
 

 

 

Investigating the Impact of 

Anthropogenic Change on Soil 

Microbiome Functioning and Crop 

Health 

 

 

 

 

Jake Mc Entagart 

 

MSc Thesis 

2025 

 

 



i 
 

Declaration 

I have read and understood the College / University statement on plagiarism. 

I declare that the attached dissertation is my own, original work undertaken in partial 

fulfilment of my degree. I have made no use of sources, materials, or assistance other 

than those which have been openly and fully acknowledged in the text. If any part  of 

another person's work has been quoted, this either appears in inverted commas or (if 

beyond a few lines) is indented. Any direct quotation or source of ideas has been 

identified in the text by author, date, and page number(s) immediately after such an 

item, and full details are provided in a reference list at the end of the text.  

I understand that any breach of the fair practice regulations may result in a failure of 

this dissertation and that it could also involve other repercussions. I understand also 

that too great a reliance on the work of others may lead to a low mark.  

Jake Mc Entagart 

 

 

Acknowledgments  

I would like to express my gratitude to Dr Siobhán O’Brien, the O’Brien research group 

and the staff and students at the Moyne Institute of Preventive Medicine, for their 

unwavering support and guidance. I am also deeply grateful to Matthew Kelbrick, Jamie 

Hall, Edward Cairns, and Sharon Zytynska at the University of Liverpool for generously 

offering their time, assistance, and for providing access to their laboratory facilities, which 

was essential to the completion of my research. Additionally, my gratitude goes towards 

Matthew Kelbrick for evolving the soil communities in which the isolates were sourced. 

Finally, I would like to thank the Sunflower Charitable Foundation and the IRC for funding 

this project. 

 

  



ii 
 

Table of Contents 

Abstract .......................................................................................................................................... 1 

Introduction ................................................................................................................................... 2 

1. Microbial communities in the Anthropocene ...................................................... 2 

2. The impact of pesticides on soil communities - Abundance/Diversity .............. 2 

3. The impact of increasing temperatures on soil communities -

Abundance/Diversity ...................................................................................................... 4 

4. Linking anthropogenic change to virulence of soil microbes ............................. 5 

5. Linking anthropogenic change to antimicrobial resistance of soil microbes .... 6 

6. How anthropogenic change affects soil ecosystem functioning ......................... 7 

7. Effects of single stressors versus multiple stressors on soil ecosystems ............. 8 

8. Introduction to the study system .......................................................................... 9 

8.1 Soil community evolution ............................................................................................. 9 

8.2 Introduction to barley/aphid system ....................................................................... 11 

Thesis Objectives .......................................................................................................... 12 

Materials and Methods ............................................................................................................. 14 

1) Examining individual taxa adaptation to stressors (increased temperatures 

and fungicide) ............................................................................................................... 14 

Species Isolation from Evolved Communities ............................................................. 14 

Testing whether isolates from different treatments differ in their Fubol Gold 

Minimum Inhibitory Concentration .............................................................................. 15 

Testing whether isolates from different treatments differ in their temperature 

stress adaptation ................................................................................................................. 16 

2) Investigating how fungicide and/or temperature treatment shapes clinically 

important phenotypes (virulence and antimicrobial resistance) ............................. 17 

Galleria mellonella – Evolved Community Virulence Assay..................................... 17 

Antibiotic Disc Diffusion Assay ....................................................................................... 18 



iii 
 

3) Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant) ............................................................................ 19 

Barley Growth / Health Assays ....................................................................................... 19 

i) Direct Soil Inoculation Method ............................................................................. 19 

ii) Seed Inoculation Method ........................................................................................ 22 

Statistical Analysis ........................................................................................................ 23 

Results .......................................................................................................................................... 25 

1) Examining individual taxa adaptation to stressors (increased temperatures 

and fungicide) ............................................................................................................... 25 

Testing whether isolates from different treatments differ in their Fubol Gold 

Minimum Inhibitory Concentration ............................................................................. 25 

Testing whether isolates from different treatments differ in their temperature 

stress adaptation................................................................................................................. 28 

2) Investigating how treatment shapes clinically important phenotypes 

(antimicrobial resistance and virulence) .................................................................... 31 

Galleria mellonella virulence assay ................................................................................ 31 

Antimicrobial Resistance ................................................................................................. 32 

3) Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant) ............................................................................ 37 

i) Crop Growth ............................................................................................................. 37 

ii) Crop Defence ............................................................................................................. 41 

Discussion .................................................................................................................................... 45 

Examining adaptation to stressors (increased temperatures and fungicide) for soil 

isolates ........................................................................................................................... 45 

Investigating how treatment shapes clinically important phenotypes (antimicrobial 

resistance and virulence) ............................................................................................. 46 

Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant) ............................................................................ 48 

References .................................................................................................................................... 52 





1 
 

Abstract 

Anthropogenic change poses significant challenges for society today. Soil microbial 

communities are under constant anthropogenic stress from pollution, rising climates, 

pesticide use, and deforestation to name a few. We have little idea how anthropogenic stress 

shapes soil communities, and the impact that stress can have on soil community 

functioning. This study examines the impact of fungicide and temperature stress, 

individually and in combination, on the phenotypes of soil communities. Evaluations 

included their phenotypic adaptation to these stressors, virulence, antibiotic resistance, and 

their capacity to enhance plant growth and defence mechanisms. Results revealed that 

isolates from soil communities evolved under fungicide stress exhibited heightened 

adaptation to both fungicide and temperature stress compared to those from the stress-free 

control and temperature-only evolved communities. Virulence assays using wax moth 

larvae (Galleria mellonella) indicated that fungicide-evolved soil communities displayed 

reduced virulence towards their host compared to ancestral or control evolved 

communities. Conversely, isolates from the increasing temperature evolved communities 

predominantly showed greater antibiotic susceptibility compared to evolutionary control 

isolates. Furthermore, fungicide-evolved communities conferred improved barley 

(Hordeum vulgare) shoot height after 20 days. Together, this study highlights that 

anthropogenic stressors can in some cases markedly affect the phenotype of soil 

communities, with impacts for crop growth, antimicrobial resistance, and virulence. Further 

work should determine how anthropogenic stress affects crop production, indirectly, via 

changes to the soil microbiome. 
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Introduction 

1. Microbial communities in the Anthropocene 

The soil microbiome is a vast interconnected community. There is a large, complex 

biodiversity within the soil as it is composed of every family from the tree of life, such as, 

bacteria, fungi, archaea, nematodes, and viruses. Just 1g of soil can contain up to 50000 

bacterial species along with millions of fungal hyphal cells (1). These intertwined species 

are pivotal for the health of the soil by providing nutrients to the plants that reside within it 

(2). The soil microbiome has many important functions, including the release and storage 

of the essential molecules of life: carbon and nitrogen (3).  

Anthropogenic change is the effect and alterations that humans have on the environment, 

and it is a prevalent issue in society today (4). There is a constant stream of new studies 

exhibiting how human impact on the environment affects our climate (5), the air we breathe 

(6) (7), our water supply (8, 9) (10), the food we eat (11), and the biodiversity all around 

us from land (12) to sea (13) (14) (15). These aspects of our world can be altered by 

greenhouse gas emissions, over-fishing, industrial practices, and land use changes to name 

a few (15) (16). 

Despite the clear negative impact anthropogenic stress is having on our natural 

environment, one relatively neglected question is how anthropogenic activities are affecting 

our soils, and particularly the microbes that inhabit our soils. Anthropogenic change can 

affect our soil microbial communities by altering composition, reducing diversity (17), and 

driving loss of key plant growth promoting bacteria (18). Anthropogenic activities, such as, 

soil pollution of toxic chemicals (19), the use of biofertilizers (20) and deforestation (21) 

have been shown to alter the composition and functioning of the soil microbiome. 

This MSc project focused on investigating how two key anthropogenic stressors, 

temperature stress due to climate change and pesticide use, shape the properties of soil 

microbial communities over evolutionary timescales.  

2. The impact of pesticides on soil communities - Abundance/Diversity 

Pesticides are chemicals that deter the growth or proliferation of an organism. Types of 

pesticide can include fungicides, herbicides, and insecticides (22). Over 200 million tonnes 

of pesticide is used annually (23) and this ensures the security of the crop yields that are 

being grown each year (24). Fungicides can enter the soil microbiome via numerous 
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pathways. These include directly applying fungicides to plants, aerosolised fungicide being 

sprayed drifting to neighbouring environments, runoff into waterways, or by improper 

disposal of fungicides (25). Pesticides can have negative effects on non-target organisms, 

despite only being used to target their specific pests. For example, they can alter the 

diversity and abundance of the bacterial community within the soil (26) (27) (17). It has 

been shown that fungicides used in vineyards can reduce the growth and viability of some 

soil bacterial microbes such as Rhodotorula rubra and Raphidocelis subcapitata (28). 

Other fungicides such as iprodione can reduce overall bacterial biomass and shift the 

abundance of the bacterial community towards Proteobacteria (17). Similarly increase in 

Proteobacterial abundance can be seen in ginseng fields treated with fungicides (27). This 

is due to Proteobacteria’s ability to overcome stressors due to adaptability genes commonly 

located on mobile genetic elements (29). Other pesticide classes show similar shifts in 

phyla dominance in exposed soil communities (30). Additionally, some broad spectrum 

fungicides have highlighted a decrease in abundance and composition of the soil bacterial 

communities (31) (32). 

Of the minimal studies that have been published, previous literature predominantly focuses 

on the impact of pesticides on non-target organisms over relatively short periods of time. 

However, a notable gap exists in investigating the long-term effects of pesticides, 

particularly fungicides, have on non-target organisms (33). It is important to understand the 

long-term effects and responses to pesticidal stress as short term studies may only show a 

transient or plastic response to the stressor (34). However, long term exposure to the 

stressor may highlight selection within the community’s structure, abundance and 

functioning which may have a more prolonged effect. Furthermore, if a stressor is 

exhibiting a particular response within a community for a short period of time, it does not 

necessarily guarantee that this response will continue and have the same effect in the long-

term (35).  

Despite this gap, some long-term studies have explored the consequences of herbicides, 

such as nicosulfuron. One notable investigation examined nicosulfuron’s impact on a field 

adjacent to a production facility contaminated with the herbicide (36). Alpha diversity is 

the level of bacterial community richness within a single sample, whilst beta diversity is 

the difference of bacterial community richness between two samples (37). This study 

revealed a positive correlation between nicosulfuron contamination levels and alpha 

diversity by sampling different sections of the field that had varying levels of 
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contamination. The findings suggest that higher levels of nicosulfuron are associated with 

increased alpha diversity of the bacterial community, indicating a direct relationship 

between nicosulfuron concentration and biodiversity. Furthermore, an increase in bacteria 

from the phyla Proteobacteria and Bacteroides was observed (36), aligning with previous 

research findings (30). However, when compared to soil samples, analysis of water and 

mud revealed divergent outcomes, highlighting the necessity of examining bacterial 

communities directly within the soil when assessing fungicidal impacts (36), rather than 

assessing their impacts within different media.  

3. The impact of increasing temperatures on soil communities -

Abundance/Diversity  

Temperature stress and warming climates are of growing concern. Due to the rise in human 

industrial activity over the past century, emissions of greenhouse gases such as carbon 

dioxide and methane have elevated global temperatures and are breaking temperature 

records year on year (38). This increase in temperature caused by anthropogenic impacts, 

has major repercussions on the soil community. The effect of warming tested on different 

soil layers, revealed that moving soil to areas of increased temperatures improves the alpha 

diversity of the soil community at soil depths of 20-30cm. However, this has no effect on 

alpha diversity at 0-10cm (39). Additional findings indicate that warmer temperatures 

primarily impact specific phyla, such as Firmicutes, while other phyla, including 

Proteobacteria and Actinobacteria, remain relatively unaffected (40). Similar results were 

shown under temperature stress of 50°C, where soil bacterial community diversity was 

reduced and was shifted towards more heat tolerant Actinobacteria (41). 

A long-term study spanning 28 years has revealed that rising temperatures significantly 

impacts soil microbial biomass and diversity. Notably, bacterial diversity was reduced and 

shifted towards Gram-positive bacteria, predominantly Actinomycetes. Furthermore, the 

soil’s carbon content, along with the ability of the soil microbiome to utilise carbon 

substrates, was also reduced (42). Another long term study spanning 7 years showed that 

increasing temperatures reduces all microbial diversity, including bacteria, fungi, and 

protists in grassland soil (43). Similar studies in grassland soil communities showed a 

reduction in microbial diversity, abundance, and structure during warming events and it had 

a more prominent impact during drought conditions (44). Furthermore, no major change in 

temperature needs to occur in order to create change within the soil community. Increasing 
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ambient temperature even by ~2°C has been shown to significantly affect the soil 

microbiome, especially during drought conditions (44). This highlights the influence that 

even minor fluctuations in temperature can exert on soil community diversity and 

abundance, thereby shaping soil microbial properties and functions.  

4. Linking anthropogenic change to virulence of soil microbes 

Exposure to fungicides and high temperatures can influence the virulence of the soil 

microbiome towards humans. There is a myriad of literature highlighting the effects 

fungicide has on the virulence of fungi (45) (46) (47), but there is very minimal research 

on how these fungicides affect the non-target soil bacterial community. For example, recent 

research has shown that triazole fungicides, such as tebuconazole, can reduce virulence in 

fungi such as Cryptococcus gatti, and Cryptococcus neoformans when tested on a murine 

model (48). While this paper does not focus on bacterial virulence, it is important to note 

that alterations in virulence may not be exclusive to the fungal community. This aspect still 

requires assessment and further investigation.  

Literature has suggested that increasing global temperatures are affecting disease 

transmission (49) (50). This increase in temperatures may lead to expansion of ecological 

niches of pathogens, which could then lead to human infection (50). Higher temperatures 

have been correlated with an increase in virulence in some bacteria. The virulence of the 

fish pathogen Flavobacterium columnare towards zebrafish was evaluated, revealing an 

increase in virulence with rising temperatures. However, as the bacteria reached its upper 

limits of temperatures stress, its virulence was reduced (51). Similarly, the impact of rising 

temperatures on plant pathogens has been observed. Studies have shown that plant 

pathogens such as Pseudomonas syringae, can become more virulent when subjected to 

higher temperatures, specifically around 30°C. This increase in virulence is attributed to 

enhanced transport of effector proteins via the type 3 secretion system (T3SS), leading to a 

decrease in salicylic acid production (52). Conversely, temperatures of just 28°C, display 

reduced production of virulence proteins associated with the type 4 secretion system of the 

plant disease causing soil bacteria Agrobacterium tumefaciens and Agrobacterium vitis 

(53). These studies indicate that anthropogenic stressors can affect the virulence of a strain, 

and as suggested by Nnadi et al with further warming, microorganisms may broaden their 

niche to human hosts leading to additional diseases (50).  
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5. Linking anthropogenic change to antimicrobial resistance of soil microbes 

Antimicrobial resistance (AMR) is when a microbe can withstand antimicrobial treatment 

which was previously effective. This can be a result of genetic mutations, permeability, or 

physiological changes, within the microbe population, leading it to adapted to the 

antimicrobial stress, inhibiting the antimicrobial effect (54). Adaptations in cell wall or 

membrane structure, the efficiency of efflux pumps, or the production of antimicrobial 

modifying enzymes are a few select antibiotic resistance mechanisms leading to AMR (55). 

AMR is a growing concern and it is projected to cause 10 million deaths annually as a 

consequence by the year 2050 (56) (This report was completed before the Covid-19 

pandemic, as a result, the figures presented may be affected). Anthropogenic change and 

activities have been shown to drive antimicrobial resistance. Pesticide use and increasing 

temperatures can influence AMR within the soil community. Fungicides can induce cross-

resistance not only to other fungicides with different modes of action (57), but they can also 

induce cross-resistance to antimicrobial compounds in various fungi (58) (48). For 

example, azole based fungicides can induce antifungal resistance in Aspergillus fumigatus 

(59). Furthermore, both fungicides (60) and herbicides (61) have been shown to increase 

the frequency of transmission of antibiotic resistance related genes due to changes in cell 

wall permeability, allowing plasmids to be transferred more easily (60) (61). Additionally, 

herbicides have been shown to increase the Minimum Inhibitory Concentration (MIC) of 

clinically important pathogens such as Salmonella Typhimurium and Escherichia coli. 

However, this is dependent on the antibiotic and the herbicide used (62).  

Rising temperatures can impact AMR within the soil community. This can affect ESKAPE 

pathogens, which include Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp 

(63). A rise of 10°C can promote AMR in the ESKAPE organisms Klebsiella pneumoniae 

and E. coli (64). One long-term study has shown that evolution of E. coli under thermal 

stress can lead to de novo resistance to the antibiotic rifampicin, due to genetic mutations 

in rpoB gene after 2000 generations (65). A comparable study, which involved the evolution 

of E. coli over 2000 generations, also demonstrated a correlation between adaptation to 

high-temperature stress and antibiotic resistance. The findings revealed that culturing E. 

coli under higher temperatures (42°C) increases its resistance to levofloxacin, a 

fluoroquinolone antibiotic. However, this evolution rendered E. coli more sensitive to other 



7 
 

antibiotics, for example tetracycline, ampicillin, ciprofloxacin and clindamycin (66). This 

could be due to changes in protein expression under heat stress leading to antibiotic 

resistance, which results in susceptibility to antibiotics which mimic the cold shock 

response (67). Although this research is important in understanding the interactions and 

effects of fungicide and temperature stress on AMR within well-known and documented 

reference strains of bacteria in isolation, it is also important to conduct these types of tests 

on the soil bacterial community to see if similar interactions are upheld.  

6. How anthropogenic change affects soil ecosystem functioning 

Soil ecosystem functions are the processes provided by the soil microbiome which can 

influence the health of the soil. These functions can include the nitrogen cycling (68), 

carbon sequestration and release (69), promoting plant growth (70), and decomposition of 

organic matter (71). Typically, enzymatic activity (72), microbial diversity and abundance 

are key indicators of ecosystem functioning (73). 

The use of fungicides and warming can also have effects on crop growth and health. As 

stated, the use of fungicides can lead to a shift and reduction in microbiome diversity and 

a reduction in ecosystem functioning (74) (26). Pesticide usage has been shown to shift 

functional groups or taxa altering soil functional potential (30). Moreover, fungicide stress 

has also been suggested to negatively affect plant growth promoting (PGP) activities of the 

soil bacteria. PGP activities can include nitrogen-fixation, solubilising minerals that the 

plant cannot utilise on its own (such as phosphate), producing phytohormones such as 

auxins (e.g. Indole Acetic Acid (IAA) and cytokinin), and bioremediation (75). Different 

pesticidal chemicals such as cypermethrin and chlorpyrifos can reduce nitrogen fixation 

activity (18) and other pesticides can reduce the nitrifying bacterial abundance (76). 

Pesticides, for instance, thiamethoxam can reduce phosphatase enzymatic activity in soil 

communities (76). The fungicides iprodione (17) and azoxystrobin (77) can reduce the 

activity of bacterial enzymes essential to the nitrogen cycle, including urease, phosphatase, 

and arylsulfatase, which are all important for soil health. This occurs due to the fungicide 

inserting itself into the active site of these enzymes (17). Other PGP activities reduced by 

pesticides include, indole acetic acid production (IAA; auxin) (78) and phosphate 

solubilisation (79). Not only can fungicides inhibit important enzyme and PGP activities, 

they reduce the overall abundance of the bacteria performing these activities (80). With the 
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inhibition of important enzymes and the reduction of the bacteria producing these enzymes, 

the health, quality, and functioning of the soil is reduced (81).  

Similar to fungicide stress, temperature stress can alter soil microbiome functioning. Not 

only does temperature stress affects the diversity of important bacterial phyla (42), but 

temperature stress can also directly affect the enzymes of the soil bacterial community 

which have a role in PGP activities (82). It has been highlighted that soil bacteria can make 

use of nitrogenase enzymes in a wide range of temperatures (4-40°C), as demonstrated by 

soil samples taken in Australia (83). Temperatures between 20-40°C have been shown to 

increase phosphate solubilisation and auxin production. However, temperatures exceeding 

50°C reduced this effect (84). Interestingly, it has been demonstrated that soil bacteria 

exposed to increased temperature may boost beneficial enzyme activity, that breaks down 

carbon sources, in the short term (85). However, prolonged exposure to increased 

temperature over the span of 2-10 years, can result in shifts in microbial diversity and 

reduce substrate affinity. Although, this does appear to be influenced by soil carbon 

availability (85). This is in accordance with other long term research showcasing prolonged 

temperature evolution affects the soil microbiome’s ability to utilise carbon substrates (42), 

hence, affecting soil fertility. 

7. Effects of single stressors versus multiple stressors on soil ecosystems 

It is crucial to not only examine stressors that impact ecosystems individually but also to 

assess their combined effects. The world is in a state of constant stress. Many studies 

investigate the impact of a single stressor on an organism or ecosystem. However, this is 

not representative of what occurs in nature, as ecosystems are exposed to numerous 

stressors every day, be it physical, chemical, or biological (86). Therefore, analysing 

multiple stressors on an ecosystem will enhance our understanding of how they are affected 

by these stressors in real world settings and help us to understand and ameliorate the effect 

of these stressors (87).  

Furthermore, it is essential to consider that single stressors may only reveal minimal effects 

as it may not paint the true picture of what is really occurring in an ecosystem (87). When 

the number of stressors increase, they could have additive or antagonistic effects on 

ecosystems. A study carried out by Rillig et al (88), showed that increasing the number of 

stressors on the soil ecosystem, negatively affected the functionality and ecosystem 

services provided by the microbiome to the soil. For example, carbon storage and crop 
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growth promotion were reduced. Moreover, the study also highlighted that temperature 

amplifies the negative effects of most other stressors. Which includes anthropogenic 

stressors, such as pesticide use. Since most ecosystems are under temperature stress due to 

climate change, the influences of other stressors may be more negative than previously 

stated (88). This highlights the importance of testing the effect that both rising temperature 

and fungicide use have on the soil community and ecosystem. 

8. Introduction to the study system 

8.1 Soil community evolution 

A PhD student in our lab (Matthew Kelbrick) had previously evolved compost microbial 

communities in the presence and absence of two stressors (fungicide and increasing 

temperatures; imposed individually and in combination) (89). Briefly, 30g of potting soil 

(Verve John Innes No. 2) was placed in a glass microcosm and treated with one of four 

treatments:  

1. Control (stress-free) (n=8)  

2. Fungicide only (Fubol Gold; 5 mg/g w/w soil) (n=8)  

3. Increasing temperatures (0.5°C increase weekly from 26°C up to 34°C) (n=8)  

4. Fungicide (Fubol Gold; 5 mg/g w/w soil) and temperature (0.5°C increase weekly up to 

34°C) (n=8)  

Each treatment was replicated 8 times (8 communities), giving a total of 32 evolving 

microcosms. All 32 soil microbial communities (SMC’s) were evolved for 6 months to 

facilitate evolutionary and ecological changes in response to stress (89) (Table 1).  

Table 1: Outline of evolved soil communities and the stressor in which they evolved under. 

Evolved Soil Community 
Number of 

Communities 

Fungicide 

Stress 

Temperature 

Stress 

Control (C) 8 - - 

Fungicide (F) 8 + - 

Increasing Temperatures / 

Warming (W) 
8 - + 

Increasing Temperatures + 

Fungicide (WF) 
8 + + 

(+) = Community underwent specified stress. (-) = Community did not undergo specified stress 
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Community composition and diversity for all 32 evolved plus ancestral communities was 

previously analysed by Kelbrick et al (89) using the 16S Swift Amplicon + Internal 

Transcribed Spacer (ITS) Panel (Swift Biosciences) and Illumina MiSeq platform for 

bacterial and fungal quantification. Unfortunately, fungal composition could not be 

determined due to technical errors with ITS quantification. Bacterial composition of 

evolved and ancestral communities (based on 16S rRNA similarity) reveals a shift in 

composition toward Enterobacteriaceae and Pseudomonadaceae in fungicide-evolved soil 

communities, irrespective of temperature treatment (89) (Figure 1). 

Figure 1: Figure taken from Kelbrick et al (89), highlights the relative abundance of the 

microbial taxa across the 4 treatments. Exposure to fungicide reduces microbial diversity and 

alters composition toward Enterobacteriaceae and Pseudomonadaceae. The communities are 

denoted as the treatment in which they evolved under, along with the replicate community number 

(C=Control, F=Fungicide stress, W=Warming, WF= Warming + Fungicide). Note: W7 relative 

abundance data is missing due to errors during sequencing.  

Kelbrick et al (89) also found that along with this shift in soil community composition, 

there was a reduction in alpha and beta diversity in some evolved communities. 

Furthermore, the evolved communities had alterations in their metabolic profile as 

respiration was reduced and some communities had lost the ability to metabolise specific 

substrates (89). These shifts in diversity can affect the overall functioning of the soil 

community, because important PGP species could be removed in communities with lower 

diversity (90) (91) (92). 

In this MSc project, further phenotypic analyses were carried out on a selection of the 

evolved communities described above. These include 3 randomly selected evolutionary 
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communities from each of the evolved four treatments: Control (C4, C5, C7), Fungicide 

(F1, F2, F5), Increasing Temperature (W1, W2, W7) and Increasing Temperature + 

Fungicide (WF1, WF4, WF5) (Figure 1). Only 3 evolutionary communities were used 

because if all communities were assessed, the scale of project would greatly increase, and 

it would not be feasibly to perform all experiments within the amounted time frame.  

From the selected 12 communities, 6 isolates from each replicate community were used for 

phenotypic testing (4 Treatments X 3 Replicates X 6 isolates = 72 total isolates tested). All 

experiments performed were conducted under common garden conditions, meaning all 

isolates were grown and tested under identical conditions (in the absence of their evolved 

stressor). The ancestral community nor constituent taxa underwent any phenotypic testing 

except for virulence testing. This was due to the limited availability of the ancestral strains 

and that analysis with the ancestral strains would also increase the scale of the project, not 

making it feasibly to perform all experiments within the allotted timeframe. All 

communities were stored in 20% glycerol at -80°C by Matthew Kelbrick in 2023 (89). 

8.2 Introduction to barley/aphid system 

To test how evolved communities fare in their ability to promote plant growth, health, and 

defence, a barley aphid model system was employed, established by Sharon Zytynska at 

Liverpool. The barley plant (Hordeum vulgare) is a variety of cereal crop. It is a crucial 

crop for both human and animal food (93). Cereal aphids include species such as Sitobain 

avenae and Metopolophium dirhodum, are sap feeding herbivores. They feed off the 

phloem of the plant by injecting their mouthpiece, called a stylet into the plant (94) and 

different species of aphid have been shown to have different host specificities (95). Aphid 

herbivory can affect crop growth and health by infecting the crops they feed on with viruses 

and by limiting nutrient uptake (94) (96). 

Although there has been a myriad of studies showing how aboveground herbivory can 

affect the soil microbiome, there are fewer studies showing the reverse interaction of how 

the soil microbiome can affect aboveground herbivory (97), especially towards aphids. One 

study inoculated the soil with an array of various communities. This had varying effects 

both positive and negative on the aphid population. Although it did not conclude an exact 

reason as to why aphid numbers are affected by the soil microbiome, it showed that the 

aphid population can be influenced by the soil community (98). Other studies have been 

conducted to determine the effect the soil microbial community has on aphid numbers and 
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feeding patterns. For example, Sanchez-Mahecha et al has shown that inoculating the soil 

with a known plant growth promoting rhizobacteria (PGPR), Acidovorax radicis, can 

reduce aphid numbers on barley plants. This reduction is dependent on how soon the 

inoculation occurred prior to aphid infestation with later inoculation having better effects 

(99). However, some PGP bacteria such as Bacillus spp., have been shown to reduce aphid 

suppression responses in cabbage plant fields. Furthermore, other non-pathogenic bacteria 

were shown to reduce aphid suppression due to attracting aphid predators (100). The 

variance in outcomes may stem from distinct plant species, aphid populations, and bacterial 

strains under examination, showcasing the case specificity of each plant-aphid interaction.  

An alteration in aphid numbers and feeding caused by the soil microbiome could be due to 

several factors, but one of these can include the regulation of different biochemicals called 

phytohormones. Phytohormones such as salicylic acid, jasmonic acid, and ethylene do not 

only influence the plant in defence against pathogens but have also been shown to promote 

defence against herbivores, like aphids. These phytohormones have been shown to increase 

expression of genes and secondary metabolites which are related to plant defence against 

herbivores (95) (101). Although little is known, literature has suggested that the soil 

microbial community can affect the expression of genes related to phytohormone 

production. One study shows that soil inoculated with Pseudomonas simiae can promote 

jasmonic acid and ethylene production in the Arabidopsis thaliana which helps defence 

against leaf herbivory (102). Conversely, another study has suggested that the addition of 

the bacteria, Pseudomonas fluorescens to soil downregulates genes related to the salicylic 

acid response, thus inhibiting plant defence against the aphids (91). 

Thesis Objectives 

This thesis aims to understand how long-term evolution of soil microbial communities in 

the presence and absence of anthropogenic stress, shapes soil ecosystem functioning, 

virulence, and antimicrobial resistance of soil isolates along with the communities’ ability 

to promote plant growth and defence, with interest in the barley plant (Hordeum vulgare) 

under common garden conditions. 

Three key aims: 

i) Examine whether fungicide and/or temperature treatment drives increased 

adaptation to fungicide and/or temperature stress in soil isolates.  
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ii) Investigating how fungicide and/or temperature treatment shapes clinically 

important phenotypes (antimicrobial resistance and virulence) of soil microbes. 

iii) Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant).   
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Materials and Methods 

1) Examining individual taxa adaptation to stressors (increased temperatures 

and fungicide) 

Species Isolation from Evolved Communities  

Soil isolates were selected from each of the 12 evolved communities described above 

(Figure 1). This was performed by inoculating 100µl of frozen evolved community stock 

into 10g of twice autoclaved soil. The inoculum was entered directly into the soil rather 

than growing in liquid media in order to give slow growing bacteria a chance to establish 

itself in the soil and to replicate the conditions the communities were cultivated in. The 

community was then allowed to re-establish itself for 7 days in the fresh soil. After 7 days, 

a soil wash was performed, whereby 10ml of sterile phosphate buffer saline (PBS;137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4; Sigma) was added to each 

soil microcosm along with 10 X 5mm sterile glass beads (Fischer Scientific). The soil 

microcosm was then vortexed for 45 seconds and left to sit for 30 minutes allowing it to 

settle. The soil wash was then extracted, and a serial dilution was performed on each 

community’s soil wash using PBS in 96-well plates (CytoOne; Starlab). All dilutions up to 

10-8 were plated out by pipetting 20µl on Lysogeny broth agar (LB; Fisher Scientific; 10g 

casein peptone, 5g yeast extract, 10g NACL, 15g agar/L), Reasoner's 2A agar (R2A; Fisher 

Scientific; 0.5g casein hydrolysate, 0.5g dextrose, 0.5g soluble starch, 0.5g yeast extract, 

0.3g dipotassium phosphate, 0.3g sodium pyruvate, 0.25g sodium peptone, 0.25g meat 

peptone, 0.024g magnesium sulphate, 15g agar/L), and tryptic soy agar (TSA; Fisher 

Scientific; 15g pancreatic digest of casein, 5g papaic digest of soya bean, 5g NACL, 15g 

agar/L) plates, and they were spread using sterile 5mm glass beads. Each of the plates were 

incubated at 28°C for 7 days. A variety of agar types were used to isolate a wide range of 

bacteria from each of the evolved communities, rather than selecting for bacteria that are 

fast growing and only grow on one type of agar (Table 2). 

After 7 days, single colonies were picked at random and streaked onto their own new LB 

plate using a sterile inoculation loop. When the colonies grew, they were passaged a further 

two times on LB agar plates to ensure the colony is the only species growing on the plate. 

After the third passage, a single colony was used to inoculate 5ml of LB broth. The culture 

was then incubated in a shaking incubator (Innova 42; Eppendorf) at 28°C at 180 

revolutions per minute (rpm) for 18-24 hours. Frozen stocks were made from the overnight 
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LB cultures in 20% glycerol solution and stored at -80°C. Only 6 isolates taken from 3 

replicate communities from each treatment (outlined above) were used for further 

phenotypic testing. The number of isolates from each agar type is not even (2 isolates from 

each agar type), as even at low dilutions some agar plates were overgrown with a variety 

of colonies ranging in different sizes with some containing fungal growth, rendering it 

unfeasible to accurately select a single colony. This resulted in an imbalanced selection of 

isolates across the agar media types. Note, that taxa were selected at random from each 

community and have not been identified using genomic analysis. Therefore, the same taxa 

may be selected multiple times from a single community. This is especially likely if the 

treatment, reduced community diversity for example, as was the case for treatments 

exposed to fungicide (Figure 1) (89).  

Table 2: Outline of the number of isolates taken from agar types (LB, TS, and R2A) across 

the 12 treatment communities. 

Treatment 
Community 

Replicate 

Agar Type 

LB TS R2A 

Control 4 1 3 2 

Control 5 2 3 1 

Control 7 1 3 2 

Fungicide 1 1 2 3 

Fungicide 2 2 2 2 

Fungicide 5 2 2 2 

Temperature 1 2 3 1 

Temperature 2 2 3 1 

Temperature 7 0 4 2 

Temperature + 

Fungicide 
1 3 1 2 

Temperature + 

Fungicide 
4 1 4 1 

Temperature + 

Fungicide 
5 2 4 0 

LB = Lysogeny Broth Agar, TS= Tryptic Soy Agar, R2A = Reasoner’s 2A Agar 

Testing whether isolates from different treatments differ in their Fubol Gold 

Minimum Inhibitory Concentration  

It was predicted that soil isolates evolved in the presence of fungicide would display a 

greater minimum inhibitory concentration (MIC) for fungicide (Fubol gold) evolved 

isolates compared to isolates evolved in the absence of fungicide. To test this, soil isolates 

(6 isolates per community, from 3 community replicates of the 4 stressor treatments; 72 in 

total), were streaked individually, from a frozen stock, onto a LB agar plate. A single colony 
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was taken from each plate and added to 6ml of LB media in 30ml universal tubes (Fisher 

Scientific) before growing for 18 hours at 28°C, shaking at 180 rpm. The cultures were then 

standardised to 0.5 McFarland standard with PBS. This is ~1.5 X 108 Colony Forming Units 

(CFU)/ml. 5mg/ml Fubol Gold solution was prepared by dissolving Fubol Gold granules 

in filter sterilised water. 100µl of Mueller Hinton (MH; Sigma) media was added to 

columns 1-11 in a 96 well plate. The 5mg/ml Fubol Gold solution was added to column 12. 

The Fubol Gold was 1:2 serially diluted until column 3. Columns 1 and 2 were used as a 

sterile control and a growth control respectively. 10µl of the standardised culture was added 

to columns 2-12. The plates were left to grow static at 28°C for 18 hours. The plates were 

then examined using a microplate reader (Epoch2; Biotek) at optical density (OD) 600nm 

to determine if growth occurred and to identify the MIC of Fubol Gold for each of the 

isolates. Three technical replicates for each isolate were performed for each of the two 

biological replicates carried out. Escherichia coli and a lab strain of Pseudomonas 

aeruginosa (PAO1) were used as internal controls to determine if the results were accurate 

between replicates. 

Testing whether isolates from different treatments differ in their temperature stress 

adaptation 

It was predicted that soil isolates evolving under warming conditions would grow better 

under high temperatures, compared to soil isolates evolving at 26°C. To test this, the 72 soil 

isolates (as before) were streaked individually, from a frozen stock, onto an LB agar plate. 

A single colony was taken from each plate and added to 6ml of LB media in a 30ml 

universal tube, before growing for 18 hours at 28°C, shaking at 180 rpm. The isolates were 

then standardised to 0.5 McFarland standard with PBS and 10µl of each of the 72 total 

overnights were added to their own well within a 96 well plate, containing 200µl of LB 

media. This was repeated a further two times in individual 96 well plates. The three plates 

were then placed into three different incubators set to 24°C, 28°C, and 34°C and were 

grown static. These three temperatures were chosen because 24°C is a common temperature 

for soil isolates to experience in nature (103), 28°C because this is generally the optimum 

temperature in which soil isolates proliferate (104), and 34°C was used as this was the max 

temperature in which the soil isolates from the increasing temperature treatment went under 

during their initial evolution by Kelbrick et al (89). The OD of the strains was recorded at 

the 0, 24, and 48 hour time points using a microplate reader at OD 600nm (Epoch2; Biotek). 

Three technical replicates for each isolate were performed for each of the two biological 
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replicates carried out. E. coli was used as an internal control. All isolates were grown under 

common garden conditions. Statistical analysis was carried out to test whether evolutionary 

history of soil isolates affected growth at increased temperatures, above optimum range.  

2) Investigating how fungicide and/or temperature treatment shapes clinically 

important phenotypes (virulence and antimicrobial resistance) 

Galleria mellonella – Evolved Community Virulence Assay 

Previous data indicated that different stressors (specifically fungicide application) drive 

community compositional shifts towards potentially opportunistic pathogens such as 

Pseudomonads or Enterobacteria (89). To test whether the treatments altered the ability of 

species within a community to establish an infection, a wax moth larval model host 

(Galleria mellonella) was used. Galleria mellonella were sourced from “Shauna’s Pet 

Shop” (Capel Street, Dublin). All moths were in their final larval stage before pupation. 

The moths were weighed and those with a weight between 0.2-0.35g were used. They were 

kept at room temperature in wood shavings for 1 day before the experiment commenced. 

To minimise the number of larval wax moths being used for this experiment, one whole 

evolved community from each of the treatments (i.e. not individual isolates) were analysed. 

A single ancestral community was also tested, to understand whether communities had 

overall increased, or decreased in virulence as a result of evolution.  

In total, five communities were tested: One ancestral community, plus a single community 

from each of the four treatments described previously. The pathogen Pseudomonas 

aeruginosa (PAO1) was also included as a positive control, and PBS was used as a negative 

control. A set of un-injected wax moths was also used as a control for their health in the 

incubator at 37°C.  

The five communities were grown for 24 hours at 28°C at 180 rpm, in 6ml of LB media 

using a scraping from frozen stock. The communities were standardised to 0.1 OD at 600nm 

using PBS which is ~1.5 X 108 CFU/ml. The cultures were aspirated using a 10µl syringe 

(Hamilton) and were injected into the back left proleg of the larvae. Ten larvae were 

injected for each community. The syringe was sterilized between each injection by 

aspirating 70% ethanol three times and letting it sit for one minute each time. This was then 

followed by washing the syringe three times with PBS. The injected larvae were placed 

into an empty Petri dish and kept in the dark in an incubator set to 37°C. They were assessed 

for death at hourly intervals until all worms perished. Larvae were deemed as dead if they 
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did not respond to mechanical touch with a pipette tip. The total observation time lasted 24 

hours. 

Table 3: Outline of the number of worms injected for each tested community standardised to 

a specified OD600nm value.  

Treatment Number of worms OD 600nm 

Ancestor 10 0.1 

Control (C1) 10 0.1 

Fungicide (F1) 10 0.1 

Increasing Temperature (W1) 10 0.1 

Temperature + Fungicide 

(WF1) 

10 0.1 

PAO1 (Positive Control) 10 0.1 

PBS (Negative Control) 10 0.1 

No Injection (Negative Control) 10 0.1 

 

Antibiotic Disc Diffusion Assay  

The protocol used to perform the antibiotic disc diffusion assay was based on the protocol 

defined by the EUCAST guidelines (105). However, it was necessary to make some 

modifications from the EUCAST guidelines as they state the bacteria should be grown at 

37°C. This is generally not within the optimum temperature range of soil bacteria (104). 

Therefore, isolates were grown at 28°C in order for them to undergo normal growth. 72 

total taxa were tested from the 4 treatments (6 isolates per 3 replicate communities per each 

of 4 treatments). The isolates were streaked individually from frozen stocks onto a LB agar 

plate. A single colony was taken from each isolate and added to 6ml of LB media in 30ml 

universal tubes for 18 hours at 28°C at 180 rpm. The isolates were then standardised to 0.5 

McFarland standard using PBS in 1.8ml microfuge tubes (Sigma), which is 0.08-0.1 

OD600nm. A cotton swab was then dunked into the microfuge tube and used to lawn the 

Mueller Hinton agar plate. The antibiotic discs were placed onto the agar within 15 minutes 

of spreading, in accordance with the EUCAST guidelines (105). The antibiotic discs were 

placed on the surface of the MH2 plates using an antimicrobial susceptibility disc dispenser 

(Oxoid). The antibiotics tested were ciprofloxacin (5µg), chloramphenicol (30µg), 

tobramycin (10µg), gentamicin (30µg), piperacillin/tazobactam (36µg), and meropenem 

(10µg). These antibiotics were chosen as they are from several different antibiotic classes 

with varying modes of action. The plates were left to grow for 18 hours at 28°C. The 

diameter of the zones of inhibition were recorded using a ruler immediately after removing 

the plates from the incubator. E. coli was used as a control. Two technical replicates for 
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each isolate were performed in each of the two biological replicates carried out for this 

experiment. 

3) Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant) 

Barley Growth / Health Assays  

For this assay it was tested how whole evolved communities fared in their ability to promote 

plant growth and health. The effect of all 32 evolved communities (8 community replicates 

from the 4 treatments) were assessed (Figure 1).  

Two different methods were used to assess the effect the evolved soil communities had on 

the growth and health of the barley plant (Hordeum vulgare). These methods were: 

i) Direct Soil Inoculation 

ii) Seed Inoculation  

 

i) Direct Soil Inoculation Method 

Amplifying soil community stocks 

The evolved soil community stocks were amplified using the method derived from Hall et 

al (106). Firstly, 10g of soil was inserted into 30ml glass universal tubes (Fisher Scientific) 

and autoclaved twice at 121°C for 15 minutes. After autoclaving, the soil was left at room 

temperature for 5 days to allow for the reoxidation of toxic compounds, such as manganese, 

which can become soluble when exposed to high temperatures (107). After 5 days, 100µl 

of each community frozen stock was added to individual 30ml glass universal containing 

the 10g of soil. After inoculation the communities were allowed to re-establish in the soil 

for 7 days. A soil wash was performed after 7 days by adding 10ml of water with 10 X 5mm 

sterile glass beads to the soil. The tubes were vortexed for 60 seconds and then allowed to 

settle for 30 minutes. From this, 300µl was taken and added to another beaker containing 

30g of autoclaved soil and was allowed to establish itself for 7 days. This step was 

necessary to ensure we had sufficient frozen soil community stocks to enable our 

experiment to be repeated if needed. All evolved soil communities were prepared under the 

same conditions (common garden conditions), as similar conditions would be used during 

plant growth experiments. 
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Soil preparation for plant experiments 

To test how communities fared in promoting plant growth and health, soil inoculated with 

different evolved communities were established in individual pots. For each pot used in the 

experiment, 30g of soil was added to 30ml universals and steamed sterilised twice at 121°C 

for 15 minutes and left to 5 days to allow for the reoxidation of toxic compounds (107). 

After 5 days, 300µl soil wash of each of the 32 evolved soil communities prepared 

previously (8 community replicates within the 4 treatments) were added to individual 

microcosms. 3 technical replicates of each community were prepared. The universals were 

then vortexed for 45 seconds and then incubated statically at 26°C at 60% humidity for 7 

days to allow the bacteria to proliferate throughout the soil. After 3 days, the microcosms 

were vortexed again for 45 seconds and placed back into the incubator to complete their 

incubation time. This allows the community to fully proliferate throughout the soil 

microcosm. After 7 days, the full contents of each microcosm were added to their own plant 

pot (20oz cup, 12cm high, 6.5cm bottom diameter, 9.5cm top diameter). 96 plant pots were 

prepared consisting of 8 communities from each of the 4 treatments, with 3 replicates for 

each community (4 Treatments X 8 communities per treatment X 3 replicates = 96 pots) 

(Figure 2). 

Seed Preparation  

The variety of spring barley seed (Hordeum vulgare) used was “Curtis” (KWS UK LTD). 

The barley seeds were sterilised in 10% bleach for 5 minutes and then washed with tap 

water for 5 minutes before planting in each pot. 

Aphid Preparation 

To test whether the soil community’s treatment affected the ability of plants to defend 

against pests, aphids were included in all the plant pots. The aphids (Sitobian avenae) were 

acclimatised for 7 days in a growth chamber set to 26°C to accustom them to the high 

temperatures. This ensures they are not stressed for the duration of the experiment and 

undergo standard behaviour. Mesh was glued on top of pot lids that had a 2.5cm hole on 

top to prevent aphids from escaping and contaminating other pots (Inn Supplies LTD) 

during the experiment. 
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Planting Preparation  

A single sterilised seed was planted into each of the 96 pots prepared with soil communities 

described above. Using a sterile forceps, the seeds were sowed 1cm down into their pots 

and covered in soil. The forceps were sterilised with 70% ethanol after each seed was 

planted. 3ml of water was added to each pot prior to placing them in a growth chamber set 

at 26°C with 60% humidity. The growth chamber (MLR-352; PHCBI) was calibrated to a 

light cycle of 600 lumens for 16 hours and 0 lumens for 8 hours a day, to simulate the day-

night cycle. All 96 pots were assigned a unique identification (ID) and were placed at 

random locations into the growth chamber. However, each replicate pot was placed onto a 

different shelf in the growth chamber. This was done to mitigate bias in growth rate, based 

on the seed’s location within the growth chamber. The seeds were watered approximately 

every 3 days with 3-5ml of tap water over the course of the experiment.  

Growing Stage  

The planted seeds were allowed to grow for 6 days. On day 6 of the experiment, the height 

of the plant was measured and 2 fourth instar aphids were then added. On day 12, the height 

of the plant was measured, and the number of adult, offspring, and winged aphids were 

counted. These parameters were again measured on day 16. On day 20, these parameters 

were measured again, along with root length. The shoots and roots were also cut, washed 

with tap water, inserted into a paper bag, and placed in an incubator set to 50°C. and they 

were then left to dry for 5 days. The dried roots and shoots were then weighed to calculate 

dry biomass. The growing stage lasted 20 days with 14 of these days with the presence of 

aphids (Table 4). 
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Figure 2: Outline of the experimental design to test how treatment shapes plant growth and 

health. Eight replicate communities from 4 treatments were inoculated into individual plant pots. 

Each community was replicated 3 times, giving a total of 96 pots. Image created in BioRender. 

 

Table 4: Timeline of direct soil inoculation experiment with activities performed on each 

day. 

Day 0 Day 6 Day 12 Day 16 Day 20 

Plant seeds into 

soil inoculated 

with evolved 

communities 

Measure plant 

height + add 2 

fourth instar 

aphids 

Measure plant 

height + count 

adult, offspring, 

and winged 

aphids 

Measure plant 

height + count 

adult, offspring, 

and winged 

aphids 

Measure plant 

height + count 

aphids + 

measure root 

length + dry 

shoots and roots 

for dry biomass 

 

 

ii) Seed Inoculation Method 

This experiment is similar to the direct soil inoculation experiment. However, instead of 

inoculating the bulk soil with the evolved soil communities, the seeds were instead 

inoculated with the evolved communities before planting into sterilised soil. This 

experiment was performed to determine if only the seeds need to be inoculated with the 

communities tested rather than the soil to have an effect on the growth of the barley plant. 

The barley seeds were sterilised with 10% bleach for 5 minutes and then washed for a 

further 5 minutes in tap water. Each bacterial community was diluted to a 1/10 dilution with 

500µl into 4.5ml PBS into a 50ml Falcon tube. 3 barley seeds were then placed into each 
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evolved soil community solution and left to soak for 2 hours. After 2 hours, the 3 seeds 

were placed with a sterile forceps directly into a single pot (9cm tall, 6.5cm bottom 

diameter, 9.5cm top diameter; Modiform) containing 150g of sterile John Innes No. 2 soil. 

3 seeds instead of 1 seed were used to ensure some results were obtained as there were time 

constraints for the equipment used. The forceps were sterilised with 70% ethanol after each 

set of seeds. After the seeds were planted, 45ml of tap water was added to the pots and a 

further 45ml was added approximately every 3 days after that. The seeds were left to grow 

for 20 days in a growth chamber (MLR-352; PHCBI) set at 26°C at 60% humidity with a 

day-night cycle of 15 hours at 600 lumens and 9 hours at 0 lumens. Unlike the direct soil 

inoculation experiment, no aphids were added during this experiment, due to time 

constraints. The height of the plants was measured after 6, 12, 17, and 20 days. After day 

20 the shoots were cut, washed with tap water, put into paper bags, and placed within an 

incubator at 50°C for 5 days to dry. The dried shoots were then weighed to calculate dry 

biomass (Table 5). 

Table 5: Timeline of seed inoculation experiment with activities performed on each day. 

Day 0 Day 6 Day 12 Day 17 Day 20 

Plant seeds into 

inoculated soil 

Measure plant 

height 

Measure plant 

height 

Measure plant 

height 

Measure plant 

height + dry 

shoots and roots 

for dry biomass 

 

Statistical Analysis 

R version 2023.12.1 (108) was used for all statistical analyses associated with the project. 

To examine the impact of the soil treatments on the MIC of Fubol Gold and antibiotic 

susceptibility, we employed Kruskal-Wallis rank sum tests for each antibiotic. 

Subsequently, we conducted Dunn's tests with Bonferroni adjustment to evaluate 

differences between treatments. These analyses were performed using the 'dunn.test' 

package (109). Additionally, to assess the influence of varying temperature on the evolved 

soil communities, we conducted ANOVA analyses followed by post hoc Tukey tests. In 

these tests, we used the average OD as our response variable, with temperature and 

treatment serving as factors. 

Moreover, a similar approach was employed for the soil inoculation test, where an ANOVA 

test was performed followed by a Tukey test, using shoot height on each day as a response 

variable and the treatments as factors. Similarly, ANOVA tests were conducted to assess 
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shoot biomass, root biomass, and root length. Additionally, ANOVA tests were utilised to 

test overall aphid numbers for each treatment as well as aphid numbers on each day. 

Furthermore, a Spearman’s rank correlation test was carried out to examine the correlation 

between plant height as well as aphid numbers on day 20. 

Quality control measures were taken to ensure the reliability of results. Various tests 

including plotting the residual versus fitted data and normal Q-Q tests were conducted to 

assess the data for normality. All graphs were designed within R-studio utilising the R 

packages “ggplot2” (110) and “gridExtra” (111).  
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Results 

1) Examining individual taxa adaptation to stressors (increased temperatures 

and fungicide) 

The first objective was to evaluate how each of the isolates taken from the evolved soil 

communities has adapted to the anthropogenic stressors they were exposed to in the 

evolution experiment (fungicide and warming/increasing temperatures) (89). Additionally, 

we aimed to determine whether 6 months of exposure to these stressors is sufficient time 

to cause evolved changes in the phenotype of constituent taxa. To achieve this, 72 soil 

isolates (6 isolates from each 3 communities, taken from 4 treatments) were measured on 

their capacity to grow in the presence of fungicide (Fubol Gold), and to proliferate whilst 

experiencing varying temperature environments (24°C, 28°C, 34°C) under common garden 

conditions. Note that individual isolates were used in this experiment as assaying entire 

communities, a) only gives an “average” value across all community members, which could 

be misleading, if for example division of labour is occurring in communities, and b) 

ecological filtering during the community cultivation process in LB media could miss-

represent community dynamics in soil.  

Testing whether isolates from different treatments differ in their Fubol Gold 

Minimum Inhibitory Concentration  

In this study, the MIC of Fubol Gold was evaluated for all 72 soil isolates. In some technical 

replicates for certain isolates, the positive control did not grow. This removed 25 datapoints 

across 10 isolates. In some cases, the positive control of all replicates for a given isolate 

failed to grow (e.g. in the community C5). However, in other cases, only one or some of 

the technical replicates failed to grow. Isolates were omitted from analyses when they did 

not grow in any technical or biological replicate.  

It was found that the MIC of soil isolates differed depending on the treatment from which 

they originated (Kruskal Wallis rank sum test; X2= 16.341, df= 3, p= 0.0009652). Post hoc 

analysis revealed this difference was largely driven by increased MIC in communities 

evolving under fungicide conditions (Dunn test; control versus fungicide; p<0.01) (Dunn 

test; control versus fungicide + temperature; p<0.01) compared to the control.  

However, isolates from the increasing temperature/warming treatment did not have any 

significant difference relative to the stress-free control isolates (Dunn test; control versus 

temperature; p<0.01). (Figure 3, Table 6).  
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Table 6: Dunn test results for fungicide stress adaptation of treatments compared to the 

stress-free control treatment.  

Comparison P-Value Adjusted P-Value Significance 

Control Versus Fungicide 0.003273112 0.0196 ** 

Control Versus Temperature 0.497913205 1.00 Ns 

Control Versus Temperature + 

Fungicide 

0.001633669 0.00980 ** 

Asterisks signify significant differences between treatments (* = p<0.05, ** = p<0.01, Ns = Not 

Significant). 

 

Figure 3: Log10 MIC of Fubol Gold (µg/ml) performed on isolates from each of the evolved 

soil treatments. 18 isolates were tested for each treatment (6 isolates from 3 different 

communities). Both the fungicide and the combination treatment (increasing temperature + 

fungicide) had a greater MIC value compared to the control. This indicates that fungicide exposure 

increases fungicidal resistance. Asterisks signify differences between treatments (* = p<0.05). 

The MIC values of the six isolates from the same community tend to exhibit large variation. 

The non-transformed MIC values for the isolates used to create Figure 3 are highlighted 

below (Table 7 + 8). Table 7 highlights the MIC for the total number isolates within each 

treatment, whilst Table 8 divides the information further into the MIC value of the isolates 
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within each replicate community. For example, the control community contains isolates 

with MIC values ranging from 9.7µg/ml to 1250µg/ml (Table 7). However, it is displayed 

that this only occurs in the community replicate C7 (warming + fungicide treatment) (Table 

8).  

It is important to note that the isolates have not been sequenced and they may belong to the 

same or different species, genera, or families of bacteria. The goal here was not to identify 

species that increase MIC against Fubol Gold, but rather to determine whether we see broad 

shifts towards increased fungicide tolerance in fungicide-evolved populations. These 

variations may be occurring via ecological filtering for already less susceptible taxa, or 

evolution within taxa towards enhanced tolerance to fungicide.  

Table 7: The 18 isolates from each treatment were categorized according to their mean Fubol 

Gold Minimum Inhibitory Concentration (MIC). 

Treatment Number of 

Isolates 

Concentration µg/ml 

9.7 19.5 39 78 156 312 625 1250 

C 17 8 1 1 2 2 2 - 1 

F 18 1 1 - 2 11 2 - - 

W 18 - 3 9 5 1 - - - 

WF 18 2 - 3 1 4 3 4 1 

The values in the table denote the number of isolates (out of a maximum 18) within the evolved 

community exhibiting that MIC at the specified concentration. Note the control treatment has 17 

isolates since one of the isolates did not grow for any technical replicate performed. (C=Control, 

F=Fungicide stress, W=Warming, WF= Warming + Fungicide) 
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Table 8: 6 isolates from each of the 3 communities per treatment were categorized according 

to their mean Fubol Gold Minimum Inhibitory Concentration (MIC). 

Treatment 
Number of 

Isolates 
Community 

Concentration µg/ml 

9.7  19.5 39 78 156  312  625  1250  

Control 6 C4 4 - 1 - 1 - - - 

5 C5 3 - - - 1 1 - - 

6 C7 1 1 - 2 - 1 - 1 

Fungicide 6 F1 1 1 - - 2 2 - - 

6 F2 - - - 1 4 1 - - 

6 F5 - - - 1 5 - - - 

Increasing 

Temperatures 

6 W1 - 1 1 3 1 - - - 

6 W2 - 1 4 1 - - - - 

6 W7 - 1 4 1 - - - - 

Increasing 

Temperatures 

+ Fungicide 

6 WF1 - - - - 1 3 2 - 

6 WF4 - - 3 1 - - 1 1 

6 WF5 2 - - - 3 - 1 - 

The values in the table denote the number of isolates within the evolved community (maximum 6) 

exhibiting that MIC at the specified concentration. Note: The community C5 only has 5 isolates 

since one of the isolates did not grow for any technical replicate performed. (C=Control, 

F=Fungicide stress, W=Warming, WF= Warming + Fungicide)  

Testing whether isolates from different treatments differ in their temperature stress 

adaptation 

The ability of the evolved soil isolates to grow under varying temperature conditions was 

investigated next. All 72 isolates were cultivated under three different temperature 

conditions: 24°C, 28°C, and 34°C, with cell density (OD600nm) measured after 0, 24, and 

48 hours (Figure 4).  

At 24 hours, it was found that the temperature condition (24°C, 28°C, 34°C) at which the 

isolates grew under significantly affected their growth, irrespective of treatment (2-way 

ANOVA; non-significant treatment versus temperature conditions (F= 6.9423, df= 2, p= 

0.0012). From this a Tukey test was performed, and it was established that higher 

temperatures, 28°C (Tukey test; 24°C versus 28°C; p<0.02) and 34°C (Tukey test; 24°C 

versus 34°C; p<0.001), resulted in higher isolate growth than 24°C (2-way ANOVA; 

Temperature conditions; F= 6.989 df= 2 p= 0.0015). There was no significant difference 

between 28°C and 34°C (Tukey; 28°C versus 34°C; p>0.05) 

Despite the fact that the temperature conditions under which the isolates grew affected their 

growth and was not influenced by treatment, significant differences were found between 

treatments when temperature conditions were disregarded. Specifically, only the isolates 

from the fungicide evolved treatment grew significantly better than all other evolved 
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treatments (Table 9) including the stress-free control (Tukey test; fungicide versus control; 

p<0.0001). 

However, after 48 hours, the same effect of temperature conditions was not observed. 

Irrespective of treatment, there was no significance between treatments at any temperature 

(2-way ANOVA; (F= 2.3442, df= 2, p= 0.0985). Similarly, significant differences were 

found between treatments when temperature conditions were disregarded. Again, the 

fungicide treatment grew better than all other treatments including the stress-free control. 

Furthermore, the increasing temperature (Tukey test; fungicide versus control; p<0.0001) 

and dual stressor treatment (Tukey test; fungicide versus control; p<0.05) had significantly 

more growth relative to the control treatment.  
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Figure 4: Cell density of isolates from the evolved soil communities grown at 24°C, 28°C and 

34°C. The isolates were grown statistically in 96 well plates and their cell density was measured 

after 0, 24 and 48 hours at OD 600nm. The error bars indicate ± standard deviation. 
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Table 9: Tukey test results highlighting interactions between treatments irrespective of growth 

temperature conditions. 

Hours Comparison P-Value Significance 

24 Control Versus Fungicide 0.00001 *** 

24 Control Versus Temperature 0.098 Ns 

24 Control Versus Temperature + Fungicide 0.187 Ns 

24 Fungicide Versus Temperature 0.00001 *** 

24 Fungicide Versus Temperature + Fungicide 0.00001 *** 

24 Warming Versus Temperature + Fungicide 0.990 Ns 

48 Control Versus Fungicide 0.00001 *** 

48 Control Versus Temperature 0.00001 *** 

48 Control Versus Temperature + Fungicide 0.022 * 

48 Fungicide Versus Temperature 0.0001 *** 

48 Fungicide Versus Temperature + Fungicide 0.00001 *** 

48 Warming Versus Temperature + Fungicide 0.170 Ns 

(* = p<0.05, ** = p<0.01, *** = p<0.001, Ns = not significant) 

 

2) Investigating how treatment shapes clinically important phenotypes 

(antimicrobial resistance and virulence) 

The next aim assessed whether long-term exposure to the stressors of fungicide and 

increasing temperature stress affected community virulence and resistance to antibiotics. 

This was determined by (i) assessing the ability of whole evolved communities to establish 

an infection in a wax moth larval host and (ii) characterising antibiotic susceptibility for 

individual isolates from evolved communities. Note, the former determines whether the 

treatment selects for opportunistic pathogens in soil, which may be mediated through both 

evolutionary changes and compositional shifts.  

Galleria mellonella virulence assay 

This experiment aimed to investigate the impact that evolution under fungicide and 

temperature stress has on the potential for a community to contain virulent species that may 

infect a wax moth larval host (Figure 5). 

Due to the intensive nature of this experiment, only one replicate community could be 

tested per treatment, hence it was not possible to statistically test whether the treatments 

shaped survival. However, these preliminary results suggest that survival tends to split into 
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two groups depending on the treatment. The ancestral, the controls, and warming 

temperature communities killed all 10 of their hosts between 7 - 12 hours. Conversely, it 

took 19 hours until both fungicide and the dual stressor warming + fungicide communities 

killed all 10 wax moth hosts. This suggests that fungicide-mediated shifts in species 

composition and/or evolution within constituent species, reduces the likelihood of 

opportunistic pathogens establishing infections from these communities. However, PBS 

injection did cause mortality of the larvae (10/10 larvae died after 21 hours), which likely 

occurred either because the syringe was not adequately sterilized between injections, the 

injection method harmed the larvae, or that the PBS was contaminated. As a result, these 

findings point to some interesting trends, but they have major caveats and experiments 

should be repeated.  

Figure 5: Survival of wax moths (Galleria mellonella) after infection with five different soil 

communities (one ancestral and four evolved). PAO1 and no injection were used as a positive 

and negative control respectively. Only 1 biological replicate was performed (n=1) 

Antimicrobial Resistance  

Antimicrobial resistance was assessed using the antibiotic disc diffusion assay across all 72 

soil isolates. The antibiotics chloramphenicol (30µg), tobramycin (10µg), gentamicin 

(30µg), piperacillin/tazobactam (36µg), meropenem (10µg) and ciprofloxacin (5µg), were 
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tested for their ability to inhibit a lawn of bacteria established from each individual isolate. 

Zones of inhibition varied greatly among isolates, ranging from 0mm to 40mm for all 

antibiotics tested. Note that when zone of inhibition = 40, the result is conservative, since 

extremely large zones of inhibition from different antibiotics merge together on the same 

testing plate.  

For chloramphenicol, it was found that zones of inhibition were significantly affected by 

the treatment (Kruskal-Wallis rank-sum test, X2 = 26.695, df= 3, p<0.0001) (Figure 6). 

Specifically, isolates from the increasing temperature treatment were more susceptible to 

chloramphenicol than isolates exposed to the dual stressor (W versus WF; Dunn test, p= 

0.00235), fungicide-only (W versus F; Dunn test, p= 0.0000929), and the stress-free control 

(W versus C; Dunn test, p= 0.0000269) treatments. Hence, warming either increased or 

maintained susceptibility to chloramphenicol. Note, it is not possible to elucidate whether 

susceptibility increased or is maintained because isolates from the ancestral community 

were not assayed here. However, 54% of the isolates were completely resistant (zone of 

inhibition = 0) to chloramphenicol.  

For gentamicin, it was found that zones of inhibition were significantly affected by 

treatment (Kruskal-Wallis rank-sum test, X2 = 20.067, df= 3, p<0.000164). Similarly, 

isolates from the increasing temperature treatment were more sensitive to gentamicin than 

isolates exposed to warming + fungicide (W versus WF; Dunn test, p= 0.0058), fungicide-

only (W versus F; Dunn test, p= 0.0003), and the stress-free control (W versus C; Dunn 

test, p= 0.0004). Thus, increasing temperature stress either increased or maintained 

susceptibility to gentamicin.  

The zones of inhibition for piperacillin/tazobactam exhibited significant variation in 

response to the treatment (Kruskal-Wallis rank-sum test, X2 = 9.8825, df= 3, p<0.01959). 

Isolates from the increasing temperature treatment were significantly more sensitive to 

gentamicin that isolates from the stress-free control only (W versus C; Dunn test, p= 

0.0123). Therefore, increasing temperature stress either increased or maintained 

susceptibility to piperacillin/tazobactam.  

The treatment used had a notable impact on the zones of inhibition for meropenem 

(Kruskal-Wallis rank-sum test, X2 = 10.55, df= 3, p<0.01443). There was no significance 

observed between any of the stress evolved isolates compared to the stress-free control. 

However, isolates from the increasing temperature treatment were significantly more 
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sensitive to meropenem than that of isolates from the fungicide-only treatment (W versus 

F; Dunn test, p= 0.0061). There was no significant difference between any other treatment.  

No significant differences were observed among any of the treatments for the antibiotics 

tobramycin (Kruskal-Wallis rank-sum test, X2 = 0.31058, df= 3, P=0.958) and 

ciprofloxacin (Kruskal-Wallis rank-sum test, X2 = 1.033, df= 3, p=0.7933) 
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Figure 6: Antibiotic susceptibility testing using the disc diffusion method on isolates 

from different treatments. Data represents the zone of inhibition (mm) for each treatment. 

The disc content for each antibiotic consisted of ciprofloxacin (5µg), chloramphenicol 

(30µg), tobramycin (10µg), gentamicin (30µg), piperacillin/tazobactam (36µg), and 

meropenem (10µg). Significant stars signify a statistical difference between treatments, 

based on Dunn test results. Asterisks signify significant differences between treatments (* = 

p<0.05). 
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Table 10: Dunn Test results, highlighting the interactions between treatments compared to the 

stress-free control treatment for each antibiotic.  

Antibiotic Comparison Test Statistic 
Adjusted P-

Value 
Significance 

Chloramphenicol 
Control Versus 

Fungicide 
0.387 1 Ns 

Chloramphenicol 
Control Versus 

Temperature 
0.000002 0.000012 * 

Chloramphenicol 

Control Versus 

Fungicide + 

Temperature 

0.117 0.706 Ns 

Tobramycin 
Control Versus 

Fungicide 
0.305 1 Ns 

Tobramycin 
Control Versus 

Temperature 
0.34 1 Ns 

Tobramycin 

Control Versus 

Fungicide + 

Temperature 

0.338 1 Ns 

Gentamicin 
Control Versus 

Fungicide 
0.455 1 Ns 

Gentamicin 
Control Versus 

Temperature 
0.0000715 0.0004 * 

Gentamicin 

Control Versus 

Fungicide + 

Temperature 

0.254 1 Ns 

Piperacillin/Tazobactam 
Control Versus 

Fungicide 
0.00586 0.0352 Ns 

Piperacillin/Tazobactam 
Control Versus 

Temperature 
0.00204 0.0123 * 

Piperacillin/Tazobactam 

Control Versus 

Fungicide + 

Temperature 

0.0286 0.171 Ns 

Meropenem 
Control Versus 

Fungicide 
0.233 1 Ns 

Meropenem 
Control Versus 

Temperature 
0.00888 0.053 Ns 

Meropenem 

Control Versus 

Fungicide + 

Temperature 

0.191 1 Ns 

Ciprofloxacin 
Control Versus 

Fungicide 
0.381 1 Ns 

Ciprofloxacin 
Control Versus 

Temperature 
0.163 0.978 Ns 

Ciprofloxacin 

Control Versus 

Fungicide + 

Temperature 

0.292 1 Ns 

Note: For the Dunn test p≤0.025 is needed to reject H0. Asterisks signify significant differences 

between treatments (* = p<0.025, NS = Not Significant). 
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3) Testing how treatment affects ecosystem functioning of evolved communities 

(growth and health of a crop plant)  

Finally, the whole evolved soil communities from each of the treatments were evaluated on 

their ability to promote crop growth and crop defence of the barley plant (Hordeum 

vulgare). This involved a 20-day cultivation period, during which various growth and 

health metrics were recorded. These metrics were indicators of crop growth and health and 

included shoot height, shoot biomass, root length, root biomass, and their ability to combat 

aphids. 

i) Crop Growth  

The ability to promote crop growth and health is an important function of the soil 

microbiome. This experiment investigated whether prolonged exposure of the soil 

community to the stressors, fungicide and increasing temperatures, alters the community’s 

function at promoting crop health. The assessment focused on determining the effectiveness 

of evolved soil communities in promoting crop growth, utilizing shoot height, shoot 

biomass, root length, and root biomass as key indicators. 

Shoot height: Shoot height did not differ between treatments on day 6 (Day 6 ANOVA: F= 

1.7896, df= 3, p>0.05) or day 12 (Day 12 ANOVA: F= 1.8689, df= 3, p>0.05). However, 

at day 16 and 20, shoot height significantly differed between treatments (Day 16 ANOVA: 

F= 2.6046, df= 3, p= 0.0634), (Day 20 ANOVA: F= 4.0755, df= 3, p= 0.0121). At day 16, 

these differences were specifically driven by the fungicide-only treatment compared to the 

control (Tukey Post-hoc test; Fungicide versus control; p<0.05). At day 20, both the 

fungicide-only treatment and the fungicide + temperature treatment both had significantly 

increased shoot height relative to controls (Tukey post hoc test, control versus fungicide, 

p<0.01; control versus fungicide + temperature, p<0.05) (Figure 7).  
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Figure 7: Shoot height of barley plants where the soil was directly inoculated with evolved soil 

communities from four different treatments. The plants were left to grow for 20 days, and their 

shoot height was recorded after 6, 12, 16 and 20 days. Error bars signify the ± standard deviation 

of shoot height. Significant differences between treatments are indicated by asterisks (* = p<0.05). 

Shoot biomass: Shoot dry biomass at day 20 differed between treatments ((df= 3, F-

value=2.829, p<0.05). Specifically, communities that had evolved in the presence of 

fungicide-only, caused plants to have increased shoot biomass compared to the control 

communities (Tukey test, p<0.05). However, unlike shoot length data (above) there was no 

difference between fungicide + temperature treatment and the control (Tukey test, control 

versus fungicide + temperature, p>0.05). This reinforces that soil inoculated with microbes 

from fungicide-evolved communities promote crop growth, although this effect may be 

reduced or lost when fungicide is imposed alongside increasing temperatures (Figure 8).  
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Figure 8: Shoot biomass of the barley plants exposed to different evolved soil communities. 

Fungicide-evolved communities conferred increased shoot biomass control communities. Error 

bars signify the ± standard deviation of plant height. Asterisks signify significant differences 

between treatments (* = p< 0.05). 

Root length and biomass: Root length and biomass were additional factors considered to 

assess plant health (Figure 9). On day 20, root length was measured to evaluate the impact 

of evolved soil communities on plant roots. However, no significant differences were found 

among treatments for root biomass (ANOVA; df= 3, F-value=1.8403, p>0.05) or root 

length (ANOVA; df= 3, F-value= 51.332, p>0.05). 
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Figure 9: Root biomass (g) (A) and root length (cm) (B) of barley plants inoculated with 

microbial communities that had evolved under 4 different treatment conditions. Root length 

and biomass was collected on day 20. No significant differences are observed for either root 

biomass or length between treatments. 

Seed Wash 

After completing the initial experiment, we conducted a seed wash assay to explore whether 

subjecting the evolved soil communities exclusively to the seeds before planting would 

produce comparable effects on shoot height, like those observed with direct soil 

inoculation. In contrast to the outcomes observed with direct soil inoculation, this method 

did not yield any statistically significant effects across the different treatments on any day, 

even on day 20 (ANOVA, day 20, df= 3, F-value= 1.4487, p>0.05) (Figure 10). It is 

important to note that seeds inoculated with identical community replicates were planted 

into pots containing 150g of soil, as opposed to the 30g of soil used in the direct soil 

inoculation experiment. This discrepancy in soil volume may have influenced the results, 

introducing varied conditions that could have potentially impacted the results. 
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Figure 10: Barley seeds were inoculated with evolved soil communities and allowed to grow 

for 20 days in sterile soil. Shoot height measurements were taken at 6, 12, 17, and 20 days. 

Statistical analysis revealed no significant differences between treatments at any time point 

throughout the. Error bars signify the ± standard deviation of plant height.  

ii) Crop Defence  

Finally, we wanted to determine if exposing the soil in which the crops grow, to the evolved 

communities influenced crop health, in particular defence against herbivores. Our focus 

was on aphids (Sitobian avenae), which are sap feeding herbivores. We wanted to assess if 

soil microbial communities differed in their ability to protect the plant from aphids (i.e. 

more aphid-suppressive communities should have fewer aphid numbers). Two aphids in 
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their fourth instar stage were added to each barley plant on day 6 of the barley growing 

experiment and were allowed to proliferate freely. The aphids were counted on days 12, 16 

and 20 of the experiment (Figure 11). There was no effect of community treatment on aphid 

numbers on day 12 (day 12 ANOVA; F = 1.4752, df= 3, p= 0.234), day 16 (day 16, 

ANOVA; F = 0.3366, df= 3, p= 0.7989) or day 20 (day 20 ANOVA; F = 1.2609, df= 3, p= 

0.2991) of the experiment (Table 11). 

There was a positive correlation between shoot height and aphid numbers (Figure 12) 

(Spearman’s rank correlation test, S=12606, p<0.05, R=0.49). Hence, it is likely that as 

plant height increases, so does the available habitat for aphids. Therefore, the above 

analysis was repeated but using the number of aphids per centimetre of shoot height and 

per gram of shoot biomass. This analysis again reveals that there is no significant difference 

between the number of aphid present and shoot height (Aphid numbers per centimetre of 

shoot height ANOVA; F= 0.851, df= 3, p>0.05), or shoot biomass (Aphid numbers per 

gram of shoot biomass ANOVA; F= 1.8193, df= 3, p>0.05). 
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Figure 11: The total number of aphids on barley plants inoculated with microbial 

communities that had evolved under 4 different treatments. 2 aphids were added on day 6 and 

counted and the total number of aphids was counted on day 12, 16 and 20. No significant differences 

of aphid numbers was observed in days 12, 16, or 20 between any treatment. The error bars indicate 

the ± SEM.  

Table 11: ANOVA analysis of the number of aphids affected by treatment on each day. 

Day Degrees of Freedom F-Value P-Value 

Day 12 3 1.4752 0.234 

Day 16 3 0.3366 0.798 

Day 20 3 1.2609 0.299 
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Figure 12: The height on day 20 of the plant versus the total number of aphids on day 20. 

There is a weak positive correlation (R= 0.5) between height and the number of aphids present of 

the plant (p<0.001). Analysis was performed using the Spearman rank correlation method. 
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Discussion 

This study investigated how anthropogenic stressors (pesticide and warming), imposed 

both individually and in combination, affect stress adaptation, virulence, and ecosystem 

functioning of soil communities over evolutionary timescales. My results revealed that for 

some measurements, soil isolates from specific treatments displayed distinct phenotypes 

versus soil isolates from stress-free controls. Moreover, whole community analyses 

(virulence and ecosystem functioning measurements) revealed that fungicide-evolved soil 

communities are less virulent towards insect larval hosts and confer enhanced plant growth 

when used to inoculate barley. Together, this shows that anthropogenic disturbances could 

have important consequences for both the functioning of soil communities, and for 

virulence potential of opportunistic pathogens residing within soil.  

Examining adaptation to stressors (increased temperatures and fungicide) for soil 

isolates 

The goal of this section was to understand whether soil isolates evolving under a particular 

treatment (i.e. pesticide/warming) displayed enhanced tolerance to that treatment. It was 

also tested whether a dual stress condition would impede or promote adaptation to 

constituent stressors. For fungicide adaptation, my results revealed that as predicted, the 

soil communities that were exposed to fungicide stress (fungicide-only and dual stressor 

treatment) had isolates with greater resistance to the fungicide, thus yielding a higher MIC 

value in vitro (Figure 3). While research exploring the impact of fungicides or other 

pesticides on non-target bacterial communities remains limited, existing studies have 

indicated that fungicide exposure can induce resistance in fungi (112). These findings 

partially corroborate the outcomes observed in this study. 

It was also assessed whether the treatments affected the ability of soil isolates to grow under 

different temperature regimes (24°C, 32°C and 34°C) (Figure 4). It was found that all 

isolates grew better as their temperature conditions increased, indicating that 34°C 

temperature conditions were not actually stressful for the selected isolates. This is in 

contrast with Kelbrick et al (89), who found that Pseudomonas fluorescens grown at 34°C, 

had significantly reduced growth. However, the P. fluorescens strain used by Kelbrick was 

a lab adapted SBW25, with an optimum temperature of 26°C (89), while compost isolates 

display a wide variation in optimum temperatures (113) (114).  
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Regarding the temperature evolved isolates growing at a faster rate than the control isolates, 

contrasting results were shown in previous studies where E. coli that evolved under thermal 

stress was less effective at growing at various temperatures from 12-50°C compared to the 

ancestral strains (66). Similar to my results, a wide body of literature shows that mild 

temperature increases actually stimulate growth and respiration rate of soil communities 

(115) (116). 

The isolates from the fungicide alone evolved treatment had the greatest growth compared 

to all other treatments. There is currently an absence of research regarding how fungicides 

affect the bacterial community’s response to temperature. However, it could be due to 

genetic mutation, allowing the isolates from the fungicide treatment to grow at a faster rate 

(117). This could be confirmed by sequencing the isolates. Although the fungicide 

treatment has a greater cell density compared to the other treatments, it does not determine 

how viable or how fit the bacterial cells are compared to other treatments. Some studies 

suggest bacteria evolved at higher temperatures can be more fit compared to the ancestor 

after being returned to normal temperatures (118). Also, it is important to note that it is 

possible that isolates selected were not sufficient to capture a true representation of the 

community’s ability to respond to varying temperatures.  

Investigating how treatment shapes clinically important phenotypes (antimicrobial 

resistance and virulence) 

The results of antimicrobial and virulence assays revealed that the treatment used is an 

important predictor of virulence and for clinically important traits in soil isolates. First, it 

was assessed how the soil evolved communities differ in virulence in a wax moth larval 

host (Galleria mellonella). Initially, we hypothesised that communities evolved in the 

presence of fungicide would display increased virulence versus increasing temperature and 

control communities, due to compositional shifts towards potentially opportunistic 

pathogens, for example Pseudomonas aeruginosa or E. coli in fungicide-evolved 

communities (Figure 5) (89). Instead, the results revealed that the soil communities 

evolved under fungicide stress potentially exhibited lower virulence compared to the other 

evolved communities. This was observed in communities which were evolved with 

fungicide alone or under the dual stressor treatment. Importantly, however, this experiment 

was conducted only once, so the results presented are preliminary, and future replicates are 

needed to determine statistical significance.  
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Despite the caveat associated with the results, there is some previous work suggesting that 

fungicides can reduce the virulence of pathogens. One study (48) reported that the virulence 

of fungal pathogens, C. gatti and C. neoformans, was reduced in a murine model when 

exposed to a fungicide for several weeks. However, this study looks at fungal pathogens 

specifically (48). In my project, it is possible that there are fungal pathogens in the 

community that are removed during exposure to fungicide. This could be what is reducing 

virulence in wax moths, and corroborates findings discussed below that fungicide evolved 

communities confer improved plant growth. However, it was not possible to assess fungal 

community composition in this study, and future work on these communities will determine 

whether fungal community composition differs between treatments.  

The isolates from the evolved communities underwent additional testing to assess their 

resistance to antibiotics. Intriguingly, the most significant changes occurred in the isolates 

that were evolved under increasing temperature stress. In comparison to the control, three 

out of the six antibiotics from various classes, had increased sensitivity in the evolved 

isolates from the warming treatment, while those from the dual stressor treatment or the 

fungicide only treatment had no significant difference observed between any antibiotics 

relative to the control (Figure 6).  

Communities that evolved under increasing temperature stress have induced phenotypic 

changes in the isolates, rendering them more susceptible to the antibiotics chloramphenicol, 

gentamicin, and piperacillin/tazobactam. Hence, there seems to be a genetic trade-off in 

being able to grow under temperature stress, which in turn, increases sensitivity to certain 

antibiotics. High temperature stress has also been shown to increase susceptibility to 

antibiotics that imitate the cold-stress response, for example, chloramphenicol (67). 

Previous research has indicated that E. coli has increased sensitivity to ciprofloxacin and 

decreased sensitivity to gentamicin when evolved under temperature stress conditions (66), 

which does not align with the results of this study. One possible reason this could be is that 

the antibiotics were tested in liquid media whilst this study performed antibiotic 

susceptibility testing in solid agar media. 

Previous literature has indicated that prolonged exposure to a combination of fungicides 

can enhance the resistance of E. coli to streptomycin, an aminoglycoside antibiotic (119). 

However, my findings highlight that the treatments exposed to fungicide stress had no 

effect on aminoglycoside antibiotics (gentamicin and tobramycin). The absence of change 
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in the resistance to antibiotics within the soil communities exposed to fungicides 

contradicts prior studies suggesting that fungicide exposure promotes resistance to 

antibiotics to bacterial populations, as it enhances the transmission of plasmids containing 

antimicrobial resistance genes, such as tetA, via horizontal gene transfer (120) (60). 

Moreover, mancozeb, a primary component of Fubol Gold, has also been demonstrated to 

promote horizontal gene transfer of genes related to antimicrobial resistance (121). 

Pesticides have also been shown to induce cross-resistance to antibiotics, including 

tetracycline and kanamycin, increasing their MIC (62), although, this was performed on a 

selection of herbicides, not fungicides. Regardless, it is interesting that similar outcomes 

were not replicated in my experiment. Further contrasting my results, Kelbrick et al (89), 

who conducted the evolution of the soil communities that underwent testing, reported an 

increase in resistance to the antibiotics nalidixic acid (quinolone) and sulphatriad 

(sulphonamides). 

Additionally, the isolates that underwent phenotypic testing are unknown, so it cannot be 

determined if antibiotic resistance was affected in biologically important microbes such as 

ESKAPE organisms, for example, Pseudomonas aeruginosa or Klebsiella pneumoniae. 

Furthermore, a limitation of all the performed assessments is that the soil communities and 

isolates examined were all evolved in soil microcosms by Kelbrick et al (89). Therefore, 

testing of phenotypic traits in broth and agar may not accurately reflect their behaviour in 

soil. This could be amended by testing these phenotypic traits in a soil microcosm.  

Testing how treatment affects ecosystem functioning of evolved communities (growth 

and health of a crop plant) 

While extensive research has investigated the effects of temperature and fungicides on plant 

health and defence, there remains a notable gap in understanding these stressors’ long-term 

impact on the soil community which in turn affects the plant. Consequently, comparisons 

with existing literature are limited. Nonetheless, the soil wash variation of the crop growth 

experiment produced significant results, indicating that the soil communities evolved under 

fungicide stress promoted barley shoot growth and biomass, compared to the control 

(Figure 7). I hypothesise this is due to the lack of harmful pathogenic fungi within the 

community which hinders the growth of the barley plant.  

This finding is noteworthy, as previous studies suggest that various pesticides, including 

fungicides, can affect key enzymatic activities within the soil community. For example, 
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they can disrupt enzymes related to the nitrogen cycle (122). Fungicidal chemicals 

including mancozeb (80) and metalaxyl (123), the two key components of Fubol Gold, can 

also inhibit indole acetic acid and salicylic acid production, which are both important for 

crop growth and health (123). Since the literature suggests PGP activities are inhibited by 

fungicide exposure, it is of interest that the soil communities evolved under fungicide stress 

were the only treatments that significantly increased plant growth. Nevertheless, as 

indicated by Kelbrick et al (89), there is a stark reduction of microbial diversity within the 

fungicide treatments (Figure 1). Research has shown that a reduction in rare species can 

lead to increased plant growth. It is yet to be determined if this is attributed to the rare 

species themselves or shifts in microbial abundance and diversity due to the loss of these 

rare species. Nonetheless, this study shows the impact rare, low abundant species have on 

the functionality of a soil community (124). This could be a possible reason for the 

increased growth within the fungicide treated communities. It is noteworthy that the 

temperature evolved soil communities did not significantly affect crop growth, despite 

previous studies suggesting that higher temperatures promote PGP activities (84) (85).  

The seed wash variation experiment did not show a significant effect of fungicide treatment 

on shoot height. Previous studies have shown that inoculating the seeds prior to planting 

improves growth (125) (126). My experimental design may have also affected the results; 

500µl of the evolved soil communities were diluted into 4.5ml of sterile water and were 

left to grow for only 3 hours at room temperature before the seeds were added for a further 

2 hours. This was done to eliminate the risk of losing rare species due to potential 

competition in an overnight culture, as it has been shown that this loss can influence plant 

biomass (91) (124). As a result, starting communities may have had a very low cell density.  

No significant differences were observed on root length and biomass after the 20 days of 

growth for any of the plants where the soil was inoculated with the evolved communities 

(Figure 9). This is unexpected as fungicides can disrupt PGP activities (80, 123), while 

higher temperatures, especially between 20°C and 40°C, can improve PGP activities which 

can promote root growth (84). It must be noted that the plants were growing in pots with 

no holes in the bottom, and with limited soil (30g), which could influence the physiology 

of the plant and impact the results. The outcomes might vary if this experiment were 

repeated with additional space or soil provided for plant root growth. 
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The barley plant’s defence response was determined by its capacity to deter aphids. The 

results highlight that there was no significant difference in the number of aphids between 

plants growing in any evolved soil community on any day (Figure 11). Although minimal 

comparative studies could be found, it has been shown that inoculating the plant roots with 

PGPB reduces aphid numbers, especially when the inoculation happened closer to aphid 

infestation period (99). These soil communities may lack the ability to deter aphids. 

Predictably, as plant height increases, aphid numbers increase (Figure 12). This is due to 

the increased space and resources for aphids. There was no significant difference in aphid 

numbers between any treatment group, even when the total aphid numbers were calculated 

per centimetre and gram of plant. This reinforces that the soil communities do not affect 

the barley plant’s ability to deter aphids. 

It is imperative to acknowledge that this experiment only shows the effect the evolved soil 

communities had on the barley plants after 20 days. This does not necessarily guarantee 

that the evolved soil communities will continue to have the same effect on the barley plant 

throughout its entire development. 

Future Work 

There are myriad of future studies that can be performed. This includes replicating all 

experiments with the ancestor community alongside and its associated isolates, this would 

allow us to compare and evaluate how the evolved soil communities differ from the 

ancestor community. All isolates should undergo genomic sequencing in order to 

understand the effects of prolonged fungicide and/or temperature stress affect the genotypic 

profiles of different species. Genes related to efflux pumps or auxin production could be 

analysed to understand how the different treatments effect antibiotic resistance and plant 

height. 

Other aspects to be explored include determining how fungicide treated soil communities 

foster plant growth. Various PGP activities could be investigated in all evolved 

communities, such as auxin production, phosphate solubilisation, and nitrogen fixing. 

Finally, extending the duration of the barley growth experiment beyond the initial 20 days 

could provide valuable insights. This extended observation period would ascertain whether 

the plant growth promoting effects persist in barley cultivated with fungicide evolved soil 

communities. Moreover, it would allow us to determine whether other treatments induce 

plant growth or aphid defence later in the barley's development. 
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These findings bear significant implications for agricultural practices, particularly in the 

context of a warming climate. While many of the observed outcomes, such as enhanced 

plant growth, reduced virulence and antimicrobial resistance, do not directly undermine 

farming practices or human health, this experiment offers only a snapshot of a semi-natural 

ecosystem, and its real-world applicability may vary. Notably, this study only examined 

two stressors, yet emerging research suggests that the exposure to multiple stressors may 

have increasingly detrimental effects on soil microbiome dynamics and functioning. 

Rillig et al (88) has highlighted the limitations of studying ecosystems under singular 

stressors, emphasizing that this approach may fail to capture the complex interactions 

within natural systems. Only through the comprehensive examination of ecosystems under 

multiple stressors can we grasp the true magnitude of their impact. Thus, one must be 

cautious when linking these findings to real-world agricultural scenarios. Nonetheless, 

conducting research in semi-natural systems remains invaluable, offering insights that 

bridge the gap between short-term microbial responses to stress and the dynamics observed 

in natural systems. 
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