can be eliminated. This would also provide a better understanding 

regarding the different immune pathways that get activated following infection.  

Finally, the use of maltose-binding protein as a negative control allowed elimination of false 

positive proteins that were detected in samples due to nonspecific binding; however, the future 

work should be focused on using purified AvrSen1 protein without an MBP-tag to replicate the 

endogenous structure of a protein during infection. The isolated AvrSen1 can be acquired using 

the transformation and expression method described in this study. Alternatively, it can also be 

extracted from the S. endobioticum-inoculated plants to simulate the endogenous levels of 

AvrSen1 that occur during potato wart infection. Similar to the suggestion mentioned above, 

testing the pure and isolated AvrSen1 will provide an additional confidence level and validate the 

obtained results. 
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Chapter 5 - Conclusions 

The general goal of this thesis was to understand the effects of potato wart on plant health and 

immunity and to study the difference between control and infected plants. The work summarized 

here includes three main experiments that were conducted as a part of my master’s project and 

includes proteomics study of collected samples, structure analysis of AvrSen1 and identification 

of interaction partners via co-immunoprecipitation of AvrSen1 with potato proteins.  

Comparative proteomic study consisted of analysis of the provided control and infected tuber 

material. The infected tubers were sampled twice, but each sample was taken from a different area 

of the tuber to account for potential changes in disease progression. Over the two-year period, a 

total of 65 samples of four different potato varieties were collected and processed. Looking at the 

acquired data, it was observed that Russet Burbank and Targhee Russet use different immune 

pathways in response to disease progression. Following potato wart, majority of protein groups, 

including metabolite interconversion enzymes and proteins related to plant growth and 

development, are overexpressed in the infected Russet Burbank group in comparison to control 

samples. In contrast, the infected Targhee Russet tubers do not contain many proteins. This could 

indicate that this variety may undergo necrosis as disease progresses. Similarly, Caribou Russet 

and Mountain Gem Russet varieties either had no protein groups detected in the infected tuber 

material or the proteins were significantly downregulated. Based on the data published previously, 

these results may suggest that Targhee Russet, Mountain Gem Russet and Caribou Russet undergo 

hypersensitive immune response once the antigens produced by S. endobioticum are detected by 

plant cells. Therefore, all three of these varieties are considered resistant to this specific S. 

endobioticum pathotype. In contrast, Russet Burbank shows susceptibility to infection. 

Overexpression of metabolism-related proteins could indicate that fungus is potentially interfering 

with the host metabolic processes to utilize nutrients synthesized by the plant. Furthermore, the 

downregulation of proteins involved in plant defense may indicate that progression of infection 

results in the arrest of defense mechanisms of this variety.  

In addition to observed differences in resistance between varieties, the proteomic analysis of non-

warted material of infected tubers shows no significant variation on protein level between control 

tissue and the material collected from visually unaffected area of infected sample. This was 

observed in both Russet Burbank and Targhee Russet varieties throughout both runs of the study. 
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Such observation confirms biotrophic nature of S. endobioticum which is associated with heavy 

dependence on its host for nutrient acquisition, as well as low virulence of this pathogen and slow 

progression of infection.  

Overall, the proteomic nLC-MS/MS analysis conducted provides a better insight regarding the 

mechanisms of potato wart infection and its effects on plant growth, immune response and 

metabolic processes. However, some limitations of the obtained results should be addressed in the 

future. First of all, the future work should include PCR analysis of collected infected material to 

determine the specific pathotype of S. endobioticum responsible for infection in each variety. Since 

S. endobioticum does not grow under laboratory conditions and all infected material was provided 

from farm fields in PEI, it is possible that the tubers analyzed in this experiment could be 

contaminated with different pathotypes of potato wart fungus. In addition to that, it is hard to 

predict whether the infection progressed to the same stage within both the four tested varieties and 

the samples within each infected group. Furthermore, the resistance of the varieties being analyzed 

should be tested using one of the commonly used methods, such as the Glynne-Lemmerzahl 

method. This would allow assessment of the accuracy of resistance prediction acquired by 

proteomic analysis. Finally, the future work should concentrate on analysis of metabolites and 

lipids of the same sets of samples. While proteomic data collected in this study provided a lot of 

useful information that has not been documented before, conducting a metabolomic study would 

allow verification of the acquired data, while providing a further insight into specific pathways 

that are affected by the onset of infection. 

The expression and structure analysis of AvrSen1 was partially successful. While the methodology 

for extraction and isolation of MBP-AvrSen1 fusion protein from the rest of bacterial proteins was 

developed successfully, the removal of MBP tag has shown to be challenging. Since AvrSen1 

remains to be the only effector molecule identified in S. endobioticum, the future work should 

focus on trying different transformation systems. Alternatively, due to the numerous advantages 

of E. coli cells, it is also an option to try different tags and compare their efficiency to the 

polyhistidine and MBP tags. Following successful purification of AvrSen1 and analysis of its 

structure using X-ray crystallography approach, its function should be assessed using activity 

assays.  
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The final study of this master’s project included the analysis of AvrSen1 interaction partners in 

Russet Kennebec variety. The obtained results suggest that AvrSen1 behaves differently in tubers 

and leaves as different proteins were identified for those samples. Additionally, it was determined 

that the two AvrSen1 proteins of different lengths also interact differently with potato proteins. 

While there were similarities between the number of protein interactors identified in leaf mixture 

for both half-sized protein and the full-length AvrSen1, the obtained results vary significantly for 

the proteins isolated from tuber tissue.  

Due to the uncertainty regarding the resistance status of Russet Kennebec variety to potato wart, 

future work should also concentrate on repeating this experiment on a resistant type of potatoes. 

This will allow determination of the difference between the protein groups that AvrSen1 interacts 

with depending on which type of immune response gets activated in the host plant. It will also help 

to identify false positive interactions that might have been detected in this experiment. In addition, 

studying the difference between AvrSen1 interactors in resistant and susceptible tubers will allow 

determination of whether this effector molecule is more active in extracellular or intracellular 

matrix. Furthermore, the gene-for-gene concept described earlier in this work suggests that there 

is a protein that gets synthesized by the plant in response to AvrSen1. This protein is referred to as 

Sen1; however, its location in the chromosome has only been predicted so far and it has not been 

previously characterized. Performing co-immunoprecipitation experiment on the resistant variety 

might help to aid in its identification. This could be of high significance as the specificity of 

AvrSen1-Sen1 interaction might explain the limited host variability of S. endobioticum.  
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Appendices 

Table S1. The list of all the interaction partners identified from tuber tissue material for both 

CPG103 and CPG106.  

The list includes the name of the proteins, Uniprot IDs, information regarding presence or 

absence of the protein in the sample, as well as description of the protein function. The following 

list excludes the proteins that were detected as interaction partners in MBP sample.  

Protein list CPG103+tubers CPG106+tubers Description 

Granule-bound starch synthase 1, 

chloroplastic/amyloplastic 

(SSG1_SOLTU) 

Present Not detected amylose synthesis 

ATP synthase subunit gamma, 

mitochondrial (M1CAI4_SOLTU) 
Present Not detected ATP production 

ATP synthase subunit beta 

(M1D096_SOLTU) 
Present Not detected ATP production 

Probable UDP-arabinopyranose mutase 

2 (RGP2_SOLTU) 
Present Not detected 

biosynthesis of cell wall 

components 

S-formylglutathione hydrolase 

(M1AYK4_SOLTU) 
Present Not detected cell detoxification 

NADPH quinone oxidoreductase 

(M1C1K7_SOLTU) 
Present Not detected cell detoxification 

V-type proton ATPase catalytic subunit 

A (M1CII0_SOLTU) 
Present Not detected 

cell pH homeostasis and 

energy transport 

Small molecular heat shock protein 

(M0ZT86_SOLTU) 
Present Not detected chaperone 

Low molecular weight heat-shock 

protein (M1DJ69_SOLTU) 
Present Not detected chaperone 

Heat shock cognate protein 80 

(M1C075_SOLTU) 
Present Not detected chaperone 

Heat shock cognate 70 kDa protein 

(M0ZI18_SOLTU) 
Present Not detected chaperone 

DnaJ (Q38HT9_SOLTU) Present Not detected chaperone 

17.6 kDa class I heat shock protein 

(M1CZ82_SOLTU) 
Present Not detected chaperone 

101 kDa heat shock protein 

(M1CAJ2_SOLTU) 
Present Not detected chaperone 

Beta-mannosidase (M1A467_SOLTU) Present Not detected degradation of cell wall 

Glyceraldehyde-3-phosphate 

dehydrogenase (M1ASG7_SOLTU) 
Present Not detected glycolysis 

Fibrillarin homolog 

(M1AMW1_SOLTU) 
Present Not detected interacts with plant viruses 

C2 domain-containing protein 

(M1AMV5_SOLTU) 
Present Not detected membrane targeting 

Major intrinsic protein 2 

(M1AE81_SOLTU) 
Present Not detected membrane transport 

Guanosine nucleotide diphosphate 

dissociation inhibitor 

(M1B2L7_SOLTU) 

Present Not detected membrane transport 
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Protein list CPG103+tubers CPG106+tubers Description 

ADP, ATP carrier protein, 

mitochondrial (ADT1_SOLTU) 
Present Not detected membrane transport 

UTP--glucose-1-phosphate 

uridylyltransferase (M1B150_SOLTU) 
Present Not detected metabolism 

Sucrose-phosphate synthase 

(M1CPB7_SOLTU) 
Present Not detected metabolism 

Sucrose synthase (SUS1_SOLTU) Present Not detected metabolism 

Sucrose synthase (M1A8J5_SOLTU) Present Not detected metabolism 

Succinic semialdehyde reductase 

isofom1 (M1BT61_SOLTU) 
Present Not detected metabolism 

Succinate--CoA ligase [ADP-forming] 

subunit beta, mitochondrial 

(M1BSG4_SOLTU) 

Present Not detected metabolism 

Short chain alcohol dehydrogenase 

(M1AFF5_SOLTU) 
Present Not detected metabolism 

S-methyl-5-thioribose kinase 

(M1CFQ4_SOLTU) 
Present Not detected metabolism 

S-(hydroxymethyl)glutathione 

dehydrogenase (M1ACT7_SOLTU) 
Present Not detected metabolism 

Pyruvate dehydrogenase E1 component 

subunit alpha, mitochondrial 

(ODPA_SOLTU) 

Present Not detected metabolism 

Pyrophosphate--fructose 6-phosphate 

1-phosphotransferase subunit beta 

(PFPB_SOLTU) 

Present Not detected metabolism 

Pyridoxine biosynthesis protein 

isoform A (M1CZB0_SOLTU) 
Present Not detected metabolism 

Phosphoenolpyruvate carboxylase 

(CAPP_SOLTU) 
Present Not detected metabolism 

Phospho-2-dehydro-3-deoxyheptonate 

aldolase 1, chloroplastic 

(AROF_SOLTU) 

Present Not detected metabolism 

Phospho-2-dehydro-3-deoxyheptonate 

aldolase (M1AXT4_SOLTU) 
Present Not detected metabolism 

isopentenyl-diphosphate Delta-

isomerase (M1C547_SOLTU) 
Present Not detected metabolism 

homogentisate 1,2-dioxygenase 

(M1B8K1_SOLTU) 
Present Not detected metabolism 

Glyoxysomal fatty acid beta-oxidation 

multifunctional protein 

(M1A065_SOLTU) 

Present Not detected metabolism 

Glutathione transferase 

(M1ANN8_SOLTU) 
Present Not detected metabolism 

Glucose-6-phosphate isomerase 

(M1AZE4_SOLTU) 
Present Not detected metabolism 

Fructose-bisphosphate aldolase 

(M1CQP6_SOLTU) 
Present Not detected metabolism 

formate--tetrahydrofolate ligase 

(M1D576_SOLTU) 
Present Not detected metabolism 
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Protein list CPG103+tubers CPG106+tubers Description 

Citrate synthase (M1CTV7_SOLTU) Present Not detected metabolism 

Chorismate synthase 

(M1BB91_SOLTU) 
Present Not detected metabolism 

beta-fructofuranosidase 

(E1AXT4_SOLTU) 
Present Not detected metabolism 

Aldose 1-epimerase 

(M0ZLG1_SOLTU) 
Present Not detected metabolism 

Aldo/keto reductase 

(M1A7Q3_SOLTU) 
Present Not detected metabolism 

Aldehyde dehydrogenase 

(M1C9T0_SOLTU) 
Present Not detected metabolism 

Aldehyde dehydrogenase 

(M1BFP7_SOLTU) 
Present Not detected metabolism 

Alcohol dehydrogenase 1 

(ADH1_SOLTU) 
Present Not detected metabolism 

ADP/ATP translocase 

(K7WP02_SOLTU) 
Present Not detected metabolism 

Adenosylhomocysteinase 

(M0ZZV7_SOLTU) 
Present Not detected metabolism 

Adenosine kinase (M1BY04_SOLTU) Present Not detected metabolism 

Aconitate hydratase 

(M1AGW8_SOLTU) 
Present Not detected metabolism 

6-phosphogluconate dehydrogenase, 

decarboxylating (M1DSQ9_SOLTU) 
Present Not detected metabolism 

5-methyltetrahydropteroyltriglutamate-

-homocysteine S-methyltransferase 

(M1AGR8_SOLTU) 

Present Not detected metabolism 

3-ketoacyl CoA thiolase 2 

(M1CWA6_SOLTU) 
Present Not detected metabolism 

(S)-2-hydroxy-acid oxidase 

(M1BWS8_SOLTU) 
Present Not detected metabolism 

transketolase (M1A9Z4_SOLTU) Present Not detected 
metabolism and 

photosynthesis 

transaldolase (M1CPM6_SOLTU) Present Not detected 
metabolism and 

photosynthesis 

Histidine triad (Hit) protein 

(M1CQE7_SOLTU) 
Present Not detected metabolism and signalling 

Mitochondrial processing peptidase 

(M0ZLN7_SOLTU) 
Present Not detected 

mitochondrial protein 

import 

Polyadenylate-binding protein 

(M1B8V3_SOLTU) 
Present Not detected mRNA metabolism 

Tubulin beta chain 

(M1BNE9_SOLTU) 
Present Not detected 

multiple functions, 

including adaptation to salt 

stress 

Tubulin beta chain 

(M1ARQ6_SOLTU) 
Present Not detected 

multiple functions, 

including adaptation to salt 

stress 

Tubulin beta chain (B5M4B1_SOLTU) Present Not detected 

multiple functions, 

including adaptation to salt 

stress 
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Protein list CPG103+tubers CPG106+tubers Description 

Tubulin alpha chain 

(M0ZYR0_SOLTU) 
Present Not detected 

multiple functions, 

including adaptation to salt 

stress 

H1 histone (M0ZW28_SOLTU) Present Not detected 

multiple functions, 

including modulation of 

plant immune responses 

Ubiquitin extension protein 

(O04829_SOLTU) 
Present Not detected 

multiple functions, 

including plant defense 

Stem 28 kDa glycoprotein 

(M1BD67_SOLTU) 
Present Not detected 

multiple functions, 

including plant defense 

Probable linoleate 9S-lipoxygenase 3 

(LOX13_SOLTU) 
Present Not detected 

multiple functions, 

including plant defense 

Leucine-rich repeat family protein 

(M1A6U3_SOLTU) 
Present Not detected 

multiple functions, 

including plant defense 

Dehydroascorbate reductase 

(Q3HVN5_SOLTU) 
Present Not detected 

multiple functions, 

including plant defense 

NAD-dependent malic enzyme 59 kDa 

isoform, mitochondrial 

(MAON_SOLTU) 

Present Not detected 
multiple functions, 

including stress response 

Monodehydroascorbate reductase 

(M1AWV2_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Monodehydroascorbate reductase 

(M0ZSA3_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Importin subunit alpha 

(M1B7C9_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Hydroxyproline-rich glycoprotein 

family protein (M0ZJT7_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Elongation factor 1B alpha-subunit 

(M1CM67_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Elongation factor 1-gamma 

(M1BA84_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Cysteine proteinase inhibitor 

(M1C2L8_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Aspartic protease (M1B7H6_SOLTU) Present Not detected 
multiple functions, 

including stress response 

Aminoaldehyde dehydrogenase 2 

(M1CA90_SOLTU) 
Present Not detected 

multiple functions, 

including stress response 

Glutamine synthetase 

(M1B0M9_SOLTU) 
Present Not detected nitrogen metabolism 

Oxygen-evolving enhancer protein 2, 

chloroplastic (PSBP_SOLTU) 
Not detected Present photosynthesis 

Ran binding protein-1 

(M1AEP8_SOLTU) 
Present Not detected plant defense 

Proteinase inhibitor type-2 K 

(IP2K_SOLTU) 
Present Not detected plant defense 

Proteinase inhibitor PTI 

(IP21_SOLTU) 
Present Present plant defense 

Succinate dehydrogenase [ubiquinone] 

iron-sulfur subunit, mitochondrial 

(M1AY79_SOLTU) 

Present Not detected 
plant development and 

stress response 
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Protein list CPG103+tubers CPG106+tubers Description 

Succinate dehydrogenase [ubiquinone] 

flavoprotein subunit, mitochondrial 

(M1B744_SOLTU) 

Present Not detected 
plant development and 

stress response 

Cell division cycle protein 48 

(M1BJD2_SOLTU) 
Present Not detected plant growth 

Xyloglucan 

endotransglucosylase/hydrolase 

(M1BZ99_SOLTU) 

Present Not detected 
plant growth and 

development 

Cysteine protease 

(M1ADW0_SOLTU) 
Present Not detected 

plant growth and 

development 

Cysteine protease (M0ZWN3_SOLTU) Present Not detected 
plant growth and 

development 

Actin-58 (M1C5F5_SOLTU) Present Not detected 
plant growth and 

development 

Actin-101 (M1CWV5_SOLTU) Present Not detected 
plant growth and 

development 

Uridine 5'-monophosphate synthase 

(M1BQD4_SOLTU) 
Present Not detected 

plant growth and 

development 

Threonine synthase, chloroplastic 

(THRC_SOLTU) 
Present Not detected 

plant growth and 

development 

Rop guanine nucleotide exchange 

factor (M0ZG60_SOLTU) 
Present Not detected 

plant growth and 

development 

Ripening regulated protein DDTFR10 

(Q308A7_SOLTU) 
Present Not detected 

plant growth and 

development 

Pyruvate decarboxylase 

(M1D0M1_SOLTU) 
Present Not detected 

plant growth and 

development 

Leucine-rich repeat/extensin 

(M1A616_SOLTU) 
Present Not detected 

plant growth and 

development 

GDP-mannose 3',5'-epimerase 

(A0A0B4J3K8_SOLTU) 
Present Not detected 

plant growth and 

development 

Adenylyl cyclase-associated protein 

(M1D7P9_SOLTU) 
Present Not detected 

plant growth and 

development 

3-isopropylmalate dehydratase 

(M1B1N3_SOLTU) 
Present Not detected 

plant growth and 

development 

Pectinesterase (M1AIV9_SOLTU) Present Not detected 
plant growth, development 

and metabolism 

2-isopropylmalate synthase 

(M1BCJ8_SOLTU) 
Present Not detected 

plant growth, development 

and metabolism 

Zinc finger protein (M1A753_SOLTU) Present Not detected 
plant growth, development 

and stress response 

PR10 (M0ZMA9_SOLTU) Present Not detected 
plant growth, development 

and stress response 

Phospholipase D (M1CS26_SOLTU) Present Not detected 
plant growth, development 

and stress response 

Phospholipase D (M1AKN6_SOLTU) Present Not detected 
plant growth, development 

and stress response 

Nucleoside diphosphate kinase 

(M1D2W7_SOLTU) 
Present Not detected 

plant growth, development 

and stress response 

Ketol-acid reductoisomerase 

(M1ADA6_SOLTU) 
Present Not detected 

plant growth, development 

and stress response 
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Protein list CPG103+tubers CPG106+tubers Description 

Glycine-rich protein 2 

(M0ZMR8_SOLTU) 
Present Not detected 

plant growth, development 

and stress response 

Glutaredoxin (B3F8F4_SOLTU) Present Not detected 
plant growth, development 

and stress response 

GAST (M1CV60_SOLTU) Present Not detected 
plant growth, development 

and stress response 

ATP-binding cassette transporter 

(M0ZQF4_SOLTU) 
Present Not detected 

plant homeostasis and 

stress response 

Protein tyrosine phosphatase 

(M1CLX9_SOLTU) 
Present Not detected plant signaling 

Cysteine protease inhibitor 2 

(Fragment) (CPI2_SOLTU) 
Not detected Present plants defense 

Glucose-6-phosphate 1-dehydrogenase, 

cytoplasmic isoform (G6PD_SOLTU) 
Present Not detected 

prevention of oxidative 

damage 

Ferritin (M1CL13_SOLTU) Present Not detected 
prevention of oxidative 

damage 

Ferritin (M1AH14_SOLTU) Present Not detected 
prevention of oxidative 

damage 

Serine protease inhibitor 5 

(SPI5_SOLTU) 
Present Present probable plant defense 

Probable serine protease inhibitor 6 

(SPI6_SOLTU) 
Present Not detected probable plant defense 

Lipoxygenase (M1BVW6_SOLTU) Present Not detected probable plant defense 

Linoleate 9S-lipoxygenase 2 

(LOX12_SOLTU) 
Present Not detected probable plant defense 

S-adenosylmethionine synthase 2 

(METK2_SOLTU) 
Present Not detected protein biosynthesis 

S-adenosylmethionine synthase 

(M1CQT1_SOLTU) 
Present Not detected protein biosynthesis 

Aspartic proteinase nepenthesin-1 

(M1A3D8_SOLTU) 
Present Not detected protein degradation 

26S proteasome non-ATPase 

regulatory subunit 2 homolog 

(M1AJV5_SOLTU) 

Present Not detected protein degradation 

26S proteasome non-ATPase 

regulatory subunit (M1AE01_SOLTU) 
Present Not detected protein degradation 

26S protease regulatory subunit 7 

homolog A (M1A1A0_SOLTU) 
Present Not detected protein degradation 

Peptidyl-prolyl cis-trans isomerase 

(M1A2T5_SOLTU) 
Present Not detected protein folding 

Disulfide-isomerase 

(M0ZSL7_SOLTU) 
Present Not detected protein folding 

26S protease regulatory subunit 6A 

homolog (M1CAU1_SOLTU) 
Present Not detected protein folding 

Nascent polypeptide associated 

complex alpha (M1CPW0_SOLTU) 
Present Not detected 

protein folding and 

targeting 

Cucumisin (M1AJY3_SOLTU) Present Not detected protein inhibition 

Tom (M1B069_SOLTU) Present Not detected protein recognition 
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Protein list CPG103+tubers CPG106+tubers Description 

phenylalanine--tRNA ligase 

(M0ZXT4_SOLTU) 
Present Not detected protein synthesis 

Coatomer subunit alpha 

(M0ZWP5_SOLTU) 
Present Not detected protein transport 

Serine hydroxymethyltransferase 

(M1BAA6_SOLTU) 
Present Not detected 

resistance to biotic and 

abiotic stress 

Serine hydroxymethyltransferase 

(M1A0B7_SOLTU) 
Present Not detected 

resistance to biotic and 

abiotic stress 

Ascorbate peroxidase 

(M1CY58_SOLTU) 
Present Not detected response to abiotic stresses 

catechol oxidase (M1BMR6_SOLTU) Present Not detected 
responsible to browning in 

plants 

Thaliana 60S ribosomal protein L7 

(M1BV98_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein S9 

(M1CY42_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein S9 

(M0ZY89_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein S14 

(M1CQ57_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein L5 

(M1BUM3_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein L3 

(Q2VCJ2_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein L28 

(M0ZRT6_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein L27a 

(M1BJP4_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein L15 

(M1BHF8_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein (M1CEF5_SOLTU) Present Not detected ribosomal 

60S ribosomal protein L9 

(M1CD37_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L8 

(M1BZ12_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L6 

(M1AFN7_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L35a 

(M1AVU1_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L35 

(M1C5W2_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L22 

(M1CAU6_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L18a 

(Q308A3_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L18a 

(K7WTZ1_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L17 

(Q3HRY2_SOLTU) 
Present Not detected ribosomal 
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Protein list CPG103+tubers CPG106+tubers Description 

60S ribosomal protein L13a 

(Q3HRW1_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L12 

(K7WTX4_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L1 

(M1CP75_SOLTU) 
Present Not detected ribosomal 

60S acidic ribosomal protein P0 

(M1C5E6_SOLTU) 
Present Not detected ribosomal 

50S ribosomal protein L22, 

chloroplastic (Q307X7_SOLTU) 
Present Not detected ribosomal 

50S ribosomal protein L15 

(M1B5R1_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S9 

(K7WJW2_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S8 

(M1B539_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S5 

(M1AF95_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S26 

(M1CDE9_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S2 

(M1CBF6_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S19 

(M1CA24_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S17 

(M1ACD6_SOLTU) 
Present Not detected ribosomal 

40S ribosomal protein S11 

(M1A2N0_SOLTU) 
Present Not detected ribosomal 

30S ribosomal protein S15, 

chloroplastic (Q2V995_SOLTU) 
Present Not detected ribosomal 

RNA helicase (M1AG92_SOLTU) Present Not detected RNA metabolism 

Ribonuclease (M1B4H0_SOLTU) Present Not detected RNA metabolism 

Pre-mRNA-splicing factor SF2 

(M1AT81_SOLTU) 
Present Not detected RNA metabolism 

Nuclear RNA binding protein 

(M1BTZ0_SOLTU) 
Present Not detected RNA metabolism 

ATP-dependent RNA helicase 

(M1CUZ8_SOLTU) 
Present Not detected RNA metabolism 

FCP1 homology domain-containing 

protein (M0ZS68_SOLTU) 
Present Not detected RNA processing 

1,4-alpha-glucan-branching enzyme 

(GLGB_SOLTU) 
Present Not detected starch biosynthesis 

Starch-granule-bound R1 protein 

(M1ACN9_SOLTU) 
Present Not detected starch metabolism 

4-alpha-glucanotransferase, 

chloroplastic/amyloplastic 

(DPEP_SOLTU) 

Present Not detected starch metabolism 

Probable inactive patatin-3-Kuras 1 

(PT3K1_SOLTU) 
Present Not detected 

storage protein + plant 

defense 
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Protein list CPG103+tubers CPG106+tubers Description 

Patatin-2-Kuras 3 (PT2K3_SOLTU) Present Not detected 
storage protein + plant 

defense 

Patatin-1-Kuras 2 (PT1K2_SOLTU) Present Not detected 
storage protein + plant 

defense 

Wound/stress protein 

(M1B3I7_SOLTU) 
Present Not detected stress response 

Universal stress protein family protein 

(M1AUH6_SOLTU) 
Present Not detected stress response 

Universal stress protein 

(M1BZ56_SOLTU) 
Present Not detected stress response 

Thioredoxin h (M1BYR1_SOLTU) Present Not detected stress response 

Osmotic stress-activated protein kinase 

(J9ULI1_SOLTU) 
Present Not detected stress response 

14-3-3-like protein 16R 

(14335_SOLTU) 
Present Not detected stress response 

Aldo/keto reductase 2 

(M0ZQP2_SOLTU) 
Present Not detected 

stress response and 

metabolism 

Hsp70-interacting protein 1 

(M1A0V9_SOLTU) 
Present Not detected 

stress response and protein 

folding 

Pom14 protein (M1AKX9_SOLTU) Present Not detected unknown function 

Ly200 (M0ZQH0_SOLTU) Present Not detected unknown function 

F17H15.1/F17H15.1 

(M1CV01_SOLTU) 
Present Not detected unknown function 

DAG protein (M1BWW8_SOLTU) Present Not detected unknown function 
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Table S2. The list of all then proteins that were isolated from leaf material and were identified as 

interaction partners for both CPG103 and CPG106.  

The list includes the name of the proteins, Uniprot IDs, information regarding presence or 

absence of the protein in the sample, as well as description of the protein function. The following 

list excludes the proteins that were detected as interaction partners in MBP sample.  

 
Protein list CPG103+leaves CPG106+leaves Description 

Arginine/serine-rich splicing factor 

(M1CHP4_SOLTU) 
Present Present alternative splicing 

ATP synthase subunit b, chloroplastic 

(ATPF_SOLTU) 
Present Not detected ATP production 

ATP synthase subunit b, chloroplastic 

(ATPF_SOLTU) 
Not detected Present ATP production 

ATP synthase subunit beta 

(M1A5X1_SOLTU) 
Present Present ATP production 

Thiamine thiazole synthase, chloroplastic 

(M1BNZ3_SOLTU) 
Not detected Present biosynthesis of thiamine 

Chloroplast heat shock protein 70-2 

(M1CBM0_SOLTU) 
Present Not detected chaperone 

Heat shock cognate protein 80 

(M1C075_SOLTU) 
Present Not detected chaperone 

Chaperonin 21 (M0ZT88_SOLTU) Not detected Present chaperone 

Heat shock protein 70-3 

(M0ZHT9_SOLTU) 
Not detected Present chaperone 

Peptidyl-prolyl cis-trans isomerase 

(M1A2T5_SOLTU) 
Not detected Present chaperone 

S-adenosyl-L-methionine Mg-

protoporphyrin IX methyltranserase 

(M1B4J2_SOLTU) 

Present Not detected chlorophyll biosynthesis 

Chitinase (M0ZH08_SOLTU) Not detected Present defense mechanism 

Chitinase (M1BRE5_SOLTU) Not detected Present defense mechanism 

Linoleate 13S-lipoxygenase 2-1, 

chloroplastic (LOX21_SOLTU) 
Present Not detected defense response 

Lipoxygenase (M1D597_SOLTU) Not detected Present defense response 

Heparanase (M1CQY8_SOLTU) Present Not detected degradation of ECM 

EMB2394 (EMBRYO DEFECTIVE 2394) 

(M1C7B2_SOLTU) 
Not detected Present embryo development 

fructose-bisphosphate aldolase 

(M1CJ86_SOLTU) 
Present Not detected glycolysis 

Glyceraldehyde-3-phosphate 

dehydrogenase (Q8LK04_SOLTU) 
Present Not detected glycolysis 

Glyceraldehyde-3-phosphate 

dehydrogenase (M1CVH1_SOLTU) 
Not detected Present glycolysis 

Fructose-bisphosphate aldolase 

(M1C0V6_SOLTU) 
Present Present glycolysis 

WD-repeat protein (M1CAV4_SOLTU) Not detected Present growth and development 

glutamate-1-semialdehyde 2,1-

aminomutase (M1D5Y7_SOLTU) 
Present Not detected 

maintenance of essential 

biological processes 
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Protein list CPG103+leaves CPG106+leaves Description 

Chloroplast sedoheptulose-1,7-

bisphosphatase (M1CL27_SOLTU) 
Not detected Present metabolism 

Cysteine synthase, 

chloroplastic/chromoplastic 

(CYSKP_SOLTU) 

Not detected Present metabolism 

Ferredoxin-dependent glutamate synthase 

1 (M1AL00_SOLTU) 
Not detected Present metabolism 

UTP--glucose-1-phosphate 

uridylyltransferase (UGPA_SOLTU) 
Not detected Present metabolism 

Malate dehydrogenase 

(M1ANW0_SOLTU) 
Not detected Present metabolism 

Pyridoxine biosynthesis protein isoform A 

(M1CZB0_SOLTU) 
Present Present metabolism 

Succinic semialdehyde reductase isofom1 

(M1BT61_SOLTU) 
Present Present metabolism 

NAD dependent epimerase/dehydratase 

(M1CK21_SOLTU) 
Present Present 

metabolism, and 

potentially stress response 

Tubulin alpha chain (M0ZLG7_SOLTU) Present Not detected 

multiple functions, 

including adaptation to salt 

stress 

Tubulin beta chain (B5M4B1_SOLTU) Not detected Present 

multiple functions, 

including adaptation to salt 

stress 

Xylem serine proteinase 1 

(M1AAX9_SOLTU) 
Not detected Present 

multiple functions, 

including immune 

response 

Histone H1 (M1BRI8_SOLTU) Not detected Present 

multiple functions, 

including modulation of 

plant immune responses 

Leucine-rich repeat protein 

(M0ZL78_SOLTU) 
Not detected Present 

multiple functions, 

including plant defense 

Germin-like protein (M1B3M1_SOLTU) Not detected Present 
multiple functions, 

including plant defense 

Lipase (M1C4J2_SOLTU) Present Present 
multiple functions, 

including plant defense 

Cysteine proteinase inhibitor 

(M1C2L8_SOLTU) 
Not detected Present 

multiple functions, 

including stress response 

Biotin carboxylase (M1BCQ9_SOLTU) Not detected Present 
multiple functions, 

including stress response 

Elongation factor 1-gamma 

(M1BA84_SOLTU) 
Not detected Present 

multiple functions, 

including stress response 

mRNA binding protein 

(M1AZB4_SOLTU) 
Not detected Present 

multiple functions, 

including stress response 

Glutamine synthetase (M0ZZ31_SOLTU) Present Present nitrogen metabolism 

Ribulose bisphosphate carboxylase small 

subunit, chloroplastic 1 (RBS1_SOLTU) 
Present Not detected photosynthesis 

CP12 (M1AB57_SOLTU) Not detected Present photosynthesis 

Chlorophyll a-b binding protein, 

chloroplastic (M1ABI3_SOLTU) 
Not detected Present photosynthesis 

Chlorophyll a-b binding protein, 

chloroplastic (M1AF38_SOLTU) 
Not detected Present photosynthesis 
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Protein list CPG103+leaves CPG106+leaves Description 

Chlorophyll a-b binding protein, 

chloroplastic (M1AY18_SOLTU) 
Not detected Present photosynthesis 

Chlorophyll a-b binding protein, 

chloroplastic (M1AY18_SOLTU) 
Not detected Present photosynthesis 

Oxygen-evolving enhancer protein 1, 

chloroplastic (PSBO_SOLTU) 
Not detected Present photosynthesis 

Photosystem I P700 chlorophyll, 

apoprotein A1 (PSAA_SOLTU) 
Not detected Present photosynthesis 

Photosystem I reaction center subunit 

(M1A511_SOLTU) 
Not detected Present photosynthesis 

Photosystem I reaction center subunit IV B 

isoform 2 (M1BZP9_SOLTU) 
Not detected Present photosynthesis 

Photosystem II 10 kDa polypeptide, 

chloroplastic (A0A0C4B0N5_SOLTU) 
Not detected Present photosynthesis 

Photosystem II 10 kDa polypeptide, 

chloroplastic (PSBR_SOLTU) 
Not detected Present photosynthesis 

Photosystem II 22 kDa protein, 

chloroplastic (M1BHC8_SOLTU) 
Not detected Present photosynthesis 

Photosystem II D2 protein 

(PSBD_SOLTU) 
Not detected Present photosynthesis 

Photosystem Q(B) protein 

(M1DUW7_SOLTU) 
Not detected Present photosynthesis 

Electron transporter (M0ZIN1_SOLTU) Present Present photosynthesis 

Chlorophyll a-b binding protein, 

chloroplastic (M1BWY5_SOLTU) 
Present Present photosynthesis 

Chlorophyll a-b binding protein, 

chloroplastic (M1CIH8_SOLTU) 
Present Present photosynthesis 

Photosystem I reaction center subunit II, 

chloroplastic (Q70PN9_SOLTU) 
Present Present photosynthesis 

Photosystem II CP47 chlorophyll 

apoprotein (M1DZ44_SOLTU) 
Present Present photosynthesis 

Oligopeptidase (M1BGY6_SOLTU) Not detected Present plant defense 

Proline-rich protein (M0ZT17_SOLTU) Not detected Present plant defense 

Proteinase inhibitor type-2 T 

(IP2T_SOLTU) 
Not detected Present plant defense 

Fruit protein PKIWI502 

(M1D095_SOLTU) 
Not detected Present 

plant growth and 

development 

Actin (M1CZ42_SOLTU) Not detected Present 
plant growth and 

development 

Actin-71 (ACT6_SOLTU) Not detected Present 
plant growth and 

development 

Expansin (M0ZM03_SOLTU) Present Present 
plant growth and 

development 

3-isopropylmalate dehydratase 

(M1B1N3_SOLTU) 
Present Present 

plant growth and 

development 

Phosphoglucomutase, cytoplasmic 

(PGMC_SOLTU) 
Not detected Present 

plant growth, development 

and metabolism 

Hydrolase, hydrolyzing O-glycosyl 

compounds (M1CLM2_SOLTU) 
Present Not detected 

plant growth, development 

and stress response 

Elongation factor G, chloroplastic 

(M1A0N5_SOLTU) 
Present Not detected protein biosynthesis 
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Protein list CPG103+leaves CPG106+leaves Description 

Elongation factor Tu (M1DPA6_SOLTU) Present Not detected protein biosynthesis 

S-adenosylmethionine synthase 1 

(METK1_SOLTU) 
Not detected Present protein biosynthesis 

Elongation factor Tu (M1DPA6_SOLTU) Not detected Present protein biosynthesis 

Aspartic protease inhibitor 10 

(API10_SOLTU) 
Not detected Present protein degradation 

Aspartic proteinase nepenthesin-1 

(M1A3D8_SOLTU) 
Not detected Present protein degradation 

Nascent polypeptide associated complex 

alpha (M1CPW0_SOLTU) 
Present Present 

protein folding and 

targeting 

Cucumisin (M1A6Q8_SOLTU) Not detected Present protein inhibition 

Thioredoxin m(Mitochondrial)-type 

(M1B8P1_SOLTU) 
Present Present redox signaling 

ATP-dependent Clp protease ATP-binding 

subunit clpA homolog CD4B, chloroplastic 

(M1B5I1_SOLTU) 

Not detected Present 
removal of damaged and 

misfolded proteins 

ATP-dependent Clp protease proteolytic 

subunit (M1CDL1_SOLTU) 
Not detected Present 

removal of damaged and 

misfolded proteins 

ATP-dependent clp protease ATP-binding 

subunit clpx (M1AIM3_SOLTU) 
Present Present 

removal of damaged and 

misfolded proteins 

Replicase (M1C030_SOLTU) Not detected Present 
replication of viral 

proteins 

Catalase (M1CVH4_SOLTU) Present Present response to stimulus 

30S ribosomal protein S10, chloroplastic 

(M1B535_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L35a 

(M1AVU1_SOLTU) 
Present Not detected ribosomal 

60S ribosomal protein L6 

(M1AFN7_SOLTU) 
Present Not detected ribosomal 

Ribosomal protein (M1CEF5_SOLTU) Not detected Present ribosomal 

30S ribosomal protein S1, chloroplastic 

(M0ZL57_SOLTU) 
Not detected Present ribosomal 

40S ribosomal protein S15a-1 

(Q3HRZ3_SOLTU) 
Not detected Present ribosomal 

40S ribosomal protein S19 

(M1CA24_SOLTU) 
Not detected Present ribosomal 

40S ribosomal protein S30 

(M0ZQX8_SOLTU) 
Not detected Present ribosomal 

40S ribosomal protein S8 

(M1BS92_SOLTU) 
Not detected Present ribosomal 

50S ribosomal protein L3, chloroplastic 

(M1B9U2_SOLTU) 
Not detected Present ribosomal 

50S ribosomal protein L4, chloroplastic 

(M1AA49_SOLTU) 
Not detected Present ribosomal 

60S ribosomal protein L4/L1 

(M1ARJ5_SOLTU) 
Not detected Present ribosomal 

Ribosomal protein L5 

(M1BUM3_SOLTU) 
Not detected Present ribosomal 

Phosphoribulokinase (M1AJF6_SOLTU) Present Present ribosomal 
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Protein list CPG103+leaves CPG106+leaves Description 

Ribosomal protein S7 

(M1AUW2_SOLTU) 
Present Present ribosomal 

30S ribosomal protein S15, chloroplastic 

(Q2V995_SOLTU) 
Present Present ribosomal 

40S ribosomal protein S4 (RS4_SOLTU) Present Present ribosomal 

40S ribosomal protein S8 

(M1BUI8_SOLTU) 
Present Present ribosomal 

50S ribosomal protein L17, chloroplastic 

(M1CNA2_SOLTU) 
Present Present ribosomal 

50S ribosomal protein L22, chloroplastic 

(RK22_SOLTU) 
Present Present ribosomal 

60S ribosomal protein L18a 

(M1BT85_SOLTU) 
Present Present ribosomal 

60S ribosomal protein L22 

(M1CAU6_SOLTU) 
Present Present ribosomal 

Ribosomal protein L27a 

(M1BJP4_SOLTU) 
Present Present ribosomal 

Ribosomal protein S9 (M1BEQ3_SOLTU) Present Present ribosomal 

ATP-dependent RNA helicase 

(M1AEQ1_SOLTU) 
Not detected Present 

ribosome biogenesis, can 

also play role in stress 

response 

Extracellular Ca2+ sensing receptor 

(M1C9W6_SOLTU) 
Present Not detected 

signaling, stress response, 

and photosynthesis 

ATP binding protein (M1CT07_SOLTU) Not detected Present 
takes part in numerous 

cellular activities 

Translation initiation factor IF-3 

(M1ARZ2_SOLTU) 
Present Not detected translation regulation 
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Figure S1. The numbering of proteins in the heat map that illustrates the expression levels of proteins 

present in both Russet Burbank and Targhee Russet varieties. 
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Table S3. The list of protein names and their functions that are present in both Russet Burbank and 

Targhee Russet varieties.  

The list below includes the information about names and functions of the proteins that are 

present in both varieties of potatoes and were used to construct a heat map shown in Figures 8 

and S1. 

Protein number Protein name Protein function 

1 Phosphoglycerate kinase Metabolism 

2 PR-10 
Multiple functions, including plant 

defense 

3 Malate dehydrogenase Metabolism 

4 Lactoylglutathione lyase Plant defense 

5 Neutral leucine aminopeptidase protein Protein degradation and recycling 

6 60S acidic ribosomal protein Ribosomal 

7 Protein disulfide-isomerase Protein folding 

8 ATP synthase subunit beta Synthesis of ATP 

9 Actin Plant growth and development 

10 Elongation factor 1-alpha Protein biosynthesis 

11 
Glyceraldehyde-3-phosphate 

dehydrogenase 
Metabolism 

12 Catechol oxidase Plays role in enzymatic browning 

13 60S acidic ribosomal protein P0 Ribosomal 

14 
6-phosphogluconate dehydrogenase, 

decarboxylating 
Metabolism and stress response 

15 
4-alpha-glucanotransferase, 

chloroplastic/amyloplastic 
Starch metabolism 

16 Aspartic protease Plant defense 

17 Serine protease inhibitor 5 Plant defense 

18 Dehydroascorbate reductase Stress response 

19 Alpha-1,4-glucan phosphorylase Starch degradation 

20 
UTP-glucose-1-phosphate 

uridylyltransferase 
Biosynthesis 

21 Cysteine protease inhibitor Plant defense 

22 Cysteine protease inhibitor Plant defense 

23 ADP/ATP translocase, mitochondrial ATP/ADP exchange across membrane 

24 Apyrase Plant growth and development 

25 Pyruvate decarboxylase Metabolism 

26 Annexin Stress response 

27 Malic enzyme 
Multiple functions, including stress 

response 

28 Ci21A protein Stress response 
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Protein number Protein name Protein function 

29 
Glyceraldehyde-3-phosphate 

dehydrogenase 
Metabolism 

30 Formate dehydrogenase, mitochondrial 
Multiple functions, including stress 

response 

31 Heat shock protein Chaperone 

32 
30S ribosomal protein S15, 

chloroplastic 
Ribosomal 

33 
RuBisCO large subunit-binding protein 

subunit alpha, chloroplastic 
Photosynthesis 

34 Probable linoleate 9S-lipoxygenase 3 
Multiple functions, including plant 

defense 

35 Cysteine protease inhibitor Plant defense 

36 Multicystatin Plant defense 

37 Catalase isozyme 2 Stress response 

38 
Fasciclin-like arabinogalactan protein 

13 
Plant development and stress response 

39 Patatin Storage and plant defense 

40 Miraculin Taste modification 

41 Linoleate 9S-lipoxygenase 2 Plant defense 

42 25 kDa protein dehydrin Stress response 

43 Probable inactive patatin-3-Kuras 1 Plant defense and storage 

44 Transaldolase Metabolism 

45 Glutaredoxin 
Multiple functions, including stress 

response 

46 Annexin Stress response 

47 Phosphopyruvate hydratase Metabolism 

48 
Low molecular weight heat-shock 

protein 
Chaperone 

49 Linoleate 9S-lipoxygenase 1 Plant defense 

50 Serine protease inhibitor 2 Plant defense 

51 Patatin-07 Storage and plant defense 

52 Temperature-induced lipocalin Stress response 

53 Probable linoleate 9S-lipoxygenase 8 
Multiple functions, including plant 

defense 

54 Miraculin Taste modification 

55 Kunitz-type enzyme inhibitor S9C11 Plant defense 

56 Induced stolon tip protein 
Plant growth and development (tuber 

formation) 

57 14-3-3 protein Plant defense 

58 Chilling-responsive protein Stress response 

59 Aldehyde dehydrogenase Stress response 
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Protein number Protein name Protein function 

60 60S ribosomal protein L1 Ribosomal 

61 Histone H2B Plant growth and development 

62 Protein disulfide-isomerase Protein folding 

63 Frustose-bisphosphate aldolase Metabolism 

64 Patatin T-5 Storage and plant defense 

65 Acidic ribosomal protein P1a Ribosomal 

66 
Abscisic acid and environmental stress-

inducible protein TAS14 
Stress response 

67 Glutaredoxin-dependent peroxiredoxin 
Multiple functions, including stress 

response 

68 Aspartic protease inhibitor 1 Plant defense 

69 Heat shock protein Chaperone 

70 Patatin-B2 Storage and plant defense 

71 Patatin-2-Kuras 1 Storage and plant defense 

72 Patatin Storage and plant defense 

73 Acyl-CoA-binding protein Plant development and stress response 

74 Aspartic protease inhibitor Plant defense 

75 Protease C56 Plant development and stress response 

76 Protease inhibitor PTI Plant defense 

77 Cysteine protease inhibitor 10 or 8 Plant defense 

78 Proteinase inhibitor 2 Plant defense 

79 Proteinase inhibitor 1 Plant defense 

80 Cysteine protease inhibitor Plant defense 

81 Proteinase inhibitor type 2 Plant defense 

82 Wound-induced proteinase inhibitor 1 Plant defense 

83 Patatin Storage and plant defense 

84 Patatin Storage and plant defense 

85 Glycine-rich RNA binding protein Plant growth and development 

86 Patatin-2-Kuras 3 Storage and plant defense 

87 Aspartic protease inhibitor 8 or 11 Plant defense 

88 Phoshoglucomutase, cytoplasmic Metabolism 

89 Phoshoglucomutase Metabolism 

90 Ran binding protein-1 Protein transport 

91 Triosephosphate isomerase Metabolism 

92 Malate dehydrogenase Metabolism 

93 NEDD9 RUB2 Regulation of protein activity 

94 14-3-3 Plant defense 

95 Fructose-bisphosphate aldolase Metabolism 

96 Tubulin alpha chain Plant growth and development 

97 
Glucose-1-phosphate 

adenylyltransferase 
Plant growth and development 
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Protein number Protein name Protein function 

98 
Gamma interferon inducible lysosomal 

thiol reductase family protein 
Stress response 

99 Stem 28 kDa glycoprotein Plant growth and development 

100 
Isopentenyl-disphosphate delta-

isomerase 
Biosynthesis 

101 14-3-3 Plant defense 

102 
Chloroplast small heat shock protein 

class I 
Chaperone 

103 
Nascent polypeptide associated 

complex alpha 
Transcription 

104 Thaliana 60S ribosomal protein L7 Ribosomal 

105 Histone H4 Plant growth and development 

106 Transketolase Metabolism 

107 Molecular chaperone Hsp90-1 Chaperone 

108 1,4-alpha-glucan branching enzyme Starch synthesis 

109 Superoxide dismutase [Cu-Zn] Stress response 

110 Nucleoside disphosphate kinase 
Multiple functions, including stress 

response 

111 Aminoaldehyde dehydrogenase 2 Metabolism 

112 
Pyrophosphate-fructose 6-phosphate 1-

phosphotransferase subunit beta 
Metabolism 

113 Ribosomal protein S14 Ribosomal 

114 D-3-phosphoglycerate dehydrogenase Metabolism 

115 Aquaporin 
Transport of water and neutral 

molecules 

116 Adenosylhomocysteinase Biosynthesis 

117 Heat shock protein 70-3 Chaperone 

118   

119 Peptidyl-propyl cis-trans isomerase Protein folding 

120 Thioredoxin H-type 2 Homeostasis 

121 Annexin Stress response 

122 
Succinate dehydrogenase [ubiquinone] 

flavoprotein subunit, mitochondrial 

Multiple functions, including stress 

response 

123 40S ribosomal protein S3a Ribosomal 

124 GTP-binding protein RNA export and protein transport 

125 Glutathione transferase 
Multiple functions, including stress 

response 

126 Thaumatin Plant defense 

127 
NAD-dependent malic enzyme 62 kDa 

isoform, mitochondrial 

Multiple functions, including stress 

response 

128 
Translationally-controlled tumor 

protein homolog 
Homeostasis 
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Protein number Protein name Protein function 

129 Elongation factor 1-gamma Protein biosynthesis 

130 Triosephosphate isomerase Metabolism 

131 
5-methyltetrahydropteroyltriglutamate-

homocysteine S-methyltransferase 
Metabolism 

132 Protease subunit alpha type 
Multiple functions, including stress 

response 

133 
Monodehydroascorbate reductase 

(NADH) 
Metabolism 

134 Uncharacterized protein Unknown 

135 Heat shock protein hsp70 Chaperone 

136 CBS domain-containing protein 
Multiple functions, including stress 

response 

137 Endochitinase 3 or 4 Plant defense 

138 Chitinase Plant defense 
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