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Abstract 

Solanum dulcamara displays partial resistance to the devastating bacterial pathogen 

Ralstonia solanacearum, with S. dulcamara plants showing delayed or no symptoms 

(Sebastià, et al, 2021). This trait, as well as studies identifying that their root exudates can 

transfer resistance to Solanum lycopersicum, a susceptible crop, makes S. dulcamara a key 

plant for understanding resistance to R. solanacearum (Franco Ortega, in press). The 

following study aims to develop from this finding by exploring the boundaries of network 

analysis, to broaden our understanding of plant defence against R. solanacearum.  

A co-expression network compared how gene expression in S. lycopersicum and S. 

dulcamara responds to R. solanacearum inoculation at five time points post inoculation. This 

highlighted genes linked to the immune response which differ in expression between S. 

dulcamara and S. lycopersicum: Solyc10G001528, Solyc10G000984, Solyc05G001746, 

Solyc08G000580, Solyc11G001222, and Solyc01G003106. This stretched the capabilities of 

network analysis to incorporate both cross species and time series data, allowing for the 

identification of Differentially Expressed Genes (DEGs) related to immunity. Further work is 

required to mimic S. dulcamara’s expression of these genes in S. lycopersicum to assess 

whether their function regarding immunity can be transferred to reduce disease.  

Additionally, a co-abundance network assessed the influence 2,6-dihydroxybenzoic acid 

(2,6-DHBA) - a metabolite extracted from S. dulcamara root exudates - has on the 

surrounding microbial communities and to both R. solanacearum infection and abundance. 

This work highlighted six taxa of interest that were influential in the network, and their links to 

disease have been theorised. However, further research into their roles in the specific 

interactions between 2,6-DHBA and R. solanacearum is required.  

This broad study of resistance to R. solanacearum has shed light on a multitude of potential 

resistance mechanisms that S. dulcamara has evolved, hopefully contributing to a more 

sustainable quantitative approach to resistance in S. lycopersicum. 
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1 General Introduction 

The human population is expanding and in order to feed this ever-growing population, global 

food production needs to rise by 70%, with crop yields, in particular, requiring an increase of 

up to 110% (Buttimer, 2017). However, with climate change being predicted to cause a 12% 

loss of yield by 2025 and a further 16% loss from pathogens, this target is daunting (Wing, 

2021; Ficke, 2018). As of 2011, plant pathogens caused 20% of crop yield losses worldwide, 

devastating the reliability of food supply (Doornbos, van Loon and Bakker, 2011). This 

highlights the importance of projects that pursue sustainable management methods to 

reliably gain high crop yields. 

An example of a devastating pathogen that is known to cause $1 billion in yield losses each 

year is Ralstonia solanacearum (Kwak et al., 2018). This pathogen is known to cause an 

extraordinary loss in yield and is particularly destructive due to its wide host range, 

encompassing over 200 plant species (Vailleau, 2007). R. solanacearum, with its already 

far-reaching distribution, is continuing to spread via new strains, such as II-B1 (race 3 biovar 

2) which have adapted to cooler climates, affecting key crops across the world such as 

potatoes and tomatoes (Sebastià, et al., 2021). This species of soil borne bacteria interact 

with the roots via wounds and enter the xylem before travelling to the aerial parts of the plant 

(Huet, 2014). Here they multiply and, in high densities, produce extracellular 

polysaccharides (EPS) which are suspected of blocking the transport of water in the xylem, 

causing characteristic wilt symptoms (Milling, Babujee and Allen, 2011). This pathogen can 

then be expelled from the roots, entering nearby lakes and rivers, infecting new fields and 

amplifying the pressure caused by R. solanacearum (Huets, 2014). 

This tropical pathogen has evolved mechanisms to tolerate the temperate climate of the UK 

by overwintering in partially resistant host plants such as Solanum dulcamara (Huet, 2014). 

S. dulcamara becomes infected with R. solanacearum but limits its spread once the 

pathogen has entered its system (Sebastià, et al, 2021). Then, when temperatures rise to a 

level where R. solanacearum can survive outside of S. dulcamara, it emerges and re-enters 

the watercourse via aquatic roots, ready to travel and inhabit the soil of fields hosting 

susceptible crops (Sebastià, et al, 2021). This overwintering technique in partially resistant 

host plants, paired with the ability to survive in soils for years at a time, adds to the 

complexity of identifying effective methods of prevention (Pascale et al., 2020).  

Solanum lycopersicum is an example of a susceptible crop, known to see losses of 26% in 

fresh hybrid tomatoes from R. solanacearum infection (Kim et al., 2016; Artal, 2012). When 

infected, S. lycopersicum displays wilting symptoms, theorised to be due to R. solanacearum 
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blocking the xylem from the production of EPS, inhibiting the flow of water (Caldwell, 2017). 

S. lycopersicum is a crucial crops, providing an affordable source of vitamin A, C and E, and 

has been found to reduce cancer, cardiovascular disease and osteoporosis risk, as well as 

requiring low agricultural inputs but selling for comparatively high value, making this the ideal 

crop for both farmers and consumers (Aslam, 2017). This makes S. lycopersicum an 

invaluable crop which, without protection, could be devastated by R. solanacearum. 

The large range of hosts and ability to infect water systems have led to the excessive use of 

chemicals in an attempt to eliminate host plants or reach the deep depths where R. 

solanacearum is known to survive, thereby threatening human and environmental health 

(Pascale et al., 2020). Currently, there is a reliance on 2-5 year crop rotation, control of host 

populations, testing for presence in irrigation systems and the creation of resistant crop 

varieties (Wenneker et al., 1999). However, creating resistance crop varieties based on R 

(resistance) genes can be ineffective and unsustainable, quickly becoming obsolete with the 

evolution of pathogens (Laeshita, 2017). The creation of resistant crop varieties stems from 

understanding the well conserved plant immune response. Plants use Pattern Recognition 

Receptors (PRRs) to recognise the presence of Microbe-Associated Molecular Patterns 

(MAMPs) secreted by pathogens (Bigeard, 2015). This activates the Pattern-Triggered 

Immunity (PTI) which produces defense response proteins. Pathogens inhibit the PTI via the 

production of effectors, causing effector-triggered susceptibility (ETS). Plants retaliate by 

producing resistance (R) proteins that recognise the presence of avirulence (avr) proteins 

and effectors, initiating Effector-Triggered Immunity (ETI). This results in an immune 

response that provides resistance, known as the Hypersensitive Response (HR). However, if 

the pathogen’s avr proteins are unrecognisable to the plant’s R gene, then the plant 

becomes susceptible (Bigeard, 2015). Understanding which genes are involved in this 

response often provides the foundation of resistant crop varieties. 

As pathogens are continually evolving to overcome resistance, alternative methods are 

required to reduce R. solanacearum’s virulence. A well explored example is the investigation 

into the loss of function of the Type Three Secretion System (TTSS), also known as the hrp- 

mutant (Huet, 2014). This aimed to control R. solanacearum by introducing a mutant 

avirulent variant that outcompetes the pathogenic R. solanacearum strain (Frey et al., 1994). 

The TTSS pathway allows pathogens to translocate proteins into the host plant’s cytosol 

where they influence host cellular processes and cell signalling (Hueck, 1998; Galán, 1999). 

Mutants with the hrp- have a non-functional TTSS, reducing their ability to manipulate the 

host, resulting in a loss of pathogenicity without impeding its reproduction (Huet, 2014). As 

these avirulent mutants can still multiply effectively, they were intended to be used as a 

control for the virulent wild type by competing for the same resources (Huet, 2014). 



 

9 

Unfortunately, despite the promising preliminary greenhouse trials, this proved unsuccessful 

in its aim to reduce R. solanacearum in field trials, likely due to greenhouse trials not 

considering the continual influx of R. solanacearum in field trials (Frey et al., 1994; Huet, 

2014).  

While this proved unsuccessful and the creation of resistant varieties was especially difficult, 

S. dulcamara’s long term partial resistance remained effective. S. dulcamara has already 

been used to shed light on R. solanacearum resistance in Sebastià’s (2021) study which 

highlighted increased lignification of xylem vessels, theorised to limit the movement of R. 

solanacearum (Sebastià, et al, 2021). An additional study identified auxin-transport-related 

genes enriched in S. dulcamara when infected with R. solanacearum (Franco Ortega, 2025). 

This was thought to either aid pathogen colonisation or increase root growth which is often 

found in resistant crops (Franco Ortega, 2025). These findings highlight that, despite how 

previous control methods have focused on removing the host plant S. dulcamara with harsh 

glyphosate and mechanical intensive labour, that S. dulcamara can assist the identification 

of resistance mechanisms against R. solanacearum (Persson, 2008). Furthermore, this 

emphasises how multifaceted S. dulcamara’s resistance to R. solanacearum is, which may 

be the reason for their long term and sustainable resistance. Therefore, understanding S. 

dulcamara’s resistance mechanisms on multiple levels and mimicking it in the closely related 

S. lycopersicum may provide quantitative resistance that stands the test of time.  

To understand S. dulcamara’s quantitative resistance to R. solanacearum, it is key to 

investigate genetic resistance. Genetic resistance has often been investigated with the 

intention of identifying genes to intercept the pathogen infection process, such as 

recognising pathogen-associated molecular patterns (PAMPs) and effectors (Boyd, 2013). 

An example of R gene studies in relation to R. solanacearum includes the identification of a 

gene called ERs1 in a resistant eggplant variety (Lebeau, 2012). ERs1 is theorised to 

influence marker-assisted selection, reducing susceptibility by reducing colonisation and 

wilting by interacting with bacterial effectors, influencing the resistance to three strains of R. 

solanacearum: CMR134, PSS366, and GMI1000 (Lebeau, 2012). This study highlights the 

importance of understanding gene variations between resistant and susceptible plants in the 

process of identifying key resistance mechanisms. However, R genes such as these have 

been found to be overcome by the targeted pathogen. This is fueling an increase in interest 

related to quantitative resistance. For example, there is a R. solanacearum resistance S. 

lycopersicum cultivar, LS-89, which upregulates over 140 genes compared to a susceptible 

cultivar, Ponderosa (Ishihara, 2012). These 140 genes were linked to: jasmonic acid and 

ethylene signalling; and pathogen-related genes associated with β-1,3-glucanases, lignin 

and hydroxycinnamic acid amides (HCAAs). This is an example of quantitative resistance 
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against R. solanacearum which, in the case of LS-89, has been recorded as early as 1997 

and is still used for its resistance, 28 years later (Nakaho, 1997; Zhang, 2025). This 

highlights the long-term benefits of understanding quantitative resistance against R. 

solanacearum.  

While understanding how genetic differences influence resistance is key, this is not the sole 

contributor to S. dulcamara’s partial resistance as physical properties also inhibit infection. 

For example, the cell wall is one of the first lines of defense so its structural components 

have been well studied (Shi, 2023). This includes an increase in methylation of pectin, a 

mixed collection of polymers, found to increase tolerance to pathogens, such as R. 

solanacearum, that degrade cell walls with digestive enzymes (Micheli, 2001; Shi, 2023). 

Additionally, lignin maintains the strength of the secondary cell wall, also resisting the effects 

of degrading enzymes, improving the physical robustness of the plant cells which reduce the 

success of invading pathogens (Sebastià, et al, 2021). Additional structural components 

have been found to change when under attack from pathogens, such as the formation of 

tyloses and gels (Xue, 2025). Tyloses are invaginations of the parenchyma cells, often found 

in the xylems when under stress, which are theorised to block infected plant vessels to 

prevent the spread of pathogens such as R. solanacearum (Caldwell, 2017; Shi, 2023). The 

production of gel is often alongside tyloses and contains pectin and often antimicrobial 

compounds (Shi, 2023). These are secreted into the plant vessel via the xylem and have 

been found to suppress wilt diseases (Shi, 2023). While these structural properties are 

improving resistance, they do not provide complete control and have been found to be a 

contributing factor to partial resistance similar to S. dulcamara’s resistance to R. 

solanacearum.An alternative, yet equally important, area of resistance study is 

understanding the microbial composition of the rhizosphere and how this changes when R. 

solanacearum is present. The first line of defence for plants is the microorganism 

community, with high microbial diversity thought to promote plant health (Pascale et al., 

2020; van Elsas et al., 2012). High microbial diversity has been found to: increase 

competition for resources; aid nutrient availability; increase antagonism; and improve the 

stimulation of plant immune systems (Yu, 2019). However, there is contradictory evidence 

that makes microbial diversity’s link to plant immunity unclear, as high fungal diversity is 

often linked to higher disease outcomes (Gu, 2022; Filion, 2004). Therefore, soil microbial 

diversity and composition is likely to be case specific, requiring in-depth and specific analysis 

to understand why plants are creating specific rhizospheric compositions. Despite this 

uncertainty, it has been reliably reported that to reap the benefits of rhizosphere 

microbiomes, plants manipulate their surroundings via root exudates, some of which recruit 

beneficial soil microbes that provide specific protection and growth promotion (Pascale et al., 



 

11 

2020). Analysis of the specific interactions between plants, their root exudates, and 

pathogens which also impact the composition of the rhizosphere is paramount to enhancing 

growth and protection from disease. 

Analysis of this work can take many forms but utilising networks, a well-established 

bioinformatics tool that, despite being around for over 20 years is continuing to evolve, has 

the ability to identify interactions and patterns between different conditions (Zitnik, et al., 

2024). There are a range of networks, each focusing on interactions between nodes which 

allow for the exploration of possible functions from these links. For example, co-expression 

networks identify links (edges) between genes (nodes) and groups them into modules based 

on the similarity of their expression (Zitnik, et al., 2024; Serin, 2016). The strength of these 

edges are often depicted by the weight of the lines linking the nodes together (Zito, 2025; 

Serin, 2016). Modules were linked to traits and the hubs (highly influential nodes) of modules 

linked to the trait of interest were identified (Serin, 2016). Hub genes can be identified 

through a myriad of methods, including degree score, centrality and Page Rank. Degree 

score identifies the most central node within the module, defined by having the most edges 

to other nodes in the module (Zeng, 2021). Centrality of particular nodes, also referred to as 

intramodular connectivity (kIM), indicates how connected each node is to the other nodes 

within the module and those with the highest kIM should be highly linked to the module 

eigengene, highlighting their influence and representation of the nodes in that module 

(Langfelder and Horvath, 2008). An alternative method is PageRank which considers the 

wider influence within the module, identifying both the number and weight of significance of 

the edges, but also considers how connected each connected node is to gain an 

understanding of each node’s influence in context of the whole module (Kumar and Shahid 

Mukhtar, 2023). Each method of hub gene identification highlights well connected and 

influential nodes. Therefore, hub genes of modules linked to the trait of interest are likely to 

be genes that are high up in pathways involved in the trait of interest. However, 

interpretation of networks can be complex and require a lot of investigation to gain practical 

and usable insight into potentially influential genes. Another example of a biological network 

which faces the same challenges as the co-expression networks, are co-abundance 

networks which identify interaction patterns in often complex communities and population 

dynamics (Berry, 2014). These have been used to indicate underlying interactions between 

microbes and the environment but have yet to be used for exploring changes that root 

exudate metabolite application has on the microbial communities of a susceptible plant’s 

rhizosphere (Berry, 2014). 

In this study, we want to test the boundaries of network analysis, using them in novel 

situations to identify differences in response to R. solanacearum infection at multiple levels: 
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genetic and microbial. This will include creating a co-expression network to assess 

differences in gene expression in S. dulcamara and S. lycopersicum when inoculated with R. 

solanacearum, as discussed in chapter 2. A co-abundance network will then be utilised to 

understand the changes in the rhizosphere microbiome of S. lycopersicum when inoculated 

with R. solanacearum as well as a beneficial metabolite isolated from the root exudates of 

the partially resistant S. dulcamara which will be discussed in chapter 3. These two networks 

explore separate, novel, areas of study: creating a cross-species co-expression network that 

incorporates time-series analysis to understand the differences in genetic response to 

infection; and creating a co-abundance network that explores a new metabolite to 

understand the impact this has on the surrounding microbiome to test its viability as a 

marketable protective metabolite. The aim of this thesis which analyses both genetic and soil 

microbial community’s response to R. solanacearum inoculation is to identify a multitude of 

potential resistance mechanisms that S. dulcamara uses and how 2,6-DHBA aids resistance 

in S. lycopersicum. This may allow for a more sustainable quantitative approach to further 

improve resistance studies in S. lycopersicum. 
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Exploring the use of WCGNA with Time-Series 

data in a Cross-Species comparative analysis 

2.1 Introduction 

Genetic resistance to R. solanacearum which focuses on one resistance gene (R gene) has 

had limited progress due to the complexity of R. solanacearum’s infection mechanisms, and 

the process of identifying genes in crops and creating successful mutants that are both 

suitable for growth in the field and for human consumption is a lengthy process (Huet, 2014; 

Kim et al., 2016). R gene resistance is often quickly overcome by pathogen adaptation, 

making this form of protection unsustainable (Kim et al., 2016). Therefore, alternative 

methods of creating innate host resistance need to be identified so that alternative 

sustainable resistance strategies can be devised, thereby allowing more time in the 

continuing inevitable arms race between people and pathogens. As the mechanisms behind 

S. dulcamara’s resistance, which causes their partial resistance, are still largely unknown, 

new projects are vital for identifying novel sustainable resistance (Sebastià, et al, 2021). This 

project, therefore focuses on identifying differentially expressed genes (DEGs) between S. 

lycopersicum and S. dulcamara when inoculated with R. solanacearum with the aim of 

exploiting S. dulcamara’s long standing resistance mechanisms and incorporating this into 

closely related, susceptible crops. This will require exploring the use of Weighted Gene Co-

expression Network Analysis (WGCNA) to understand the co-expression of genes in 

infected resistant S. dulcamara, and susceptible S. lycopersicum plants over time to 

understand S. dulcamara’s genetic resistance mechanisms. 

WGCNA is an established bioinformatics analysis tool that describes the correlation of gene 

expression with different traits and clusters them into modules based on their expression 

(Langfelder, 2008). This can incorporate different traits, often quantitative, such as 

diseased/not diseased, to understand how these traits are impacting the co-expression of 

genes within the samples (Wang, 2019). This technique has been used in an array of 

biological contexts, including: animal, plant and bacterial genetics; cancer genetics; and 

even brain imaging (Langfelder, 2008). For example, WGCNA was used to identify core trait 

associated genes and regulatory pathways relating to responses to drought in two varieties 

of Tartary buckwheat, resistant XZSM and susceptible LK3 (Meng et al., 2022). This project 

regularly assessed the plants once drought conditions were initiated and the extracted RNA-

seq data was analysed using WGCNA. The genes were then grouped into modules and 

Differentially Expressed Genes (DEGs) and Gene Ontological (GO) enrichment analysis was 
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conducted to identify potential molecular mechanisms linked to the drought trait. These 

genes encompassed a range of functions, including links to abscisic acid, enzymatic 

antioxidants and amino acid biosynthesis, and highlighted key pathways that reduce water 

loss in leaves, initiating cell damage protection, and Reactive Oxygen Species (ROS) 

scavenging (Meng, et al., 2022). This use of WGCNA shed light on genes and pathways 

linked to drought-resistance, providing candidate genes that may increase drought 

resistance in Tartary buckwheat. This highlights how useful WGCNA is when identifying 

influential genes and pathways that respond to specific traits, without limiting itself to a 

particular function. 

To expand on this use, Wang’s (2019) study incorporated a time-series component, further 

testing the capabilities of WGCNA. Maize leaf samples were extracted at five time points, 

and WGCNA was conducted to gain clarity on the fluctuations of the carbon metabolism 

process over time. Genes were clustered into modules and gene-gene analysis identified 

hub genes which are often high up in biological pathways, and have downstream impacts on 

more genes (Jin, et al. 2019; Liu, 2019). Further GO analysis identified key candidate genes 

with links to the trait of interest, carbon metabolism (Wang, 2019). This paper assessed how 

time impacts the gene expression of carbon metabolism, with the intention of setting a 

precedent for the use of time-series data in WGCNA as well as identifying candidate genes 

involved in carbon metabolism for future, in-depth research (Wang, 2019). 

WGCNA has also been used across species to improve understanding of the biological 

processes underpinning osteosarcoma (OS). Zheng Jin’s (2019) study described the 

comparison of human and canine OS samples, justifying the use of two very distinct species 

by the abundance of conserved biomarkers, such as IL-8 and SLC1A3, which indicates 

similar pathways and the use of an intermediate mouse consensus network to check the 

validity of the human-canine network (Jin, 2019). This explored the use of WGCNA to 

identify co-expressed modules between the human and canine OS positive samples, leading 

to the identification of highly preserved modules across the species (Jin, et al. 2019). Further 

functional enrichment analysis indicated module function and hub gene analysis identified 

influential genes linked to pathways related to OS. As this network included two very distinct 

species, with just under 4,000 shared genes, further validation for this comparison was 

needed. This took form as the use of a separate, intermediate human-mouse network that 

was compared to the original human-canine network to ensure it was not highlighting 

species-specific anomalies. These saw significant overlap, indicating that this cross-species 

network was robust enough to identify co-expressed genes that were linked to biological 

pathways known to be associated with tumours (Jin, et al. 2019). This highlights how 
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adaptive WGCNA can be, identifying co-expressed genes even across species boundaries 

to identify influential genes under specific circumstances such as the presence of OS. 

WGCNA has previously been used to understand S. lycopersicum (cv. Heinz 1705) 

resistance to disease. For example, Tominello-Ramirez (2024) utilised WGCNA to test the 

difference in gene expression of S. lycopersicum when inoculated with a strain of early blight 

and brown leaf spot (EBBLS) under four conditions: inoculation of low virulence strain, 

CS046; inoculation of a highly virulent strain, 1117-1; inoculation of chitin, known to promote 

plant immunity; and finally, water as a negative control. This WGCNA highlighted the blue 

module as being significantly linked to the inoculation of CS046 and the yellow module 

linked to 1117-1. Gene Ontology (GO) analysis found that the blue module was linked to 

defence while the yellow module, which had no significant GO terms, was enriched with 

biotic stress and toxin response terms. Further analysis found that the yellow module was 

home to genes that promoted leaf senescence such as SlWRKY16 and SlWRKY53 while the 

blue module genes were primarily linked to defence, including SlC3H70, SlERF.A1 and JA2. 

This use of WGCNA indicated a strong immune response to CS046 compared to the 

inefficient immune response to 1117-1, so genes that were expressed in response to CS046 

were considered to be involved in S. lycopersicum’s successful defence response. This 

analysis gained a deeper understanding of S. lycopersicum’s genetic based resistance 

which could be harnessed in further resistance studies against EBBLS (Tominello-Ramirez, 

2024). 

This wide-reaching technique has been stretched to incorporate time-series data and cross-

species comparisons but only separately. This project aims to further explore the boundaries 

of WGCNA and to harness its ability to identify differences in gene expression between two 

different species, S. dulcamara and S. lycopersicum, across time points, when inoculated 

with R. solanacearum. This aims to provide candidate genes where their expression levels in 

S. lycopersicum could potentially be altered to mimic the expression of the partially resistant 

S. dulcamara, resulting in an increase in resistance in S. lycopersicum. 

2.2 Methods  

2.2.1 Previous work 

This experiment used data collected and analysed in Franco Ortega’s (2024) study which 

required 30 S. dulcamara (Millenium Seed Bank, Royal Botanic Gardens Kew, ID-39087) 

seeds. These were stratified on wet tissue paper and kept in the dark at 4 oC. After 10 days, 

the 30 stratified S. dulcamara seeds and 30 S. lycopersicum (Moneymaker, Mole Seeds, 
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Colchester, UK) seeds were surface sterilised for 1 minute in a bleach/water dilution (1:99 

v/v), then rinsed thoroughly with distilled water. The S. lycopersicum seeds were then 

stratified for 4 days in the same conditions as the S. dulcamara seeds to ensure equal 

germination across seeds and species. All seeds were then potted in John Innes No2 (~125 

g compost/pot) at 20 oC (±2 oC) with 14 hours light and 10 hours dark cycle in a growth room 

to mimic early summer in the United Kingdom. After an additional 3 days, a total of 17 days 

since the beginning, they were inoculated with R. solanacearum and moved to a PHCbi 

growth cabinet (24 oC and light for 16 hours, 20 oC and dark for 8 hours), allowing for 

adequate time to acclimatise.  

After 4 days since moving to the PHCbi growth cabinet, 21 days since the start, three S. 

dulcamara and three S. lycopersicum plants were root drenched with 5 mL of R. 

solanacearum (UW551) at the base of the stem. This growth stage allowed for an adequate 

level of infection so that the plants did not succumb to the pathogen immediately and there 

was enough time to sample. Three of each species were left as a negative control and 

inoculated with 5 mL of sterile CPG media for comparison between infected and non-

infected samples, both within and between species. RNA-sequence data was immediately 

sampled from the leaves at the time of inoculation (0 hours) and again at 6, 12, 24, and 48 

hours post inoculation. These sample times were taken to identify early responses to 

infection as R. solanacearum has been found to spread to the stem of plants within hours 

(Tans-Kersten, 2001). These additional samples were extracted from a leaf at the same 

developmental stage for each plant at each time point to assess the genetic response in the 

same spatial range. To aid extraction, the leaves were frozen in liquid nitrogen and stored at 

-80 oC, then ground with a pestle and mortar. RNA was extracted using E.Z.N.A ® Plant 

RNA Kit (VWR, Lutterworth, UK) as per the manufacturer’s instructions as well as treatment 

with DNase to remove residual DNA. Samples were QCed with TapeStation and quantified 

with Qubit 4.0. before sequencing by Novogene UK who performed the Illumina library 

preparation and the sequencing using the NovaSeq 6000 platform (Illumina, CA, USA) with a 

paired-end library strategy (PE150). 

After the final RNA extraction, a PCR was conducted to confirm the presence of R. 

solanacearum using primers RS199F and RS199R (AGTAACTCGGCTGTTCTTT and 

TATTCGCTTGACCCTATAA respectively) designed on the ITS region (Chen et al., 2010). 

This used 200 nm of RS199F and Rs199R primers, GoTag Green Master Mix (Promega) at 

1x, and 1 µl of 50 g/µL and with the following cycle of 95 oC for 4.5 min, 40 cycles of 95 oC 

for 30 sec, 55 oC for 30 sec, 72 oC for 30 sec, and a final extension at 72 oC for 10 minutes. 

This was visualised using a 1.5 % agarose gel, sequenced using Eurofins Sanger services 

and BLASTn was used to identify the species. 
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Trimmomatic v0.39 was used to read both S. dulcamara and S. lycopersicum raw reads and 

Salmon quantified the transcripts against the newly assembled S. dulcamara genome 

(Franco Ortega et al., 26 May 2025) and SL5 pangenome (Zhou et al., 2022). Franco Ortega 

identified the ortholog genes between S. dulcamara and S. lycopersicum, resulting in a total 

of 17,840 genes from the original 17,953 S. dulcamara genes as well as identified their 

corresponding GO ID with p-values indicating significance of association between gene and 

function term. 

2.2.2 Transcriptomic Data Preparation  

Comparing the gene expression of the resistant S. dulcamara and susceptible S. 

lycopersicum species required the use of their orthologous genes but as these species are 

closely related, only 113 genes were removed. To accurately compare these two species, 

one network per species was created, and the movement of DEGs between modules across 

the two networks were assessed. 

2.2.3 DEG Analysis 

To identify genes linked to R. solanacearum resistance in S dulcamara, the DESeq2 

package in R (Love, 2014) was used to compare three different factors: species (S. 

dulcamara and S. lycopersicum); time point (0, 6, 12, 24, 48 hours); and inoculation status 

(inoculated and non-inoculated). To incorporate all interactions, the following model was 

used:Ral_infected + Species + Timepoint + Species:Timepoint + Ral_infected:Timepoint + 

Ral_infected:Species:Timepoint. To assess the influence of inoculation status, the following 

reduced model was used: Ral_infected + Species + Timepoint + Species:Timepoint.  

The raw abundance, count and lengths data were combined, creating the variance stable 

distribution (vsd) counts data. The composition of this model took into account DEGs present 

at 0 hours, removing them to reduce the influence of innate differences between species. 

The DEGs at each time point were then assessed, using the lfcShrink function (type = 

“ashr”) from DESeq2 ashr R Package (Stephan, 2023) to improve the logFoldChange (LFC) 

representation for genes that were lowly expressed, and then filtered to identify significant 

DEGs (LFC >= 1 and padj < 0.05). Each gene was mapped to their corresponding Gene 

Ontology (GO) ID during previous work conducted by Franco Ortega (in press) and was 

matched to their corresponding GO term for further analysis and to aid the understanding of 

module function. Only GO terms with a p-value < 0.05, determined by Franco Ortega, were 

kept for further analysis. 
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2.2.4 Constructing Networks 

Before analysis, gene expression quality was assessed by removing lowly expressed genes 

(missing or 0), resulting in 16,888 genes in the S. dulcamara network and 16,765 in the S. 

lycopersicum network. To ensure the data fit the scale-free topology (SFT), the vsd 

(Variance Stabilising Transformation) data, created using DESeq2 (Love, 2014), was used. 

This normalises the raw RNA-seq counts data, satisfying the assumption of a scale-free 

network. Fitting the SFT ensures that there are a few, highly connected hubs, rather than 

many genes that are moderately well connected. Additionally, a power of 13 was chosen as 

both networks fit the SFT model at this power (S. dulcamara - R2 = 0.8050, mean.k =8.89 

and medium.k = 2.870) (S. lycopersicum - R2 = 0.85900, mean.k = 22.50 and medium.k = 

9.73), allowing for accurate cluster comparisons between both networks.  

Weighted Correlation Network Analysis (WGCNA) was conducted, creating separate 

networks for S. dulcamara and S. lycopersicum, sorting the genes into modules based on 

their co-expression (Langfelder, 2008). Therefore, genes with similar expression patterns 

across the traits were assigned to the same module as it indicated they were co-expressed 

and the distribution of genes across modules were visually checked using dendrograms. 

To identify the over-represented functions of the genes in each module, GO terms were 

used to identify gene functions that appear more often in one module than expected by 

chance. Each gene had been linked to relevant GO ID numbers, each of which correlates to 

a GO term, and using the mutate() function in R (Wickham, 2023), these were combined so 

that each gene corresponded to the relevant GO term. This, alongside further work, should 

allow us to identify key genes involved in the infection response, further aiding the 

identification of modules that influence resistance to R. solanacearum. 

2.2.5 Module Preservation and Visualisation 

The movement of DEGs between modules across the two networks was analysed using the 

caret package, preprocess function, in R (Kuhn, 2008), which identified differences in the S. 

dulcamara network compared to the control S. lycopersicum network. This was done in two 

ways, with Zsummary and medianRank. For the Zsummary, the nPermutations1 was set to 

200, as recommended by Horvath (2011), and seed was set to 1 to ensure the 

randomisation is reproducible. The function modulePreservation() from WGCNA (Langfelder, 

2008) was then used (referenceNetworks = 1, nPermutations = nPermutations1, 

randomSeed = 1, quickCor = 0, verbose = 3) to identify module preservation between the 

two networks. This aims to identify modules that are likely to contain genes that differ 
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between the two transcriptional networks when inoculated with R. solanacearum which may 

indicate if they are likely to be potentially stress or immune related genes.  

To further visualise the change between these two networks, a DEG Movement alluvial 

graph was created using the ggalluvial R package (Brunson, 2023). This was used to identify 

a module that splits into multiple modules in the other network, highlighting those that 

potentially contain genes that act differently under the different conditions between the two 

species. This would aid the understanding of the difference in preservation of genes 

between the two networks. 

2.2.6 DEG Enrichment and Movement 

To improve understanding of the modules of interest, the DEG enrichment for each time 

point was studied. This filtered for significant DEGs (LFC >= 1, padj <= 0.05) at each time 

point and identified modules that had more DEGs than the average. The number of DEGs at 

each time point was also assessed using ggvenn() (Yan, 2025) to create a four-way venn 

diagram to visualise the change in DEGs over time. Finally, DEGs that split into different 

modules in the other networks, as depicted on the DEG Movement graph (Fig. 1.4), were 

then assessed further by identifying DEGs with significant GO terms related to immunity and 

stress. 

2.2.7 Hub Analysis 

Once the modules were selected, the genes with the highest degree score (genes with the 

most connections to other genes) were recorded and labelled as hub genes. The hub genes 

with GO terms linked to immunity and stress were selected, and the expression of these 

genes were plotted for individual assessment. Those that had variation between species 

were selected for further analysis. 

2.2.8 Statistical Data Analysis 

To understand and visualise the data, a PCA graph (Fig. 1.1) was created using the 

variance-stabilised counts (vsd) data and the plotPCA() function in the DESeq2 package in 

R (Love, 2014). Additionally, a volcano-plot (Fig. 1.2), using ggplot2 (Wickham H, 2016), was 

created with the LFC and adjusted p value data to visualise genes with large changes in 

expression that are highly significant. This was conducted with all DEGs at each time point 

after filtering.  
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2.3 Results 

2.3.1 Network Construction 

To understand the difference between S. dulcamara and S. lycopersicum’s genetic response 

to R. solanacearum infection, two WGCNAs were conducted which assessed orthologous 

genes under R. solanacearum inoculation over time. After filtering to ensure high quality 

reads, the S. dulcamara network assessed 16,888 genes, split between 38 modules while 

the S. lycopersicum network had 16,765 genes, split between 70 modules. 

2.3.2 Effect of R. solanacearum Infection 

To aid the understanding of the data, a PCA was conducted: PC1 representing the 

difference between the S. dulcamara and S. lycopersicum samples, explained 55% of the 

variance; PC2 representing the difference between each time point, explained 11% of the 

variance; and PC3 which further clarified the split between time point, explained 8% of the 

variance (Fig. 1.1). PC2 and PC3 indicate that the two species have a similar change over 

time but PC1 emphasises that there is still clear separation between the species. The 

similarity in changes over time further validates that comparisons between species is 

appropriate. Additionally, the difference between time points decreased with 24 and 48 hours 

being almost indistinguishable which could be due to the initial immune response slowing but 

has not returned to normal levels as it is still dissimilar to the levels found at 0 hours. 

Additionally, there is a large difference between 0 and 6 hours, likely to be due to R. 

solanacearum inoculation not reaching the leaves immediately and then inducing a strong 

initial response at 6 hours post inoculation. It should be noted that all time points were taken 

in the light due to 16:8 hours light:dark cycle so diurnal changes are unlikely to be 

influencing such large changes between time points, as seen between 0 and 6 hours. There 

may be some slight diurnal influences between time points at different times in the light 

periods, such as 6 and 12 hours, but each time point has both infected and uninfected 

samples so diurnal changes should be identified through their comparisons. 
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Figure 1.1 PCA graph. Displaying the difference between S. dulcamara (red) and S. lycopersicum (blue) as well 

as the difference between each time point (shapes): 0 hours (time of inoculation); 6, 12, 24, and 48 hours. A. 

PC1 separates the species, explains 55% of the variance while PC2 explains 11% of the variance and separates 

time. B. PC1 and PC3 separates species and time points, with PC3 explaining 8% of the variance. C. Both PC2 

and PC3 separate time points. 
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To aid the identification of significant DEGs under the model ~ Ral_infected + Species + 

Timepoint + Species:Timepoint + Ral_infected:Timepoint + Ral_infected:Species:Timepoint, 

all 17,840 orthologous genes were plotted. All significant DEGs, those that surpass the 

threshold (logFold Change (LFC) >=1, LFC >=-1 and padj <=0.05), were highlighted. Before 

further filtering, there were a total of 3,436 DEGs that were significantly up regulated 

compared to 2,298 that were significantly down regulated. It is also interesting to note how 

many genes had low significance but high LFC, which is likely due to comparing two different 

species but the appropriate filtering was able to remove these from further analysis (Fig. 

1.2). 

 

Figure 1.2 Volcano plot. Visualising the expression levels and significance of expression for differentially 

expressed genes (DEGs). Those above and outside of the dotted lines are considered significant DEGs 

(log2FoldChange of ±1 and -log10 of the adjusted p value of 0.05). As this has been conducted on the shrunk and 

filtered data, there are no points between the dotted lines. 
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2.3.3 Module Preservation 

Module preservation assesses how similar the module composition is between the two 

networks which highlights how different the expression profiles are between them. This was 

indicated by medianRank and Zsummary (Fig. 1.3). MedianRank measures the level of 

module preservation between networks (higher medianRank implies lower module 

preservation) and is intended to be independent from size but the larger module’s observed 

preservations are, the more statistically significant they are compared to a smaller module so 

there is some size based influence (Langfelder, 2011). Therefore, medianRank is beneficial 

to assess as it considers module size within this statistic. The Zsummary, however, also 

measures the preservation of each module in the reference network (>10 = strong module 

preservation, <2 = no indications of preservation), compared to the test network and 

considers density and three connectivity-related statistics (Luo, 2021).  This statistic heavily 

depends on module size so should be used in conjunction with the medianRank, especially 

for networks with a large range of sizes to reduce bias towards larger modules (Nguyen, 

2025). For example, the steelblue, lightyellow and green modules show a high medianRank 

preservation (30, 23 and 21 respectively) and a low Zsummary score (-0.96, 0.72, and 6.74 

respectively), indicating low module preservation.  

Figure 1.3 Module Preservation across S. dulcamara and S. lycopersicum WGCNA network. This indicates 

how much the genes in each module change between the S. lycopersicum and S. dulcamara networks. Median 

Rank does not consider module size with a high value indicating lower preservation. Zsummary does consider 

module size and a lower value indicates low module preservation. The size of each point indicates the number of 

DEGs that are present in the module across both networks and therefore, modules with no DEGs have been 

removed. The modules of interest have been indicated by arrows. 
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2.3.4 DEG Movement 

While module preservation is key to understanding differences between networks, further 

assessment into the movement of DEGs between the networks was visualised to shortlist 

modules which are likely to contain particularly interesting DEGs linked to the traits of 

interest (Fig. 1.4). Links between the two distinct networks, with all DEGs split into their 

corresponding modules, were displayed. This aids the search for interesting modules as 

identifying those which split into multiple modules in the other network may be an indication 

of large-scale differences in expression patterns, therefore, DEGs in these modules may be 

of particular interest. Large movements of DEGs to different modules may link them to 

immune response and stress, as S. dulcamara and S. lycopersicum have been found to 

respond differently to R. solanacearum, making these modules of interest. Overall, there 

were 81 DEGs at 6 hours, 976 at 12 hours, 553 at 24 hours and 74 at 48 hours, making a 

total of 1,436 genes differentially expressed in at least one time point.  

An example of interesting DEG movement includes the green module in the S. dulcamara 

network which splits into a multitude of modules (including yellow, turquoise and blue) in the 

S. lycopersicum network. This indicates that, when S. lycopersicum is infected with R. 

solanacearum, these DEGs act differently to one another, while in S. dulcamara, they have 

similar expressions. These genes may be co-regulated in S. dulcamara in response to R. 

solanacearum infection, and may be linked to the successful immune response, whereas, in 

S. lycopersicum, these genes are not being co-regulated which may be due to the lack of an 

immune response. Therefore, the green module in the S. dulcamara network is likely to 

contain genes that are influential to S. dulcamara’s resistance. Similarly, the lightyellow 

module in S. dulcamara, which has no module preservation, moves largely to the thistle2 

and salmon modules in S. lycopersicum. Finally, the steelblue module in the S. lycopersicum 

network splits mostly between the grey and red modules in the S. dulcamara network. This 

further highlights that different groups of genes are being co-regulated in S. dulcamara and 

S. lycopersicum, which may be due to their differing immune response to R. solanacearum. 

This difference in expression is indicative of differences between their regulatory pathways 

so further hub gene analysis is required to shed light on the function of these genes, and 

therefore, the green (S. dulcamara network), lightyellow (S. dulcamara network), and 

steelblue (S. lycopersicum) modules will be taken forward for further investigation. 
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Figure 1.4 DEG Movement between S. dulcamara and S. 

lycopersicum WGCNA networks. This highlights the movement of 

DEGs between the S. lycopersicum and S. dulcamara network. The 

bottom shows the S. dulcamara modules and the top shows the S. 

lycopersicum modules. The size of the lines connecting the two 

networks are proportional to the number of DEGs that have moved 

between modules. A threshold of >3 DEGs in a module was required, 

resulting in 37 modules removed from S. lycopersicum and 22 from S. 

dulcamara. 
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2.3.5 DEG Enrichment 

Understanding the distribution of DEGs across modules is key, but understanding the 

presence of DEGs at different time points may also shed light on how diurnal changes are 

influencing the immune response or if response time is different between species. Time point 

12 has the largest number of DEGs, with 747 unique to 12 hours and 229 shared across 

different time points (Fig. 1.5). The second highest time point is 24 hours which has 327 

unique DEGs and 226 shared across all time points (Fig. 1.5). The highest number of shared 

DEGs is between 12 and 24 hours which indicate that these time points may be of particular 

interest for identifying differences in immune response. 

 

Figure 1.5 DEG presence at each time point. Each time point has been assessed to identify the number of 

DEGs that are unique or shared between time points. At 6 hours, there are a total of 81 DEGs, 66 of which are 

unique to 6 hours, 6 which are shared with 12 hours, 3 shared with 24 hours, 4 shared with 12 and 24 hours, and 

2 shared with 12, 24, and 48 hours. At 12 hours, there are a total of 976 DEGs, 747 of which are unique to 12 

hours, 209 shared with 24 hours, 5 shared with 48 hours, and 3 shared with both 24 and 48 hours. At 24 hours, 

there are a total of 553 DEGs, 327 of which are unique to 24 hours, and 5 shared with the 48 hours time point. 

Finally, there are 74 DEGs at 48 hours but 59 unique to this time point. It is important to note that there were no 

shared DEGs in the following time point combinations: 6, 14 and 48; 6, and 48; and 12, 24 and 48. 
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To choose which module to analyse further, the interesting modules were identified as 

having both low module preservation (Fig. 1.3), and interesting DEG movement (Fig. 1.4). 

The DEG enrichment at each time was then assessed, as modules enriched in DEGs are 

likely to have genes linked to the differences in immune response as the only difference in 

treatment was disease pressure. Understanding which time point each module is enriched in 

may shed light on their function. For example, DEGs enriched earlier are more likely to be 

involved in the fast-acting immune response, whereas those that are enriched later, such as 

the steelblue module in the S. lycopersicum network, may be as a result of a more delayed 

response (Table 1.1). The green, lightyellow, and steelblue module were selected for further 

analysis due to: their low module preservation (Fig 1.3); encompassing DEGs that move 

between different modules across the two networks (Fig 1.4); and enrichment at different 

time points to gain a more comprehensive overview of the time-series data (Table 1.1). 

 

Table 1.1 DEG enrichment status. Three modules of interest have been selected: green and lightyellow in the 

S. dulcamara network; and steelblue in the S. lycopersicum network. Modules were enriched in DEGs if the 

number of DEGs present at that time point was more than the average number of DEGs for that time point. Each 

module of interest was significantly enriched (pval <0.05) at least one time point in both networks, as described in 

the table. P values highlighted in green were <0.05 and significant whereas those highlighted in red were not 

significant are >0.05.  

 

2.3.6 Hub Genes 

To understand the functions and key genes in the modules of interest, the hub genes were 

identified and those with GO terms linked to immunity or stress were kept for further 

analysis. If no GO terms were present for the hub genes, the gene directly linked to the hub 

gene was assessed to indicate the function of the original hub gene as they are likely to be 

Module of 

interest 

Species Enriched 6 

hours 

Enriched 12 

hours 

Enriched 24 

hours 

Enriched 48 

hours 

green Solanum 

dulcamara 

5.96 x10-6 5.11 x10-297 <0.0001 0.62 

lightyellow Solanum 

dulcamara 
0.77  1.64 x10-8 0.23 0.23  

steelblue Solanum 

lycopersicum 

0.75 0.45 5.53 x10-4 0.75 
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involved in the same pathway. All gene sequences were then analysed using BLAST to 

identify their function and those linked to immunity and stress responses were then plotted 

for individual gene expression.  

 

 

 

Figure 1.6 Expression of the genes of interest in the green module of the S. dulcamara network. A. 

Solyc10G001528, B. Solyc10G000984, and C. Solyc05G001746. The expression for each gene in S. dulcamara 

(right) and S. lycopersicum (left) is displayed. This depicts normalised expression of the genes of interest in the 

S. dulcamara and S. lycopersicum network and in infected (blue) and not infected (red) samples. These genes do 

not appear in the S. lycopersicum network due to low expression and were, therefore, removed from the S. 

lycopersicum network.  
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The hub genes for the green module in the S. dulcamara network includes Solyc05G001746, 

Solyc10G000984, and Solyc10G001528 (Fig. 1.6 A-C) all of which saw a rise in expression 

when S. dulcamara was inoculated with R. solanacearum compared to the non-infected S. 

dulamacara plants. However, expression was near 0 in both infected and non-infected S. 

lycopersicum plants and were removed from the network due to being too lowly expressed to 

meet the threshold. This may shed light on genes that are upregulated in S. dulcamara when 

infected and aids their partial resistance. 

 

 

 

Figure 1.7 Expression of the genes of interest in the lightyellow module of the S. dulcamara network. A. 

Solyc08G000580 is in the lightyellow module in the S. lycopersicum B. Solyc11G001222 is in the lightyellow 

module in the S. dulcamara network. The expression for each gene in S. dulcamara (right) and S. lycopersicum 

(left) is displayed. This depicts normalised expression of the genes of interest in the S. dulcamara and S. 

lycopersicum network and in infected (blue) and not infected (red) samples.  

 

 

The hub genes for the lightyellow module in the S. dulcamara networks were 

Solyc08G000580 and Solyc11G001222 (Fig. 1.7 A-B) which saw large differences in gene 

expression between species and limited differences between infection status where only a 

slight reduction in infected S. dulcamara plants was seen. Solyc08G000580 in both infected 

and non-infected S. lycopersicum plants had very similar expression patterns, only differing 

after 24 hours where the non-infected plants saw an increase in expression while the 

infected plants continued on the downward trajectory. In S. dulcamara, the expression 
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pattern overall is less similar but they are within the boundaries, indicating that infection 

status does not change the expression of this gene. Solyc11G001222 in S. lycopersicum 

drastically changes also at 24 hours with the non-infected plants increasing in expression. 

The expression in S. dulcamara, however, sees the same overall pattern but has a large 

decrease in infected plants after 6 hours. Therefore, this reduction may be hindering 

infection and aiding S. dulcamara in defending against infection. It may also indicate that S. 

dulcamara is more sensitive to infection, responding by decreasing expression compared to 

the non-infected plants after 6-12 hours, while infected S. lycopersicum drops below non-

infected levels of expression after 24 hours. 

 

 

 

Figure 1.8 Expression of the Solyc01G003106 gene of interest in the steelblue module of the S. 

lycopersicum network. The expression for each gene in S. dulcamara (right) and S. lycopersicum (left) is 

displayed. This depicts normalised expression of the genes of interest in the S. dulcamara and S. lycopersicum 

network and in infected (blue) and not infected (red) samples. 

 

 

The hub gene for the steelblue module in the S. lycopersicum network, Solyc01G003106 

(Fig. 1.8), had a higher expression in S. dulcamara than S. lycopersicum. In S. dulcamara, 

non-infected plants saw a rise in expression between 6 and 24 hours before a gradual 
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decline. In infected plants, however, there was limited change in expression over time. Both 

infected and non-infected S. lycopersicum plants reduced in expression after 24 hours with 

limited overall change between both infection statuses. Despite the limited overall change, 

the expression patterns do vary within this range with infected samples peaked at 6 and 24 

hours while non-infected samples peaked only at 12 hours. The downregulation in infected 

S. dulcamara plants may be protecting them from infection so further analysis into the 

function of Solyc01G003106 may shed light on this. 

2.4 Discussion 

2.4.1 Network Summary 

To understand how gene expression in S. dulcamara and S. lycopersicum differs when 

inoculated with R. solanacearum, two WGCNs were created using 17,840 orthologous 

genes from RNA seq data extracted from the leaves of the plants at the time of inoculation 

and then 6, 12, 24, and 48 hours after inoculation. Filtering left 16,888 genes in the S. 

dulcamara network and 16,765 genes in the S. lycopersicum network. A power of 13 was 

chosen for the construction of the WGCNA as both networks fit the SFT model at this power 

(S. dulcamara - R2 = 0.8050, mean.k =8.89 and medium.k = 2.870) (S. lycopersicum - R2 = 

0.85900, mean.k = 22.50 and medium.k = 9.73).This grouped the genes into modules by 

their expression patterns, comparing the changes of expression between the different: 

species, inoculation statuses; and time points. Module preservation, DEG enrichment, and 

GO term analysis highlighted three modules of interest: green (S. dulcamara network), 

lightyellow (S. dulcamara network), and steelblue (S. lycopersicum network). The hub genes 

for these modules were then identified and their function assessed. An alternative method 

for module of interest identification could have included the use of gene significance to 

measure module significance which allows for the isolation of modules with genes strongly 

associated with that particular module (Langfelder, 2008).This would allow for the selection 

of modules associated with the traits of interest and their hub genes should be highly likely to 

also be associated with the trait of interest. However, due to the composition of this network, 

module selection conducted here was adequate enough to select modules with key hub 

genes with links to the traits of interest.  

It should be considered that cross species analysis is controversial but there are examples 

of successful cross-species network analysis, which explore between species with vast 

genetic differences such as humans and canines (Jin, 2019). The benefit of the comparison 

between S. dulcamara and S. lycopersicum is that they are very closely related, sharing 

17,840 orthologous genes out of the 27,429 known genes in S. dulcamara and 34,240 in S. 
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lycopersicum (Franco Ortega, 2025; Fernandez-Pozo et al., 2014). This allows for a large 

proportion of their genes to be incorporated in these networks.  

There are still some innate differences between species. Therefore, the composition of the 

model underpinning these networks removed DEGs present at 0 hours, before the 

inoculation of R. solanacearum was able to impact gene expression in the sampled leaves. It 

should also be noted that all interpretation is considered with the background of the non-

inoculated plants, giving a baseline for each plant species. Every comparison made should 

be made between the plants of the same species with different infection statuses which 

should provide context of the differences between the species before the inoculation of R. 

solanacearum is considered.  

It should also be considered that time-series data is known to be complicated to interpret, 

especially due to the influences of diurnal changes. This was considered when sampling as 

all samples were extracted within the 16 hours of light, with sample times of 0, 24 and 48 

hours being the same time of day, therefore, changes in expression are unlikely to be due to 

diurnal changes. Furthermore, DEGs with potential links to diurnal changes were not 

assessed further. 

2.4.2 Green Module in the S. dulcamara network - CDPK 1 upregulation 

in infected S. dulcamara plants 

The genes Solyc05G001746, Solyc10G000984, and Solyc10G001528 (Fig. 1.6A-C) were 

present in the green module in the S. dulcamara network but not present in the S. 

lycopersicum network as the expression levels were deemed too low, resulting in their 

removal from the S. lycopersicum network. This was further validated by the gene 

expression being near 0 for all but one sample, whereas in S. dulcamara, these genes have 

a consistent expression within their species and inoculation status. When not inoculated, the 

expression seems to follow the light cycle but when inoculated with R. solanacearum, 

instead of decreasing at 12 hours, the expression increases. As R. solanacearum is a soil 

borne pathogen, primarily impacting the roots, a delayed response in the leaves is to be 

expected, further validating the pattern of expression of these three genes.  

 

After analysing the gene transcripts with BLAST, these genes were strongly linked to Ca2+-

dependent protein kinase 1 (CDPK1). CDPKs have long been recognised as being involved 

in plant immune and stress signalling as well as being differentially expressed in response to 

stress stimuli such as: drought; heat; pathogens; and abscisic acid, a sesquiterpenoid 

hormone known for regulating stress responses and, particularly in well-watered conditions, 
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to prompt growth (Boudsocq, 2012; Brookbank, 2021). CDPK1, in particular, has not been 

greatly studied in S. dulcamara or S. lycopersicum but has in Arabidopsis thaliana. These 

studies identified AtCDPK1’s role in pathogen resistance as: initiating salicylic acid 

pathways; regulating the initiation of cell death; and to phosphorylate NADPH oxidases to 

induce the production of reactive oxygen species (ROS) (Wang, 2015). All genes of interest 

(Fig 1.6A-C) see a reduction to near 0 normalised expression in S. lycopersicum, compared 

to the relatively high expression found in S. dulcamara, which translates to a large 

upregulation of these genes. As the BLAST search matched these genes to CDKP1, we can 

infer that these genes rising in S. dulcamara when under R. solanacearum infection, may be 

improving stress signalling and initiating immunity pathways, as discussed in Qi and Zhang’s 

(2020) paper and similar to what has been found in ginger, ZoCDKP1 positively regulating 

drought stress signalling (Qi and Zhang’s, 2020; Dontoro Dekomah, 2022). Increasing the 

expression levels in S. lycopersicum to mimic the expression in S. dulcamara may see an 

improved resistance to R. solanacearum. 

2.4.3 Lightyellow Module in the S. dulcamara network- upregulation of 

SINA 1 increasing cell death in S. dulcamara 

The hub gene of the lightyellow module in the S. dulcamara network, Solyc08G000580 (Fig. 

1.7A), has been linked to Cuscuta receptor 1 (CuRe1), a cell surface receptor that detects 

pathogens such as Cuscuta reflexa and initiates immune response via inducing the 

production of ethylene (Hegenauer, 2020). Therefore, upregulation of CuRe1 results in 

initiation of a defence response in resistant plants such as S. lycopersicum (Hegenauer et 

al., 2020). This hub gene is located on the same chromosome as Solyc08G016270, a 

CuRe1, and other genes such as Solyc08G016210 and Solyc08G016310 are a close match 

in amino acid sequences to Solyc08G016270 but do not respond to the Cuscuta factors as 

expected of a CuRe1 (Hegenauer, 2016). As Solyc08G000580 expression increased despite 

no Cuscuta factors being present, this suggests that Solyc08G000580 may not be a 

functioning CuRe1 similar to Solyc08G016210 and Solyc08G016310. There has been no 

link to CuRe1 being activated by other pathogens, due to the high level of specificity of this 

interaction. CuRe1 has only reliably been identified with positive immune response, 

specifically the parasitisation of C. reflexa, in S. lycopersicum but seems to not have an 

immune response even in the closely related, wild counterpart, Solanum pennellii 

(Hegenauer, 2016). This may explain the differing responses found in S. lycopersicum and 

S. dulcamara. As the plants were not stimulated with C. reflexa, the upregulation in S. 

lycopersicum is unexpected and may be due to other factors, including: diurnal changes, as 

the peak was at 6 hours and all other time points have a similar level of expression when at 
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the same point of the day; or this gene is influenced by pathogens other than C. reflexa 

which are yet to be identified. However, CuRe1 has been linked to the biosynthesis of 

ethylene which is influential in the ripening of fleshy fruits, including tomatoes (Li, 2022). 

Ethylene has been found to increase during ripening, activating ethylene response factors 

(ERFs) linked to key components of fruit ripening, such as colour, flavour and smell (Li, 

2022). Therefore, the diversion seen between infection statuses of S. lycopersicum and S. 

dulcamara may be a reallocation of resources, prioritising defense over ripening of fruit. 

Furthermore, the delay in reduction of expression in infected S. lycopersicum, compared to 

the uninfected S. lycopersicum occurred at 24 hours, while the S. dulcamara plants diverge 

between 6 and 12 hours, indicating that it may be postponing this reallocation quicker in S. 

dulcamara, resulting in a more efficient immune response. This would require further 

investigation to clarify if this gene is a functioning CuRe1, if its expression is limited by C. 

reflexa presence or linked to diurnal changes, and if this may be a reallocation of resources 

to aid the immune response. Additionally, in S. dulcamara, there seems to be no change 

between immune status or time, and considering the function, this indicates that this gene is 

unlikely to be a contender for in-planta experiments and alternatives should be prioritised.  

 

The expression of the second hub gene of the lightyellow module in the S. dulcamara 

network, Solyc11G001222 (Fig. 1.7B), is linked to SINA1, an E3 ubiquitin ligase, specifically 

SlSINA1 (Wang, 2018). Ubiquitin is a family of well conserved proteins which modify the 

structure of other proteins and Seven in absentia (SINA), being a ubiquitin ligase, causes 

post-translational changes to ubiquitin (Pickart, 2004; Wang, 2018). SINA has been linked to 

plant growth and development, plant-microbe interactions as well as response to both abiotic 

and biotic stress (Roche, 2023; Wang, 2018). There are six SINA genes found in S. 

lycopersicum called SlSINA1-6, each with their own function (Wang, 2018). SlSINA1 is the 

most uniquely structured and is shorter than the other five, having 20% less similarity in 

sequence than other SISINA (Wang, 2018). SlSINA1 has been found to suppress cell death 

and defence signals, therefore, the decrease seen in both S. lycopersicum and S. dulcamara 

is likely causing an increase in cell death (Wang, 2018). However, S. dulcamara overall has 

higher expression of SISINA1, indicating that cell death is more greatly suppressed in S. 

dulcamara, in relation to the uninfected control plants. Cell death can be a useful defence 

mechanism as it can limit the spread of disease, but it has been adapted by pathogens to 

proliferate infection further (Ashida, et al. 2011).  

 

It should be noted that despite R. solanacearum being a soil borne pathogen and initially 

found in the roots of infected plants, it takes only a few hours to migrate towards the aerial 

parts of the plant (Tans-Kersten, 2001). This is likely to be why we only start to see a 
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response around 6 to 12 hours post infection as the RNA-seq data was collected from the 

leaves of the plants. It would be beneficial to explore RNA-seq data from root samples. 

However, incorporating this into time-series analysis would be destructive and likely to cause 

stress to the plants. Therefore, it is difficult to interpret the extent of cell death and how it 

impacts the spread of disease, especially as R. solanacearum has been identified as being a 

hemibiotroph, encompassing both biotrophic and necrotrophic traits, with the ability to 

promote cell death in an effector related dosage dependent response (Narancio, 2013; Byth-

Illing and Bornman, 2013; Xue et al., 2025). However, it has been theorised that S. 

dulcamara is able to withstand infection by limiting the spread of R. solanacearum , a 

relatively slow growing bacterium, by expediting cell death (Sebastià, et al, 2021). As R. 

solanacearum is a hemibiotroph, it benefits from the growth of its host, therefore, death of 

plant cells across the entire plant may inhibit its proliferation and,  despite S. dulcamara 

having a higher expression of Solyc11G001222 than S. lycopersicum, it decreases under 

infection with R. solanacearum. Therefore, cell death is exacerbated in infected S. 

dulcamara and may be contributing to the inhibition of infection. Furthermore, there has been 

no record of R. solanacearum influencing the expression of SISINA1, indicating that R. 

solanacearum is unlikely to be causing this cell death.  

 

To consolidate whether R. solanacearum may be promoting cell death, dead cells should be 

viewed via microscopy and a bioluminescent strain, such as UY031 Pps-lux, can be used to 

identify if R. solanacearum is present in the dead cells (Ferreira, 2017). If some dead cells 

have been identified without R. solanacearum present, we can assume that this protects 

cells by inhibiting R. solanacearum’s proliferation and migration to other cells. However, if all 

dead cells showed signs of R. solanacearum, this indicates that R. solanacearum may be 

influencing cell death. This assay can be conducted alongside future iterations of this work 

and to further understand the influence this gene has on both S. dulcamara and S. 

lycopersicum’s immune response, it would be beneficial to assess the susceptibility of 

knockout Solyc11G001222 mutants. 

2.4.4 Steelblue Module in the S. lycopersicum network - PNGase linked 

to S. dulcamara’s susceptibility or prioritisation of resources 

The hub gene for the steelblue module in the S. lycopersicum network, Solyc01G003106 

(Fig. 1.8), is linked to a putative peptide:N-glycanase (PNGase), an enzyme which causes 

the loss of N-linked glycans in glycopeptides and glycoproteins, in a process called 

deglycosylation (Joshi, 2005; Suzuki, 2015). This loss of N-linked glycans can cause the 

misfolding of glycoproteins, aiding their breakdown and keeping control of protein quality 
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(Suzuki, 2015; Berger, 1995; Diepold, 2007). This process releases the free N-glycan which 

has been found to have links to fruit ripening, seed development and innate immunity by 

influencing the formation of pattern recognition receptors (Hirayama, 2015; Strasser, 2014). 

Both species saw a change when inoculated with R. solanacearum (Fig. 1.8), indicating a 

response to infection in both the S. lycopersicum and S. dulcamara as the uninfected 

samples rise and fall once whereas infected samples have a more undulating pattern. S. 

dulcamara  is expected to have a higher expression when inoculated with R. solanacearum 

due to the link to protein quality checks and the formation of pattern recognition receptors 

but was found to be downregulated under these conditions. This may be an example of how 

S. dulcamara is not a fully resistant plant and can experience symptoms when under 

infection. However, this unexpected expression may be due to the links to fruit ripening and 

seed development, both of which would not be a priority when under attack from a pathogen 

like R. solanacearum. S. lycopersicum’s expression stays around the same expression level 

despite infection status, but does change in pattern, which implies that S. dulcamara’s 

exaggerated change in response to R. solanacearum, may be providing protection by 

prioritising resources. Downregulating Solyc01G003106 in S. lycopersicum could elucidate 

the physiological implications of this gene’s function. 

2.5 Conclusion 

S. dulcamara and S. lycopersicum are closely related, sharing 17,840 orthologous genes 

between them, but S. dulcamara is partially resistant to R. solanacearum whereas S. 

lycopersicum is susceptible and suffers great losses due to this pathogen (Huet, 2014). 

Despite sharing a large proportion of genes, their expression differs greatly. Identifying and 

understanding the expression of key genes that are potentially linked to S. dulcamara’s 

partial resistance opens the door for adapting the expression of S. lycopersicum to mimic S. 

dulcamara’s response to infection. This project aims to identify expression patterns of genes 

linked to S. dulcamara’s resistance and incorporate them into the expression of S. 

lycopersicum’s genes. This was conducted by expanding the horizon of WGCNA by 

combining cross-species and time-series analysis.  

2.5.1 Suggestions for Further Work 

This use of WGCNA identified five genes of interest from three modules theorised to be 

involved in the immune response: Solyc10G001528, Solyc10G000984, Solyc05G001746, 

Solyc08G000580, Solyc11G001222, and Solyc01G003106. These candidate genes could 

be used in future in-planta experiments to assess the physiological implications of changing 

expression in S. lycopersicum to mimic S. dulcamara’s response to infection. 
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Solyc10G001528, Solyc10G000984 and Solyc05G001746 are linked to CDPK1 which 

promotes stress signalling and therefore, in-planta experiments should focus on being 

upregulated in S. lycopersicum with the aim of improving cell signalling and initiating other 

immune pathways more efficiently. In-planta experiments for Solyc08G000580 should not be 

of priority due to there being very few links to general or R. solanacearum specific immune 

response. Solyc11G001222 analysis, on the other hand, would benefit from investigating 

knock out mutants in both S. dulcamara and S. lycopersicum, to assess the impact of 

increased cell death when infected with a hemibiotrophic bacterium such as R. 

solanacearum. Further clarification could be gained from assessing dead cells for the 

presence of bioluminescent R. solanacearum via microscopy. Finally, downregulating 

Solyc01G003106 in S. lycopersicum may indicate whether its putative function of a PNGase 

is aiding S. dulcamara’s resistance by prioritising resources and reducing the promotion of 

fruit ripening and seed development. This work highlights the effectiveness of WGCNA and 

how broad a scope this bioinformatics tool encapsulates, unlocking the potential to explore 

and understand transcriptomic data to even greater extents than previously attempted. 
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Exploring the Boundaries of CANA to Test the 

Influence of 2,6-DHBA 

3.1 Introduction 

Root exudates are known to influence the microbiome of the rhizosphere, with plants 

changing root exudate production to recruit specific microorganisms (Pascale et al., 2020). 

Additionally, it has been found that root exudates change in response to external pressures, 

which has been identified in Solanum lycopersicum (tomato) under Ralstonia solanacearum 

pressure by Gu (2016). This study tested root exudates from both healthy and R. 

solanacearum infected S. lycopersicum plants to identify whether exudate production 

changes, and how this influences disease susceptibility and rhizospheric microbial 

composition. Plants were grown in hydroponics, and the liquid was analysed with high-

performance liquid chromatography (HPLC). These exudates were then added to fresh soil 

and DNA was extracted, amplifying the 16S V4 region of rRNA to identify the different 

species of bacteria present in each sample. This identified different exudate production 

between the treatments, finding that those created under infection with R. solanacearum 

caused a reduction in rhizosphere microbe diversity. Additionally, artificially adding 

compounds found to be produced under infection did not produce the same microbial 

composition but did reduce pathogen growth. This strongly indicates that plants under 

pathogen attack could change the composition of the surrounding rhizospheric microbiome 

to reduce pathogen stress and improve resistance to disease. Studies like Gu’s (2016) can 

highlight compounds that can be artificially added to promote disease protection. 

An alternative and recently popular approach to understanding changes between different 

communities are co-abundance networks (CAN) (Berry, 2014). This method has been used 

to analyse a range of community level interactions, including Wang’s 2022 study that 

explored the change in composition between healthy and R. solanacearum infected tobacco 

plants (Nicotiana tabacum L.) which aimed to understand the influence pathogen presence 

can have on composition change (Liu, 2023; Wang, 2022). This use of co-abundance 

network analysis (CANA) further consolidated that root exudates change depending on the 

stress the plant is experiencing, which in turn impacts the diversity and composition of the 

rhizosphere (Wang, 2022). Microbial diversity increased in diseased plants which was 

attributed to the plant attempting to recruit more microbes that may outcompete and reduce 

pathogen abundance and viability (Wang, 2022; Gu, 2022). Furthermore, this CANA 

specifically identified keystone taxa in healthy plants including: Burkholderia-Caballeronia-
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Paraburkholderia; Acinetobacter; Penicillium; and Trichoderma (Wang, 2022). This analysis 

highlights the ability of CANA to identify patterns in microbial composition under different 

treatments and emphasises specific influential taxa that may be promoting resistance. 

Studies such as this are why network analysis is used even across disciplines to identify 

patterns between complex communities (Barberán, 2012). This technique can be complex, 

requiring an abundance of data, and does not provide clear explanations of interactions 

between communities, however, this analysis highlights previously unknown patterns that 

may lead to novel discoveries of community level functions (Barberán, 2012; Liu, 2023). 

Wang’s (2022) study highlighted the benefits of CANA and Gu’s (2016) study identified that 

artificial metabolites can be added to mimic the physiological results of plant promoting root 

exudates that occur as a result of disease priming. Combining these approaches, using 

CANA to assess changes in microbial composition when a beneficial metabolite is added to 

a susceptible plant, should identify key taxa that promote disease resistance. There has 

been limited research that utilises the ability of CANA to understand the links between 

rhizosphere microbial communities and the application of an artificial root exudate substitute 

alongside infection. This method can provide more quantifiable links between the abundance 

and treatments than alternatives such as assessing the raw abundance, allowing for clearer 

associations to be formed, which allow for more accurate future work. 

An example of a metabolite linked to promoting resistance, yet to have its impact on 

microbial composition assessed in-planta, is 2,6-dihydroxybenzoic acid (2,6-DHBA) which 

was identified in Franco Ortega’s 2024 study (Franco Ortega, in press). This found that 

partially resistant Solanum dulcamara produces significantly higher levels of the metabolite 

2,6-DHBA than produced by susceptible S. lycopersicum. To understand the influence 2,6-

DHBA has on resistance to R. solanacearum, 48 S. lycopersicum plants were tested under 

four treatments: R. solanacearum inoculated; R. solanacearum and 2,6-DHBA inoculated; 

2,6-DHBA inoculated; and control (CPG media inoculated). A reduction in R. solanacearum 

symptoms was observed in the previously susceptible S. lycopersicum when inoculated with 

both R. solanacearum and 2,6-DHBA. This found that 2,6-DHBA reduced the pathogenicity 

of R. solanacearum and promoted resistance in susceptible plants (Franco Ortega, in press). 

This previous work then theorised that 2,6-DHBA influences resistance by altering the 

presence of beneficial microbes. 

2,6-DHBA is a benzoic acid, a hydroxylated phenolic compound, which has previously been 

linked to a well-known plant defence chemical: salicylic acid (SA) (Juurlink, 2014). SA is a 

plant hormone well-known for its involvement in plant defence, as well as growth and abiotic 

stress response (Wang, et al., 2025). Whereas other benzoic acids are generally considered 
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to be precursors in both the Isochorismate synthase pathway and the recently identified, 

primary route to SA, phenylalanine pathway (Wang, et al., 2025; Wildermuth, 2001; Zhu, 

2025). 2,6-DHBA however, is classed as a derivative of SA as 2,6-DHBA is synthesised by 

the addition of a hydroxyl group (OH) to SA (Dachineni, et al., 2017). Despite being a 

derivative of SA, 2,6-DHBA has been reported to have low microbial growth inhibition 

efficacy, requiring the addition of metal ions such as Ni2+ and CO2+ to improve inhibition and 

plant defence (Santoso, 2016). Despite this, Franco Ortega (in press) found that the addition 

of 2,6-DHBA significantly reduced the susceptibility of S. lycopersicum plants inoculated with 

R. solanacearum. Therefore, it would be interesting to understand 2,6-DHBA’s impact on 

microbial activity and explore the claims of its inability to defend plants or if it promotes 

healthy growth, even when plants are under threat.  

This study aims to confirm whether 2,6-DHBA impacts the presence of microbes. This is 

examined by extracting DNA from the soil of each treatment and using Co-abundance 

Network Analysis (CANA) to understand the influence this metabolite has on the composition 

of the rhizosphere. This will aim to identify keystone taxa which either are recruited by 2,6-

DHBA and provide protection against R. solanacearum infection, or are inhibited by 2,6-

DHBA and increase the pathogen pressure of R. solanacearum.  

3.2 Methods 

3.2.1 Previous Work 

Franco Ortega’s study (in press) explored the impact of 2,6-DHBA by testing four treatments: 

R. solanacearum inoculated; R. solanacearum and 2,6-DHBA inoculated; 2,6-DHBA 

inoculated; and control (CPG media inoculated). The S. lycopersicum seeds (cv 

Moneymaker, Moles Seeds, Colchester, UK) were surface sterilised with bleach for 1 minute 

and then rinsed with distilled water, to remove preexisting variations in microbial 

communities. They were allowed to germinate on a wet tissue for 4 days, to ensure 

adequate germination, before being moved to compost (John Innes No2, ~125 g per pot) in 

a growth room at the Department of Biology (University of York, York, UK) at 20 oC with a 

14/10 hour light/dark light cycle for 17 days. Following these 17 days, the plants were moved 

to acclimatise in a PHCbi growth cabinet for 4 days at 24 oC/20 oC for 16/8 hours, light/dark 

cycles. After a total of 21 days, 24 plants were inoculated with 5 ml of R. solanacearum 

(UW551) via soil drenching as close to the stem as possible. After 24 hours, 12 of the 24 R. 

solanacearum inoculated plants were inoculated with 12 ml of sterile 2 mg/ml 2,6-DHBA 

(referred to as “Rs2,6-DHBA” samples) and the remaining 12 were soil drenched with water 

(referred to as “Rs” samples). Then, 12 plants were inoculated with 5 ml of CPG media, 
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followed by 12 ml of 2,6-DHBA (referred to as “2,6-DHBA” samples) and 12 negative control 

plants were inoculated with 5 ml of CPG media, followed by 12 ml of water (referred to as 

“NC” samples). The disease status was assessed for 21 days post inoculation and was 

determined by observations: 0 = no symptoms; 1 = 25% symptom coverage; 2 = 50% 

symptom coverage; 3 = 75% coverage; 4 = 100% coverage/deceased. Healthy plants were 

awarded a 0 and diseased plants from 1-4 were grouped. Rhizosphere samples were then 

collected 21 days post inoculation and stored at -80 oC for DNA extraction. The plants were 

kept for a total of 42 days but as the plants began to outgrow their pots, the resulting 

yellowing and growth effects made disease assessments unreliable. 

3.2.2 Data collection 

To understand the microbial composition of the rhizosphere across these four treatments, 

DNA was extracted from all 48 samples following an adaptation Tien (1999) and Porteous 

and Armstrongs’ (1991) protocol. This required mixing 0.2 g of soil in 1.5 ml of mixing buffer 

(0.5 M D-Sorbitol; 0.019 M PEG; 0.13 M Diethyldithiocarbamic acid; 0.1 M EDTA; 0.05 M 

Tris) and adding 125 mg of PVP which was vortexed. Then, 5 uL of lysozyme (50 g/L, 

Vazyme) was added, as well as 5 ml of Lysis buffer (0.14 M; 0.1 M EDTA; 0.05 M Tris) 

which was then vortexed and left on ice for 2 hours. This was centrifuged at 3112 G force for 

20 mins at 4 oC and the supernatant was discarded. The pellet was resuspended in a blank 

buffer (0.1 M EDTA; 0.05 M Tris), vortexed and centrifuged again. The supernatant was 

extracted and moved to a clean tube. This cleaning process was repeated a total of three 

times, adding the supernatant to the clean supernatant falcon tubes. Potassium acetate was 

then added to a final concentration of 0.5 molL-1 which was vortexed and incubated on ice 

for a further 2 hours. This was centrifuged again at 3112 G for 35 mins at 4 oC to remove the 

precipitate. The supernatant was then moved to a clean falcon tube, and two volumes of 

95% ethanol were added and vortexed. This was centrifuged at 3112 G for 35 mins at 12 oC 

and spun for a further 10 mins if a pellet was not visible. Finally, the supernatant was 

discarded, and the pellet was suspended in 10 ul of TE buffer (0.01 M EDTA; 0.001 M Tris). 

DNA was then extracted and sent to Novogene (Cambridge, UK) where the 16S, V4 region 

was amplified using the primers 525F and 806R provided by Novogene. This returned a total 

of 9251 amplicon sequence variants (ASV) with varying occurrences across the 48 samples. 

3.2.3 Transcriptomic Data Preparation  

The abundances for a total of 9,251 ASVs were returned from the DNA extractions for each 

of the 48 samples which were normalised to the amount of soil used in each sample using a 

simple equation (ASV abundance/DNAweight) and the function mutate() in R (Wickham, 

2023). This was used to create a single co-expression network which required a scale-free 
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topology (SFT). This was best achieved by standardising the ASV abundance values using 

the scale() function (center = TRUE, scale = TRUE) from the base package in R (R Core 

Team, 2024) which subtracts the mean from each value and then divides by the standard 

deviations. ASVs with low abundance (mean <= 1) or missing data (0 or NA) were removed, 

resulting in 3,680 remaining across 48 samples. A dendrogram of the samples was created 

using flashClust(), showing the spread of the abundance data (Langfelder P, 2012). As the 

samples were well grouped, none were removed and the 3,680 ASVs across the 48 samples 

remained. 

The pickSoftThreshold() function in the WGCNA package in R (Langfelder, 2008) was used 

to identify a power that would satisfy the assumption of a scale-free network (R2 = 0.7 - 0.9), 

resulting in the network being well connected but only having a few hubs. This groups ASVs 

by their patterns of abundance into modules, using the WGCNA package in R (Langfelder, 

2008) and was then used to plot the scale independence (R2 value) for each power (Fig. 

2.1A), and the mean connectivity (magnitude) at each power which visually clarified that 

power 13 (R2 = 0.805, mean.k = 38.2 and medium.k =22.5) was the most appropriate (Fig. 

2.1B). Then, the blockwiseModules() function (Langfelder, 2008) was used to identify the 

grouping of ASVs into numbers by their abundance patterns across all sample types with 

each module being assigned a unique identifiable colour. The parameters set were standard 

bar: network type = signed hybrid; soft threshold power = 13; minimum module size = 30; 

merge cut height = 0.15. Then to create the edge files later used for identification of hub taxa 

through analysis of degree score, the exportNetworkToCytoscape() function (Langfelder, 

2008) with a threshold of 0.15.  
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Figure 2.1 Determining the Soft Threshold Power for WGCNA. A. highlights the R2 value at each power 

which, to satisfy the SFT assumption, is required to be between 0.7 and 0.9. B. highlights the mean connectivity 

for each power and the power that is chosen should be found close to the curve. This identifies the power most 

appropriate for the network, ensuring the abundance data is split between modules appropriately. 

 

3.2.4 Statistical Data Analysis 

To visualise the data, heatmaps were created to understand how each module’s abundance 

was correlated with specific treatment groups including disease status (healthy = disease 

score 0, diseased = disease score 1) and sample treatment (R. solanacearum; R. 

solanacearum and 2,6-DHBA; 2,6-DHBA; and control) separately, using ggplot2 in R 

(Wickham H, 2016). Traits that explained the sample were indicated by a 1 while 0 indicated 

that the sample was not associated with the trait. The module eigenabundance was created 

using the moduleEigengene() function in R (Langfelder, 2008) and the correlation between 

the eigenabundance and the traits were created using the corr() function in the stats 

package in R (R Core Team, 2024). The significance was then calculated using the 

corPvalueStudent() function (Langfelder, 2008) and those that were deemed as not 

significant were recorded as NS (pval =>0.05). The correlation and significance were then 

simplified to two decimal places before being plotted on a heatmap to identify modules with 

abundance patterns that significantly correlated with the traits of interest, highlighting 

modules for further investigation using ggplot2 in R (Wickham H, 2016).  
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3.2.5 Visualisation of Module Abundance 

Stacked proportional bar plots were created in ggplot2 (Wickham H, 2016) to understand the 

spread and abundance of taxa in each module, without consideration for disease status and 

sample treatment. The normalised, but not scaled, abundance data was used and, for each 

ASV, the abundance values were summed together across all samples to create a total 

abundance for each ASV. The ASV numbers were then aligned to their species name, as 

provided by Novogene. The names were then reduced to order level and the abundances of 

those with the same order were summed together. This was to aid the understanding of taxa 

abundance as multiple ASVs can represent one taxon due to the variations in sequences. 

 

This was repeated for the four sample treatments (R. solanacearum; R. solanacearum and 

2,6-DHBA; 2,6-DHBA; and control) and disease status (8 diseased, 40 healthy plants) by 

separating the sample’s abundance according to the trait of interest sampled. Then the total 

abundance for each ASV in each trait was calculated.  

3.2.6 Identification of Influential Taxa 

A hub taxon is the organism with the highest degree score which is a count of the number of 

connections each node (taxa) has to other nodes. This was created by identifying links 

between ASVs. The function exportNetworkToCytoscape() from the WGCNA package 

(Langfelder, 2008) identified connections between the different ASVs in each module and 

then using the function gather() from the tidyr package (Wickerham, 2024) to record the 

number of times each ASV had a connection. The official classification for each ASV was 

then awarded accordingly, as received by Novogene, and those with the same classification 

were grouped. The taxon with the highest degree score, the number of connections to other 

taxa, was the hub taxon. Each module apart from lightyellow and skyblue had multiple taxa 

with the highest degree score, so to find the most prominent hub, the threshold for the 

taxonomic level was increased and the abundance of those belonging to the same 

classification were combined. This was repeated until there was one hub gene present and 

all top degree scores were plotted on a bar plot using ggplot2 in R (Wickham H, 2016). 

3.2.7 Hub Taxa Behaviour  

To ensure that the hub taxa for each module of interest was representative of their 

corresponding module before proceeding with analysis, the abundances of each ASV 

making up each hub taxon were assessed. This was conducted by identifying the ASVs that 

belonged to each hub taxon, plotting the abundance data from the CANA under each sample 
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treatment (R. solanacearum; R. solanacearum and 2,6-DHBA; 2,6-DHBA; and control) which 

was plotted as a boxplot using ggplot2 (Wickham H, 2016). 

3.3 Results 

3.3.1 Correlation between Modules and Traits 

To understand how 2,6-DHBA influences the rhizospheric microbiome, a CAN was created 

using a total of 9,251 ASVs from DNA extractions for each of the 48 samples but only 3,680 

remained after filtering. An R2 value of between 0.7 and 0.9 is required to satisfy the scale-

free network assumption so a power of 13 was used (R2 = 0.805, mean.k = 38.2 and 

medium.k =22.5) (Langfelder and Horvath, 2008). The CANA grouped the ASVs into 

modules by their abundance patterns across all sample types. Each module is assigned a 

unique identifiable colour for clear differentiation.  

Modules including ASV abundance correlated to healthy or diseased plants were identified 

(Fig. 2.2A). Only three were found to have a significant correlation (steelblue, darkgrey, and 

lightcyan), all of which were negatively correlated with being healthy. These modules 

proceeded as potential modules of interest. Modules correlated with sample treatment (R. 

solanacearum, R. solanacearum and 2,6-DHBA; 2,6-DHBA; and the control) identified four 

modules of interest (skyblue, saddlebrown, steelblue, and lightyellow) (Fig. 2.2B). 

As lightcyan and darkgrey are both significantly correlated with the same disease status and 

conditions, darkgrey was kept for further analysis while lightcyan was discarded as it was 

slightly more negatively correlated with healthy plants and slightly more correlated with the 

different treatments. To summarise the modules of interest predicted to be linked to disease 

proliferation are: darkgrey, lightyellow and steelblue. The modules of interest predicted to be 

linked to aiding 2,6-DHBA and therefore, promoting protection are: saddlebrown and 

skyblue. 
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Figure 2.2 CANA Module-Trait Correlation. A. Heatmap of significant correlations between modules and 

healthy status (healthy disease score = 0; diseased disease score = 1). Each panel is a different module 

containing specific species of bacteria with red indicating a positive correlation to the trait of interest, health, while 

blue indicates a negative correlation with the healthy trait, and the significance is denoted in the brackets (NS = 

not significant, pval (pearsons) < 0.05 = significant and represented with the numerical value). B. Heatmap of 

significant correlations between modules and sample treatment (Rs = R. solanacearum inoculation; Rs26 = R. 

solanacearum and 2,6-DHBA inoculation; 26 = 2,6-DHBA inoculation; and NC = control). The red indicates a 

positive correlation to treatment type while blue shows a negative correlation with treatment type. Therefore, the 

modules of interest, denoted by an asterix (*), include: saddlebrown; skyblue; steelblue; lightyellow; and 

darkgrey.  

 

3.3.2 Module Composition 

The taxa composition for each module of interest was assessed at phyla level (Fig. 2.3). This 

was chosen to improve the readability of the graph by reducing the number of different 

classifications of organisms while not discarding individual organism data and still 

maintaining enough specificity to investigate their implication on module function.  

The disease associated module’s largest phyla include: Proteobacteria in darkgrey; 

Firmicutes in steelblue; and lightyellow being equally split between Proteobacteria and 

Chloroflexi (Fig. 2.3). Despite Proteobacteria being the largest phyla in only the darkgrey 

module, it is also highly abundant in the lightyellow and steelblue modules, comprising 

23.4% and 27.7% respectively. Additionally, these modules also contained two phyla that 
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were not present in the two modules positively correlated with 2,6-DHBA inoculation: 

Actinobacteriota (11.3% of the darkgrey; 14.4% of the lightyellow; and 17% of steelblue), 

and Acidobacteriota (6.5% of the darkgrey; 20.4% of the lightyellow module; and 1.2% of 

steelblue). The modules positively correlated to 2,6-DHBA largest phyla include: 

Bacteroidota in saddlebrown; and Firmicutes in skyblue (Fig. 2.3).  

 

 

Figure 2.3 Module Composition. To improve the readability of the composition of the modules of interest, they 

were isolated from Fig. 2.2, allowing for interpretation of the proportion each phyla contributes to the modules of 

interest. 

 

3.3.3 Hub Taxa 

It is key to understand the most influential taxa within the modules of interest as these 

indicate the module’s function. Therefore, the hub taxa must be representative of the module 

of interest, which was confirmed by assessing the abundance of each ASV associated with 

the hub taxon. The darkgrey module was significantly negatively correlated with 2,6-DHBA 

(Fig 2.2: correlation = -0.45, pval = <0.01), and there was a similarly large reduction in ASV 

abundance for both hub taxa, while the remaining treatments were not significantly 

associated with sample treatment and were more similar to each other (Fig 2.4). Both the 

steelblue and the lightyellow modules were similar with a a significant negative correlation 
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under 2,6-DHBA inoculation (Fig 2.2: steelblue correlation = -0.54, pval = <0.01; lightyellow 

correlation = -0.51, pval = <0.01) but also saw a significant positive correlation with R. 

solanacearum infection (Fig 2.2: steelblue correlation = 0.42, pval = <0.01; lightyellow 

correlation = 0.43, pval = <0.01). Both of the hub taxa for these modules mirrored the 

correlations with abundance, having lower abundance under 2,6-DHBA inoculation and 

higher abundance under R. solanacearum (Fig 2.5, 2.6). The saddlebrown and skyblue 

modules, however, were only significantly positively correlated with 2,6-DHBA inoculation 

(Fig 2.2: saddlebrown correlation = 0.38, pval = 0.01; skyblue correlation = 0.3, pval = 0.04) 

which is where we see a rise in abundance under 2,6-DHBA inoculation (Fig 2.7, 2.8). Each 

of these hub taxa aligned with the correlations between the treatments and modules, 

therefore, they were prioritised for further analysis. 
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Figure 2.4 Darkgrey Hub Taxa Abundance. A. The abundance of the four ASVs for the hub taxon, Aquicella, 

were plotted under each treatment (2,6-DHBA referred to as 26; control as NC; R. solanacearum as Rs; and R. 

solanacearum and 2,6-DHBA as Rs26). The abundance under 2,6-DHBA is considerably low compared to all 

other treatments (abundance = -1.65)  B. The second hub taxon’s, Gammaproteobacteria’s, abundance was also 

recorded, incorporating four ASVs under each treatment and saw a similar reduction under 2,6-DHBA 

(abundance = -1.7) 
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Figure 2.5 Steelblue Hub Taxa Abundance. The abundance of the five ASVs for the hub taxon, 

Lactobacillaceae, were plotted under each treatment (2,6-DHBA referred to as 26; control as NC; R. 

solanacearum as Rs; and R. solanacearum and 2,6-DHBA as Rs26). The abundance of these ASVs under R. 

solanacearum infection ranged from -0.99 to -0.01, with one outlier, ASV3533. 
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Figure 2.6 Lightyellow Hub Taxa Abundance. A. The abundance of the only ASV for the hub taxon, Gemmata, 

was plotted under each treatment (2,6-DHBA referred to as 26; control as NC; R. solanacearum as Rs; and R. 

solanacearum and 2,6-DHBA as Rs26) and saw a comparative rise in abundance under R. solanacearum 

inoculation (abundance = -0.95). B. The second hub taxon, Phenylobacterium, also only had one hub taxon and 

saw a similar level of abundance to the Gemmata hub taxon (abundance = -0.95). 
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Figure 2.7 Saddlebrown Hub Taxa Abundance. A. The abundance of the 16 ASVs for the hub taxon, 

Muribaculaceae, were plotted under each treatment (2,6-DHBA referred to as 26; control as NC; R. 

solanacearum as Rs; and R. solanacearum and 2,6-DHBA as Rs26) and saw a comparative rise in abundance 

under 2,6-DHBA inoculation (abundance = 0.05 to 15.05). B. The second hub taxon, Lachnospiraceae, contained 

six ASVs and a considerable rise in abundance under 2,6-DHBA (abundance = -0.9 to 2). 
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Figure 2.8 Skyblue Hub Taxa Abundance. A. The abundance of the seven ASVs for the hub taxon, 

Lachnospiraceae, were plotted under each treatment (2,6-DHBA referred to as 26; control as NC; R. 

solanacearum as Rs; and R. solanacearum and 2,6-DHBA as Rs26) and saw a comparative rise in abundance 

under 2,6-DHBA inoculation (abundance = -1.75 to 3.75). B. The second hub taxon, Muribaculaceae, was 

composed of five ASVs which also saw an increase in abundance under 2,6-DHBA inoculation (abundance = -

0.75 to 3.8).  

 

 

The degree score was then calculated for each module which counted the number of 

connections between nodes (taxa). The more connections a taxon has, the more influence it 

has on the module. As there were often multiple hub taxa at low taxonomic levels, to find the 

most influential hub, the order of classification was reduced and the degree scores of those 

belonging to the same classification were combined, until there was one highest degree 

score. This was conducted for all 5 modules of interest: darkgrey, lightyellow, saddlebrown, 

skyblue, and steelblue. 

 

The hub taxon for darkgrey (Fig. 2.4) is Aquicella (genus) with a degree score of 219, 

followed by Gammaproteobacteria (class) with a degree score of 211. Both belong to the 

class Gammaproteobacteria, however, the second hub taxon was only identifieed to the 



 

54 

class level due to the amplicon sequence resolution. As these both belong to the same 

class, Gammaproteobacteria, this is evidently influential in the darkgrey module and requires 

further investigations. The hub taxon for the lightyellow (Fig. 2.5) module was Bacteria 

(domain) but this low specificity does not provide adequate indication of module function, so 

the second hub taxon was Gemmata (genus) with a degree score of 57, closely followed by 

Phenylobacterium (genus) with a degree score of 54. The saddlebrown hub taxa (Fig. 2.6) 

was Muribaculaceae (family) with a degree score of 489 followed by Lachnospiraceae 

(family) with 212. The hub taxa for the skyblue (Fig. 2.7) module was Lachnospiraceae 

(family) with a degree score of 225 which was followed by Muribaculaceae (family) with a 

degree score of 179. Finally, the hub taxa for the steelblue (Fig. 2.8) module was 

Lactobacillaceae (family) with a degree score of 67, followed by four other orders, indicating 

that Lactobacillaceae has a clear influence on this module and will be the only one taken for 

further investigation from this module. 
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Figure 2.9 Darkgrey Species Degree Score. Bar chart of degree scores calculated for the darkgrey module at 

genus level. The highest degree score for the darkgrey module, found at the top of the graph, is Aquicella 

(genus) with a degree score of 219. 
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Figure 2.10 Lightyellow Species Degree Score. Bar chart of degree scores calculated for the lightyellow 

module at genus level. The highest degree score for the lightyellow module, found at the top of the graph, is 

Gemmata (genus) with a degree score of 57. Taxa with a degree score less than 10 was removed. 
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Figure 2.11 Saddlebrown Species Degree Score. Bar chart of degree scores calculated for the saddlebrown 

module at genus level. The highest degree score for the saddlebrown module, found at the top of the graph, is 

Muribaculaceae (family) with a degree score of 489. 
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Figure 2.12 Skyblue Species Degree Score. Bar chart of degree scores calculated for the skyblue module at 

genus level. The highest degree score for the skyblue module, found at the top of the graph, is Lachnospiraceae 

(family) with a degree score of 225. 
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Figure 2.13 Steelblue Species Degree Score. Bar chart of degree scores calculated for the steelblue module at 

family level. The highest degree score for the steelblue module, found at the top of the graph, is Lactobacillaceae 

(family) with a degree score of 67. 
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3.4 Discussion 

3.4.1 Correlation between Modules and Traits - darkgrey, steelblue and 

lightyellow associated with disease, while saddlebrown and skyblue 

linked to health 

The correlation between modules and traits were assessed to identify modules of interest 

that may shed light on the aim of confirming whether 2,6-DHBA impacts the presence of 

microbes. This resulted in highlighting five modules for further analysis: darkgrey, negatively 

correlated with health and 2,6-DHBA inoculation; steelblue, also negatively correlated with 

health and 2,6-DHBA as well as positively correlated with R. solanacearum inoculation; 

lightyellow, negatively correlated with 2,6-DHBA and positively correlated with R. 

solanacearum; saddlebrown and skyblue, both positively correlated with 2,6-DHBA 

inoculation. Initially, there were two modules significantly associated with only disease and 

2,6-DHBA inoculation: lightcyan, and darkgrey. However, the lightcyan module is less 

correlated and had lower significance, albeit slightly, so only the darkgrey module 

progressed for further analysis. The composition of the rhizosphere can both positively and 

negatively influence a plant, resulting in plants adapting the surrounding rhizosphere by the 

production of root exudates (Prashar, 2013). Only 2-5% of rhizobacteria are found to 

promote growth through indirect and direct mechanisms such as outcompeting harmful 

pathogens and improving nutrient uptake, respectively (Beneduzi, 2012). Therefore, 

understanding the composition of each module may shed light on their correlations with each 

treatment. 

The darkgrey and steelblue modules are negatively correlated with 2,6-DHBA. As this links 

to plant health promotion, the negative correlation identified between these modules and the 

healthy status was expected, indicating that influential taxa in these modules may be linked 

to disease and symptom proliferation. The lightyellow module is also negatively correlated 

with 2,6-DHBA but not with the disease status, indicating that taxa belonging to this module 

are less likely to have a clear link to disease. However, both the lightyellow and steelblue 

modules are significantly positively correlated with R. solanacearum inoculation. This link 

would be interesting to explore, potentially highlighting taxa that are aiding the proliferation of 

R. solanacearum, are mutualistic towards R. solanacearum or are an example of S. 

lycopersicum’s immune response to infection. However, mutualistic relationships between 

pathogenic microbes and non-pathogenic microbes have been previously identified, but few 

in the rhizosphere. For example, Scherlach (2017) highlights the relationship between 

Clostridium difficile and Candida albicans in the human gut where C. albicans allows C. 
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difficile to survive in previously hostile conditions and the lightyellow module may aid the 

identification of a similar mutualistic relationship, that assists growth, formed with R. 

solanacearum (Scherlach, 2017). 

The skyblue and saddlebrown modules are significantly positively correlated with 2,6-DHBA 

inoculation. As this improved resistance to R. solanacearum inoculation, these modules may 

be home to taxa that promote health and immune defence as Sun (2021) highlighted the 

abundance of research that indicates root exudates’ ability to change and recruit nutrient 

fixing bacteria (Franco Ortega, in press; Sun, 2021). For example, strigolactones are a class 

of hormones that, when artificially applied, inhibit pathogenic fungal growth (Olanrewaju, 

2019). This highlights plants’ ability to change the secretion of chemicals and influence the 

surrounding microbiome to promote growth from improved access to nutrients, or to have a 

supporting rhizosphere which may be the case in these modules of interest (Sun, 2021; 

Olanrewaju, 2019).  

These five modules can be split into two groups: those theorised to promote disease 

(darkgrey, steelblue and lightyellow) and those theorised to promote defence (saddlebrown 

and skyblue). To shed light on these theories, identification of taxa that make up these 

modules is required so the influence they have on disease proliferation and plant defence 

can be deduced. 

3.4.2 Module Composition and Hub Taxa - validating the prediction of 

module of interest’s role in disease 

An overview of each module of interest’s composition was used to highlight the influential 

phyla to indicate module function. As the modules positively associated with disease 

(darkgrey, lightyellow and steelblue) have a similar composition to each other (Fig. 2.5) and 

modules positively associated with 2,6-DHBA (saddlebrown and skyblue), also have a 

similar composition to each other, it can be predicted that these two groups are likely to have 

similar functions which can be explored through preexisting literature (Table 2.1). This 

highlights that splitting further analysis into a disease associated and not associated group 

was appropriate.  
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Table 2.1 Summary of Hub Taxa Literature. A summary of the relevant literature of each hub taxa for the 

modules of interest is displayed alongside the taxonomic level and degree score.  

 

3.4.3 Darkgrey Module - hub taxa associated with disease 

The darkgrey module is largely made up of Proteobacteria without any other standout phyla, 

making up 44.9% of the darkgrey module abundance (Fig. 2.3). This is the largest and most 

phenotypically diverse phyla, encompassing over 1,600 species and dividing into six 

classes, so interpreting function at this level of taxonomic classification is difficult (Kersters, 

2006; Rizzatti, 2017). This phylum is home to a range of species with varying links to plant 

immunity. An example of this includes Paraburkholderia phytofirmans which is known to elicit 

an immune response in plants but has been linked to short term, detrimental impacts on 

plant growth, and this promotion of the immune system may be due to inciting the plants 

immune response due to its pathogenicity (Cheng, 2021; Orellana, 2022). Furthermore, this 

phylum is home to our pathogen of interest, R. solanacearum, so to truly understand the link 
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between the darkgrey module and the largest linked phylum, further analysis into the 

keystone taxa was required (Cheng, 2021). 

The top two hub taxa in this module are: Aquicella (genus) (Fig. 2.9, represented in yellow *); 

followed by Gammaproteobacteria (class) (Fig. 2.9, represented in green *). The second hub 

taxon, Gammaproteobacteria, is broad and encompasses our pathogen of interest, R. 

solanacearum, making it unsurprising that there is a strong correlation with disease outcome 

(Fig. 2.2: correlation = 0.37, pval = 0.01). However, R. solanacearum was sorted into the 

magenta module so the species that make up these Gammaproteobacteria are likely to be 

closely related rather than R. solanacearum. This close relation may mean the species in 

this module share some similar mechanisms which may be similarly impacted by 2,6-DHBA. 

This could explain the negative correlation with 2,6-DHBA (Fig. 2.2: correlation = -0.45, pval 

= <0.01) and positive correlation to disease (Fig. 2.2: correlation = 0.37, pval = 0.01) as they 

may thrive under similar conditions as R. solanacearum. Gammaproteobacteria includes 

plant pathogens but has also been found in fields that resist pathogen infection, theorised to 

be protecting roots from colonisation (Table 2.1; Burrimer, 2017; Köberl, 2017). Therefore, 

looking further to the most influential hub genus, Aquicella, should be able to shed light on 

the impact of bacteria such as Gammaproteobacteria in this module. Little is known about 

Aquicella, but its family Diplorickettsiaceae, which include diseases such as Rickettsia which 

infects Empoasca planthoppers causing papaya bunchy top disease, the first known 

example of Rickettsia being a plant pathogen (Table 2.1; Perlman, 2006 ; Davis, 1998). This, 

also considering darkgrey’s correlation with disease, further indicates that this module is 

home to taxa linked with disease proliferation and it is likely that some Aquicella and 

Gammaproteobacteria species are likely to promote disease and will exhibit suppressed 

growth under 2,6-DHBA inoculation. 

3.4.4 Steelblue Module - high levels of beneficial hub taxon linked to 

disease but 2,6-DHBA may be reducing abundance to a plant promoting 

level 

The steelblue module is mostly composed of Firmicutes (38.3%), with Proteobacteria 

(27.7%) being the second most abundant taxon and making up the majority of the top hub 

taxa (Fig. 2.13). Firmicutes are often linked to disease suppression, with examples of 

reductions in Firmicutes abundance being linked to higher disease susceptibility and the 

promotion of R. solanacearum (Lee, 2021). This link to soilborne disease control makes this 

large allocation to the steelblue module surprising as it is so strongly and significantly 

correlated with disease and R. solanacearum inoculation (Fig. 2.2: correlation = 0.42, pval = 

<0.01), and is negatively correlated with the application of the beneficial metabolite, 2,6-
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DHBA (Fig. 2.2: correlation = -0.54, pval = <0.1) (Yang, 2023). However, there have been 

instances where Firmicute abundance has been linked to diseases, including when Firmicute 

abundance rose by 20% in symptomatic samples, as well as some Firmicute species, such 

as Clostridium puniceum, being linked to cases of rot in potatoes and carrots (Bez, 2021; 

Seong, 2018; Lund, 1981). Therefore, despite the longstanding belief that Firmicutes are 

plant growth promoting and can promote plant immunity, there are examples of Firmicutes 

that promote disease which is likely to be the case with the Firmicute species found in the 

steelblue module.  

To understand the steelblue module’s function, the hub taxa were identified. This module, 

however, only had one main hub taxon, Lactobacillaceae (family) (Fig. 2.13, represented in 

blue *), with no clear second most connected taxon. Lactobacillaceae is a Firmicute, which 

are known to have strong links to plant immunity, so it is unsurprising that Lactobacillaceae 

are strongly linked to human health, the longevity of food produce, and increased use as a 

biological control, rarely exhibiting pathogenic traits (Table 2.1; Walter, 2023; Gobbi, 2020). 

Furthermore, as Firmicutes are the most prevalent taxon in the steelblue module, it is 

expected that the hub taxon is a Firmicute linked with plant protection. However, considering 

the significant positive correlation with diseases and R. solanacearum infection as well as 

significant negative correlation with 2,6-DHBA inoculation, makes this unexpected. 

Lactobacillaceae, the primary hub, produces lactic acid which, when increased over their 

normal amount, can cause a reduction in pH that has been found to promote disease 

(Zhang, et al., 2022). Therefore, artificial inoculation of R. solanacearum may have initiated 

dysbiosis, shifting the microbiome which results in a rise in Lactobacillaceae and a decrease 

in pH. The inoculation of 2,6-DHBA without R. solanacearum causes a reduction in 

Lactobacillaceae and likely rise in pH, explaining the negative correlation that this module 

has with 2,6-DHBA inoculation. As 2,6-DHBA reduces Lactobacillaceae while R. 

solanacearum increases Lactobacillaceae, the addition of both may cause an intermediate 

response, similar to those seen in the control samples. This indicates that 2,6-DHBA is 

beneficial in the presence of disease pressure but may be detrimental if not counteracted by 

the infection.  

3.4.5 Lightyellow Module - hub taxa associated with innate immune 

response or R. solanacearum mutualism 

The lightyellow modules’ largest phyla are Proteobacteria (23.4%) and Chloroflexi (22.3%), 

both contributing largely to the top hub taxa (Fig. 2.10). Chloroflexi are another diverse 

phylum which is home to many different organisms, but Yang (2024) found that an increase 

in unclassified Chloroflexi species was linked to metabolic pathways, biosynthesis of 
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secondary metabolites, and microbial metabolism, known mostly for their role in carbon and 

geochemical cycles with little information on plant defence (Hug, 2013). Furthermore, as the 

lightyellow module is not linked to a clear diseased outcome, this may indicate that this 

module is instead linked to general plant growth or the presence of R. solanacearum. 

Additionally, the negative correlation with 2,6-DHBA may be due to 2,6-DHBA inhibiting the 

growth of this taxon so the positive correlation found in samples only inoculated with R. 

solanacearum may be due to 2,6-DHBA not being present and, therefore, not inhibiting 

growth. By this logic, all samples without 2,6-DHBA inoculation would see a positive 

correlation, including the control samples. However, this was not the case for the lightyellow 

module, which suggests that R. solanacearum and Chloroflexi exhibit a mutualistic 

behaviour, benefiting from each other's presence. This may also explain the lack of 

correlation between the samples inoculated with both 2,6-DHBA and R. solanacearum as 

they counteract each other, balancing to neutral, as seen in the control samples. Looking at 

a higher resolution may shed light on the species found in this module and indicate if the 

lightyellow module is truly linked to a diseased outcome. 

To assess this link, the lightyellow module’s two hub taxa were analysed: Gemmata (genus) 

(Fig. 2.10, represented in dark purple *); and Phenylobacterium (genus) (Fig. 2.10, 

represented in green *). Gemmata is a genus with limited links to plant disease and is found 

in a range of environmental niches (Table 2.1; Peprah, 2025; Kulichevskaya, 2017). This 

implies that the Gemmata genus is mostly in the background of the system and not 

necessarily linked to plant immunity or defence stress. Gemmataceae also has limited links 

to plant disease but has been found to degrade pesticides, increasing the level of disease 

(Table 2.1;Chang, 2023). However, there were no persistent chemicals identified in this 

experiment so it is unclear if these functions are what links it with the lightyellow module 

here. Therefore, further work would be required to assess if Gemmataceae Gemmata 

increases disease pressure as expected with the strong positive correlation with R. 

solanacearum inoculation and negative correlation with 2,6-DHBA. Additionally, 

Phenylobacterium has been linked to plant growth promotion but high abundance has 

occasionally been associated with plant disease (Table 2.1; Yang, 2017). This counteracts 

the initial suggestion that it is beneficial to plants, further solidified by being a hub taxon for 

the module correlated with R. solanacearum inoculation. This indicates that the lightyellow 

module may be linked to the plants’ innate immune response or have a mutualistic 

relationship with R. solanacearum, and an analysis of Gemmata and Phenylobacterium 

species, with and without the addition of 2,6-DHBA, would be insightful to both understand 

how these bacteria influence the plant and surrounding microbes as well as how 2,6-DHBA 

is interacting with them specifically. 



 

66 

3.4.6 Disease associated modules - Actinobacteriota theorised to exploit 

diseased plants 

It is interesting to note that all three modules that are hypothesised to be linked to disease, 

also contained Actinobacteriota and Acidobacteriota and are often found in the top hub taxa 

(Fig. 2.9; 2.10; 2.13). These two taxa have formed a strong link between the three modules 

originally hypothesised to be associated with disease, therefore resulting in the expectation 

of clear links to disease proliferation. 

Actinobacteriota has mostly been associated with defence against disease, where a 

reduction in abundance has caused an increase in R. solanacearum (Lee, 2021). This again 

is unexpected, especially in the darkgrey and steelblue modules that are significantly 

correlated to diseased plants and, for steelblue, R. solanacearum infection. It should be 

considered again that the lightyellow module is significantly positively correlated with R. 

solanacearum infection and not disease status. Therefore, the large proportion of 

Actinobacteriota found in this module may contain beneficial species of the phylum which 

correlate with disease suppression or is another example of a mutualistic relationship with R. 

solanacearum (Lee, 2021). Despite the strong association with plant defence, there are 

species belonging to the Actinobacteriota phylum which are associated with disease, such 

as Streptomyces scabies which cause the common scab found on potatoes (Lambert, 1989). 

As these modules are hypothesised to be linked to disease, and R. solanacearum 

inoculation, the Actinobacteriota found in these modules may be species associated with 

disease and taking advantage of the weakened R. solanacearum infected plant, causing a 

secondary disease incidence. This requires further analysis of the taxa present in these 

modules to assess which interactions they participate in. Finally, Acidobacteriota are often 

found in soils, but little is known about their roles except indications of influence on plant 

growth and biogeochemical cycling (Kielak, 2016; Gonçalves, 2024). However, as this 

phylum is found in all three modules positively correlated with disease, R. solanacearum 

inoculation, or negatively correlated with 2,6-DHBA, it can be assumed that some of these 

species cause disease or do not align to the category of plant growth promoting or 

biochemical cycling. Furthermore, Acidobacteriota are such a diverse phylum that 

generalising functions is unwise and some Acidobacteriota may have a detrimental impact 

on plants (Kielak,2016).  



 

67 

3.4.7 Saddlebrown Module - hub taxa associated with plant growth 

promoting soil environments 

The saddlebrown module is significantly and positively correlated to 2,6-DHBA and is largely 

composed of Bacteridota (84.2%) and Firmicutes (8.3%) as the two largest phyla, 

contributing to the majority of top hub taxa (Fig. 2.11). Bacteroidota has been found to 

promote growth and disease control, with little indication of negative interactions with plants 

(Martin, et al., 2025; Seo, 2024; Han, 2025). As previously established, Firmicutes are well 

known for their link with plant defence and growth promotion which validates our findings of 

2,6-DHBA showing disease suppression (Hashmi, 2020). This further solidifies this module, 

which is correlated with 2,6-DHBA (Fig. 2.2: correlation = 0.38, pval = 0.01), is linked to 

beneficial bacteria, indicating that 2,6-DHBA is likely to recruit beneficial bacteria. 

The hub taxa of the saddlebrown modules, correlated to 2,6-DHBA and therefore linked to 

health, is Muribaculaceae (family) (Fig. 2.11, represented in pink *), followed by 

Lachnospiraceae (family) (Fig. 2.11, represented in yellow *). Muribaculaceae is often 

associated with a healthy human gut but also has been found to reduce contamination in 

soils, promoting plant growth (Table 2.1; Zhu, 2024; Gong, 2021; Das, 2022). Despite most 

research focusing on Muribaculaceae‘s link to gut health, being the main hub taxon for the 

saddlebrown module and the second hub taxon in skyblue, both modules positively 

correlated with the beneficial metabolite 2,6-DHBA, indicates that Muribaculaceae is likely to 

be attracted by 2,6-DHBA and may contribute to a defensive microbiome in the rhizosphere. 

The second hub taxon of the saddlebrown module is Lachnospiraceae which belongs to the 

Firmicutes phylum, known for their links in promoting defence against harmful soilborne 

pathogens (Huang, 2019; Yang, 2023). Lachnospiraceae abundance has been associated 

with reductive soil disinfection (RSD) treatment to control soil disease but it is unclear 

whether Lachnospiraceae contribute to disease protection or if it is attracted to the anaerobic 

conditions created by RSD treatment (Table 2.1; Huang). When undergoing RSD 

assessments, Ruminococcaceae and Lachnospiraceae were both associated with a 

reduction in pH (Table 2.1; Huang, 2019). As previously mentioned, lower pH has been 

linked to disease proliferation, with increasing soil pH observed to initially reduce symptoms 

of R. solanacearum while promoting well known beneficial microbes in the Firmicutes 

phylum (Zhang, 2022). Therefore, Lachnospiraceae’s strong link to reducing pH could be 

seen as detrimental, implying 2,6-DHBA inoculation is promoting disease and inhibiting 

microbial protection. However, 2,6-DHBA has been found to reduce disease outcome, and it 

is not clear if previous studies considered that Lachnospiraceae may be attracted to low pH, 

rather than causing it, as discussed above. Furthermore, alternative control methods such as 
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RSD have reported a reduction in pH despite improving disease control (Huang, 2019). 

Therefore, further work should assess the link between: pH and Lachnospiraceae to 

understand if Lachnospiraceae produces or is attracted to high acidity; if one of the 

mechanisms 2,6-DHBA harnesses to reduce R. solanacearum pathogenicity is by promoting 

acidic conditions; and if Lachnospiraceae, and acidic conditions, are effective at reducing the 

pathogenicity of R. solanacearum. It is expected that there are other mechanisms behind 

2,6-DHBA that promote the reduction in R. solanacearum infection severity but this may 

shed light on one section of a complex interaction.  

3.4.8 Skyblue Module - hub taxa linked to plant growth promoting soil 

environments 

The skyblue module is mostly composed of Firmicutes (84.3%) followed by Bacteroidota 

(12.2%) which are the two largest phyla found in the saddlebrown module and make up a 

large proportion of top hub taxa (Fig. 2.12; 2.13) which is also significantly positively 

correlated with 2,6-DHBA. As previously discussed, these taxa are linked to recruiting 

beneficial bacteria but to understand the extent of this, the hub taxa should be analysed. 

In this module, the two hub taxa are Lachnospiraceae (family) (Fig. 2.12, represented in pink 

*), followed by Muribaculaceae (family) (Fig. 2.12, represented in grey *). Both 

Lachnospiraceae and Muribaculaceae are also hub taxa for the saddlebrown module (Table 

2.1). This is likely to be due to there being multiple ASV with the same genus allocation, but 

may be different species as reliably identifying organisms down to species level is difficult to 

achieve. Therefore, despite being the same genus, the organisms are likely to be different 

species which is why the same genus is allocated to different modules. This further solidifies 

the reasoning for further investigations regarding Lachnospiraceae’s role against R. 

solanacearum, if they truly lower pH, and if this impacts the surrounding microbiota.  

3.5 Conclusion 

The initial predictions were that the darkgrey, steelblue and lightyellow modules were likely 

to contain taxa associated with disease proliferation. While this may still be true for the 

darkgrey and steelblue modules, the interpretation of the lightyellow module suggests a 

more complex relationship.  

The hub taxon for the darkgrey module is Gammaproteobacteria, and more specifically 

Dipolrickettseace, which has been linked to inducing plant disease. The steelblue and 

lightyellow modules were also linked to microbes that promote disease but by specifically 

inducing acidity. This is expected for the steelblue module which is correlated with disease 
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and R. solanacearum inoculation, as well as negatively correlated with 2,6-DHBA 

inoculation. Similarly, the lightyellow module is positively correlated with R. solanacearum 

and negatively correlated with 2,6-DHBA but is not correlated with disease. This suggests 

that the steelblue module is promoting a disease environment, potentially by reducing the 

pH. The lightyellow module, however, is more likely to be linked to a mutualistic relationship 

and being promoted by R. solanacearum, or promoting plant growth rather than inducing 

disease via aiding R. solanacearum growth as the hub genes were linked to nitrogen fixing 

and degradation of persistent chemicals (Yang, 2017; Chang, 2023). Therefore, the 

lightyellow module is likely to not be linked to promoting disease as first thought.  

The saddlebrown and skyblue modules were predicted to be linked to defence which is 

further suggested from this work due to the hub taxa, Lachnospiraceae, established links to 

preexisting methods of defence. However, there is some uncertainty regarding the influence 

of pH which requires further investigation to definitively state that these modules induce 

defence.  

3.5.1 Suggestions for Further Work 

This work has highlighted six taxa of interest linked to R. solanacearum and 2,6-DHBA 

inoculation: Aquicella, Gemmata, Phenylobacterium, Lactobacillaceae, Muribaculaceae, and 

Lachnospiraceae. However, soil is a complex, everchanging system. This limitation was 

mediated by the use of a PHCbi cabinet to reduce the variability of external factors. 

However, this work only focused on bacteria which equates to 70-90% of the microbiome of 

soil, leaving fungi, the second largest group by abundance, unexplored (Wang, 2024). 

Despite having a lower abundance, fungi have been found to contribute 62.3% to the 

ecological uniqueness, 24.6% more than bacteria (Li, 2024). It would, therefore, be 

beneficial to expand this search and conduct a CANA on fungal taxa for a more 

comprehensive understanding of the influence the rhizosphere's microbiome has on R. 

solanacearum infection and resistance. 

 

Further work should also be conducted on the hub taxa identified so far (Aquicella, 

Gemmata, Phenylobacterium, Lactobacillaceae, Muribaculaceae, and Lachnospiraceae). 

This should be assessed in microbial interaction assays to understand their connection to R. 

solanacearum. However, 99% of rhizobacteria are difficult to culture so additional time may 

be required to identify the optimal growing conditions for each taxon (Prashar, 2013). The 

Aquicella genus has been found to be culturable between 30 oC and 45 oC, around 7 pH, but 

some species require activated charcoal and α-ketoglutarate (Santos, 2003). Gemmata, on 

the other hand, are often found in a range of habitats, making their nutrient requirement 
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difficult to interpret, but have been found to grow well at 28 oC in M1, R2A and PYGV media 

and sterile water (Mishek, 2018; Wang, 2002). The Phenylobacterium genus has been found 

to grow slowly but is improved when supplemented with chloridazon, antipyrin, or pyramidon 

at between 28 oC and 30 oC with a pH of 6.8 to 7 (Lingens, 1985). Some genera of 

Lactobacillaceae have been found to grow in M17 media for 2 days at 30 oC, shaking before 

being inoculated on a plate and stored for up to 3 days at 37 oC (Kim, 2018). However, little 

is reported about isolating Muribaculaceae species from soil but as mammalian strains are 

often grown on blood agar, this would require some additional experiments to identify an 

effective culturing method for soil specific strains (Park, 2021). Finally, Lachnospiraceae has 

been found to grow in anaerobic conditions between 30 oC and 45 oC with strains isolated 

from humans being the most viable from Yeast Casitone Fatty Acid (YCFA) but this would 

also have to be tested on soil isolated strains (Zaplana, 2024). Therefore, all of these 

bacteria have been found to be culturable except soil based Muribaculaceae and 

Lachnospiraceae, therefore, multiple growth media, temperatures and pH would most likely 

be required to optimise growth. Once isolated and cultured, assays designed to assess the 

relationship between R. solanacearum and 2,6-DHBA should be conducted with each taxa. 

These should include a liquid culture assay, assessing the differences of OD of the taxon of 

interest in both the presence and absence of fluorescent R. solanacearum. Additionally, a 

spot-on-the-lawn assay should be conducted, requiring the inoculation of R. solanacearum 

on solid agar and adding a 5 uL spot of each taxon of interest. The presence of a zone of 

inhibition would shed light on the interaction between R. solanacearum and each taxon of 

interest. These two assays should then be conducted with 2,6-DHBA to understand how 

each taxon interacts with the beneficial metabolite.  

As a final step, in-planta experiments should be conducted which would require four 

treatments: taxon of interest; taxon of interest and R. solanacearum; R. solanacearum; and a 

control (CPG). This should assess pH levels as well as indicators of plant health such as: 

green leaf area; expected growth pattern; signs of stress; signs of damage (disease, pest, or 

nutrient deficiencies) (Fuentes, 2025). This may then shed light on how each taxon: interacts 

with R. solanacearum, inhibiting, promoting or mutualistically co-existing; interacts with 2,6-

DHBA and if 2,6-DHBA promotes or reduces the abundance of the taxon of interest; and 

finally, how these interactions influence S. lycopersicum’s susceptibility to R. solanacearum, 

including the impact of acidity. This may then confirm that 2,6-DHBA promotes protection 

against R. solanacearum by influencing the microbes present in the rhizosphere of 

S.lycopersicum which is vital to the commercialisation of metabolites such as 2,6-DHBA. 
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Overall, this work highlighted the importance of understanding how abundance changes 

under different treatments and how CANA can be utilised to identify changes of important 

taxa that may protect the susceptible S. lycopersicum from R. solanacearum infection.  
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4 General Discussion 

4.1 Summary 

This work assessed the uses and benefits of biological network analysis, shedding a light on 

how diverse its application can be. While this work is highly adaptable and can provide 

insights into complex interactions, no two analyses are the same and require case specific 

analysis. The specificity required for network analysis can be taxing but when used 

appropriately, can be an effective way to analyse interactions.  

4.1.1 WGCNA  

This work used WGCNA which highlighted five candidate genes that are likely to be involved 

in S. dulcamara’s resistance: Solyc10G001528, Solyc10G000984, Solyc05G001746, 

Solyc11G001222, and Solyc01G003106. Influencing the expression of these genes in S. 

lycopersicum to mimic S. dulcamara’s expression may then increase resistance to R. 

solanacearum in S. lycopersicum.  

Solyc10G001528, Solyc10G000984, and Solyc05G001746 were genes identified from the 

green module in the S. dulcamara network and were not found in the S. lycopersicum 

network due to the low level of expression not satisfying the threshold (1 < LFC and 0.05 > 

pval). These genes were strongly linked to Ca2+-dependent protein kinase 1 (CDPK1) which 

have previously been associated with plant immunity and the promotion of signalling stress 

(Boudsocq, 2012). As the expression of these genes were so low in S. lycopersicum 

compared to S. dulcamara, further work should be conducted to increase the expression of 

Solyc10G001528, Solyc10G000984, and Solyc05G001746 with the hypothesis that up 

regulation of these genes will promote signalling and boost the plants immune response to 

stress. 

The gene Solyc11G001222, a hub gene in the lightyellow module in the S. dulcamara 

network which, in the S. lycopersicum network, is found in the thistle2 module saw very 

different responses between species when infected and not infected with R. solanacearum. 

Where S. dulcamara saw an overall increase in expression when inoculated, S. 

lycopersicum only saw a rise towards 48 hours. This gene was linked to SINA1, an E3 

ubiquitin ligase, known for causing post-translational changes to ubiquitin, which has been 

linked to the suppression of cell death and defence signalling (Wang, 2018). As R. 

solanacearum is a hemitrophic bacteria, the promotion of cell death is likely to inhibit R. 
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solanacearum, and as we see a decrease of Solyc11G001222 in infected S. dulcamara, cell 

death is likely to be less suppressed. To fully understand Solyc11G001222 and the impact it 

has on the proliferation of R. solanacearum, knocking out this gene and assessing the 

interaction between the mutant S. lycopersicum and R. solanacearum would be beneficial. 

Finally, Solyc01G003106, the hub gene in the steelblue module in the S. lycopersicum 

network which is found in the grey60 module in the S. dulcamara network, is likely to be a 

putative peptide:N-glycanase (PNGase) (Joshi, 2005). This promotes deglycosylation which 

has been linked to fruit ripening, seed development and innate immunity (Hirayama, 2015; 

Strasser, 2014). When inoculated with R. solanacearum, both species changed but 

interestingly, S. dulcamara had a reduction in expression which could be a result of S. 

dulcamara’s partial resistance, highlighting that there are still mechanisms that can be 

harnessed by S. dulcamara in its drive to complete resistance, but may be due to this link 

between fruit ripening and seed development. These two processes are likely to be 

unimportant when combating infection so may be downregulated when infected. Therefore, 

downregulating Solyc01G003106 in S. lycopersicum may improve resource allocation and 

aid resistance to R. solanacearum. 

To conclude, further work would require in-planta inoculation of R. solanacearum with 

mutants containing: upregulated Solyc10G001528, Solyc10G000984 and Solyc05G001746; 

knocked out Solyc11G001222; and downregulated Solyc01G003106. Analysis of plants with 

single and multiple mutations may shed light on each gene’s role in immunity, and the 

additive effect which gives S. dulcamara its quantitative resistance. 

4.1.2 CANA 

This work also used CANA which highlighted six taxa that were linked to R. solanacearum 

and 2,6-DHBA inoculation: Aquicella, Gemmata, Phenylobacterium, Lactobacillaceae, 

Muribaculaceae, and Lachnospiraceae. This analysis was conducted to shed light on 

whether this metabolite is both beneficial and marketable as protection from R. 

solanacearum in S. lycopersicum. 

Aquicella (genus) was the hub taxon of the darkgrey module but has not been previously 

well explored. Therefore, the family, Diplorickettsiaceae, also referred to as Rickettsiaceae, 

was assessed, highlighting links to plant pathogens, including papaya bunchy top disease 

(Perlman, 2006). This module was positively correlated with disease but negatively 

correlated with 2,6-DHBA and as this hub taxon is linked to disease, 2,6-DHBA is likely to be 

providing protection against the disease-associated impact of this taxon. 
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The lightyellow module was initially thought to be linked to R. solanacearum proliferation but 

the hub taxa are Gemmata (genus) and Phenylobacterium (genus). Gemmata has rarely 

been linked to disease, and further investigations at higher taxonomic levels found them to 

be present in both inoculated and non-inoculated soil where they promoted the degradation 

of chemicals which are likely to aid plant growth (Peprah, 2025; Chang, 2023). The second 

hub taxon, Phenylobacterium, is linked to plant health by promoting nitrogen fixation (Yang, 

2017). With both hub taxa linked to plant promotion, but this module being positively 

correlated to R. solanacearum inoculation and negatively correlated to 2,6-DHBA 

inoculation, it is likely that these taxa are forming a mutualistic relationship or being 

promoted by R. solanacearum which is creating ideal growing conditions. R. solanacearum 

infection has been previously linked to a reduction in ammonium nitrogen and total nitrogen 

in the soil (Wang, 2022). Certain nitrogen-fixing bacteria, such as Rhizobium, are more likely 

to thrive in low nitrogen conditions, while others, such as Proteobacteria, see a decline in 

abundance with nitrogen availability (Zahran, 1999; Wang, 2024). This is an example of how 

R. solanacearum may be influencing the surrounding soil microbiome, providing the ideal 

conditions for other bacteria even if they are not pathogenic. Further work identifying the 

impact R. solanacearum has on nutrient availability and conditions of the soil, and then how 

these conditions impact other soil borne microbes may shed light on potential mutualistic 

relationships. 

The hub taxon for the steelblue module is Lactobacillaceae (family) which has been used 

previously for effective disease control (Gobbi, 2020). However, Lactobacillaceae produces 

lactic acid, reducing pH in the rhizosphere which is often linked to soil borne disease 

promotion (Zhang, et al., 2022). As this module is positively correlated with R. solanacearum 

inoculation and negatively correlated with 2,6-DHBA, it is expected that this hub taxon is 

linked to disease proliferation. This contradiction requires further analysis, involving: the 

inoculation of Lactobacillaceae into S. lycopersicum’s rhizosphere while infected with R. 

solanacearum; and competition assays between Lactobacillaceae and R. solanacearum. 

The saddlebrown and skyblue modules were both predicted to promote plant growth and 

reduce disease due to the positive correlation with 2,6-DHBA. Both modules had the same 

hub taxa: Muribaculaceae and Lachnospiraceae. Muribaculaceae has been found to 

promote plant growth by removing contaminants from the soil while Lachnospiraceae is often 

promoted in reductive soil disinfection (RSD) treatment (Gong, 2021; Huang, 2019). Both 

align with the prediction of plant growth promotion and disease reduction, but 

Lachnospiraceae has been found to reduce pH which is linked to disease proliferation 

(Zhang, et al., 2022). This would require similar further assessments as Lactobacillaceae to 

assess the influence of pH. 
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To conclude, all taxa identified would benefit from in-planta experiments, comparing: R. 

solanacearum infected soil; R. solanacearum and microbe infected soil; and non-inoculated 

soil. Additional competition assays would shed light on how these microbes interact with R. 

solanacearum which may aid the understanding of the interesting interactions, especially 

with Lactobacillaceae and Lachnospiraceae. However, from this work, we can conclude that 

2,6-DHBA promotes a healthy microbiome by recruiting known beneficial microbes 

(Muribaculaceae, and Lachnospiraceae) and suppressing microbes linked to disease 

(Diplorickettsiaceae Aquicella). 

4.2 Limitations 

4.2.1 WGCNA limitations 

It should be noted that R. solanacearum is a soil borne disease and a quarantine pathogen 

in the UK which meant gaining access to root RNA seq data unnecessarily increased risk of 

contamination from requiring excessive amounts of water to thoroughly clean the roots 

(Huet, 2014). Therefore, RNA seq data was collected from the leaves to reduce risk to the 

surrounding ecosystem. However, R. solanacearum has been found in leaves only hours 

after inoculation, making this method still appropriate to measure differences in immune 

response in plants (Tans-Kersten, 2001). This work did not find an immediate response but 

saw a slight delay in gene expression starting at around 6 hours, confirming that this is likely 

to be the case. Despite this reassurance, it would be beneficial to assess the RNA seq data 

from the roots but this is not a requirement as the leaf data was able to successfully identify 

candidate genes. 

4.2.2 CANA limitations 

The difficulty with soil abundance data is that the soil is a complex system which constantly 

changes. These fluctuations were mediated by using a PHCbi cabinet, limiting external 

influences but this does not completely isolate the relationships between 2,6-DHBA, R. 

solanacearum and S. lycopersicum. However, filtering of the data was conducted to reduce 

unusual occurrences, and only modules that were significantly and strongly correlated with 

traits of interest were kept for further analysis. Therefore, this method is likely to be effective 

at identifying species with links to the traits of interest, but robust filtering of the data and 

analysis of each species is required to validate the correlations found. Additional work 

should also consider the impact R. solanacearum and 2,6-DHBA has on the abundance of 

fungi. This is likely to shed light on even more microbial interactions, gaining a clearer 

indication of the interactions with the rhizosphere as a whole community. Furthermore, soil is 
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complex and there are many soil types all with different structures and microbiomes, so, it 

would be interesting to understand the influence of 2,6-DHBA across different soil types to 

see if its benefits persist. 

4.2.3 Overall limitations 

Networks have received mixed reviews, where praise for identifying correlations between 

complex communities and traits are met with scepticism due to unclear methods of analysing 

often complex outcomes. Therefore, work like this highlights both the adaptability of 

networks and how they can effectively narrow the search for candidates linked to specific 

traits of interest. As a network’s influence may not always be clear after initial analysis, 

further work is often required to gain clarity which unfortunately was beyond the scope of this 

investigation due to time constraints. To further validate these findings, alternative networks, 

such as gene regulatory networks (GRN), may be beneficial to gain a deeper understanding 

of specific biochemical processes, bringing clarity to the often complex outcome of networks. 

GRNs incorporate transcriptomic and epigenomic data, providing key insight into gene 

expression and regulation by considering transcription factor binding sites and directional 

regulation (Higgs, 2023). This aids the identification of key genes as well as how their 

expression is controlled. WGCNA, however, is restricted to highlighting groups of genes with 

interesting expression patterns in relation to treatment while, GRN aims to understand why 

these genes highlighted in the WGCNA may be co-expressed, exploring the potential for 

regulatory influences (Higgs, 2023). 

4.3 Conclusion 

This project has successfully highlighted the diversity of network analysis which has 

emphasised the complexity of resistance to R. solanacearum infection, in particular, 

highlighting the importance of variation in genetic and microbial composition. This work has 

further highlighted that identifying a form of sustainable resistance requires the incorporation 

of multiple aspects. This can be time consuming but the use of both the WGCNA and CANA 

networks are an efficient way of streamlining the process of identifying selective candidates 

from an initially large data set. These processes can then be an affordable and relatively 

efficient way of identifying an abundance of potential resistance mechanisms, not just for S. 

lycopersicum, but for many species with close relatives that are resistant to harmful 

pathogens. This project in particular used network analysis to identify  five genes which, 

when expression is modified, may protect S. lycopersicum against R. solanacearum, as well 

as identifying six key microbes, some of which are recruited by 2,6-DHBA and are likely to 
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be providing protection against R. solanacearum. This is, therefore, paving the way for 

potentially long term resistance to R. solanacearum for S. lycopersicum. 
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6. Supplementary Material 

S.2 Supplementary Material for Chapter 2 
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Solyc06G002162 Solyc03G003427 Solyc11G001063 Solyc09G002264 Solyc02G000676   

Solyc06G002164 Solyc03G003446 Solyc01G002891 Solyc06G000705 Solyc08G001072   

Solyc06G002192 Solyc02G000827 Solyc11G000025 Solyc07G001726 Solyc05G001664   

Solyc06G002208 Solyc08G000127 Solyc10G002829 Solyc08G001597 Solyc04G000531   

Solyc04G000731 Solyc01G004281 Solyc07G001496 Solyc04G000139 Solyc04G000553   
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Solyc04G000735 Solyc01G004284 Solyc03G000215 Solyc03G000435 Solyc11G001978   

Solyc04G000736 Solyc01G004288 Solyc07G001565 Solyc08G002027 Solyc06G001319   

Solyc04G000754 Solyc06G002267 Solyc10G002536 Solyc01G003826 Solyc12G001637   

Solyc04G000821 Solyc06G002273 Solyc02G002616 Solyc09G000426 Solyc07G002592   

Solyc04G000854 Solyc06G002280 Solyc02G001465 Solyc09G000429 Solyc07G002595   

Solyc04G000842 Solyc06G001986 Solyc04G002457 Solyc04G000120 Solyc01G002705   

Solyc01G002772 Solyc08G001452 Solyc04G002455 Solyc02G001969 Solyc07G002622   

Solyc06G000795 Solyc03G002805 Solyc10G001588 Solyc02G001973 Solyc07G002634   

Solyc03G000375 Solyc03G000365 Solyc05G002733 Solyc05G000802 Solyc08G000029   

Solyc03G000381 Solyc06G001702 Solyc06G001958 Solyc11G001325 Solyc03G002043   

Solyc05G000944 Solyc06G001699 Solyc06G001957 Solyc11G001327 Solyc01G001226   

Solyc04G000259 Solyc06G001687 Solyc06G001949 Solyc09G001932 Solyc04G000700   

Solyc01G002571 Solyc07G000322 Solyc03G001749 Solyc11G000681 Solyc04G000702   

Solyc01G002572 Solyc03G002734 Solyc03G001734 Solyc08G000576 Solyc02G001518   

Solyc01G002577 Solyc12G000272 Solyc03G003274 Solyc09G002715 Solyc07G002164   

Solyc01G002585 Solyc05G002285 Solyc02G001349 Solyc09G002431 Solyc09G002007   

Solyc03G002210 Solyc05G002274 Solyc08G001833 Solyc09G002436 Solyc01G000291   
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Solyc04G002705 Solyc09G001494 Solyc01G001548 Solyc01G001402 Solyc01G000301   

Solyc03G003013 Solyc03G003584 Solyc09G002473 Solyc09G002710 Solyc01G000302   

Solyc06G002091 Solyc05G000302 Solyc09G002471 Solyc04G000147 Solyc07G001302   

Solyc06G002085 Solyc08G000045 Solyc03G001677 Solyc10G002875 Solyc03G001866   

Solyc06G002083 Solyc08G000050 Solyc03G001682 Solyc07G002236 Solyc11G001499   

Solyc01G003988 Solyc10G002464 Solyc01G004225 Solyc03G001295 Solyc04G002366   

Solyc03G001766 Solyc05G002598 Solyc07G001414 Solyc05G001283 Solyc10G002356   

Solyc05G000247 Solyc02G000586 Solyc12G000157 Solyc12G002440 Solyc02G002305   

Solyc07G000608 Solyc11G002085 Solyc11G000261 Solyc09G000960 Solyc02G002289   

Solyc12G001834 Solyc10G000587 Solyc01G003345 Solyc09G002686 Solyc02G002268   

Solyc05G001011 Solyc11G000685 Solyc01G003475 Solyc08G002189 Solyc11G000370   

Solyc05G000979 Solyc11G000849 Solyc09G000168 Solyc08G002202 Solyc10G000913   

Solyc01G002273 Solyc05G001691 Solyc03G003321 Solyc01G001549 Solyc11G000384   

Solyc01G002281 Solyc08G001304 Solyc09G000178 Solyc04G000033 Solyc03G000892   

Solyc08G002479 Solyc04G002720 Solyc03G003324 Solyc09G002668 Solyc12G001477   

Solyc08G002493 Solyc08G001362 Solyc01G003807 Solyc02G000953 Solyc10G001097   

Solyc06G001433 Solyc01G003532 Solyc05G002540 Solyc03G000569 Solyc03G000327   
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Solyc06G001427 Solyc01G003551 Solyc01G002406 Solyc05G001119 Solyc03G000330   

Solyc06G000362 Solyc09G000088 Solyc09G000118 Solyc05G001116 Solyc09G001132   

Solyc03G001856 Solyc09G000100 Solyc12G000530 Solyc05G001084 Solyc09G002304   

Solyc08G000401 Solyc01G000020 Solyc02G002983 Solyc05G001107 Solyc09G002316   

Solyc12G002032 Solyc01G000028 Solyc02G002985 Solyc05G001688 Solyc10G001039   

Solyc04G000374 Solyc01G002862 Solyc09G000287 Solyc03G001079 Solyc09G002324   

Solyc04G000384 Solyc01G002867 Solyc12G000736 Solyc12G002352 Solyc03G002053   

Solyc04G000382 Solyc01G002873 Solyc10G000131 Solyc12G002344 Solyc07G001486   

Solyc04G000408 Solyc09G001254 Solyc10G000124 Solyc03G002849 Solyc05G001674   

Solyc11G001804 Solyc05G000828 Solyc04G002834 Solyc09G000963 Solyc01G001225   

Solyc12G002558 Solyc09G002578 Solyc12G001332 Solyc01G001883 Solyc04G001840   

Solyc12G002553 Solyc09G002594 Solyc01G002502 Solyc03G001559 Solyc12G000188   

Solyc12G002538 Solyc07G002660 Solyc01G002505 Solyc03G001557 Solyc12G000181   

Solyc12G002049 Solyc04G002815 Solyc05G000273 Solyc10G001761 Solyc12G000172   

Solyc09G002538 Solyc04G002819 Solyc05G002707 Solyc04G000222 Solyc12G000164   

Solyc07G000955 Solyc11G000632 Solyc09G002265 Solyc05G001164 Solyc03G000422   

Solyc03G001030 Solyc11G000630 Solyc01G000406 Solyc05G001547 Solyc02G001851   
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Solyc05G000198 Solyc05G000468 Solyc06G002517 Solyc09G000402 Solyc02G000524   

Solyc05G000197 Solyc05G000467 Solyc06G001878 Solyc09G000031 Solyc03G002938   

Solyc01G003582 Solyc08G000098 Solyc11G000306 Solyc05G002240 Solyc09G000639   

Solyc01G003577 Solyc02G001886 Solyc11G000305 Solyc05G002234 Solyc10G000233   

Solyc03G003367 Solyc10G002904 Solyc01G003440 Solyc05G002231 Solyc02G000573   

Solyc09G002879 Solyc07G002283 Solyc07G001933 Solyc07G000145 Solyc02G000532   

Solyc12G000237 Solyc05G002748 Solyc01G002085 Solyc02G002083 Solyc02G001998   

Solyc08G000961 Solyc11G001678 Solyc01G000004 Solyc06G000911 Solyc02G001978   

Solyc08G000089 Solyc03G003202 Solyc10G002632 Solyc08G000344 Solyc10G000298   

Solyc01G003415 Solyc03G003206 Solyc10G002634 Solyc02G002090 Solyc07G000314   

Solyc01G003416 Solyc11G000529 Solyc02G001233 Solyc05G001004 Solyc04G002869   

Solyc01G003426 Solyc11G000519 Solyc03G000205 Solyc04G000963 Solyc04G002864   

Solyc04G002507 Solyc09G001700 Solyc01G000667 Solyc11G001531 Solyc04G002841   

Solyc12G001985 Solyc06G002127 Solyc01G000668 Solyc11G001536 Solyc02G000528   

Solyc08G000189 Solyc04G000921 Solyc06G002502 Solyc11G001537 Solyc09G000634   

Solyc08G000192 Solyc01G002635 Solyc06G002500 Solyc02G001253 Solyc02G002495   

Solyc08G000390 Solyc12G000307 Solyc07G002728 Solyc02G001257 Solyc11G000692   
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Solyc08G000391 Solyc11G000098 Solyc07G002733 Solyc06G000990 Solyc07G001676   

Solyc01G002465 Solyc11G000093 Solyc10G002758 Solyc04G001096 Solyc10G000292   

Solyc01G001573 Solyc11G000089 Solyc07G002298 Solyc10G000671 Solyc03G000213   

Solyc10G000182 Solyc11G000083 Solyc03G002758 Solyc02G000155 Solyc06G000274   

Solyc10G000176 Solyc01G004376 Solyc08G001668 Solyc09G000895 Solyc06G000228   

Solyc09G002130 Solyc01G002555 Solyc08G001670 Solyc07G001172 Solyc07G002063   

Solyc06G000988 Solyc12G002103 Solyc01G003465 Solyc05G001231 Solyc07G002084   

Solyc06G000317 Solyc12G002102 Solyc09G000272 Solyc01G004076 Solyc01G000181   

Solyc09G002286 Solyc01G004370 Solyc02G000210 Solyc01G004096 Solyc01G000183   

Solyc08G000210 Solyc05G002371 Solyc06G000255 Solyc01G004111 Solyc09G002288   

Solyc08G000211 Solyc05G002368 Solyc06G000244 Solyc01G004124 Solyc09G002291   

Solyc08G000212 Solyc04G000672 Solyc09G002547 Solyc01G004185 Solyc04G002578   

Solyc08G002584 Solyc01G004356 Solyc12G000593 Solyc01G004194 Solyc12G002453   

Solyc05G000654 Solyc02G001718 Solyc03G000016 Solyc09G001854 Solyc05G000147   

Solyc05G000640 Solyc02G001734 Solyc03G000020 Solyc09G001544 Solyc05G000140   

Solyc06G002774 Solyc06G001118 Solyc12G002580 Solyc07G000648 Solyc05G000135   

Solyc11G000855 Solyc06G001120 Solyc12G002596 Solyc12G001054 Solyc09G002114   
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Solyc09G002028 Solyc01G004347 Solyc07G001786 Solyc02G000801 Solyc07G000183   

Solyc09G002024 Solyc12G000456 Solyc07G001783 Solyc01G000334 Solyc09G002107   

Solyc04G002285 Solyc01G004344 Solyc01G002943 Solyc01G000332 Solyc05G002356   

Solyc04G002283 Solyc06G001641 Solyc03G002264 Solyc01G000322 Solyc12G001233   

Solyc04G002278 Solyc06G001660 Solyc09G000157 Solyc08G002146 Solyc01G002685   

Solyc02G002889 Solyc05G000615 Solyc09G002001 Solyc02G001011 Solyc01G002677   

Solyc02G002901 Solyc05G000607 Solyc03G001327 Solyc02G001014 Solyc04G000367   

Solyc08G000992 Solyc01G004336 Solyc08G001340 Solyc02G001043 Solyc04G003025   

Solyc10G002918 Solyc05G002060 Solyc05G000568 Solyc02G001055 Solyc10G002667   

Solyc01G002929 Solyc06G002475 Solyc05G000570 Solyc02G001056 Solyc07G000418   

Solyc01G002941 Solyc10G002176 Solyc05G000564 Solyc02G000980 Solyc03G003199   

Solyc04G001855 Solyc07G001595 Solyc06G001706 Solyc04G000979 Solyc00G000012   

Solyc07G000053 Solyc10G002274 Solyc01G002852 Solyc05G002333 Solyc00G000017   

Solyc09G001840 Solyc10G002719 Solyc00G000019 Solyc07G001653 Solyc11G001222   

Solyc01G001641 Solyc03G000552 Solyc05G001415 Solyc03G002478 Solyc00G000013   

Solyc02G000194 Solyc11G002066 Solyc05G001418 Solyc03G002489 Solyc00G000014   

Solyc01G002383 Solyc01G004321 Solyc10G000860 Solyc04G002642 Solyc00G000015   
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Solyc02G000256 Solyc01G004314 Solyc10G000861 Solyc04G002628 Solyc00G000016   

Solyc02G000259 Solyc08G002315 Solyc07G000360 Solyc04G002626 Solyc11G001233   

Solyc06G000474 Solyc03G003246 Solyc01G001756 Solyc06G002625 Solyc06G001259   

Solyc11G001945 Solyc03G003236 Solyc06G001580 Solyc06G000698 Solyc05G002503   

Solyc07G000231 Solyc01G002654 Solyc10G002698 Solyc01G001996 Solyc05G002483   

Solyc04G002237 Solyc12G000399 Solyc10G002884 Solyc04G001756 Solyc07G000417   

Solyc05G000078 Solyc01G002793 Solyc03G000002 Solyc04G001742 Solyc07G001810   

Solyc12G000866 Solyc11G002519 Solyc09G000421 Solyc08G001274 Solyc05G001944   

Solyc10G002072 Solyc07G001945 Solyc10G002734 Solyc02G000290 Solyc01G003448   

Solyc01G003351 Solyc12G002209 Solyc09G002212 Solyc02G000268 Solyc06G002254   

Solyc02G001594 Solyc01G003957 Solyc08G000244 Solyc11G000001 Solyc07G000066   

Solyc02G001592 Solyc01G000209 Solyc08G001884 Solyc05G000868 Solyc01G003934   

Solyc10G000496 Solyc07G000331 Solyc02G002828 Solyc06G000090 Solyc09G001867   

Solyc01G002823 Solyc07G001803 Solyc01G003819 Solyc06G000094 Solyc09G000656   

Solyc01G002812 Solyc07G000048 Solyc09G000444 Solyc06G002569 Solyc08G001398   

Solyc12G000755 Solyc06G001046 Solyc02G002840 Solyc09G002571 Solyc04G000053   

Solyc03G003131 Solyc10G000059 Solyc05G002652 Solyc01G003182 Solyc09G002172   
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Solyc03G003139 Solyc10G000085 Solyc05G002669 Solyc01G003198 Solyc05G000937   

Solyc03G003143 Solyc01G004046 Solyc03G001723 Solyc01G003233 Solyc03G000530   

Solyc03G003153 Solyc10G000119 Solyc07G002508 Solyc09G001369 Solyc03G000524   

Solyc03G003172 Solyc01G004054 Solyc03G001719 Solyc11G002445 Solyc09G002346   

Solyc03G003183 Solyc08G000083 Solyc06G000853 Solyc08G001908 Solyc09G002345   

Solyc08G000723 Solyc06G000820 Solyc01G000154 Solyc04G001129 Solyc01G002421   

Solyc10G002324 Solyc10G000011 Solyc01G000138 Solyc02G001786 Solyc01G002448   

Solyc03G002620 Solyc05G001281 Solyc01G001523 Solyc11G002452 Solyc01G002452   

Solyc08G001000 Solyc02G001543 Solyc11G002112 Solyc02G001779 Solyc03G001393   

Solyc07G002760 Solyc02G001561 Solyc11G002070 Solyc02G001750 Solyc04G001821   

Solyc07G001025 Solyc02G001577 Solyc12G000491 Solyc11G000130 Solyc02G001372   

Solyc07G002743 Solyc03G002139 Solyc08G002515 Solyc11G000132 Solyc02G001388   

Solyc06G001898 Solyc01G002117 Solyc08G002531 Solyc11G000135 Solyc02G001427   

Solyc09G002854 Solyc01G002104 Solyc06G001003 Solyc11G000140 Solyc02G001432   

Solyc09G002828 Solyc04G000485 Solyc03G002124 Solyc08G002415 Solyc02G001447   

Solyc02G002986 Solyc04G000504 Solyc03G002131 Solyc08G002390 Solyc12G000038   

Solyc09G000672 Solyc11G000869 Solyc11G002126 Solyc02G000163 Solyc03G003490   
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Solyc01G002042 Solyc11G000870 Solyc05G000096 Solyc02G000213 Solyc03G003517   

Solyc07G000100 Solyc02G002736 Solyc04G000448 Solyc11G002390 Solyc03G003518   

Solyc09G000537 Solyc11G001549 Solyc06G000394 Solyc05G000399 Solyc03G003566   

Solyc02G001105 Solyc01G002011 Solyc11G002136 Solyc05G000405 Solyc08G001999   

Solyc06G002452 Solyc01G002074 Solyc02G001088 Solyc03G002621 Solyc09G002760   

Solyc06G002442 Solyc01G002055 Solyc06G001942 Solyc04G001435 Solyc09G002773   

Solyc06G002423 Solyc01G003055 Solyc06G001947 Solyc06G000182 Solyc09G002794   

Solyc03G000984 Solyc01G003050 Solyc11G002140 Solyc11G002172 Solyc11G002033   

Solyc06G002409 Solyc07G002348 Solyc06G001623 Solyc04G003014 Solyc02G000713   

Solyc03G002403 Solyc07G002386 Solyc11G002145 Solyc04G002997 Solyc08G000935   

Solyc03G002391 Solyc07G002405 Solyc03G002973 Solyc11G002179 Solyc11G000325   

Solyc12G001457 Solyc06G001310 Solyc01G003632 Solyc08G001850 Solyc11G000357   

Solyc04G001947 Solyc06G001298 Solyc11G002166 Solyc08G001854 Solyc02G001219   

Solyc03G003082 Solyc08G000874 Solyc01G003613 Solyc06G001991 Solyc09G000332   

Solyc03G003043 Solyc04G002448 Solyc01G003609 Solyc06G001974 Solyc09G000347   

Solyc09G001203 Solyc04G000334 Solyc11G002168 Solyc02G002942 Solyc11G002429   

Solyc09G001221 Solyc06G002326 Solyc09G000648 Solyc02G002940 Solyc10G001255   
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Solyc10G000851 Solyc06G002327 Solyc02G000307 Solyc08G002062 Solyc00G000007   

Solyc11G001062 Solyc08G001423 Solyc04G003020 Solyc11G001558 Solyc01G003157   

Solyc04G001955 Solyc07G002228 Solyc01G003162 Solyc12G000373 Solyc10G002421   

Solyc01G001963 Solyc06G002003 Solyc01G003163 Solyc12G000365 Solyc01G003256   

Solyc11G001547 Solyc12G001928 Solyc08G001867 Solyc03G002323 Solyc10G001194   

Solyc04G001989 Solyc05G001123 Solyc12G002748 Solyc11G000269 Solyc03G000291   

Solyc00G000018 Solyc09G002558 Solyc12G002732 Solyc12G001196 Solyc10G001187   

Solyc09G000494 Solyc06G000550 Solyc01G003519 Solyc11G001372 Solyc12G001652   

Solyc09G000482 Solyc07G002443 Solyc01G003513 Solyc01G003850 Solyc07G002470   

Solyc08G001078 Solyc04G000627 Solyc07G000302 Solyc01G003885 Solyc07G002102   

Solyc12G002688 Solyc01G002970 Solyc07G001467 Solyc01G003900 Solyc07G002105   

Solyc01G001925 Solyc01G002975 Solyc12G002785 Solyc08G000814 Solyc07G002133   

Solyc01G001911 Solyc01G002983 Solyc12G002808 Solyc10G002390 Solyc08G001726   

Solyc03G002337 Solyc01G003273 Solyc11G002223 Solyc10G002401     

Solyc01G002236 Solyc01G003677 Solyc11G002229 Solyc11G002045     

Solyc07G002482 Solyc04G001303 Solyc11G002230 Solyc01G002872     

Solyc01G003647 Solyc00G000041 Solyc11G001415 Solyc08G001712     
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Differentially Expressed Genes (DEGs) at 24 hours 

Solyc06G001863 Solyc04G000417 Solyc11G000053 Solyc08G001491 Solyc09G000177 

Solyc03G002171 Solyc12G002550 Solyc03G003434 Solyc08G000380 Solyc03G002914   

Solyc01G000234 Solyc12G002537 Solyc01G004254 Solyc08G000373 Solyc03G002907   

Solyc07G002810 Solyc09G002532 Solyc01G004278 Solyc12G002102 Solyc05G000831   

Solyc08G000076 Solyc08G001927 Solyc01G004298 Solyc05G002368 Solyc05G002537   

Solyc07G002795 Solyc08G000028 Solyc06G002280 Solyc10G002061 Solyc09G000118   

Solyc07G002794 Solyc01G003563 Solyc04G002747 Solyc03G000740 Solyc01G001358   

Solyc02G002412 Solyc02G000237 Solyc01G001958 Solyc06G002726 Solyc09G000371   

Solyc01G003151 Solyc12G002318 Solyc03G002813 Solyc01G004359 Solyc12G000738   

Solyc01G003155 Solyc08G000829 Solyc03G002805 Solyc04G000672 Solyc04G002834   

Solyc08G001572 Solyc12G001985 Solyc03G002776 Solyc02G001734 Solyc12G001332   

Solyc08G001574 Solyc02G001119 Solyc02G001641 Solyc06G001120 Solyc03G001922   

Solyc02G001343 Solyc09G000552 Solyc03G002734 Solyc01G004347 Solyc11G000433   

Solyc06G002162 Solyc04G001277 Solyc12G000263 Solyc11G000662 Solyc01G003440   

Solyc06G002208 Solyc08G000192 Solyc03G003596 Solyc06G002478 Solyc07G001778   

Solyc04G000731 Solyc01G002465 Solyc03G003584 Solyc12G000710 Solyc01G000004   
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Solyc04G000735 Solyc10G000182 Solyc05G000300 Solyc08G002315 Solyc07G002728   

Solyc03G000574 Solyc09G002130 Solyc05G002593 Solyc01G002671 Solyc07G002737   

Solyc04G000854 Solyc06G000317 Solyc10G002464 Solyc01G002655 Solyc11G000037   

Solyc01G002778 Solyc11G000855 Solyc10G002467 Solyc07G000331 Solyc04G000260   

Solyc06G000795 Solyc02G002876 Solyc02G000586 Solyc02G000484 Solyc02G000210   

Solyc03G000381 Solyc10G001715 Solyc12G002165 Solyc01G003386 Solyc06G000255   

Solyc09G002180 Solyc01G002942 Solyc11G000685 Solyc01G002965 Solyc06G002226   

Solyc05G000115 Solyc04G000355 Solyc11G000849 Solyc03G002534 Solyc09G002540   

Solyc04G000259 Solyc05G000990 Solyc04G001141 Solyc01G001936 Solyc03G000016   

Solyc04G000250 Solyc02G001081 Solyc05G000223 Solyc11G002513 Solyc03G000017   

Solyc01G002568 Solyc01G001641 Solyc04G002720 Solyc06G002337 Solyc12G002585   

Solyc01G002587 Solyc02G000194 Solyc04G002733 Solyc06G002347 Solyc12G000667   

Solyc03G002975 Solyc11G001944 Solyc01G003551 Solyc02G002366 Solyc07G001783   

Solyc05G000979 Solyc04G000269 Solyc09G000090 Solyc07G001989 Solyc06G002233   

Solyc01G002273 Solyc04G000275 Solyc01G000018 Solyc12G000437 Solyc06G001716   

Solyc08G002479 Solyc07G000152 Solyc01G000029 Solyc01G001956 Solyc06G001706   

Solyc08G002494 Solyc05G000078 Solyc01G002871 Solyc04G001659 Solyc02G002799   
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Solyc06G001433 Solyc05G002469 Solyc09G001254 Solyc10G002825 Solyc10G002698   

Solyc11G001835 Solyc12G000866 Solyc05G000828 Solyc10G002826 Solyc10G002887   

Solyc07G000027 Solyc10G002072 Solyc09G002586 Solyc07G001496 Solyc04G002223   

Solyc12G002032 Solyc01G003350 Solyc07G002678 Solyc04G002457 Solyc02G001535   

Solyc02G001921 Solyc01G003368 Solyc11G000642 Solyc05G002729 Solyc03G002892   

Solyc07G000015 Solyc08G000167 Solyc11G002251 Solyc06G001957 Solyc09G002212   

Solyc01G002188 Solyc12G000743 Solyc12G000938 Solyc06G001949 Solyc09G002215   

Solyc04G000374 Solyc07G002544 Solyc12G000937 Solyc08G000259 Solyc08G000247   

Solyc04G000390 Solyc07G002528 Solyc02G001896 Solyc09G000009 Solyc08G000245   

Solyc04G000413 Solyc12G001010 Solyc05G002741 Solyc03G001742 Solyc12G000685   

Solyc06G000259 Solyc04G002140 Solyc05G002762 Solyc03G001734 Solyc12G002248   

Solyc03G000135 Solyc02G001456 Solyc02G002472 Solyc08G001833 Solyc08G001884   

Solyc04G002541 Solyc12G000728 Solyc12G001141 Solyc03G003291 Solyc07G001857   

Solyc10G002548 Solyc12G000719 Solyc03G003209 Solyc11G001957 Solyc08G000116   

Solyc09G000183 Solyc01G002524 Solyc01G004389 Solyc01G004225 Solyc04G002482   

Solyc01G002840 Solyc12G000965 Solyc11G000529 Solyc04G002213 Solyc02G002843   

Solyc03G003188 Solyc04G000645 Solyc01G004384 Solyc08G000315 Solyc03G001759   
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Solyc03G000435 Solyc07G000365 Solyc01G004383 Solyc11G000264 Solyc05G000092   

Solyc04G002791 Solyc01G002611 Solyc04G000921 Solyc11G000261 Solyc05G000093   

Solyc01G001937 Solyc03G002631 Solyc01G004380 Solyc01G003345 Solyc12G002718   

Solyc05G000802 Solyc01G001247 Solyc01G002635 Solyc09G000168 Solyc12G002850   

Solyc10G001269 Solyc02G000155 Solyc12G002377 Solyc06G002256 Solyc06G001027   

Solyc09G001931 Solyc06G000964 Solyc06G001139 Solyc01G003939 Solyc02G001110   

Solyc11G000829 Solyc12G001155 Solyc02G002185 Solyc09G001867 Solyc06G002442   

Solyc11G000681 Solyc05G001231 Solyc02G002148 Solyc08G000865 Solyc03G002391   

Solyc11G002052 Solyc01G004076 Solyc08G000939 Solyc08G001398 Solyc12G001457   

Solyc09G002436 Solyc01G004096 Solyc08G001307 Solyc04G000053 Solyc04G001947   

Solyc05G002742 Solyc01G004185 Solyc02G002544 Solyc03G001686 Solyc12G000365   

Solyc03G000648 Solyc09G001854 Solyc10G002530 Solyc06G000289 Solyc04G001984   

Solyc09G002704 Solyc07G000648 Solyc10G002462 Solyc09G002345 Solyc00G000018   

Solyc07G002236 Solyc12G001054 Solyc04G002009 Solyc01G002448 Solyc09G000482   

Solyc04G001286 Solyc08G001060 Solyc02G000643 Solyc02G001370 Solyc01G001912   

Solyc03G001345 Solyc01G000328 Solyc08G001072 Solyc02G001432 Solyc01G001906   

Solyc03G001295 Solyc02G001014 Solyc11G001976 Solyc03G003548 Solyc11G001372   
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Solyc12G002441 Solyc06G001127 Solyc07G002589 Solyc03G003555 Solyc01G003854   

Solyc12G002440 Solyc04G000969 Solyc07G002634 Solyc10G001642 Solyc01G003872   

Solyc01G001420 Solyc03G002478 Solyc08G000029 Solyc08G001995 Solyc01G003885   

Solyc01G001549 Solyc04G002642 Solyc08G000030 Solyc09G002794 Solyc08G000814   

Solyc09G002668 Solyc11G000881 Solyc10G002812 Solyc03G001992 Solyc07G001126   

Solyc02G000953 Solyc06G000698 Solyc09G001232 Solyc11G000357 Solyc03G002602   

Solyc05G001116 Solyc06G000957 Solyc03G003140 Solyc02G001219 Solyc01G004033   

Solyc05G001084 Solyc10G000531 Solyc02G001513 Solyc10G001255 Solyc10G002393   

Solyc05G001107 Solyc04G001738 Solyc07G002164 Solyc11G002430 Solyc10G002421   

Solyc03G001079 Solyc02G000290 Solyc06G000063 Solyc00G000007 Solyc10G000078   

Solyc09G000022 Solyc01G000070 Solyc01G000290 Solyc01G003162 Solyc10G000113   

Solyc03G002849 Solyc06G000094 Solyc09G001106 Solyc01G003198 Solyc05G001281   

Solyc01G001335 Solyc06G001227 Solyc11G000408 Solyc01G003207 Solyc06G000017   

Solyc10G000940 Solyc06G001228 Solyc07G001464 Solyc01G003233 Solyc01G003723   

Solyc03G001557 Solyc09G002252 Solyc03G000330 Solyc11G002445 Solyc02G001543   

Solyc04G000222 Solyc09G002244 Solyc03G000339 Solyc02G001790 Solyc02G001576   

Solyc05G001164 Solyc12G000659 Solyc05G001674 Solyc08G002419 Solyc05G000056   
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Solyc11G001898 Solyc06G000757 Solyc01G001225 Solyc11G002398 Solyc05G000057   

Solyc05G001698 Solyc08G001438 Solyc03G000150 Solyc02G000163 Solyc04G001612   

Solyc05G001547 Solyc04G002039 Solyc07G001027 Solyc04G001036 Solyc01G002107   

Solyc09G000031 Solyc06G001240 Solyc06G000034 Solyc05G000392 Solyc04G000493   

Solyc05G001026 Solyc07G002250 Solyc02G000570 Solyc06G000183 Solyc04G000504   

Solyc05G002208 Solyc09G000004 Solyc02G000532 Solyc03G003139 Solyc11G000876   

Solyc07G001166 Solyc06G000506 Solyc01G001801 Solyc12G001801 Solyc02G002717   

Solyc11G001465 Solyc09G002288 Solyc12G001992 Solyc06G000187 Solyc01G002065   

Solyc02G002090 Solyc09G002291 Solyc10G000253 Solyc10G002324 Solyc01G002063   

Solyc11G001471 Solyc05G000147 Solyc10G000263 Solyc06G000525 Solyc07G001970   

Solyc04G000963 Solyc09G002112 Solyc07G001677 Solyc09G002854 Solyc07G002386   

Solyc11G001868 Solyc05G002356 Solyc07G001676 Solyc09G002851 Solyc06G000884   

Solyc02G001253 Solyc10G002670 Solyc03G000213 Solyc09G002819 Solyc03G000484   

Solyc02G001257 Solyc03G003199 Solyc03G002206 Solyc02G002986 Solyc12G001093   

Solyc02G001268 Solyc01G003443 Solyc07G002084 Solyc07G000106 Solyc09G000460   

Solyc05G001232 Solyc09G001876 Solyc03G000594 Solyc11G001709 Solyc11G001427   

Solyc11G000321 Solyc06G002254 Solyc05G000069 Solyc06G002294 Solyc11G001700   



 

111 

Solyc02G002699 Solyc04G001303 Solyc08G002538 Solyc08G001854 Solyc11G002223   

Solyc08G001423 Solyc06G001288 Solyc03G002131 Solyc08G001856 Solyc01G002236   

Solyc02G002951 Solyc06G001287 Solyc11G000484 Solyc12G002765 Solyc11G002225   

Solyc03G000865 Solyc05G000347 Solyc11G002123 Solyc07G000290 Solyc08G001784   

Solyc03G000625 Solyc05G002638 Solyc11G002136 Solyc06G001783 Solyc01G001673   

Solyc02G002263 Solyc05G002652 Solyc07G002136 Solyc12G002785 Solyc01G002872   

Solyc01G002970 Solyc03G001723 Solyc06G001942 Solyc11G002112 Solyc01G003613   

Solyc01G002975 Solyc03G001719 Solyc06G001601 Solyc08G002531 Solyc08G001850   

Solyc01G003273 Solyc01G000138 Solyc06G001609 Solyc07G002482     

Solyc03G000291 Solyc01G000135 Solyc03G002973 Solyc01G003677     

 

Differentially Expressed Genes (DEGs) at 48 hours 

Solyc06G001844 Solyc06G002262 Solyc09G001641 Solyc02G002514 Solyc10G000148 

Solyc10G002779 Solyc05G002324 Solyc04G002642 Solyc06G000270 Solyc10G001715   

Solyc11G002546 Solyc11G002087 Solyc12G002611 Solyc05G000066 Solyc01G002934   

Solyc04G000800 Solyc04G001653 Solyc04G001530 Solyc10G000456 Solyc01G002939   

Solyc05G000115 Solyc06G002739 Solyc05G000878 Solyc06G001541 Solyc04G002913   
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Solyc03G000503 Solyc11G001522 Solyc04G002032 Solyc09G002019 Solyc04G000645   

Solyc01G003990 Solyc01G004317 Solyc06G001316 Solyc02G001372 Solyc03G002973   

Solyc08G002489 Solyc08G002316 Solyc03G002043 Solyc03G003537 Solyc04G002984   

Solyc07G000029 Solyc08G000580 Solyc03G000422 Solyc09G002784 Solyc10G002088   

Solyc09G002879 Solyc07G001989 Solyc02G001811 Solyc09G000734 Solyc06G002535   

Solyc09G000558 Solyc08G001528 Solyc10G000315 Solyc03G001077 Solyc07G001475   

Solyc02G002953 Solyc04G002828 Solyc10G000263 Solyc03G003059 Solyc01G002236   

Solyc12G001452 Solyc01G000281 Solyc07G000505 Solyc08G002052 Solyc06G002369   

Solyc02G002263 Solyc01G002120 Solyc05G001026 Solyc12G000337 Solyc11G001415   

Solyc04G000440 Solyc07G002217 Solyc11G002200 Solyc05G000553     
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Visual representation of the green in the S. dulcamara WGCNA 

 

Figure S.2.1 Visual representation of the green module in the S. dulcamara network. Each node’s 

connection is represented by lines, indicating which genes are directly and indirectly linked. The size and colour 

of each node indicate how many connections that gene has within the network, with pink representing more links 

than blue. 
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Visual representation of the lightyellow in the S. lycopersicum WGCNA 

 

Figure S.2.2 Visual representation of the lightyellow module in the S. lycopersicum network. Each node’s 

connection is represented by lines, indicating which genes are directly and indirectly linked. The size and colour 

of each node indicate how many connections that gene has within the network, with pink representing more links 

than blue. 
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Visual representation of the steelblue in the S. lycopersicum WGCNA 

 

Figure S.2.3 Visual representation of the steelblue module in the S. lycopersicum network. Each node’s 

connection is represented by lines, indicating which genes are directly and indirectly linked. The size and colour 

of each node indicate how many connections that gene has within the network, with pink representing more links 

than blue. 
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S.3 Supplementary Material for Chapter 3 

Visual representation of the darkgrey in the CANA 

 

Figure S.3.1 Visual representation of the darkgrey module in the CANA. Each node’s connection is 

represented by lines, indicating which species are directly and indirectly linked. The size and colour of each node 

indicate how many connections that species has within the network, with pink representing more links than blue. 
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Visual representation of the steelblue in the CANA 

 

Figure S.3.2 Visual representation of the steelblue module in the CANA. Each node’s connection is 

represented by lines, indicating which species are directly and indirectly linked. The size and colour of each node 

indicate how many connections that species has within the network, with pink representing more links than blue. 
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Visual representation of the lightyellow in the CANA 

 

Figure S.3.3 Visual representation of the lightyellow module in the CANA. Each node’s connection is 

represented by lines, indicating which species are directly and indirectly linked. The size and colour of each node 

indicate how many connections that species has within the network, with pink representing more links than blue. 
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Visual representation of the saddlebrown in the CANA 

 

Figure S.3.4 Visual representation of the saddlebrown module in the CANA. Each node’s connection is 

represented by lines, indicating which species are directly and indirectly linked. The size and colour of each node 

indicate how many connections that species has within the network, with pink representing more links than blue. 
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Visual representation of the skyblue in the CANA 

 

Figure S.3.5 Visual representation of the skyblue module in the CANA. Each node’s connection is 

represented by lines, indicating which species are directly and indirectly linked. The size and colour of each node 

indicate how many connections that species has within the network, with pink representing more links than blue. 


