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Specific crops, such as wheat, maize and rice are among the most important crops globally. 
There are numerous varieties, for example Triticum aestivum, is the common wheat that is widely 
cultivated globally and has more than 20,000 known varieties. Phosphorus and nitrogen fertilis-
ers are commonly used to improve crop yield; however, it is costly and inefficient and can dam-
age the environment. In this circumstance, bio-fertilisers shadow a new future direction for us, 
which utilise the beneficial relationship between the plants and the microorganisms in the soil. 
A better understanding of their interaction would give the foundation of sustainable agriculture 
in the future.  

This work investigates the growth and activity of rhizosphere microorganisms. The first re-
sults chapter examined the effects of the arbuscular mycorrhizal (AM) fungus Rhizophagus irreg-
ularis on the hyphosphere microbial community. The relative abundance of fungi (Ascomycota, 
Basidiomycota, Mucoromycota) was lower in inoculated samples compared to uninoculated 
controls, suggesting potential competition or inhibition by the AM fungus. The supplementation 
with nutrients increased hyphae numbers overall, but samples inoculated with R. irregularis still 
had lower hyphae numbers compared to uninoculated controls. Bacterial communities also 
showed selective enrichment of certain taxa like Alphaproteobacteria and Gammaproteobacte-
ria. Overall, the study highlighted the complex interactions between AM fungi, bacteria, and fungi 
in the hyphosphere. 

The second chapter explored the effects of natural and artificial root exudates on soil bacte-
rial communities. Natural exudates from wheat, sorghum, and chicory shaped distinct microbial 
profiles compared to artificial exudates. Artificial exudates had dose-dependent impacts, partic-
ularly enriching taxa from the phyla Actinobacteria, Firmicutes, and Proteobacteria, with Actino-
bacteria being most consistently responsive. Enrichment patterns were often treatment-specific 
across different artificial exudate formulations. The study also revealed that volatile organic 
compounds (VOCs) produced by soils treated with artificial exudates influenced recipient soil 
communities. While patterns were less structured, volatiles from lower exudate concentrations 
produced more consistent changes in ASV abundance. 

Work presented in the final chapter isolated and characterised bacteria from different soils 
and media, assessing their plant growth-promoting traits like phosphate solubilisation and in-
dole-3-acetic acid production. Bacteria from minimal media exhibited greater plant growth pro-
motion abilities compared to those from nutrient-rich media when tested on Arabidopsis. Whole 
genome sequencing revealed the phylogenetic diversity of the isolates, with certain clades like 
Streptomyces and Mesorhizobium showing consistent plant growth-promoting effects. 

Overall, this research provides insights into the complex interactions between plants, fungi, 
and bacteria in soil, highlighting the potential of harnessing these relationships to improve plant 
growth and soil health for sustainable agriculture. 
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Chapter 1 General introduction 

1.1 Introduction to crops 

Food production is critical for human civilisation, and the history of growing foods has 

shaped the development of human societies. From the half a million plant species on 

the planet, we heavily rely on four major crops: wheat, maize, rice and soybean, which 

account for more than three-quarters of our plant-based food supply (Von Braun, 2007; 

Cai et al., 2024). The production of crops is a currently a major concern as their demand 

is increasing every year due to the rapid global population growth (Chandra et al., 

2024b).  

Wheat and rice are two of the world’s most important staple crops. According to the 

United States Department of Agriculture (USDA, 2021), both wheat and rice yields and 

production steadily increased between 2010 and 2020. For wheat, average yield rose by 

10.4% from 2010 to 2015 and by 7.3% from 2015 to 2020, while production increased by 

11.8% and 4.9% over the same periods. Rice average yield also showed a gradual in-

crease, rising by 4.2% from 2010 to 2015 and 4.5% from 2015 to 2020, accompanied by 

production increases of 6.5% and 4.0%, respectively (Figure 1.1).  
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b

 

Figure 1.1 Average yield (metric tons per hectare) (a) and production (mil-
lion metric tons) (b) of wheat and rice. Modified according to USDA (2021). 

 

The global population is expected to reach 8.5 billion in 2030 (United Nations-Depart-

ment of Economic and Social Affairs-Population Division, 2019); furthermore, it was 

predicted that population size will exceed 9.7 billion by 2050 (United Nations-Depart-

ment of Economic and Social Affairs-Population Division, 2019).The human population 

is increasing in the world every year, yet the growth in crop yields is lagging behind the 

rising demand for food; thus, it is necessary to increase the yield of food production in 

order to feed the human population across the world. With the decreased availability of 

agricultural lands due to factors like urbanisation and environmental degradation, it 

presents significant challenges for global food security; developing approaches to uti-

lise the remaining lands wisely to increase crop yields is becoming crucial (Fan et al., 

2024). 

When we consider strategies to optimise land use, in the meantime, it is equally im-

portant to recognise the fundamental role of nutrients in supporting plant growth 

(Uchida, 2000). The main source of nutrients for the crops come from the soil in which 

they grow. 
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1.2 Nutrients in soil 

The nutrients in the soil boost the growth of the crops, and those needed by the plants 

to complete their life cycle and maintain normal functions are called essential nutrients 

(Bakki et al., 2024). Plants uptake nutrients from the soil to grow, and there are more 

than ten of these needed in the growth of plant species. These nutrients can be divided 

into two categories: macronutrients and micronutrients (Marschner, 2023). 

1.2.1 Macronutrients 

Macronutrients are defined as the nutrients needed in the largest quantities by plants. 

There are six primary macronutrients: Nitrogen (N), Phosphorus (P), Potassium (K), Mag-

nesium (Mg), Sulfur (S), and Calcium (Ca), which are essential for crop growth 

(Maathuis, 2009; Kumari et al., 2024). 

Nitrogen (N) is a key element in crop growth as it is part of nucleic acids and proteins, 

and also used in the synthesis of some vitamins. It is also involved in chlorophyll pro-

duction (Bojović and Marković, 2009), which is essential for light harvesting for photo-

synthesis in plants. Phosphorus (P) plays a key part in synthesising phospholipids and 

nucleic acids. Also, phosphorus forms part of ATP (adenosine triphosphate), which 

helps the transfer of energy from sunlight to plants through oxidative phosphorylation 

(light energy to chemical energy). Potassium (K) regulates opening and closing of the 

stomata, which helps maintain the water balance (Hetherington and Woodward, 2003). 

Magnesium (Mg) is also an important component of chlorophyll as well as the green 

colouring material of plants and is also important for photosynthesis. Sulfur (S) is a 

component of amino acids in the proteins of plants, for example methionine and cyste-

ine and it exists in several coenzymes. During photosynthesis, sulfur plays an important 

role as part of iron-sulfur (Fe-S) clusters in electron transport chain proteins, such as 

ferredoxin, which are essential for maintaining the efficiency of electron transfer and en-

ergy conversion in plants (Terry, 1976; Watson and Jüttner, 2023). Calcium (Ca) is es-

sential for the growth of the roots and the development of leaves (Jiao et al., 2024; White 

and Broadley, 2003). 
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1.2.2 Micronutrients 

Micronutrients, also called trace elements, are nutrients required in small amounts by 

plants (Muthulakshmi et al., 2024). The primary micronutrients include iron (Fe), copper 

(Cu), molybdenum (Mo), zinc (Zn) and manganese (Mn) (Sagwal et al., 2023). 

Iron (Fe) is an essential element for the synthesis of chlorophyll (Briat et al., 2015; 

Katyal and Sharma, 1980). Copper (Cu) acts as a cofactor for several plant enzymes, 

such as Cu/Zn superoxide dismutase (SOD), amino oxidase, laccase, plastocyanin, cy-

tochrome c oxidase and polyphenol oxidase (Yruela, 2005). Molybdenum (Mo) is neces-

sary for reducing nitrate, which is crucial for the production of amino acids (Peters and 

Szilagyi, 2006; Liu et al., 2022b). Zinc (Zn) is involved in the plant hormone producing 

processes that regulate leaf expansion and stem elongation (McCauley et al., 2009; 

Shehzadi et al., 2024). Manganese (Mn) plays an important part in photosynthesis, by 

activating over 35 different enzymes, some of which are involved in the metabolism of 

carbohydrate and the formation of chlorophyll, and manganese is also essential for 

Photosystem II (Mousavi et al., 2011; Alejandro et al., 2020).  

1.2.3 How do these nutrients get into the soil 

The soil system itself harbours a large supply of a variety of naturally occurring nutri-

ents. These nutrients enter the soil through various pathways, such as the decomposi-

tion of the bodies of dead animals, the animal wastes and dead plants; rock weathering; 

atmospheric deposition, as well as the metabolism of microorganisms (Ohkuma, 2003; 

Doran and Zeiss, 2000; Fontaine et al., 2023). Besides, nutrients can be artificially 

added to the soils in the forms of fertilisers, the most common chemical fertilisers used 

by human are the phosphorus and nitrogen fertilisers (Savci, 2012).  

Phosphorus (P) is mostly insoluble in soil. P fertilisers are primarily mined from rock 

phosphate and used in intensive agricultural activities to address the P deficiency (Rich-

ardson et al., 2011). Currently, more than a hundred million tonnes of P are being ex-

tracted globally each year, with demand for P-based fertilisers still projected to grow 

(Gilbert, 2009). However, despite advances in mining industry, the stock of rock phos-

phate is limited on the planet which poses significant risk of depletion; with some stud-

ies indicating that this resource may fall into shortages within the next 70 to 140 years (li 

et al., 2017). 
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The use of P fertilisers is expensive for the agricultural industry. There are also harmful 

environmental consequences to intensive use of P fertilisers (Gyaneshwar et al., 2002). 

The use of chemical fertilisers that contain P and N in the soil can cause negative envi-

ronmental impacts like soil degradation. Moreover, use of chemical fertilisers although 

increases crop productivity by enhancing the fertility of soil, also result in nitrate leach-

ing into the ground water as well as N and P surface run-off. When they enter water body 

they cause aquatic eutrophication (Ayiti and Babalola, 2022; Adesemoye and Kloepper, 

2009). Additionally, the P in the fertilisers is typically immobilised in the soil very quickly 

by binding with iron, aluminium, or calcium to form insoluble phosphate compounds 

(Shen et al., 2011). These forms are not readily available to plants, meaning fertiliser in-

put must be increased to ensure that the plants can take up enough nutrients. Fertilis-

ers are also quite inefficient in certain types of soil, particularly acidic soils, alkaline 

soils (Marschner et al., 2005), and calcareous soils (Tiecher et al., 2023; Khan et al., 

2023). Plants and soil microbes can mobilise some of this immobilised P by releasing 

organic acids and enzymes that help solubilise phosphorus (Wei et al., 2024). 

In conclusion, the use of P and N fertilisers, while essential for increasing crop produc-

tivity, is associated with significant costs, inefficiencies, and environmental damage. 

These factors make their long-term use in agricultural practice unsustainable without 

significant improvements in management practices and the development of more sus-

tainable alternatives. 

1.2.4 How plants acquire nutrients from soil 

Plants employ several strategies to obtain the essential nutrients needed for growth. 

Root hairs are particularly important in nutrient acquisition from the soil, with approxi-

mately 80% of the total nutrients being absorbed by root hairs. The role of root hair for-

mation in nutrient uptake has been extensively reviewed (Jungk, 2001). Here we mainly 

focus on P and N.  

P is a critical component for plant growth and food production, but its mineral re-

sources are unevenly distributed globally. Around 66% of the world’s phosphate re-

serves are located in Morocco, with smaller percentages in China, Algeria, and Syria, 

and less than 1% in other countries (Gross, 2017). In soils, P exists in both organic (Po) 

and inorganic (Pi) forms, primarily in insoluble or poorly soluble inorganic states (Mun-

shi and Dave, 2005). Plants absorb P as orthophosphate anions (mainly HPO4
²⁻ and 
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H2PO4⁻) from the soil solution (Richardson et al., 2009a), but the concentration of these 

anions is typically low, ranging from 1 to 5 µM in most soils (Bieleski, 1973). P can be-

come adsorbed onto aluminium (Al), iron (Fe), or calcium (Ca) hydroxides or oxides, 

forming insoluble compounds that make it inaccessible to plants. Additionally, P can 

precipitate with metal cations (primarily Al/Fe in acidic soils and Ca in alkaline soils), 

further reducing its availability (Oburger et al., 2011). Consequently, P is unique among 

soil nutrients due to its low solubility, low mobility, and rapid immobilization by the soil 

matrix (Shen et al., 2011). 

To overcome these challenges, plants have developed various mechanisms to increase 

P uptake from the soil. These strategies include altering root growth and architecture, 

such as modifying root topology, morphology, and distribution patterns (Richardson et 

al., 2011; Shen et al., 2011). P deficiency has been shown to promote the formation of 

root clusters, with the proportion of the root system devoted to these clusters decreas-

ing as P availability increases (Dinkelaker et al., 1989; Niu et al., 2013). Moreover, some 

plant species employ P-mining strategies, such as releasing root exudates containing 

organic acid anions (e.g., malate, oxalate, and citrate) and phosphatases, which en-

hance the solubilisation and mineralisation of P in the soil (Richardson et al., 2009a; 

Hinsinger, 2001; Pantigoso et al., 2020). Organic acid anions, like citrate, can desorb or-

thophosphate from adsorption sites in the soil matrix, thereby helping to dissolve insol-

uble Pi. It has been reported that some plants increase citrate release under P-limited 

conditions (Hunter et al., 2014; Islam et al., 2023). Among these, altering root architec-

ture is considered a more common and widespread strategy across plant species (Chen 

et al., 2023). However, the capacity to release organic acid anions varies among spe-

cies, and is particularly notable in plants such as white lupin and members of the Pro-

teaceae family (Zhou et al., 2020; Zhao et al., 2021b).Soil biological processes involving 

microbes also play a crucial role in phosphorus acquisition, which will be discussed in 

later sections. 

Nitrogen (N) is taken up by plant roots primarily in the forms of ammonium (NH4
+) and 

nitrate (NO3
-), as well as in organic forms such as amino acids, urea, and peptides (Kiba 

and Krapp, 2016). Studies have shown that organic N forms contribute to plant nutrition 

in specific ecosystems, such as boreal forests (Jones and Kielland, 2012; Werdin-Pfist-

erer et al., 2012). However, in most soils, ammonium and nitrate are the predominant 

forms of nitrogen absorbed by plants. 
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1.3 The rhizosphere and microbes 

1.3.1 Microbes in soil 

Soil is home to a diverse array of microorganisms, including bacteria, fungi, protozoa, 

and nematodes, which coexist within the soil matrix (Ekelund et al., 2009). Among 

these, certain microbes play a crucial role in enhancing plant growth and are collec-

tively known as plant growth-promoting microbes (PGPMs). The primary categories of 

these beneficial microbes are plant growth-promoting fungi (PGPF) and plant growth-

promoting bacteria (PGPB) (Richardson et al., 2009a; Ku et al., 2024). 

To date, mycorrhizal fungi and nitrogen-fixing bacteria—such as those that form root 

nodules, and free-living bacteria—have been extensively characterized for their contri-

butions to plant health. These microbes contribute to plant health by facilitating nutri-

ent acquisition—particularly N, P and Fe—and by enhancing the plant’s resistance to 

biotic stress (e.g., pathogens) and abiotic stressors (Pineda et al., 2010; Thepbandit and 

Athinuwat, 2024). 

1.3.2 The rhizosphere 

The rhizosphere is defined as the soil zone surrounding the root that is directly influ-

enced by the plant (Lynch and Whipps, 1990). This narrow zone, extending just a few 

millimeters from the plant root, is characterised by significantly higher microbial activity 

compared to the bulk soil. The microbial population in the rhizosphere can reach up to 1 

x 1010 - 1012 cells per gram rhizosphere soil, which is 10 to 100 times greater than in the 

surrounding bulk soil (Weller and Thomashow, 1994; McNear, 2013). Additionally, the 

rhizosphere plays a crucial role in belowground carbon transfer, with research indicat-

ing that up to 40% or more of photosynthetically fixed carbon is transported through this 

zone, including the carbon released by the plant in the form of root exudates (Lynch and 

Whipps, 1990). Within this process, up to a quarter of a plant's photosynthetically fixed 

carbon is released into the rhizosphere in a process known as rhizodeposition (Nguyen, 

2003; Guyonnet et al., 2018). 

Rhizodeposition refers to the loss of plant materials from the roots into the surrounding 

soil (Whipps and Lynch, 1985; Patra et al., 2021). This process includes the release of 

various materials such as mucilage, dead epidermal and cortical cells, lysates, root cap 

and border cells, water-soluble exudates (e.g., malate, oxalate, and citrate), secondary 
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metabolites (e.g., phenolics, flavonoids, and alkaloids), and gases like CO2 and ethylene 

(Hütsch et al., 2002; Mushtaq and Fauconnier, 2024). The organic compounds excreted, 

such as citrate, can solubilise insoluble inorganic phosphorus in the soil (Hunter et al., 

2014). Moreover, the root exudates from rhizodeposition supply carbon and energy for 

microbial populations in the rhizosphere, significantly contributing to their development 

and driving microbial colonisation (Whipps, 2001). 

Root exudates also contain antimicrobial substances known as phytoanticipins and 

phytoalexins. Phytoanticipins are “low molecular weight, antimicrobial compounds that 

are present in plants before challenge by microorganisms or are produced after infec-

tion solely from preexisting constituents” (VanEtten et al., 1994), whereas phytoalexins 

are defined as “low molecular weight, antimicrobial compounds that are both synthe-

sized by and accumulated in plants after exposure to microorganisms”. While there are 

numerous classes of plant antimicrobial compounds (Pedras and Yaya, 2015), their im-

pact on microbial growth in the rhizosphere is still not well characterised. Recent stud-

ies have shown that 6-methoxy-benzoxazolin-2-one (MBOA), a common phytoanticipin, 

shapes the microbial community in the rhizosphere and significantly impacts plant im-

munity (Hu et al., 2018; Cotton et al., 2019). 

 

1.3.3 Rhizosphere microorganisms 

The soil hosts a vast abundance of microbes, with rhizosphere microbial communities 

being largely shaped by the plants they interact with (Smalla et al., 2001). These micro-

organisms are often differentiated based on the carbon sources they utilize, such as 

carboxylic acids, carbohydrates, and amino acids, which are released from plant roots 

(Grayston et al., 2001; Grayston et al., 1998; Liu et al., 2023). In other words, different 

types of carbon sources influence the composition of microbial communities.  

Rhizosphere microorganisms play crucial roles in promoting plant growth by performing 

various beneficial processes. These include: the production of phytohormones (by bac-

teria and fungi), nitrogen fixation (by bacteria), and the solubilisation of inorganic phos-

phorus and mineralization of organic phosphorus through the release of organic acids, 

phytase, and phosphatase enzymes (Idriss et al., 2002; Richardson et al., 2009a); Addi-

tionally, microorganisms contribute to P supply through cell turnover and siderophore 

production, which aids in iron acquisition by plants (Glick, 2012). 
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This chapter focuses particularly on the P-solubilising and nitrogen-fixing microbes. 

These microorganisms have significant potential to reduce our dependence on chemi-

cal fertilisers by enhancing the availability of water-soluble phosphorus and nitrogen 

that can be readily absorbed by crops (Sharma et al., 2013). 

1.3.4 The mycorrhizal & plant growth-promoting fungi 

Fungi are one of the most intensively studied groups of rhizosphere microorganisms. In 

the rhizosphere, fungi and bacteria coexist with plants and supply P and N to the plants. 

Many plants form symbiotic relationships with fungi to acquire more P from the soil, 

which are called mycorrhizae (Smith and Read, 2008). It had been reported that mycor-

rhiza might also play some role in the nitrogen fixation, but there was no correlation 

found (Richards and Voigt, 1964; Palanisamy et al., 2024); however, Palanisamy et al. 

(2024) recently suggested that nitrogen-fixing bacteria and mycorrhizal fungi play roles 

in improving soil structure and fertility, indicating a possible connection. It is estimated 

that 95% of plant species are mycorrhizal (Tao and Zhao, 2005). Mycorrhizal fungi re-

ceive carbon, accounting for 20-40% of the total photosynthate, in exchange for trans-

porting essential nutrients (e.g., phosphorus, nitrogen, zinc, copper) and water from the 

soil to the plant (Merryweather and Fitter, 1995). Mycorrhizal fungi attach to the surface 

of plant roots and colonise the root cortex. Subsequently, the external hyphae, or myce-

lia, develop to connect the root to the surrounding soil (Richardson et al., 2009a). Stud-

ies have demonstrated that the hyphae perform a similar function to root hairs in crops 

for phosphorus acquisition, effectively extending the root surface area (Richardson et 

al., 2011; Shen et al., 2011).  

The mycorrhizal relationship can generally be divided into two types: ectomycorrhizal 

and endomycorrhizal (which includes arbuscular, orchid, and ericoid mycorrhizae) 

(Chilvers et al., 1987). The primary difference between these types lies in their interac-

tion with host plants: ectomycorrhizal fungi do not penetrate the cell walls of the host 

plants, whereas endomycorrhizal fungi do.  

Arbuscular mycorrhizal fungi (AMF) are the most common endomycorrhizal associa-

tions with plants. arbuscular mycorrhizas form a widespread symbiotic association be-

tween fungi from the Glomeromycota and the roots of about 70% of land plant species, 

spanning both herbaceous and woody plants (Shen et al., 2011; Hawkins et al., 2023). 

AMF transfer the nutrients through the mycelium to the plants and the plants give the 
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AMF carbon in return. The study of AMF is challenging because these fungi are obligate 

symbionts; they cannot complete their life cycle or grow well without a host plant. This 

obligate nature, as highlighted by Bagyaraj (2014), makes it hard to grow and survive 

well under laboratory conditions, hence limiting the ability to conduct research on 

them.  

While AMF are crucial for nutrient exchange through their symbiotic relationships with 

plant roots, they represent just one aspect of how fungi within the broader category of 

plant growth-promoting fungi (PGPF) can enhance plant growth. Beyond these symbi-

otic interactions, other PGPF also play a significant role in supporting plant health. Un-

like AMF, these PGPF include a diverse array of fungi that promote growth through 

mechanisms such as mineral solubilisation, biological control of pathogens, and the 

production of secondary metabolites (Khan et al., 2010; Abdenaceur, 2023). One well-

studied example is the ability to initiate induced systemic resistance (ISR) in cucumber 

against Colletotrichum orbiculare , thereby promoting plant growth (Koike et al., 2001). 

Additionally, PGPF from the rhizosphere, such as Trichoderma species, can directly 

suppress pathogens and prevent diseases (Hyakumachi, 1994; Yu et al., 2024). Most 

importantly, the P-solubilising fungi that utilise the unavailable P forms present a great 

alternative to chemical fertilisers. 

In soil, P-solubilising fungi constitute approximately 0.1–0.5% of the total fungal popula-

tions (Kucey, 1983; Zhang et al., 2019; Tariq et al., 2022). Among the fungal species in 

the rhizosphere, Aspergillus and Penicillium are among the most frequently reported 

fungal genera involved in solubilising P (Souchie et al., 2006; Wakelin et al., 2004; Chan-

dra et al., 2024a) (Figure 1.2).  

 

Figure 1.2. Plate A: Phosphate solubilisation zone on Pikovskaya plates produced by Aspergil-
lus. Plate B(a): Penicillium (1000x magnification), Plate B(b): P solubilisation zone of Penicillium. 
Figure from Khan et al. (2010). 
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P-solubilising fungi promote plant growth through several mechanisms:  

a) They provide essential micronutrients like manganese (Mn), which is crucial for vari-

ous physiological functions in plants, including photosynthesis, N metabolism (particu-

larly reduction of nitrate), and the synthesis of aromatic ring compounds. Additionally, 

they facilitate the solubilisation of plant nutrients from solid-phase compounds like 

Fe2O3, MnO2, and metallic zinc, through the activities of phosphate-solubilising and bio-

control fungi like Trichoderma harzianum Rifai 1295–22 (T-22), which secrete chemical 

agents (including organic acids and siderophores) that chemically mobilise metal ions 

via chelation and reduction. This chemical process occurs in unison with the solubilisa-

tion of phosphate ions bound to these metal oxides, leading to enhanced phosphorus 

availability (Altomare et al., 1999).  

b) They synthesize growth-promoting substances such as siderophores, phytohor-

mones and antibiotics, which are important for plant growth (Khan et al., 2010).  

c) They protect the plants against soil borne pathogens (bio-control). For instance, it 

was reported that P-solubilising fungus Aspergillus awamori could suppress the severity 

of wilt (caused by Fusarium oxysporum f. sp. lycopersici) in tomatoes (Lycopersicon es-

culentum L.) by 29–37%; moreover, these species had increased the yield of tomato by 

22% (Khan et al., 2007).  

Mechanisms of plant growth promotion by P-solubilising fungi are shown in  

Figure 1.3. 
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Figure 1.3. Mechanisms in plant growth carried out by phosphate-solubilising fungi. Figure from 
Khan et al. (2010). 
 

1.3.5 The rhizobacteria 

In addition to the benefits provided by mycorrhizal fungi, plant growth-promoting rhizo-

bacteria (PGPR) are equally important in supporting crop growth (Richardson et al., 

2009a). Rhizobacteria refers to the bacteria that are adapted to the rhizosphere soil, and 

PGPR) are a subset of plant growth-promoting bacteria (PGPB) that specifically colonise 

plant roots and enhance plant growth (Beneduzi et al., 2012; Riaz et al., 2021). The ma-

jority of PGPB are found in the rhizosphere. The microbial communities in the rhizo-

sphere are shaped by various plant factors, such as plant species and root exudates, 

resulting in different plants harbouring distinct bacterial communities in the rhizosphere 

(Berg and Smalla, 2009). According to Kloepper et al. (1989), these bacteria are also 

called beneficial soil bacteria. However, bacteria that specifically promote plant growth 

in the rhizosphere are estimated to constitute only 2%–5% of the total bacteria popula-

tion in this zone (Antoun and Kloepper, 2001; Beneduzi et al., 2012; Singh et al., 2023). 
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Different genera of bacteria belong to the PGPR, Bacillus and Pseudomonas spp are 

predominant among them (Podile and Kishore, 2006). 

In general, PGPR can affect plant growth in direct and indirect ways (Gupta et al., 2015), 

as outlined in Figure 1.4, and common PGPR are listed in Table 1.1, along with their as-

sociated functions. 

PGPR can directly enhance plant growth through various mechanisms: 

⚫ By providing the plant with specific compounds synthesized by the bacterium 

(Glick, 1995). For instance, PGPR can produce phytohormones such as auxins (in-

cluding indole acetic acid [IAA]), ethylene, cytokinins, and gibberellins, which ex-

hibit significant phyto-stimulation activity (Patten and Glick, 2002; Gupta et al., 

2015). Among these, IAA is the most well-studied auxin and plays a key role in cell 

division, extension, and differentiation. Moreover, IAA can stimulate the germina-

tion of seeds and tubers, enhances the development rate of xylem and root, and 

regulates vegetative growth process. It also initiates the formation of lateral and ad-

ventitious roots, mediates plant responses to light, gravity and florescence, and in-

fluences pigment formation, photosynthesis , the biosynthesis of various metabo-

lites, and resistance to stressful conditions (Spaepen and Vanderleyden, 2011).  

Cytokinins induce cell division and differentiation. They also promote RNA synthesis 

and stimulate protein and enzyme activities in plant tissues. Gibberellins are often 

used to induce plantlet formation from adventive embryos. There are several PGPR 

such as Azotobacter sp., Bacillus subtilis, Pantoea agglomerans, Rhizobium sp., 

Rhodospirillum rubrum, Pseudomonas fluorescens and Paenibacillus polymyxa 

that can produce cytokinins or gibberellins, or both to promote plant growth (Kang 

et al., 2010).  

Ethylene is well-known for promoting fruit ripening. It also stimulates seed germina-

tion and adventitious root initiation; inhibits root elongation at high concentrations; 

and promotes leaf abscission during plant senescence. Furthermore, ethylene can 

activate the synthesis of other plant hormones (Glick et al., 2007). PGPR can modu-

late ethylene levels in plant roots by producing 1-aminocyclopropane-1-carboxylate 

(ACC) deaminase, which breaks down ACC (the immediate precursor of ethylene) , 

thereby reducing ethylene biosynthesis in the plant (Glick, 2014). 
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⚫ Fixing nitrogen (Dobereiner, 1992): PGPR carry out nitrogen fixation by converting 

atmospheric nitrogen (N2) into ammonia (NH3), a form that plants can readily utilise. 

This process, known as biological nitrogen fixation (BNF), is mediated by the en-

zyme nitrogenase. The detailed mechanism of this process will be elaborated in 

later sections. 

⚫ Phosphorus solubilisation/mineralisation: P is a key nutrient for plants, essential 

alongside N. However, more than 80% of soil P exists in immobilised and insoluble 

forms (Sharma et al., 2013; El Attar et al., 2022). Plants can only absorb P in two sol-

uble forms: monobasic (H2PO4
-) and dibasic (HPO4

2-) phosphate ions. PGPR apply 

various strategies to solubilise insoluble inorganic phosphorus and mineralize or-

ganic phosphorus compounds, making them available for plant uptake. More de-

tailed mechanisms of phosphorus solubilisation and mineralisation by PGPR are 

described in later sections. 

⚫ Potassium solubilisation: PGPR can solubilise potassium (K) from potassium-bear-

ing rocks by producing organic acids (Han and Lee, 2006; Chieb and Gachomo, 

2023). 

⚫ Siderophore production: In nature, Fe3+ is the predominant form of iron but it is 

sparingly soluble and insufficient for both bacterial and plant assimilation (Glick, 

2012; Wairich et al., 2024). To overcome this, microorganisms have evolved specific 

mechanisms, including the production of low molecular weight iron-chelating com-

pounds called siderophores. Siderophores have a high affinity for Fe3+, facilitating 

the transport of iron into cells. Siderophores benefit plants both directly and indi-

rectly. Direct benefits have been demonstrated in studies where radiolabelled ferric 

siderophores served as the sole source of iron. Plants were able to take up this la-

belled iron via PGPR such as: Aeromonas, Azotobacter, Bacillus, Burkholderia, 

Pseudomonas, Rhizobium, Serratia and Streptomyces sp., leading to enhanced 

chlorophyll levels (Sharma et al., 2003; Aioub et al., 2022). The indirect effect of si-

derophore production by PGPR on plant growth will be discussed in the next sec-

tion. 

PGPR also employ various mechanisms to promote plant growth indirectly:  

a) Antibiotic production: One powerful biocontrol mechanism of PGPR is the produc-

tion of antibiotics, which has been extensively studied. These antibiotics serve as 
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potent tools against phytopathogens, helping to protect plants from diseases 

(Gupta et al., 2015). 

b) Lytic enzyme production: Some PGPR produce enzymes such as β-glucanase, cel-

lulases, chitinases, dehydrogenase, lipases, phosphatases and proteases, which 

can lyse the cell walls of phytopathogenic microorganisms (particularly fungi) 

(Hayat et al., 2010). Through these enzymes, PGPR play a significant role in plant 

growth by suppressing pathogenic fungi including Botrytis cinerea, Fusarium ox-

ysporum, Phytophthora sp., Rhizoctonia solani, Sclerotium rolfsiiand, and Pythium 

ultimum (Nadeem et al., 2013). 

c) Siderophore production: In addition to the direct mechanism previously men-

tioned, siderophore production by PGPR can also benefit plants indirectly. Sidero-

phore-producing PGPR sequester the Fe3+ by binding with ferric ions (Fe³⁺) and 

forming siderophore-ferric complexes, which bind to bacterial cell surface recep-

tors. This process limits the availability of iron to pathogens, thereby suppressing 

their growth (Glick, 2012). 

d) Induced systemic resistance (ISR): ISR is a phenomenon in which PGPR trigger 

plant defence mechanisms against pathogens, without the need for direct interac-

tion between the PGPR and the pathogens. The plants respond to ISR are said to be 

“primed”, with ethylene and jasmonate signalling playing key roles in stimulating 

the plant’s defence response against a wide range of pathogens (Yu et al., 2022). 

Additionally, bacterial molecules like β-glucans, lipopolysaccharides (LPS), chitin, 

flagellar proteins, siderophores, cyclic lipopeptides, 2, 4-diacetylphloroglucinol, 

homoserine lactones, and pyoverdine not only activate ISR but also work in tan-

dem with these signaling pathways, ensuring a robust and coordinated defense re-

sponse throughout the plant (Glick, 2012; Raouani et al., 2022). 

e) Exopolysaccharide (EPS) production: EPS can function as active signalling mole-

cules during beneficial interaction with plants and play an important part in form-

ing biofilms that support microbial colonisation and persistence on plant roots. 

These biofilms help protect plants by stabilising microbial communities in the rhi-

zosphere. During infection processes, EPS aids in plant defence by forming physi-

cal barriers against pathogens and altering the microenvironment to benefit bene-

ficial microbes. Moreover, EPS influences root architecture and build up resilience 
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to stresses for plants. Through these mechanisms, EPS plays a vital, albeit indi-

rect, role in both defence and general health of plants (Parada et al., 2006; Bogino 

et al., 2013; Srivastava and Sharma, 2023; Ajijah et al., 2023). 

There is a growing scientific interest in understanding the mechanisms by which PGPR 

solubilise insoluble phosphate and fix atmospheric nitrogen, hence making these es-

sential nutrients more available to crops. Although various methods have been ex-

plored,the specific biochemical pathways and microbial components related to phos-

phate solubilisation are still largely unknown, whereas the biochemical pathways of ni-

trogen fixation are well characterised (Illmer and Schinner, 1995; Vessey, 2003; 

Richardson and Simpson, 2011; Pan and Cai, 2023). Research on this topic is important 

due to the need to increase crop yields and promote sustainable agricultural practices. 

Studies have begun to uncover the roles of organic acids, enzyme secretion, and micro-

bial interactions in these processes, but many areas remain unexplored (Rodrı́ guez and 

Fraga, 1999; Hariprasad and Niranjana, 2009; Borah et al., 2023; Hasan et al., 2024). 

A brief description of the known mechanisms by which PGPR facilitate phosphorus sol-

ubilisation and nitrogen fixation are presented in section 1.4 and 1.5. 

 

 

 

Figure 1.4. Direct and indirect mechanisms of plant growth promotion by plant growth-promot-
ing rhizobacteria (PGPR). 
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Table 1.1 Common plant growth-promoting rhizobacteria (PGPR) and their associated func-
tions. (N: Nitrogen; P: Phosphorus; IAA: Indole-3-acetic acid). 

Genus Functions References 

Bacillus Enzyme production, antibiotic production, phytohor-
mone production, biocontrol of pathogens, P solubili-
sation 

(Castaldi et al., 2021; 
Mahdi et al., 2022) 

Pseudomo-
nas 

Siderophore production, phytohormone production, 
biocontrol 

(Sah et al., 2021) 

Rhizobium N fixation (symbiotic), particularly with leguminous 
plants 

(Oldroyd et al., 2011) 

Azospiril-
lum 

 

N fixation, phytohormone production (Bashan and de-Ba-
shan, 2010) 

Enterobac-
ter 

P solubilisation, IAA production  (Jha et al., 2011) 

Paenibacil-
lus 

P solubilisation, antifungal compound production, 
phytohormone production  

(Khan et al., 2020) 

Burkhold-
eria 

N fixation, siderophore production, P solubilisation, 
IAA production  

(Elshafie and Camele, 
2021) 

Serratia Siderophore production, phytohormone production, 
biocontrol 

(Kalbe et al., 1996; Za-
heer et al., 2016) 

 

1.3.6 The hyphosphere 

The hyphosphere refers to the specific soil zone that is directly influenced by the hyphae 

of mycorrhizal fungi (Figure 1.5). Unlike the rhizosphere, which is primarily shaped by 

the activities of plant roots and their associated microbial interactions, the hyphos-

phere extends these influences deeper into the soil, particularly through the hyphae of 

AM fungi like Rhizophagus irregularis (Johansson et al., 2004). This region plays a crucial 

role in soil ecology, particularly in facilitating nutrient cycling. The hyphosphere enables 

plant roots to access less available nutrients, such as P, from deeper soil layers that 

roots alone cannot reach, effectively extending the nutrient-absorbing capability of 

roots (Smith and Read, 2008). Moreover, fungal hyphae contribute to soil structure by 

promoting the formation and stabilization of soil aggregates, which enhances soil po-

rosity and stability; this process is more pronounced in the hyphosphere compared to 

the rhizosphere, making it a unique aspect of soil ecology (Rillig and Mummey, 2006).  

The microbial community within the hyphosphere is significantly different from that in 

the bulk soil or even the rhizosphere due to the influence of fungal hyphae. Hyphae re-

lease exudates, including organic acids that lower soil pH and mobilise nutrients like P. 
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This creates a niche that supports microorganisms adapted to lower pH environments, 

particularly P-solubilising and N-fixing bacteria (Toljander et al., 2007). Mycorrhizal fungi 

establish symbiotic relationships with these bacteria, enhancing processes such as P 

solubilisation and N fixation (Artursson et al., 2006). The selective pressures exerted by 

the hyphae encourage the growth of microbes that either contribute to or benefit from 

these symbiotic interactions, such as mycorrhizal-helper bacteria and certain fungi in-

volved in nutrient cycling and pathogen suppression. A well-studied example of such in-

teractions is the synergistic relationship between AM fungi and rhizobia, which can sig-

nificantly enhance plant growth (Frey-Klett et al., 2007). 

AM fungi, including R. irregularis, are vital for nutrient transport and mobilisation within 

the hyphosphere. These fungi form a complex mycorrhizal network which significantly 

extends the root system of plants, greatly enhancing nutrient uptake, especially phos-

phorus (Gianinazzi et al., 2010). The extension of the root system increases the surface 

area available for nutrient absorption (Khaliq et al., 2022). The expanded network not 

only improves nutrient uptake but also enhances plant health by increasing drought tol-

erance and resistance to pathogens in the soil (Begum et al., 2019). Furthermore, the 

presence of fungal hyphae contributes to the modification of soil structure by promoting 

the formation and stabilisation of soil aggregates, which improves soil porosity, water 

retention, and root penetration;this process is less common in the rhizosphere, which 

makes AM fungi unique in the soil ecology (Rillig and Mummey, 2006). The structural 

changes are important for the long-term health of soils and plants. 

As an extension to the root system, hyphae of the AM fungi release different kind of exu-

dates and enzymes that play an important role in solubilisation of Pi and mineralisation 

of Po (Smith et al., 2011). Beyond P cycling, the hyphosphere also impacts the C and N 

dynamics within the soil. AM fungi interact closely with N-fixing bacteria results in a bet-

ter N availability, which is also vital for plant growth (Basiru et al., 2023). Additionally, 

AM fungi contribute to the stabilization of organic C in the soil through processes such 

as competing with decomposers for C resources, which reduces the decomposition 

rate of organic matter. They also store C provided by plants within the fungal biomass, 

which makes it less prone to rapid decomposition compared to other forms of organic 

matter, hence contributing to longer-term C storage in the soil (Averill et al., 2014). 

These interactions combined not only enhance soil fertility but also boost plant nutrient 

uptake, which is particularly important in nutrient-deficient soils. 
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The hyphosphere is a critical zone within the soil environment, which plays a crucial role 

in plant-microbe interactions, nutrient cycling and soil structure. A better understanding 

of the processes occurring within this zone can help researchers develop more effective 

strategies to maintain soil health and improve crop yields without the excessive use of 

chemical fertilisers, thereby contributing significantly to sustainable agriculture (Wang 

et al., 2022). 

Among AM fungi, R . irregularis is one of the most widely studied species due to its broad 

host range, ability to form symbioses with many plant species, and the availability of ge-

nomic resources. The genome of R. irregularis lacks many plant cell wall-degrading en-

zymes, reflecting its obligate biotrophic lifestyle (Tisserant et al., 2013). It also pos-

sesses genes encoding phosphate transporters, lipid metabolism enzymes, and symbi-

osis-related signaling pathways, making it an ideal model for studying nutrient uptake 

and symbiotic interactions (Fiorilli et al., 2013; Wewer et al., 2014). Therefore, R. irregu-

laris was selected in this study to investigate its interactions with microbes in the hy-

phosphere. 

 

Figure 1.5 Diagram of rhizosphere, mycorrhizosphere and hyphosphere. Figure from Wang 
(2014). 
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1.4 Phosphorus solubilisation by microbes 

The main processes involved in the soil P release include (1) precipitation-dissolution 

(Ca, Fe, Al phosphates); (2) sorption-desorption (clays minerals, Al/Fe oxides); and (3) 

immobilisation-mineralisation (conversions of P between organic and inorganic forms 

mediated by microorganisms) (Sharma et al., 2013). Microbes enhance P solubilisation 

through (1) releasing complexing or mineral dissolving compounds such as organic acid 

anions, siderophores, protons (H+), hydroxyl ions (OH-) as well as CO2; (2) secreting ex-

tracellular enzymes like phosphatases that drive biochemical P mineralisation; and (3) 

releasing P during organic matter decomposition, a process known as biological P min-

eralisation (McGill and Cole, 1981). 

1.4.1 Inorganic P solubilisation 

Pi solubilisation by P-solubilizing microorganisms (PSM) primarily occurs through the 

production of organic acids. Organic acids achieve this by (i) lowering pH, (ii) enhancing 

chelation of P-bound cations responsible for P precipitation, (iii) competing for adsorp-

tion sites on soil particles, and (iv) forming soluble complexes with metal ions associ-

ated with insoluble P compounds (e.g., Al, Ca, Fe phosphates), leading to P release 

(Sharma et al., 2013).  

Organic acids: Organic acids are the product of the microbe’s metabolism, which 

mainly comes from the fermentation of organic carbon sources such as glucose or by 

oxidative respiration (Trolove et al., 2003). Organic acids can chelate the Al, Ca, Fe ions 

associated with P to release P as well as dissolve the mineral P directly by anion ex-

change using acid anion (Sharma et al., 2013). Additionally, the monovalent anion phos-

phate (H2PO4
-) is the predominant form of soluble inorganic phosphate under low pH 

conditions. Secretion of organic acids by phosphate-solubilizing microorganisms (PSM) 

acidifies the surrounding soil environment, results in the release of P from the P mineral 

by substituting the cation bound to phosphate by H+ (Goldstein, 1994). The main organic 

acids involved in the insoluble P solubilisation are aspartic acid, citric acid, gluconic 

acid, lactic acid, oxalic acid and tartaric acid (Kim et al., 1997). Whitelaw et al. (1999) 

used gluconic acid and HCl to solubilise P and proved that chelation of Al3+ by gluconic 

acid plays a role in the colloidal Al phosphate solubilisation. 
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Besides organic acids, inorganic acid can also solubilise the insoluble P. Kim et al. 

(1997) had reported that adding HCl artificially can also solubilise P from hydroxyap-

atite; however, it solubilised less P compared to oxalic acid or citric acid under the 

same pH. Furthermore, Azam and Memon (1996) reported that bacteria from the genera 

Nitrosomonas and Thiobacillus can produce nitric and sulfuric acids to dissolve phos-

phate compounds. 

PSM can produce H2S, which can release phosphate when the H2S reacts with ferric 

phosphate (FePO4) to form ferrous sulphate (FeSO4) (Swaby and Sperber, 1958). It was 

reported that PSM can assimilate/remove the P from the liquid solution, which can 

cause the indirect dissolution of calcium phosphate (Ca3(PO4)2) triggered by P removal 

(Illmer et al., 1995). 

Parks et al. (1990) suggested that proton released (H+ excretion) from the assimilation of 

NH4
+ is another mechanism for solubilising P other than the release of organic acids. 

Illmer and Schinner (1995) analysed the culture solution of Penicillium aurantiogriseum 

and Pseudomonas sp. (PI1889) using HPLC and found that no organic acid was de-

tected while solubilisation of P occurred, they reported that the reason for this was the 

release of protons following NH4
+ assimilation or cellular respiration. Furthermore, in an 

experiment, two fungi, Penicillium bilaji and Penicillium cf.fuscum, were used to test for 

the ability of solubilising rock phosphate without N addition or with NH4 + present. The 

result indicated that P. bilaii was the only organism which could decrease the pH and 

mobilise P without N added (Asea et al., 1988). However, in another study, Park et al. 

(2009) used Pseudomonas fluorescens RAF15 to test the ability to solubilise insoluble P 

under different C supply (glucose/fructose) and N supply (e.g. NH4
+/ NO3 -) , and found 

no clear differences in pH and P solubilisation between the microbes in the glucose‐am-

monium and glucose‐nitrate media, whilst glucose made a greater difference compared 

to fructose, which indicates that organic acid production is directly correlated with the 

proton release for the solubilisation of P. Here we have two possible mechanisms: or-

ganic acid production (aforementioned) and proton excretion from ammonium assimi-

lation. Thus, different species utilize various mechanisms for proton release, with some 

depending on the presence of NH4
+. In fact, both excretion of H+ originating from assimi-

lation of NH4
+ and respiratory production of H2CO3 has been suggested as metabolic 

pathway for acid-mediated solubilisation of calcium phosphate (Jurinak et al., 1986).  
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Siderophores. Siderophores are produced by majority of microorganisms when iron de-

ficiency occurs. PSM have been reported to produce siderophores (Hamdali et al., 2008; 

Vassilev et al., 2006); however, the production of siderophores is not yet well recog-

nised as a mechanism of P solubilisation. Although the ligand exchange by organic acid 

anions is the dominant mechanism, potential of siderophore production involved in in-

creasing the solubility of P should be considered in the future.  

Exopolysaccharides (EPS). EPSs are polymers which consist of carbohydrates and se-

creted by bacteria and fungi. The structure and composition of EPS varies, and they can 

be either homopolysaccharides or heteropolysaccharides; moreover, they may also 

contain many different organic and inorganic substituents (Sutherland, 2001). Yi et al. 

(2008) used four bacterial strains: Enterobacter sp. (EnHy-401), Arthrobacter sp. (ArHy-

505), Azotobacter sp. (AzHy-510) and Enterobacter sp. (EnHy-402) that harbour the abil-

ity to solubilise tricalcium phosphate (TCP), to assess the function of EPS in P solubili-

sation. All the strains demonstrated strong P-solubilising ability and produced a large 

amount of EPS, so they suggested that EPS has the ability of holding P; however, the 

correlation between P solubilisation and production of EPS is still unclear, which means 

further studies are required to fully understand the potential of EPS for phosphorus sol-

ubilisation. 

It has been suggested that the oxidation of glucose leads to the production of gluconic 

acid in the periplasmic space, which results in acidification of the surrounding environ-

ment. Thus, extracellular acidification via the direct oxidation pathway plays a role in 

soils where the significant amounts of insoluble calcium phosphate (Ca3(PO4)2) exist 

(Goldstein, 1995).  

1.4.2 Organic P solubilisation  

Solubilisation of organic P (Po) is also called mineralisation of organic P. Typically, Po 

accounts for 35% to 65% of the total phosphorus in soils, with this proportion occasion-

ally reaching up to 90% in soils that are managed organically (Khan et al., 2009; Zhang et 

al., 2024a). Soil Po mineralisation plays an important role in agriculture.  

Po in soil can be released by enzymes: 

a) Non-specific acid phosphatases (NSAPs): NSAPs can dephosphorylate phos-

phoester or phosphoranhydride bonds of the organic matter. Phosphomonoester-

ases, commonly referred to as phosphatases, are the most studied and abundant 
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enzymes released by PSM for organic P mineralisation (Nannipieri et al., 2011). 

These enzymes can be classified into acid phosphomonoesterases as well as alka-

line phosphomonoesterases, both of which can be produced by PSM depending on 

the environment (e.g. pH) (Kim et al., 1998). According to Eivazi and Tabatabai 

(1977), in general, acid phosphatases mainly exist in acidic soils while alkaline 

phosphatases are predominant in alkaline and neutral soils. Plant roots produce 

acid phosphatases however they rarely produce alkaline phosphatases. Criquet et 

al. (2004) suggested that PSM potentially play a role in producing alkaline phospha-

tases. Also, it is hard to differentiate whether the phosphatases in the soil are pro-

duced by PSM or the roots (Richardson et al., 2009a; 2009b). Tarafdar et al. (2001) 

tested the efficiency of acid phosphatases produced by fungi and plants against Po 

compounds, the results indicated that acid phosphatase produced by microbes are 

more efficient than that generated from the plant sources; however, the relationship 

between PSM in soil and Po mineralisation remains largely unclear.  

b) C–P lyases and phosphonatases, enzymes which break the C–P bond in the or-

gano-phosphonates (Rodríguez et al., 2006). 

c) Phytases: Phytases specifically degrade the phytate (inositol hexakisphosphate), 

which causes the release of Po (Gerke, 2015). Phytate is a major storage form of P in 

plants (pollen and seeds) and main source of inositol (Skoglund et al., 2009). It is 

also a major component of Po in the soil (Richardson, 1994). Plants normally do not 

acquire P from phytate directly because of their limited capability; however, Rich-

ardson et al. (2001) found out that the P-nutrition and growth of pasture plants 

(Danthonia richardsonii and Phalaris aquatica) supplied with phytate was signifi-

cantly enhanced when inoculated with either total soil microorganisms or a specific 

strain, Pseudomonas sp. strain CCAR59, that has the ability to release the phos-

phate from phytate. Hence, microorganisms in the soil are a key driver in mineralis-

ing phytate and they can compensate the plants which cannot obtain P directly 

from phytate (Richardson and Simpson, 2011). 

In conclusion, although the solubilisation of P by the PSM has been studied extensively 

over the decades, many aspects remain inadequately understood. PSM employ various 

mechanisms to solubilise insoluble P in the soil, and these mechanisms can vary signifi-

cantly among different species, with some microorganisms utilizing multiple pathways 

simultaneously. Identifying a single predominant mechanism is challenging because 
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each plays a crucial role in the overall process of P solubilization and mineralization, as 

illustrated in Figure 1.6. 

Furthermore, PSM act not only as agents of P solubilization but also serve as temporary 

P sinks. They become a source of P for plants when P is released from their cells due to 

factors such as environmental changes, predation, or starvation (Sharma et al., 2013). 

Notably, Butterly et al. (2009) observed significant increases in available P—referred to 

as flush events—resulting from massive cell lysis triggered by environmental stresses 

like freezing–thawing and drying–rewetting cycles. These findings highlight the vital role 

of PSM in soil phosphorus dynamics and emphasize the need for further research to 

fully clarify their mechanisms—particularly the role of EPS, siderophores, and enzyme-

mediated processes—and their contributions to plant nutrition. 

 

Figure 1.6. Mechanisms of solubilisation/mineralisation of insoluble soil P by PSM. 

  

1.5 Nitrogen fixation by microbes 

Nitrogen gas (N2) makes up around 78 % of the of the Earth's atmosphere, but it is not 

directly available to plants (Gupta et al., 2015). Plants cannot directly utilise atmos-

pheric N2 or convert it into ammonia for growth (Gupta et al., 2015). In order to convert 

the atmospheric N2 into utilisable form, a biological process called biological nitrogen 

fixation (BNF) is needed, which converts nitrogen (N2) to ammonia (NH3) through nitro-
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gen-fixing bacteria using a complex enzyme system called nitrogenase (Gaby and Buck-

ley, 2012). BNF mainly occurs at mild temperatures, and is widespread in natural habi-

tats (Raymond et al., 2004). Moreover, BNF also presents an important role as an alter-

native of chemical fertilisers (Ladha et al., 1997). 

Nitrogen-fixing PGPR can provide fixed nitrogen to plants via two mechanisms: symbi-

otic and non-symbiotic (Gupta et al., 2015). 

Symbiotic nitrogen fixation: Symbiotic nitrogen fixation involves a mutualistic relation-

ship between microbes and plants. In this relationship, the microbes enter the plant 

roots and form nodules where the nitrogen fixation takes place (Gupta et al., 2015). 

Symbiotic N2-fixing bacteria , such as members of the Rhizobiaceae family, form symbi-

oses with leguminous plants (e.g., Medicago), while Frankia associates with non-legu-

minous trees (Zahran, 2001). Rhizobia refers to a large group of rhizobacteria that form a 

symbiotic relationship by the colonisation and formation of root nodules (Figure 1.7) 

with leguminous plants (Gupta et al., 2015). The PGPR (i.e., root-nodule bacteria), which 

widely act as symbionts can be classified into four genera: Rhizobium, Bradyrhizobium, 

Mesorhizobium and Sinorhizobium (Zahran, 2001). 

 

Figure 1.7 The process of nodulation. (a) Rhizobia attach to root cells. (b) Rhizobia excrete nodu-
lation factors, which causes root hair curl. (c) Rhizobia penetrate root hair and infect/penetrate 
the cortical cells and form the bacteroid state, thus, nodules are formed. Figure from Ahemad 
and Kibret (2014). 

 

Non-symbiotic nitrogen fixation: Non-symbiotic nitrogen fixation is performed by free-

living bacteria that can promote plant growth in various crops, including radishes and 

rice (Gupta et al., 2015). Free-living PGPR that fix N2 in non-leguminous plants are 

known as diazotrophs, which can form non-obligate relationships with their host plants 

(Glick et al., 1999). The non-symbiotic nitrogen-fixing bacteria come from genera such 
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as cyanobacteria (e.g. Anabaena, Nostoc), Acetobacter, Azospirillum, Azotobacter, Azo-

monas, Beijerinckia, Burkholderia, Enterobacter, Gluconoacetobacter, Pseudomonas 

and Azoarcus, etc. (Madigan et al., 2008; Gupta et al., 2015; Bhattacharyya and Jha, 

2012); however, it was suggested that the non-symbiotic nitrogen-fixing bacteria only 

provide a small amount of the fixed nitrogen that is required by the host plants (Glick, 

2012), Khan et al. (2021); Reed et al. (2011) estimated that free-living nitrogen fixation 

contributes approximately 1–20 kg N ha⁻¹ yr⁻¹ at the biome scale. In contrast, symbiotic 

nitrogen fixation can reach up to 150 kg N ha⁻¹ yr⁻¹.  

The N2 fixation is facilitated by the complex enzyme system known as nitrogenase (Kim 

and Rees, 1994). Nitrogenase is the only enzyme family which is known to catalyse this 

reaction. According to Hoffman et al. (2014), all the nitrogenases are two-component 

metalloenzymes. This two-component system consists of component I: dinitrogenase 

which has a metal cofactor and component II: dinitrogenase reductase which is a Fe 

protein. Dinitrogenase reductase transfers the electrons with high reducing power to di-

nitrogenase, after which, the dinitrogenase would use these electrons for the reduction 

of N2 to NH3 (Ahemad and Kibret, 2014). Three types of nitrogenase have been identified 

in nitrogen-fixing bacteria, differentiated by the metal cofactors in component I: (a) mo-

lybdenum (Mo) nitrogenase, (b) vanadium (V) nitrogenase, and (c) iron-only (Fe) nitro-

genase (Peters and Szilagyi, 2006). 

The Component I is an MoFe protein in molybdenum nitrogenase, and Hoffman et al. 

(2014) suggested that two metal clusters are included in MoFe protein: (a) the iron–mo-

lybdenum cofactor (FeMo-co), which provides the active site for binding the substrate 

and reduction, and the (b) P-cluster, which is involved in electron transfer from the Fe 

protein (component II) to FeMo-co (component I). For vanadium (V-) and iron-only (Fe-) 

nitrogenases, the Mo in the iron–molybdenum cofactor (FeMo-co) is replaced by V or Fe 

(only Fe in the iron-only (Fe-) nitrogenases). Different bacterial genera will apply differ-

ent N2-fixing systems, either Mo-, V-, or Fe -nitrogenase, molybdenum nitrogenase, 

among these three, is the one that has been extensively studied and well characterised 

(Franche et al., 2009). The molybdenum nitrogenase can be found in all diazotrophs 

(Bishop and Joerger, 1990). In some bacterial species of Azotobacter, vanadium nitro-

genase and iron-only nitrogenase were also found as an alternative of molybdenum ni-

trogenase (Franche et al., 2009).  
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The reaction of nitrogen fixation in molybdenum nitrogenase is highlighted in Equation 1. 

Sippel and Einsle (2017) proposed another different equation specifically for the vana-

dium (V) nitrogenase (Equation 2). In here, vanadium (V) nitrogenase drives a bigger por-

tion of the electrons from the Fe protein against the formation of H2 compared to the 

molybdenum (Mo) nitrogenase. 

 

N2 + 8 H+ + 8 e− + 16 MgATP → 2 NH3 + H2 + 16 MgADP + 16 Pi 

Equation 1 

N2 + 14 H+ + 12 e− + 40 MgATP → 2 NH4
+ + 3 H2 + 40 MgADP + 40 Pi 

Equation 2 

 

The typical nitrogen cycle, which benefits plant growth, involves several transfor-

mations. Ammonia (NH3) is converted into ammonium (NH4
+) when it mixes with water 

in the soil, then the nitrifying bacteria convert the ammonium ions (NH4
+) into nitrites 

(NO2
–) and then nitrates (NO3

–) , which are easier for plants to absorb (Galloway et al., 

2004). 

Nitrogen fixation genes, known as nif genes, are present in both symbiotic and free-liv-

ing diazotrophic microorganisms (Kim and Rees, 1994; Reed et al., 2011). The main 

product of the nif genes is the nitrogenase enzyme complex. Nitrogenase (nif) genes in-

clude the structural genes, which are involved in the Fe protein activation, biosynthesis 

of iron molybdenum cofactor (i.e., FeMo-co) and the donation of electron (Gupta et al., 

2015); moreover, the nif genes also include the regulatory genes which are required for 

the synthesis and function of the enzyme (Ahemad and Kibret, 2014; Gupta et al., 2015). 

The cluster of nif genes is normally found to be around 20–24 kb and include seven oper-

ons which encode 20 different proteins (Glick, 2012; Ahemad and Kibret, 2014). 

Klebsiella pneumoniae was the first diazotroph in which the nif genes had been identi-

fied and analysed by combining both genetic and biochemical techniques (Roberts et 

al., 1978; MacNeil et al., 1978). According to Rubio and Ludden (2008), the twenty nif 

genes, nifJHDKTYENXUSVWZMFLABQ, are clustered in a single 23-kb region in the K. 

pneumoniae chromosome, moreover, they are organised in several transcriptional units 

(Figure 1.8). The structural component proteins of the molybdenum nitrogenase enzyme 
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complex is encoded by nifDKH genes. The functions of each nif gene have been de-

scribed elsewhere (Rubio and Ludden, 2008; Kim and Rees, 1994), whilst this section 

will only briefly describe some aspects related to the molybdenum nitrogenase enzyme 

complex. 

The MoFe protein is a tetramer (α2β2) protein with a total molecular mass of around 

240kDa, which is formed by two αβ dimers. The α and β subunits are encoded by the 

nifD and nifK genes, respectively (Kim and Rees, 1994). One iron molybdenum cofactor 

(FeMo-co) is bound within the active site of each α-subunit (NifD) in the NifDK (Rubio 

and Ludden, 2008). The Fe protein is a dimeric protein with total molecular mass of 

around 60kDa, which has two identical subunits encoded by nifH gene. Each subunit 

folds as an α helix or β sheet type as a single domain (Kim and Rees, 1994). According to 

Rubio and Ludden (2008), the products from at least 12 nif genes are required for the 

catalytically active molybdenum nitrogenase biosynthesis (Figure 1.8) due to the com-

plex and unique structure of FeMo-co and the P-cluster (Rubio and Ludden, 2005). Be-

sides, it was also suggested that some gene products from nif genes also provide elec-

trons to nitrogenase. In K. pneumoniae, this role is fulfilled by the pyruvate:flavodoxin 

oxidoreductase (NifJ) and the flavodoxin (NifF) (Shah et al., 1983). Furthermore, nifA and 

nifL genes form the products which together act as an activator/antiactivator regulation 

system, which would control the expression of nif gene and ensure that the expression 

of nif gene only occurs when the environmental conditions are physiologically appropri-

ate (Martinez-Argudo et al., 2004). 
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Figure 1.8 Nif genes of Klebsiella pneumoniae. The genes which encode the component proteins 
of nitrogenase, nifDKH, are highlighted on the left. All the genes are colour coded based on their 
function in the nitrogen fixation process. Figure from Rubio and Ludden (2008). 
 

Because this system is highly complicated, the genetic strategies to improve nitrogen 

fixation have not yet been well established. However, scientists believe that once the nif 

genes are well isolated and characterized, is highly possible to improve the nitrogen fix-

ation through genetic engineering (Glick, 2012). It is well known that nitrogen fixation re-

quires at least 16 mol of ATP to reduce each mole of nitrogen (N2) (Equation 1). Glick 

(2012) proposed that if the carbon resources of bacteria can be directed toward oxida-

tive phosphorylation, which results in the ATP synthesis, instead of the glycogen synthe-

sis to store the energy in the glycogen form, it would be of great advantage. In a previous 

study, Marroquı́  et al. (2001) deleted the gene for glycogen synthase (glgA) in one strain 

of Rhizobium tropici, and inoculated this engineered bacterium with legume plants. Re-

sults indicated that both the number of nodules formed as well as the plant dry weight 

were increased compared to the plants treated by wild-type strain. However, although 

the mutant’s nodule number and plant biomass have been increased in the field, it did 

not seem to grow and survive well in the natural soil environment. This is one of the few 

examples in which scientists tried to genetically modify a bacterium while also obtain-

ing increased fixed nitrogen levels.  

Nitrogenase is highly sensitive to oxygen (O2), as dinitrogenase reductase can be rapidly 

and irreversibly inactivated by O2 (Madigan et al., 2008). Therefore, diazotrophs employ 
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mechanisms that ensure a sufficient O2 supply for energy needs while protecting nitro-

genase from the negative effects of O2 (Ahemad and Kibret, 2014). According to Lucía 

and Baca (2001) and Madigan et al. (2008), they have several strategies to limit O2 ac-

cess to nitrogenase: 1) avoid O2 by living in permanent anoxic environments and growing 

anaerobically; 2) by forming a physical barrier (O2-retarding slime layers) around the ni-

trogenase in order to prevent O2 from diffusing to the enzyme; 3) reducing the concen-

tration of O2 in the surrounding of the nitrogenase enzyme by high rates of metabolism 

(respiration); 4) in aerobic nitrogen fixers like Azotobacter, the nitrogenase can be pro-

tected from the O2 by complexing with a specific protein in a process called conforma-

tional protection, which is reversible; when the O2 level is not at inhibitory level the pro-

tected nitrogenase would become active once again. In certain cyanobacteria, nitrogen-

ase is compartmentalised in a special type of cell, which is called the heterocyst (Madi-

gan et al., 2008). Moreover, is also possible to introduce bacterial hemoglobin into the 

Rhizobium. Ramírez et al. (1999) transformed the Rhizobium etli with the hemoglobin 

gene, which encodes an oxygen-binding protein, from Vitreoscilla sp. (a Gram-negative 

bacterium), and observed that, at low oxygen levels, bean plants inoculated with the 

strains with hemoglobin gene had higher nitrogenase activity as well as the total nitro-

gen content (68% and 14 to 53%, respectively) compared to the plants inoculated with 

the non-transformed strains; they concluded that the synthesis of hemoglobin in R. etli 

had stimulated the respiratory efficiency of free-living rhizobia, probably also the bac-

teroids in the nodule, which resulted in higher symbiotic nitrogen fixation levels. 

 

1.6 Overview and aims of the thesis 

This thesis aims to investigate the interactions between plants and soil microbes in vari-

ous contexts, with a particular focus on (1) the impact of fungal inoculation on soil mi-

crobial communities; (2) the influence of root exudates on soil microbiomes; and (3) the 

effect of bacteria on plant growth promotion (Figure 1.9). The research aims to better 

understand how plants and microbes interact and to help create ways to improve plant 

growth and soil health for more sustainable agriculture. 

The first research chapter (Chapter 2) begins with the analysis of the effect of Rhizopha-

gus irregularis, an arbuscular mycorrhizal (AM) fungus, on the hyphosphere microbial 

community. This was part of a larger, collaborative, project with a broader aim to model 
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P transport by mycorrhiza between the soil and plant, but the focus of this chapter is 

specifically to study how AM fungi inoculation affects the structure and diversity of mi-

crobial communities within the soil. Follow-up experiments are performed to determine 

whether the observed decrease in fungal abundance following R. irregularis inoculation 

is caused by the production of inhibitory compounds by R. irregularis or by competition 

for nutrients.  

Whereas in Chapter 2 the aim is to investigate the role of AM on the hyphosphere com-

munity, Chapter 3 focuses on the effect of root exudates on the microbial community. 

Here I focus on the effects on the bacterial community and compare artificial root exu-

dates and natural exudates. Natural exudates differ in composition but also contain var-

ious compounds that may broadly inhibit microbial activity. The effect of MBOA, a 

breakdown product of a common allelopathic compound released by plant roots, is 

tested. Finally, I look at the distance effects of exudates by studying the impact of soil 

volatiles, produced from the addition of artificial root exudates, on the microbial com-

munity. 

Finally, Chapter 4 aims to isolate plant-growth promoting bacteria. These will be se-

lected for plant growth-promoting traits (i.e., P solubilisation, IAA production) followed 

by tests of their ability to influence Arabidopsis thaliana growth, which is a model plant. 

Their genomes will be sequenced to determine their phylogeny and identify potential 

functions. The longer-term goal, which was not achieved in this study due to time con-

straints, is to reintroduce these into the model systems tested in Chapters 2 and 3 to 

determine how they respond to AM fungal growth, plant root exudates, and how they po-

tentially influence the microbial community.  

These points highlight the project’s aim to uncover the complex dynamics between 

plants, fungi, and microbes in the soil environment, with a particular focus on how these 

interactions can be harnessed to improve plant growth and soil health. 
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Figure 1.9 Conceptual overview of the thesis. Wheat plants (top) interact with mycorrhizal fungi 
(left), which influences the hyphosphere community (bottom); these effects are explored in 
Chapter 2. The wheat plants, through release of exudates, can also influence the diversity of mi-
crobes in the rhizosphere, which is investigated in Chapter 3. Among these organisms are plant 
growth-promoting bacteria (PGPB), which can be cultivated (image right, and performed in 
Chapter 4). PGPB can be inoculated into soil systems, which may result in either successful or 
unsuccessful establishment partly because of the microbiome interactions investigated in 
Chapters 2 and 3. Long-term goals will be to inoculate the PGPB isolated in this study into crop 
systems to investigate their interaction with microbiomes and ability to promote crop health. 
Figure was made using Biorender. 
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Chapter 2 The effects of arbuscular mycorrhizal fungi 

on the hyphosphere microbial community 

Abstract 

 

Arbuscular mycorrhizal fungi (AMF), particularly Rhizophagus irregularis, are known to enhance 
plant nutrient acquisition and influence microbial communities in the soil. However, their effects 
on the fungal and bacterial composition of the hyphosphere — an extension of the rhizosphere 
influenced exclusively by AM hyphae — remain insufficiently understood. This chapter aimed to 
evaluate the impact of R. irregularis inoculation and nutrient availability on soil microbial com-
munities associated with wheat (Triticum aestivum), focusing on bacterial abundance, fungal 
suppression, and potential competition with native fungi. 

Using a root-hyphal chamber system, wheat was grown under nutrient-rich (P+/MS+) and nutri-
ent-deficient (P−/MS−) conditions with or without AM fungal inoculation. 16S amplicon sequenc-
ing and qPCR revealed that R. irregularis inoculation significantly altered bacterial community 
structure without affecting overall bacterial abundance. Proteobacterial taxa such as Sphingo-
monadaceae and Devosiaceae were enriched, with some families shared between nutrient treat-
ments and others unique to either P+ or P− conditions. Fungal responses were more variable: 
while ITS sequencing showed little inoculation effect, 18S analysis revealed a significant reduc-
tion in the abundance of common soil fungi (Ascomycota, Basidiomycota, and Mucoromycota) 
following inoculation. 

Notably, hyphal counts suggested R. irregularis may suppress native fungal growth, potentially 
through nutrient competition or secretion of inhibitory compounds. Furthermore, R. irregularis 
was undetectable in sequencing datasets despite clear microscopic evidence of colonisation, 
likely due to primer mismatches and off-target amplification. The broader underrepresentation of 
Glomeromycota across datasets underscored the limitations of universal primers. Future studies 
could employ qPCR or metagenomics for improved detection. 

Collectively, these findings demonstrate that R. irregularis exerts a strong influence on the hy-
phosphere microbiome. Understanding these interactions is critical for developing AMF-based 
strategies to enhance soil health and sustainable crop production. 
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2.1 Introduction 

Wheat is considered one of the most important crops around the world (Kavamura et 

al., 2021), which is among the first batch of domesticated crops between 7000 and 9000 

BCE (Bell, 1987). Triticum aestivum, which is also known as common wheat or bread 

wheat, is widely cultivated globally and has more than 20,000 known varieties (Ka-

vamura et al., 2021). Human beings started growing food between 10,000 and 4000 

years ago, which directly led to the wild crop domestication and the emergence and 

early development of agriculture (Taiz, 2013). The progress of agriculture also boosted 

the growth of global population, which increases every year, although it is slower now 

than at any time since 1950. From an estimate of 7.7 billion people worldwide in 2019, 

the global population was expected to grow to around 8.5 billion in 2030 (United Na-

tions-Department of Economic and Social Affairs-Population Division, 2019). Wheat is a 

major global crop. In order to meet the large food demand of the increasing population, 

the yield of wheat is required to increase by 11% between 2017 and 2026, but cultiva-

tion areas can only be increased by 1.8% (OECD/FAO, 2017). Furthermore, the United 

Nations predicted that population size will exceed 9.7 billion by 2050 (United Nations-

Department of Economic and Social Affairs-Population Division, 2019). 

A more sustainable method for agriculture is urgently needed to cope with the fast-

growing population. It is well known that plants can be colonised by microorganisms 

that may bring potential benefits to the host plants (Kavamura et al., 2021). This charac-

teristic can be explored and used to develop bio-fertilizers that provide higher yields at 

the same time avoid the use of chemical fertilisers (Misra et al., 2020) . 

The term arbuscular mycorrhizal fungi (AMF) refers to the fungi that cannot live alone 

but grow in association with a living plant (Wang and Feng, 2021). In nature, around 80% 

of terrestrial plant species can be colonised by AM fungi and develop symbioses (Smith 

and Read, 2008). AM fungi are considered as obligate biotrophs that cannot grow alone 

without a plant since they need carbon (C) supply through the photosynthates from the 

host plant (Smith and Read, 2008).  

AM colonisation has been studied widely. In order for the AM fungi to colonise plants, 

strigolactone hormones are exuded from plant roots, which stimulates spore germina-

tion, metabolism and hyphal branching of AM fungi (Akiyama et al., 2005; Besserer et 
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al., 2006). The hormone also stimulates the release of signalling molecules called 

lipochitooligosaccharide (Genre et al., 2013), which is also known as mycorrhizal (Myc) 

factors, which are recognised by receptors on the host plant (Kosuta et al., 2003). Sig-

nals from the host receptors are transmitted through a transcriptional activation path-

way that is common to AM fungi colonization (Stracke et al., 2002). Plant epidermal 

cells then produce a sub-cellular structure that is called the pre-penetration apparatus 

(PPA), under the chemical and mechanical stimulation from the hyphopodia of AM fungi 

(Genre et al., 2005). PPA predicts the entry pathway of fungal hyphae. The hyphae travel 

through the epidermal cells of roots, then pass between the underlying cells and enter 

inner cortical cells eventually. After entering cortical cells, the hyphae branch repeat-

edly and arbuscules are formed, which serve as the structures for nutrient exchange 

(Smith and Read, 2008; Parniske, 2008) 

Colonisation of AM fungi brings up many positive effects, including that it can improve 

tolerance to many abiotic stress (e.g. salt and drought) (Nelsen and Safir, 1982; Feng et 

al., 2002) and biotic stresses (mainly soil-borne pathogens) (Sikes, 2010). Improvement 

in drought tolerance in the colonised plants can be explained by its effects on the plant 

water relations (Augé, 2001; Ruiz-Lozano et al., 1995) and improved phosphorus nutri-

tion (Nelsen and Safir, 1982). The improved tolerance of AM fungi-colonised plants to 

salt stress was suggested due to the soluble sugar accumulation in the roots (Feng et 

al., 2002), maintenance of K/Na ratios (Giri et al., 2007) and enhancement in nutrient 

(e.g., P, Zn, Cu, Mn, and Fe) uptake (Al-Karaki and Al-Raddad, 1997; Evelin et al., 2009).  

Plants colonised with AM fungi were found to have better resistance against a wide 

range of soil pathogens, particularly root pathogens (Jacott et al., 2017). The mycorrhizal 

fungi in the root can establish mycorrhizal-induced resistance (MIR), a type of priming 

that make colonized plants more resistant to soil pathogens. It was shown that AM-col-

onised plants had reduced disease caused by various pathogens such as Fusarium, 

Rhizoctonia, Pythium, Phytophthora, pathogenic bacteria and parasitic nematodes 

(Pozo and Azcón-Aguilar, 2007; Sikes, 2010). Besides, AMF-colonised plants change 

root morphology and secrete root exudates that could decrease pathogen virulence, or 

alter the soil microbial community and prevent soil pathogens from growing. Lastly, the 

colonisation of the roots by mycorrhizal fungi could prevent the infection and establish-

ment of other root pathogens. 
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Most importantly, AM symbiosis can improve nutrient acquisition. AM fungi play an im-

portant role in the acquisition of microelements by plants. Previous studies had shown 

that the acquisition of Cu and Zn by the mycorrhizal (extraradical) hyphae account for 

25% of the total Zn uptake in maize in an experiment which used compartmented micro-

cosms and 53–62% of the total Cu uptake in the white clover (Kothari et al., 1991; Li et 

al., 1991). Moreover, Caris et al. (1998) studied the effect of an AM fungus on iron (Fe) 

uptake of sorghum (Sorghum bicolor L.) using 59Fe and found that the concentration of 
59Fe in the shoots of mycorrhizal sorghum plants increased, which proved that inocula-

tion of the AM fungus significantly affected 59Fe concentration in the shoots of sorghum 

plants. The finding suggested that Fe can be mobilised by the external hyphae of AM 

fungi from the hyphal compartment and taken by the host plants. 

It is well known that AM symbiosis has great contribution in the nitrogen uptake by the 

plants, ammonium and nitrate ions are easy to get to the root via diffusion compared to 

phosphate in the soil (Jin et al., 2012; Hodge and Storer, 2015). Studies using 15N-la-

beled compounds also confirmed that the external hyphae of AM fungi absorb inorganic 

N in the form of NO3
- (Tobar et al., 1994) as well as NH4

+ (Johansen et al., 1994; Tous-

saint et al., 2004); moreover, it can also absorb organic N as amino acids (Hawkins et 

al., 2000). The N absorbed by the AM fungi is then transferred to host plants. 

Besides, AM fungi are mobilisers of sparingly soluble P, AM fungi can mobilise insoluble 

P from soil through: (1) releasing protons, organic acids, as well as phosphatases, and 

(2) extending mycelia (Wang and Feng, 2021). Wang et al. (2013) reported that acidifica-

tion of the hyphosphere induced by NH4
+ absorption through the mycelia of AM fungi re-

sulted in the increase of phosphatase activity; the mineralisation of organic phytin-P 

was also promoted as a result and uptake of P from phytin-P in maize was improved. An-

other study showed that Rhizophagus irregularis, an AM fungus, interacted with a phos-

phate-solubilising bacterium (PSB), Pseudomonas alcaligenes, in the hyphosphere. The 

interaction increased phosphatase activity and enhanced mineralisation of organic P 

(Na-phytate) in the soil consequently (Zhang et al., 2014).    

With the advances in the studies about AM fungi, the knowledge about rhizosphere has 

been extended and incorporated with the soil that surround both the root and mycorrhi-
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zal fungi, namely “mycorrhizosphere” (Linderman, 1988; Fogel, 1988). Inside the mycor-

rhizosphere, there is a more specific zone which is influenced only by the hyphae of AM 

fungi, giving the term “hyphosphere” (Wang and Feng, 2021) (Figure 1.5). 

Since the symbiosis between AM fungi and host plants is mutualistic, host plants pro-

vide carbon (C) to AM fungi in exchange for nutrients such as phosphorus (P), nitrogen 

(N), and other minerals (Wang and Feng, 2021). Studies using isotopic 14C as a tracer in 

cucumber plants showed that AM fungi utilised around 4−20% of photo-assimilated C 

from the plants (Jakobsen and Rosendahl, 1990) 

Similarly to roots, AM also release exudates (e.g., enzymes, protons, carbohydrates) 

into the soil (hyphosphere) through extraradical hyphae (Wang and Feng, 2021) . Excre-

tion of carbohydrates by the mycelia of AM fungi presents a good source of carbon for 

the bacteria in the hyphosphere (Zhang et al., 2014). The first study that attempted to 

detect carbohydrates from the extraradical mycelium of an AM fungus was done by 

Toljander et al. (2007). Toljander et al. (2007) managed to obtain carbohydrates from the 

exudate of AM fungus (Glomus sp. MUCL 43205) associated with the plant roots of 

white clover (Trifolium repens L.) in a split-dish system and identified them using proton 

nuclear magnetic resonance (HNMR) spectrometry. Low-molecular-weight compounds 

were detected such as formate, acetate, glucose and oligosaccharides. Besides, this 

study also showed that mycelia exudates would change the bacterial community com-

position and increased growth of bacteria. There are also some unidentified or trace 

substances in the exudates which may inhibit bacterial activity or growth (Welc et al., 

2010; Filion et al., 1999). Moreover, Zhang et al. (2018) investigated the interactions be-

tween AM fungus Rhizophagus irregularis and the phosphate solubilising bacterium 

(PSB) Rahnella aquatilis under strict in vitro culture conditions, and found that fructose 

exuded by R. irregularis stimulated the expression of genes related to phosphatase in 

the PSB as well as the rate of phosphatase release. This experiment described for the 

first time that fructose not only plays the role as carbon source, but also acts as a signal 

molecule that triggers bacteria-mediated mineralisation of organic P. 

Plant roots recruit different microbial communities, influenced by the composition of 

root exudates, which vary between plant species (Tkacz et al., 2020), and the extrarad-

ical hyphae of AM fungi exhibit similar behaviour by releasing their own exudates that in-

fluence microbial communities. The bacteria colonising the hyphae (hyphosphere) may 
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be of equal importance to the AM symbiosis, but little is known about the bacterial com-

munity colonising the hyphae of AM fungi (Scheublin et al., 2010b), due to the difficulty 

of studying bacteria colonising the hyphae in the hyphosphere. Scheublin et al. (2010b) 

analysed bacterial communities attached to the hyphae of Glomus intraradices and 

Glomus proliferum and concluded that bacterial communities attached to the hyphae 

were different from the non-attached communities. Also, analysis of amplified 16S 

rRNA genes indicated bacteria from the family Oxalobacteraceae were highly abundant 

in AM fungi hyphosphere. Moreover, Rhizophagus irregularis was found to exert a strong 

selection and elicited greater enrichment for the class Alphaproteobacteria and Gam-

maproteobacteria (Emmett et al., 2021). 

The interaction between the AM fungi and host plants presents a potential to develop 

sustainable agriculture to satisfy the large demand of foods by humans. Despite the 

benefits of AM fungi, such as increased resistance to environmental stress and better 

nutrient acquisition, there are still many unknown areas about how AM fungi interact 

with the hyphosphere microbial communities.  

First, it is well-known that AM fungi form a mutualistic symbiotic relationship with 

plants, but the specific effects of AM fungi inoculation on the hyphosphere bacterial and 

fungal communities are still not well understood, which is a critical area of research, as 

the interaction between them would affect the success of plant growth promotion using 

AM fungi (Scheublin et al., 2010a). Second, the effect of nutrient supplementation on 

the interaction is unclear. Addition of nutrient might impact the community dynamics, 

but to what extend this will change the dynamics, particularly related to AM fungi inocu-

lation, has not been well-studied (Maitra et al., 2021). 

To address these unknown areas, this study aims to investigate the effects of AM fungi 

(R. irregularis) inoculation and nutrient supplementation on microbial communities and 

hyphal development in the wheat (Triticum aestivum) hyphosphere. 

 

2.2 Objectives  

The objectives of this chapter are: 

1. To assess the impact of AM fungi inoculation on fungal and bacterial communities 

in the wheat hyphosphere. 
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2. To determine how nutrient supplementation influences hyphal growth and micro-

bial community structure. 

3. To explore potential competition between inoculated AM fungi and native fungal 

communities. 

4. To evaluate the effects of AM fungi inoculation and nutrient supplementation on 

bacterial abundance. 

 

Disclaimer 

Some sections of this work has been published in Keyes et al. (2022) and aspects were 

performed by other researchers as part of that study. Specifically, the experimental set 

up (Section 2.3.1) was published and not performed as part of the PhD. The sequence 

data analysis (e.g., 2.3.1.4 was performed by me as part of the PhD and included in 

Keyes et al. (2022), for which I was acknowledged in the paper). The follow-up wheat 

plant experiments (e.g. 2.3.2) were done solely for this PhD and have not been pub-

lished.    

 

2.3 Materials and methods 

2.3.1 Experimental setup for growth of wheat and inoculation with Rhizophagus ir-

regularis 

The growth medium used in our study was a sand-textured Eutric Cambisol soil, col-

lected in 2015 from a surface plot at Abergwyngregyn (53°14′N, 4°01′W), North Wales, 

UK, selected to maintain consistency with previous experiments that utilised the same 

soil as part of an ongoing study. The soil contained 52.7% sand, 32.8% silt and 14.5% 

clay. The soil was stored in an outdoor pile under ambient conditions until use. For the 

experiment, it was first sieved using 5mm sieve, then air dried for 3 d at 23±1 °C. The 

dried soil was then sieved to three different fractions: coarse, passing between 1180 μm 

and 2 mm; fine, between 1180 and 600 μm and very fine, passing through <600 µm. 

The wheat cultivar (Triticum aestivum cv. Apache, WBCDB0003-PG-1), sourced from the 

Germplasm Resources Unit of the John Innes Centre (Norwich, UK), was selected for its 

known high compatibility with colonisation by AMF (Keyes et al., 2022). The seeds of 

wheat were first sterilised using milli-Q water containing 2.5% sodium hypochlorite 
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(50% v/v Domestos) and a single drop of Triton X100 surfactant solution. Seeds were 

shaken in sterilising solution for 8 minutes, then rinsed five times using sterile pure wa-

ter. Afterwards, seeds were germinated at 23 ±1 °C for 96h under dark conditions on 

moist Millipore filter paper (autoclaved) in Petri dishes. After germination, seeds were 

planted to the root chambers using sterile forceps. 

A growth box system was designed to keep the experiment in controlled conditions (Fig-

ure 2.1; Figure 2.2). The system consists of hyphal and root chambers. The purpose of 

the chamber system was to maintain the root and hyphal chambers under stable water 

potential (applied externally) in dark conditions. The growth box was designed using 

SolidWorks software (version 2015) (Dassault Systèmes S.A., France) and manufac-

tured using acrylic sheet (3 mm) (Plastock, High Wycombe, UK) as well as 3D printed 

parts. The 3D printed parts made in ABS (Acrylonitrile butadiene styrene) were printed 

using UP! BOX printer (Tiertime, Beijing, China). 

Root chambers were made from box-section acrylic tubing (inner diameter: 15.9 mm; 

outer diameter: 19.1 mm) and were attached to the base using 3 mm-thickness laser-

cut acrylic tabs. A hole was left at the bottom of each chamber in order to allow the en-

try of the glass-fibre wick. The glass-fibre wick at the bottom was used to maintain the 

water content in the soil. Besides, 5mm holes were drilled at d1, d2 and d3 positions in 

each root chamber (Figure 2.2), which indicated 25 mm, 65 mm and 105 mm respec-

tively from the top opening of the root chamber. A 38 µm rectangular nylon mesh 

(Normesh, Lancaster, UK) was stretched over the front face of each root chamber and 

attached using adhesive tape down the side. Down the bottom of each root chamber, a 

braided glass-fibre wick (5 mm diameter) (Stovax Ltd., Exeter, UK) was introduced, run-

ning up the entire height of the root chamber. Around 20 mm of wick was extended 

above the soil surface and around 200 mm of the wick was extended below each root 

chamber to allow hydration via capillary rise (Figure 2.2). The wick was held to the back 

face of the plant chamber using adhesive tape. Distilled water was put in a plastic con-

tainer in the base of the growth box acting as water reservoir. 
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Figure 2.1 A CAD rendering of the growth chamber design (a), the final fabricated version (b), a 
single chamber assembly in the experiment (c). From Keyes et al. (2022). 

 

Figure 2.2 Side view of the root and hyphal chamber assembly (only the side-arm hyphal cham-
ber in d1 position is shown here as example). d = the height of the side-arm centroid from the 
top of the root chamber, h = the distance in the hyphal chamber, away from the barrier mesh. 
ROI (Region of Interest) refers to the specific area within the side chamber from which soil sam-
ples were collected for sequencing. From Keyes et al. (2022). 
 

Hyphal chambers were produced from sterile 1 ml polypropylene syringes (BD Plasti-

pak). 1 ml of working volume was given to each chamber by cutting the syringes down to 

the 1 ml gradation using a scalpel. A braided 1 mm diameter glass-fibre wick (The Mesh 
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Company, Warrington, UK) was introduced to the bottom of each hyphal chamber and 

knotted. Fine sand (British Standard Fraction D) was put into the hyphal chamber to sur-

round the knotted wick to improve the hydraulic conductivity between the soil and the 

knotted wick. Sand was first sterilised by heating to 130oC for 24 h in the oven prior to 

putting inside the hyphal chamber. Each chamber was filled up to the 0.15 ml line by the 

sand, sand was later pressed down to the 0.1 ml line by a syringe plunger.  

A tube was fitted to the free end of the glass-fibre wick as a holder and attached to the 

base of the hyphal chamber using adhesive tape (Figure 2.3). The carrier tubes were 

made of sterile 1 ml syringes as mentioned before. A scalpel was used to cut at the 0 ml 

and 1 ml gradations to form an open tube. Soil was filled up to the 0.6 ml line in each hy-

phal chamber, and the chambers were tapped until soil settled back to around 0.55 ml 

(Gregory et al., 2003). In the P+ (with P added) groups, a small pellet of triple 

super-phosphate (TSP) fertiliser (a highly concentrated phosphorus fertiliser containing 

about 46% P₂O₅;mean mass 0.0757 g, SD = 0.007 g) was added at the point of P source 

as indicated in Figure 2.2, using forceps. Afterwards, each hyphal chamber was filled 

with the soil up to the 1 ml line, then tapped to consolidate, the vacant space was then 

re-filled up to 1 ml mark.  

Each hyphal chamber was fastened to the plant root chamber at the position d1, d2 and 

d3 (Figure 2.2) using adhesive tape, which wrapped around the entire root chamber. Hy-

phal chambers were angled downwards at 10 degrees to horizontal, hydration racks 

were built opposite to the hyphal chamber (Figure 2.1). Root chambers were filled with 

the coarse soil stock (< 2mm fraction). 
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Figure 2.3 Completed hyphal chambers with carrier tubes holding the glass-fibre wicks. Ready 
to be attached to the root chambers. From Keyes et al. (2022). 
 

2.3.1.1 Rhizophagus irregularis inoculation and non-mycorrhizal controls 

A single-strain inoculum was used (BEG72, PlantWorks Ltd., UK) for the inoculation of 

samples with Rhizophagus irregularis. The inoculum supplied by the manufacturer con-

tained hyphae, spores and colonised root fragments in an inert carrier media which is 

made of zeolite granules sieved between 3 and 1 mm.  

In order to produce a uniform inoculating mixture, the media was concentrated as rec-

ommended by the manufacturer. Briefly, 300-ml volume of the inoculum was placed in 

a 750 µm sieve, the 750 µm sieve was stacked over a 53-µm sieve. The inoculum was 

washed vigorously under a water jet for 2 minutes. The material that remained in the 53 

µm sieve, consisting of AM fungal spores and hyphae, was gently decanted into a Petri 

dish, and soil stock (very fine fraction, <600 µm) was added along with pure water to 

produce 30 g of stiff paste-like media. During inoculation of each root chamber, 1.5 g of 

inoculating paste and 0.5 g of raw inoculum were added together at each of the posi-

tions where the hyphal chambers were mounted (i.e., d1, d2 and d3) using spatula. Gen-

tle tapping was applied during filling in order to consolidate the soil.   

For the controls, due to the nature of the soil, it contained naturally occurring fungal 

spores (including mycorrhizas), making it difficult to attain and maintain full sterilisa-
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tion. There was also an increased likelihood of opportunistic, non-mycorrhizal fungi rap-

idly dominating colonisation of a sterilised soil, which should be avoided. Therefore, un-

sterilised soil was used throughout the experiment. 

Because the soil was non-sterile, it would contain mycorrhizal spores, to avoid the de-

velopment of symbiosis and mycorrhizal mycelium, it was necessary to keep the non-

mycorrhizal controls plant-unassociated. Therefore, it was decided to keep the control 

samples (non-mycorrhizal control) unplanted. 

2.3.1.2 Plant growth conditions 

The set up involved inoculating strain (Rhizophagus irregularis/non-mycorrhizal control), 

phosphorus condition (P+/P-) and time (2/4 weeks). Three replicate samples were pre-

pared for each combination. 

Each assembly (a single root chamber, three hyphal chambers) was put into the growth 

box (Figure 2.1). The maximum capacity of each growth box was nine assemblies. The 

growth boxes were put in a growth chamber under controlled environmental conditions  

(Conviron A1000). Under an inverse diurnal cycle (where light and dark periods are re-

versed compared to natural daylight), the light period was set for 14 h at 23°C with 75% 

humidity under full light (700 µmol.m-2. s-1), and the dark period was set for 10 h at 18°C 

with 75% humidity. An inverse diurnal cycle was used to align the plants’ daytime with 

laboratory working hours, ensuring easier access for sampling and monitoring. 

 

2.3.1.3 16S rRNA and 18S rRNA amplicon sequencing  

For sequencing, three biological replicate soil samples from the d1 position were col-

lected, frozen using liquid nitrogen, and stored at -80°C. Soil DNA was extracted from 

0.5 g of soil (wet weight) from each replicate. Soil was taken from the uppermost part of 

each hyphal chamber. DNA was extracted using a Zymo D6003 soil dsDNA extraction kit 

(Zymo Research, Orange, CA, USA) according to the instruction provided. Samples were 

kept on ice during the process. Illumina sequencing was carried out for the 16S rRNA 

gene (targeting bacteria) and the 18S rRNA gene (targeting eukaryotes, including fungi). 

The sequencing was done in Environmental Sequencing Facility at the University of 

Southampton. 
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Primers F515 Modified (5’- GTGYCAGCMGCCGCGGTAA – 3’) (Parada et al., 2016) and 

R806 Modified (5’- GGACTACNVGGGTWTCTAAT - 3’) (Apprill et al., 2015) were used for 

the amplification of 16S rRNA genes. Primers F574 (5’- GCGGTAATTCCAGCTCCAA- 3’) 

and R952 (5’- TTGGCAAATGCTTTCGC -3’) were used for the amplification of 18S rRNA 

genes (Hadziavdic et al., 2014). 

2.3.1.4 DNA sequence analysis 

Quality filtering and trimming of the sequence reads was performed using the package 

DADA2 (Callahan et al., 2016),with forward and reverse reads merged by using the 

DADA2 mergePairs command. Downstream processing was performed by using DADA2 

makeSequenceTable command to construct a table with amplicon sequence variant 

(ASV), and function removeBimeraDenovo to remove chimeric sequences. ASV can be 

regarded as a higher-resolution version of the traditional OTU table, which can identify 

more variants than other methods (Callahan et al., 2016). Sequences shorter than 320 

bp were discarded. Unlike the traditional OTU table, in an ASV table, the number of 

times each exact amplicon sequence variant (ASV) is observed in each sample is rec-

orded (Callahan et al., 2017). ASVs were classified using the Wang Bayesian classifier in 

DADA2 (Callahan et al., 2016; Wang et al., 2007) and the Silva taxonomy (Quast et al., 

2013) . The taxonomy of selected ASVs that could not be identified using the classifier 

were individually analysed by BLAST against the non-redundant (nr) NCBI database; the 

taxonomy of closest BLAST of a type strain match was used as an indication of the iden-

tity of the ASV.  

A heatmap representation of the relative abundance of ASVs between inoculated and 

uninoculated samples was constructed using the R programme (version 4.3.0) 

(http://www.r-project.org/). The ASV counts were first subjected to a Hellinger transfor-

mation with the decostand function in the vegan package (version 2.5-6) (Oksanen et 

al., 2019). Principal components analysis (PCA) was then performed using the R func-

tion prcomp, which showed that the inoculated and uninoculated samples were sepa-

rated along the first two axes. To identify ASVs that best explained the differences be-

tween inoculated and uninoculated samples, indicator species analysis was performed 

separately for 16S and 18S rRNA datasets using the multipatt function in the indicspe-

cies package (version 1.7.15) in R based on the approach described by De Cáceres and 
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Legendre (2009), with a significance threshold of α = 0.05. This method statistically as-

sesses the association of each ASV with a treatment group by combining its relative 

abundance and frequency of occurrence. ASVs with significant indicator values (p < 

0.05) were selected as representative of either the inoculated or uninoculated 

group.The relative abundance of these ASVs was calculated and visualised in 

heatmaps, using the pheatmap function in the pheatmap package (version 1.0.12) 

(Kolde, 2019). 

To test whether bacterial families associated with the inoculated treatment were signifi-

cantly enriched, a chi-square (χ²) test was performed on ASVs identified by indicator 

species analysis (p < 0.05) under both P+ and P- conditions. ASVs were grouped by fam-

ily, and the observed frequency of each family in the indicator subset was compared to 

its expected frequency based on its proportion in the full ASV dataset. Families with p < 

0.05 were considered significantly enriched, indicating a non-random association be-

tween specific families and the inoculated treatment. Chi-square tests were performed 

using GraphPad Prism version 10 (GraphPad Software, California, USA). 

Shannon diversity indexes of the inoculated and non-mycorrhizal (uninoculated) control 

samples were calculated. In addition, the relative abundances of selected taxa between 

inoculated and uninoculated samples were also calculated. Student’s t-tests were used 

to compare both the Shannon diversity and the relative abundance between inoculated 

samples and non-mycorrhizal controls at a 95% confidence level. P < 0.05 was consid-

ered statistically significant. 

 

2.3.2 Further study of the inoculation impacts of R. irregularis 

2.3.2.1 Root chamber setup 

To further study the impact of the inoculation of R. irregularis, a simplified version of the 

setup illustrated in Figure 2.4 was adapted from the design mentioned in Figure 2.1. In 

this new growth setup, 50-ml CELLSTAR tubes (Greiner Bio-one, Gloucester, UK) re-

placed the wheat chamber, while the setting for the hyphal chamber remained the 

same. 

A 5-mm diameter hole was drilled in the front face of each plant chamber, positioned 25 

mm from the upper opening of the plant root compartment, according to the experiment 
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described by Keyes et al. (2022). Nylon mesh (Normesh, Lancaster, UK) with a 38-μm 

aperture size was gently stretched over the front face of each root compartment and af-

fixed using a strip of adhesive tape along each side. A 5-mm diameter fibreglass rope 

(Stovax Ltd., Exeter, UK) was introduced through the base of each root chamber, ex-

tending the entire height. Approximately 10 cm of wick extended vertically below the 

root compartment, and about 20 mm extended above the soil surface, held in place 

against the back of the root chamber using adhesive tape. Each root chamber was filled 

with 66 grams of soil, and a reservoir was set up at the bottom to supply water to the 

root chambers. 

 

 

Figure 2.4 Adapted setup for growing wheat. 
 

2.3.2.2 Hyphal chamber setup 

In the hyphal chamber setup, sterile 1-ml polypropylene syringes (BD Plastipak) were 

used as hyphal compartments, as previously described by Keyes et al. (2022). The sy-

ringes were cut down to the 1 ml line with a scalpel, resulting in a working volume of 1 

ml in each chamber. 

A 1-mm diameter silica wick (JAG Hilly Trading, Fareham, UK) was knotted and intro-

duced to the base of each chamber, with the excess part of the knot trimmed by scis-

sors. The knot was gently pulled to the base of the syringe, and wicks were extended 

horizontally, approximately 90 mm at the end of each hyphal compartment. Each hyphal 

chamber was filled with 1 gram of soil, and then mounted onto the root chambers 
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through the drilled holes, secured using tape. Hydration racks were placed opposite the 

chambers to maintain water supply. 

 

2.3.2.3 Preparation of wheat seeds and the inoculum 

For the preparation of wheat seeds and inoculum, the same procedures described in 

previous sections were followed. After planting the seeds, the setup was placed in a 

glasshouse for growth, with daytime temperatures of 23°C, nighttime temperatures of 

18°C, and 16 hours of daylight at 55% humidity. The plants were grown in the glass-

house for 2 weeks. 

 

2.3.2.4 Control setup 

Control setups included the same "inoculated" ("plant + inoculant") and "uninoculated" 

("soil alone") controls from Keyes et al. (2022), as well as new controls such as samples 

with sterile inoculant ("plant + sterile inoculant" and "soil + sterile inoculant"), and sam-

ples with plant but no inoculant ("Plant alone"). The treatment groups are illustrated in 

Table 2.1, and triplicates were prepared for each treatment. 

Table 2.1 Overview of experimental treatments. 
Treatment group Description 
Plant + inoculant Plant + live inoculant 
Soil + inoculant Soil + live inoculant 
Plant + sterile inoculant Plant + sterilised inoculant 
Soil + sterile inoculant Soil only + sterilised inoculant 
Plant alone Plant only (no inoculant) 
Soil alone Soil only (no plant, no inoculant) 

 

2.3.2.5 Hyphal counting 

After 2 weeks, hyphal numbers in the samples were counted using a modified protocol 

from Dodd et al. (2001). 

Briefly, soil samples from each hyphal chamber were collected individually into 500 ml 

beakers and suspended in 250 ml of pure water. The soil-water mixture was blended us-

ing a Waring 8011ES 2-speed laboratory blender with stainless steel blades (Waring 

Commercial, USA) for 30 seconds at high speed (22000 rpm). The blended mixture was 

then filtered through a 210-µm mesh sieve, transferred to a flask, agitated, and allowed 
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to stand at room temperature for 1 minute. A 6-ml aliquot of the soil suspension was 

then placed onto a 1.0 µm Millipore filter and filtered under vacuum. After filtration, the 

vacuum was turned off and the filter was stained with 1 ml of 10% Sheaffer blue in 25% 

acetic acid for 3 minutes. The remaining stain was then removed, and the filter was 

rinsed with 1 ml of pure water. The filter was placed on a microscope slide for drying, af-

ter which one drop of glycerol was added, and a cover slip was placed over the filter. The 

slide was examined under a light microscope for hyphal counting, with one slide pre-

pared from each hyphal chamber. Five random fields were selected from each slide for 

counting under 40x magnification. 

 

2.3.2.6 Root staining 

Roots from inoculated samples were stained to confirm the successful colonisation of 

R. irregularis using a modified method from Wilkes et al. (2020). 

Briefly, fresh roots were first rinsed with water and fixed in FAA (formaldehyde, acetic 

acid, alcohol [ethanol], and deionized water solution, 10:5:50:35) for 24 hours. The roots 

were then heated at 90°C for approximately 1 hour in 10% w/v KOH (a clearing step to 

remove cellular contents and pigments, facilitating better visualisation of fungal struc-

tures) (Phillips and Hayman, 1970), and then rinsed in water. After clearing, roots were 

submerged in 5% hydrochloric acid (HCl) for 30 minutes and incubated at 60°C in a wa-

ter bath (acidification). After cooling to room temperature, the roots were dissected into 

1 cm pieces and stained with 10% Sheaffer blue ink in 25% glacial acetic acid (Vierheilig 

et al., 1998) for 3 minutes at room temperature. The stains were then poured away, and 

root samples were de-stained using 25% acetic acid. The samples were mounted on 

slides using polyvinyl alcohol-lactic acid-glycerol (PVLG) and observed under 80x mag-

nification. 

 

2.3.3 Competition experiment 

A competition experiment was conducted to determine if competition existed between 

R. irregularis and indigenous fungi in the hyphal chamber. Murashige & Skoog Modified 

Basal Medium with Gamborg Vitamins (MS) (Product ID: M404; PhytoTech Labs, U.S.) 

was used as a nutrient source. The duration of plant growth was determined by setting 
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up different individual samples and counting the hyphal numbers in the individual hy-

phal chambers on days 0, 3, 6, and 9 after wetting to observe when the hyphal numbers 

reached a plateau. Ultimately, a 14-day growing period was chosen for this experiment. 

Using the same plant-growing setup as illustrated in Figure 2.4, additional controls were 

created, with or without nutrient supplementation, on top of the inoculation groups: in-

oculated (MS+), inoculated (MS-), uninoculated (MS+), and uninoculated (MS-). Tripli-

cate samples were prepared for each treatment. The hyphal chambers were pre-wetted 

with 1 ml of either MS ("MS+" treatments) or pure water ("MS-" treatments) before being 

attached to the root chambers. The setup was placed in the glasshouse and grown for 

14 days, with the hyphal chambers re-wetted halfway through the experiment by adding 

200 µl of either MS or pure water, depending on the treatments, to prevent the soil from 

drying out. Hyphal numbers were counted using the steps mentioned in the previous 

section. 

 

2.3.4 Effects of inoculation and nutrient on soil communities 

The same settings as the competition experiment were applied to study the impact of 

both R. irregularis inoculation and MS supplementation on both the bacterial and fungal 

communities in the soil of the hyphosphere. After the 14-day growing period, DNA was 

extracted from the soil using the NucleoSpin® Soil kit (MACHEREY-NAGEL GmbH & Co. 

KG, Düren, Germany) according to the manufacturer's standard protocol. A different kit 

was used from the previous extraction because this was the kit available in our labora-

tory at the time of the experiment, and it is also widely used for reliable soil DNA extrac-

tion. DNA concentration (ng/µL) of each sample was determined using a BioDrop Duo+ 

Spectrophotometer (Biochrom Ltd, Cambridge, UK). The samples were then stored at -

80°C until further analysis. 

 

2.3.4.1 Amplicon sequencing  

Amplicon sequencing was performed targeting the V4 region of the 16S rRNA gene for 

the bacterial community (as described in Section 2.3.1.3) and the internal transcribed 

spacer (ITS) 1 region for the fungal community using primers ITS1-F (5’-CTTGGTCATTTA-

GAGGAAGTAA-3’) and ITS1-R (5’-GCTGCGTTCTTCATCGATGC-3’). The ITS region was 
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chosen instead of the 18S rRNA gene (used previously) to more specifically target fungal 

taxa and avoid amplifying unrelated eukaryotic sequences such as plants and protozoa. 

Sequencing was done at Biomarker Technologies (BMK) GmbH. 

 

2.3.4.2 Quantitative polymerase chain reaction (qPCR) 

To determine whether inoculation also affected the number of bacteria in the soil, quan-

titative polymerase chain reaction (qPCR) was conducted. This was done to assess the 

impact of inoculation and nutrient supplementation on the bacterial community by 

quantifying the 16S gene copy numbers across samples. qPCR was performed using a 

StepOnePlus instrument with StepOne software v2.3 (Applied Biosystems) to quantify 

bacterial concentrations. Reactions were carried out in a 96-well qPCR plate using Taq-

Man Fast Advanced Master Mix (Thermo Fisher Scientific). The assay was done accord-

ing to the steps described by Vera-Gargallo et al. (2023). A purified PCR product of a 16S 

rRNA gene was used as a DNA standard. The concentration of the DNA standard was 

determined using a Qubit Fluorometer (Thermo Fisher Scientific). A single-use aliquots 

of 1x106 molecules µl-1 was prepared. Bacterial DNA was targeted using primers 

BAC338F (5’ ACT CCT ACG GGA GGC AG 3’) and BAC805R (5’ GAC TAC CAG GGT ATC 

TAA TC 3’) with the corresponding TaqMan probe BAC516P (5’ TGC CAG CAG CCG CGG 

TAA TA 3’), which was labelled with 6-carboxyfluorescein (6-FAM) on the 5’ end and 

Black Hole Quencher 1 (BHQ1) on the 3’end (Sigma-Aldrich). The primer/probe mix was 

prepared by combining 18 µl of forward primer (0.9 µM), 18 µl of reverse primer (0.9 µM), 

5 µl of probe (0.25 µM), and 59 µl of TE buffer (Sigma-Aldrich) to achieve the desired 

working concentrations. 

To prepare the qPCR reactions, a 10-fold serial dilution of the DNA standard was carried 

out to obtain a concentration range from 101 to 106 molecules µl-1 in nuclease-free wa-

ter. The qPCR master mix was prepared as follows for each reaction: 5 µl of 2 x TaqMan 

Fast Advanced Master Mix, 0.5 µl of the primer/probe mix, 3.5 µl of nuclease-free water. 

The master mix was briefly vortexed to ensure complete mixing. A total of 9 µl of this 

master mix was added into each well of the 96-well qPCR plate. Subsequently, 1 µl of 

the DNA template (standard, sample, or nuclease-free water for blanks) was added to 

each well, resulting in a final reaction volume of 10 µl per well. 



Chapter 2 

 

 

76 

The qPCR was conducted under the following thermal cycling conditions: initial dena-

turation at 95°C for 5 minutes, followed by 35 cycles of denaturation at 95°C for 30 sec-

onds, and annealing/extension at 62°C for 60 seconds. 

Fluorescence data were collected at the end of each cycle during the extension phase, 

and threshold cycle (Ct) values were calculated using StepOne software. The obtained 

Ct values were used to deduce the DNA concentration in the samples based on the 

standard curve generated from the DNA standards. 

 

2.3.5 DNA sequence analysis for repeated experiments 

R software version 4.3.2 (http://www.r-project.org/) was used for processing the se-

quencing data. The data were analysed using the DADA2 pipelines as mentioned in pre-

vious section(2.3.1.4). ASVs were classified using the Wang Bayesian classifier in 

DADA2 (Callahan et al., 2016; Wang et al., 2007) , referencing the Silva taxonomy data-

base for 16S sequencing (Quast et al., 2013) and the UNITE ITS database (Abarenkov et 

al., 2024) for ITS sequencing. The ASV counts were subjected to a Hellinger transfor-

mation using the decostand function in the vegan package (version 2.5-6) (Oksanen et 

al., 2019) in R. Bray-Curtis dissimilarity matrix was calculated and Principal Coordinates 

Analysis (PCoA) was then performed using the R function pcoa. To determine whether 

inoculation or nutrient supplementation had a significant impact on soil communities 

(P<0.05), Permutational Multivariate Analysis of Variance (PERMANOVA) was conducted 

using the adonis2 function in the vegan package. 

The same indicator species analysis approach was applied to the repeat experiment, 

performed separately for 16S and ITS datasets under MS+ and MS- conditions, using the 

multipatt function from the indicspecies package (De Cáceres and Legendre, 2009), as 

described above (Section 2.3.1.4). ASVs significantly associated with either the inocu-

lated or uninoculated groups (p < 0.05) were identified. The sets of ASVs identified under 

MS+ and MS- conditions were then compared to those identified under P+ and P- condi-

tions (Section 2.4.2), and visualised using Venn diagrams generated with the draw.pair-

wise.venn() function from the VennDiagram package (version 1.7.3) (Chen and Boutros, 

2011) in R. 

http://www.r-project.org/
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Data from hyphal counting and qPCR were analysed using analysis of variance (ANOVA) 

followed by Tukey’s Multiple Comparisons test, implemented in GraphPad Prism ver-

sion 10 (GraphPad Software, California USA). The results were then visualised using the 

same software. 

 

2.4 Results 

Wheat was grown with or without arbuscular mycorrhizal (AM) fungi R. irregularis under 

two different phosphorus conditions (with P added: P+; without P added: P-) and two 

time points (2 and 4 weeks). In both P+ and P- conditions, R. irregularis successfully col-

onised wheat roots, but hyphal growth patterns differed: P+ samples had greater hyphal 

length density (total length of observed hyphae per unit volume of soil) at 2 weeks, while 

P– samples showed more hyphal growth near roots by 4 weeks. Hyphal tortuosity (the 

degree of twisting and turning of hyphae, reflecting their exploratory growth) was higher 

in P+ treatments. Plant growth also reflected phosphorus availability, with P+ treat-

ments showing significantly higher root and shoot biomass and phosphorus content 

than P–, particularly at 2 weeks (Keyes et al., 2022). 

The full set of treatment combinations is summarised below (Table 2.2) (Keyes et al., 

2022). All treatments were prepared in triplicate, except for the original soil treatment, 

which included four replicates. 28 samples in total were sequenced using Illumina se-

quence for 16S rRNA (bacteria) and 18S rRNA (eukaryotes). Original soil is the natural 

soil collected from the field that was not put in the controlled growth condition like 

other samples. 

To confirm that the inoculation of R. irregularis actually worked, representative images 

of root colonisation for hyphal counts are shown in Figure 2.5. Although these results 

are from a later experiment (Section 2.4.3), they serve as an early visual validation that 

the inoculation approach was successful. 
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Table 2.2 Combination of inoculation status, phosphorus condition and time points.  

Treatment 
group 

Inoculation status (T/C) Duration 
(2/4) 

Phosphorus condition 
(P+/P-) 

T4P+ Inoculated 4 weeks  with P addition 
T4P- Inoculated  4 weeks  without P addition 
T2P+ Inoculated  2 weeks  with P addition 
T2P- Inoculated 2 weeks  without P addition 
C4P+ Uninoculated  4 weeks  with P addition 
C4P- Uninoculated  4 weeks  without P addition 
C2P+ Uninoculated  2 weeks  with P addition 
C2P- Uninoculated  2 weeks  without P addition 
Original soil Soil without any treat-

ment 
  

 

 

Figure 2.5 Staining of wheat roots. Left: inoculated. Right: uninoculated. Observed under 80x 
magnification. 
 

This chapter reports the key finding that inoculation with R. irregularis led to a significant 

reduction in fungal abundance in the hyphosphere, despite no significant changes in 

fungal community structure. Inoculation also caused shifts in bacterial community 

structure without affecting bacterial abundance. The following sections present these 

findings in detail. 

 

2.4.1 Principal component analysis (PCA)  

To provide an overview of the bacterial community composition across all treatments, 

the relative abundance of major bacterial phyla (>1%) was visualised using a stacked 



Chapter 2 

 

 

79 

bar chart (Figure 2.6). The dominant phyla across all treatment groups are Proteobacte-

ria (approximately 26–31%), Firmicutes (approximately 22-40%), and Actinobacteria 

(approximately 16-20%). Other phyla such as Acidobacteria, Chloroflexi, Planctomy-

cetes, and Verrucomicrobia were also consistently detected across all samples, gener-

ally contributing between 3% and 7% of the total community composition. Compared to 

the original untreated soil, experimental groups (T & C) show noticeable shifts in phy-

lum-level composition. For instance, Proteobacteria and Firmicutes are more abundant 

in experimental groups, while Acidobacteria and Planctomycetes are reduced. 

In both P+ and P− conditions, Firmicutes are consistently more abundant in uninocu-

lated treatments, while Planctomycetes and Verrucomicrobia are more abundant in in-

oculated groups. Other phyla, including Acidobacteria, Actinobacteria, Chloroflexi, and 

Proteobacteria, show relatively stable abundances across inoculated and uninoculated 

treatments. When comparing phosphorus treatments, Firmicutes are consistently more 

abundant in P+ treatments than in P– treatments across both inoculated and uninocu-

lated groups, while Acidobacteria, Actinobacteria, Chloroflexi, and Planctomycetes 

generally show reduced relative abundances. Other phyla, such as Proteobacteria and 

Verrucomicrobia, show no clear or consistent pattern between P+ and P− treatments 

across both inoculated and uninoculated samples. 
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Figure 2.6 Stacked bar chart showing the relative abundance of bacterial phyla across different 
treatment groups. Only taxa with >1% relative abundance are shown; taxa with <1% relative 
abundance are grouped into “Other”. T = inoculated with R. irregularis, C = uninoculated, with P 
= with phosphorus addition, without P = without phosphorus addition. Original soil = untreated 
natural soil. 
 

Principal component analysis (PCA) was then carried out to visualise the microbial 

community data from 16S and 18S rRNA gene sequencing (Keyes et al., 2022), in order 

to examine whether the inoculation of the R. irregularis had effects on the soil commu-

nity near the hyphae.  

We first visualised the overall microbial community structure across all treatments, in-

cluding inoculation status, phosphorus condition, and time point (Figure 2.7). One inoc-

ulated sample under P+ condition was excluded from the 18S PCA analysis due to sub-

stantially lower sequencing depth (~32,000 reads) compared to its biological replicates 

(~101,000 and ~170,000 reads), and because it lacked many ASVs consistently de-

tected in the other two samples, suggesting a sequencing failure. This sample was also 

excluded from all subsequent analyses involving the 18S sequencing dataset to avoid 

potential bias. 
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In the PCA plot for bacteria (Figure 2.7 a), The first two principal components (PC1 and 

PC2) together explain approximately 34% of the variance (21.07% and 12.88%, respec-

tively). Clear clustering patterns were observed based on both inoculation status and 

phosphorus treatment. Inoculated and uninoculated samples generally separated 

along the PC1 axis, particularly under P+ conditions, suggesting a strong influence of in-

oculation on microbial composition. Additionally, samples with added phosphorus (P+) 

cluster distinctly from P– samples, especially along the PC2 axis. Original soil samples 

cluster separately from the experimental treatments, indicating a shift in microbial 

composition due to controlled growth conditions. No strong clustering by time point (2 

vs. 4 weeks) was observed, indicating that sampling time had a limited influence on 

overall community composition. 

For the eukaryotic community (Figure 2.7 b), the first two principal components (PC1 

and PC2) explain 16.54% and 12.85% of the variance, respectively. Compared to the 

16S dataset, clustering patterns are less distinct. Separation between inoculated and 

uninoculated samples was still observed along both PC1 and PC2 axis. Phosphorus 

condition (P+ vs. P−) also appears to influence clustering, with some distinction visible 

along PC2. While original soil samples partially overlap with uninoculated treatments, 

they remain distinct from inoculated samples.As with the bacterial community, no 

strong grouping by time point (2 vs. 4 weeks) was observed, indicating limited temporal 

effects on overall eukaryotic composition. 
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Figure 2.7 Principal component analysis (PCA) plot of samples from 16S (a)/18S (b) rRNA se-
quencing. Different colours (inner fill) denote whether the samples were inoculated with R. irreg-
ularis or not. The shapes of the dots (i.e., square, circle) represent the time point: 2 weeks or 4 
weeks. The colours of the borders indicate whether phosphorus was added. Note: One inocu-
lated P+ sample was excluded from the 18S analysis due to low read count and missing ASVs, 
suggesting sequencing failure. 
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To explore inoculation effects more closely, we next analysed samples within each 

phosphorus condition (P+ and P−) separately (Figure 2.8). 

 

Figure 2.8 Principal component analysis (PCA) plot of samples from 16S (a,b)/18S (c,d) rRNA se-
quencing. Different colours (inner fill) denote whether the samples were inoculated with R. irreg-
ularis or not. The shapes of the dots (i.e., square, circle) represent the time point: 2 weeks or 4 
weeks. Ellipses were drawn based on 95% confidence interval. (a) & (c): P+. (b) &(d): P−. Note: 
One inoculated P+ sample was excluded from the 18S analysis due to low read count and miss-
ing ASVs, suggesting sequencing failure. 
 
For 16S rRNA sequencing results, samples inoculated with R. irregularis are obviously 

separated from the samples of non-mycorrhizal controls along the PC1 axes, which ex-

plained 28.67% and 33.32% of the variance, respectively (Figure 2.8a,b). For sequencing 

results of 18S rRNA, in those groups with P added (P+), samples are separating alone 

the PC1 axis, which explained 22.27% of the variance (Figure 2.8c); whilst samples are 

separating alone both the PC1 and PC2 axis in the groups without P added (P-), which 

explained 26.8% and 19.98% of the variance, respectively (Figure 2.8d). No distinct 

clustering by time point (2 vs. 4 weeks) was observed. 
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2.4.2 Heatmap representation of the relative abundance 

According to the method of De Cáceres and Legendre (2009); Deng et al. (2014), by se-

lecting taxa that are most strongly associated with specific treatments based on indica-

tor species analysis, the difference between treatments can be visualised more effec-

tively.  

Indicator species analysis identified ASVs significantly associated with either the inocu-

lated or uninoculated groups across both 16S and 18S datasets (p < 0.05). In the 16S da-

taset, 140 ASVs were identified under P+ condition , including 87 ASVs associated with 

the inoculated group and 53 with the uninoculated group; under P− condition, 197 ASVs 

were identified, with 97 enriched in the inoculated group and 100 in the uninoculated 

group. For the 18S dataset, 331 ASVs were identified under P+ condition, with 8 associ-

ated with the uninoculated group and 323 with the inoculated group; under P− condi-

tion, 251 ASVs were identified, including 7 associated with the uninoculated group and 

244 associated with the inoculated group. The selected ASVs were used to construct 

the heatmaps (Figure 2.9; Figure 2.10; Figure 2.11; Figure 2.12). 

For the bacterial community (16S rRNA dataset) under phosphorus addition, the 

heatmap (Figure 2.9) shows the relative abundance of ASVs identified through indicator 

species analysis (p < 0.05), highlighting differences between inoculated and uninocu-

lated treatments. The overall pattern reflects the separation observed in the PCA (Figure 

2.8a), where samples group distinctly by inoculation status along the PC1 axis. ASVs as-

sociated with inoculated samples are generally concentrated at the top right corner of 

the heatmap, while ASVs linked to uninoculated samples form a separate region with 

higher relative abundance. For the bacterial community under P− conditions, a similar 

separation between inoculated and uninoculated samples was observed, as shown in 

both the heatmap (Figure 2.10) and the corresponding PCA (Figure 2.8b). Samples from 

both 2- and 4-week time points are intermixed in the heatmaps and show no clear sepa-

ration in the PCA plots, suggesting that sampling time had limited influence on commu-

nity composition. 

For the group of bacteria (16S rRNA) under both P+ and P− conditions, Proteobacteria 

account for the largest proportion among ASVs identified through indicator species 

analysis (p < 0.05) (Figure 2.9; Figure 2.10). However, despite their prevalence in ASVs 
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differentiating inoculated and uninoculated samples, the overall relative abundance of 

Proteobacteria (combined across P+ and P-) does not differ significantly between treat-

ments (28.24% ± 0.42% in inoculated and 28.60% ± 0.26% in uninoculated samples; p= 

0.515, t-test). 

Chi-square analysis was used to assess whether specific bacterial families were selec-

tively enriched in inoculated samples under P+ conditions. Several families were signifi-

cantly overrepresented (p < 0.0001), particularly within Proteobacteria, including Sphin-

gomonadaceae, Xanthomonadaceae, and Devosiaceae, as well as families from other 

phyla such as Geodermatophilaceae (Actinobacteria) and Gemmatimonadaceae (Gem-

matimonadetes) (Appendix Table S 5). Under P- conditions, six families overlap with 

those enriched under P+, including Nitrosomonadaceae (Proteobacteria), Chitinopha-

gaceae (Bacteroidetes), Gemmatimonadaceae (Gemmatimonadetes), WD2101 soil 

group (Planctomycetes), Solibacteraceae (Subgroup 3) (Acidobacteria), and Acidother-

maceae (Actinobacteria), suggesting a consistent inoculation effect. However, distinct 

enrichments were also observed under P-, including Acetobacteraceae, Micropep-

saceae, and TRA3-20 (Proteobacteria), Caldilineaceae and JG30-KF-CM45 (Chloroflexi), 

and Pirellulaceae (Planctomycetes). Full results are presented in Appendix Table S 6, 

with overlapping families highlighted in yellow. 

For the eukaryotic community (18S rRNA), the ASVs detected included not only com-

mon soil fungi (e.g., Ascomycota, Basidiomycota, and Mucoromycota phyla), but also 

other eukaryotic groups, including plant-derived sequences (e.g., Phragmoplastophyta), 

protists (e.g., Hemimastigophora (Foissner et al., 1988) and Ciliophora), Nematoda, and 

numerous unclassified or uncultured eukaryotes. For clarity, only fungal ASVs from the 

three common soil phyla were highlighted in the heatmaps (Figure 2.11; Figure 2.12).  

Heatmaps under both P+ and P- conditions (Figure 2.11; Figure 2.12) show clear differ-

ences between inoculated and uninoculated samples, consistent with the separation in 

the corresponding PCA plots (Figure 2.8 c,d). As with the bacterial (16S) data, inocula-

tion was the primary driver of community shifts. However, 18S samples exhibit greater 

variability overall, with replicates more dispersed in ordination space and one uninocu-

lated sample falling outside the confidence ellipse under P+ conditions. This variation 

was not strongly reflected in the heatmap (Figure 2.11), where all uninoculated repli-

cates show broadly similar ASV abundance profiles. In P-, additional separation along 
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PC2 (Figure 2.8d) aligns with greater inter-replicate variability visible in the heatmap 

(Figure 2.12), particularly among uninoculated samples. While treatment-based cluster-

ing remains evident, ASV abundance profiles showed more within-group divergence 

than under P+. As with 16S, sampling time had minimal influence. 

For the group of eukaryotes (18S rRNA), the heatmaps include not only fungi but also 

other taxa such as protozoa and nematodes, as previously described. Therefore, we fo-

cused the comparison on the relative abundance of the common fungal phyla (i.e., As-

comycota, Basidiomycota, and Mucoromycota) between inoculated and uninoculated 

samples. The results show that the overall relative abundance of these fungi was signifi-

cantly lower in inoculated samples compared to the uninoculated samples (inocu-

lated=42% ± 1.04%; uninoculated=68% ± 3.76%; p < 0.001, t-test). 

Besides, we also compared the Shannon diversity indices between inoculated and the 

uninoculated (non-mycorrhizal control). For the bacterial groups (16S rRNA), the diver-

sity of species did not show significant change between inoculated and uninoculated 

(inoculated=6.421± 0.10, uninoculated=6.075 ± 0.10; p =0.078, t-test). Whereas for the 

eukaryote groups (18S rRNA), significant change was found between inoculated and un-

inoculated (inoculated= 4.915 ± 0.08, uninoculated=3.730 ± 0.26; p =0.001, t-test). In 

general. The diversity of eukaryotes was higher after inoculation. 
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Figure 2.9 Heatmap showing the relative abundance of ASVs (16S rRNA with P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
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Figure 2.10 Heatmap showing the relative abundance of ASVs (16S rRNA without P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance;negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
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Figure 2.11 Heatmap showing the relative abundance of ASVs (18S rRNA with P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance;negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV. For simplicity, only ASVs belonging to Ascomycota, Basidiomycota, and Mucoromycota 
were explicitly labelled. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
Note: One inoculated P+ sample was excluded from the 18S analysis due to low read count and 
missing ASVs, suggesting sequencing failure. 
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Figure 2.12 Heatmap showing the relative abundance ASVs (18S rRNA without P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance;negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV. For simplicity, only ASVs belonging to Ascomycota, Basidiomycota, and Mucoromycota 
were explicitly labelled. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
 

 

2.4.3 Hyphae counting   

The original set up in Table 2.2 from Keyes et al. (2022) was adapted and extra controls 

were included to further validate the results by counting the hyphae number in the side 

chambers. The impact of different treatments on the number of hyphae per gram of soil 

was assessed. Hyphae number per gram of soil in the inoculated samples containing 

plant (“plant + inoculant”) exhibit a significantly lower hyphal count compared to both 

unplanted and uninoculated controls (“soil alone”) (Figure 2.13). These two controls 

correspond to “inoculated” and “uninoculated” in the above-mentioned study. Further-

more, samples that were not planted consistently showed higher hyphal counts than 

those that were both planted and inoculated. 

Additionally, treatments inoculated with sterilised inoculum do not show significant dif-

ferences in hyphal numbers compared to other controls (excluding “plant + inoculant”). 

Success of colonisation was verified by staining the wheat roots in the inoculated sam-

ples (Figure 2.5).  
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Figure 2.13 Hyphae counting of different samples. Different letters indicate statistically signifi-
cant differences (Tukey’s Multiple Comparisons test, p ≤ 0.05). Bars represent the mean values 
(n=3). Error bars represent the standard error of the mean (SEM). 
 

2.4.4 Competition experiment  

To further study the impact of R. irregularis inoculation on the fungal community, a com-

petition experiment was conducted. This experiment aimed to determine whether com-

petition for nutrients exists within the hyphosphere community. The setup for this exper-

iment was similar to that used in the previous experiment, with some slight variations in 

the controls. Specifically, a nutritional condition was introduced as an additional con-

trol alongside the inoculum. 

We first sought to identify the point at which hyphal counts in the soil would reach a rel-

atively stable stage. To do this, we set up samples and monitored hyphal numbers at 

different time points: 0, 3, 6, and 9 days post wetting (T0, T3, T6, T9). As expected, the 

hyphal count was close lowest at the start of the experiment (T0) and increased steadily 

on days 3 (T3) and 6 (T6) post wetting. The growth curve then began to plateau around 

day 9 (T9) (Figure 2.14). Based on these observations, we decided to use a 14-day grow-

ing period for the wheat plants. All measurements were taken in biological triplicate. 
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As illustrated by Figure 2.14, the addition of nutrient significantly increased the counts 

in the hyphal chambers, regardless of inoculation. Although the MS medium boosted 

hyphal numbers in the inoculated samples, the effects of inoculation on hyphal num-

bers were still evident. With or without the addition of MS medium, hyphal counts in the 

hyphal chamber soil were consistently lower in the inoculated samples than in the unin-

oculated samples. 

 

Figure 2.14 Competition experiment. (a) Time series on hyphae counting to decide until when 
the hyphae numbers will reach a plateau. T0, T3, T6, T9: start day, day 3, day 6, day 9 of count-
ing. Error bars represent the standard error of the mean (SEM; n = 3). (b): Hyphae count in the 
competition experiment. MS: Murashige & Skoog Modified Basal Medium with Gamborg Vita-
mins. All counting were done under 40x magnification. The y-axis represents the number of hy-
phae per gram of soil, and the x-axis categorises different nutrition conditions applied. Different 
colours indicate different treatment groups. Bars represent the mean values (n=3). Error bars 
represent the standard error of the mean (SEM). Different letters indicate statistically significant 
differences based on two-way ANOVA followed by Tukey’s Multiple Comparisons test (p ≤ 0.05). 
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2.4.5 Effects of inoculation and nutrient on soil communities 

To further explore the competition experiment, the same settings were used to study the 

effect of inoculation and nutrition on the hyphal chamber soil communities. Amplicon 

sequencing was performed, targeting the V4 region of the 16S rRNA gene for bacterial 

community analysis and the ITS1 region for fungal community profiling. Principal coordi-

nates analysis (PCoA) was conducted to visualise the impacts of inoculation and MS 

supplementation on the composition of bacterial and fungal communities in the hy-

phosphere. The PCoA plot for bacterial communities (Figure 2.15, left panel) reveals dis-

tinct clustering patterns based on both inoculation and nutrient conditions. The first 

axis (PCoA Axis 1) explained 38.71% of the variation, while the second axis (PCoA Axis 2) 

accounted for 13.58% of the variation. Inoculated samples (both with and without MS 

medium) tended to cluster separately from uninoculated samples, and the presence of 

MS medium also appears to influence bacterial communities, as indicated by the dis-

tinct clustering of MS+ and MS− treatments. The impact of nutrient supplementation 

(MS medium) is highly significant (p=0.001, PERMANOVA), while the effect of inocula-

tion is marginally significant (p=0.076, PERMANOVA). 

In the PCoA plot for fungal communities (Figure 2.15, right panel), the first axis (PCoA 

Axis 1) accounts for 46.40% of the total variation, while the second axis (PCoA Axis 2) 

explains 9.96% of the total variation. Unlike bacterial communities, no distinct cluster-

ing pattern is observed between inoculated and uninoculated samples; however, the 

MS medium results in some differentiation within fungal communities, as MS+ samples 

cluster separately from MS− samples along the first axis. Statistical analysis reveals a 

dominant effect of nutrient supplementation (MS medium) (p=0.001, PERMANOVA), 

while the effect of inoculation is non-significant (p=0.155, PERMANOVA). 
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Figure 2.15 Principal Coordinates Analysis (PCoA) plots of microbial community composition 
based on 16S rRNA gene sequencing (left) and ITS sequencing (right), using Bray-Curtis dissimi-
larity matrices. Points represent individual samples, with colours indicating different sample 
groups. 
 

 

Figure 2.16 Venn diagrams comparing bacterial families associated with inoculated and uninoc-
ulated treatments under MS+/MS- and P+/P- conditions. Families were grouped based on indi-
cator ASVs identified using indicator species analysis (p < 0.05) in 16S rRNA data. Each panel 
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shows the number of shared and unique bacterial families between matching conditions: (a) In-
oculated with P vs. Inoculated with MS; (b) Inoculated without P vs. Inoculated without MS; (c) 
Uninoculated with P vs. Uninoculated with MS; (d) Uninoculated without P vs. Uninoculated 
without MS. 
 

 

 

Figure 2.17 Venn diagrams comparing fungal families associated with inoculated and uninocu-
lated treatments under MS+/MS- (ITS data) and P+/P- (18S data) conditions. Families were 
grouped based on fungal ASVs identified through indicator species analysis (p < 0.05), using the 
ITS dataset for MS+/MS- comparisons and the 18S rRNA dataset (fungal subset only) for P+/P- 
comparisons. Each panel shows the number of shared and unique fungal families between cor-
responding conditions: (a) Inoculated with P (18S) vs. Inoculated with MS (ITS); (b) Inoculated 
without P vs. Inoculated without MS; (c) Uninoculated with P vs. Uninoculated with MS; (d) Unin-
oculated without P vs. Uninoculated without MS. 
 

Indicator species analysis identified ASVs significantly associated with either the inocu-

lated or uninoculated groups across both 16S and ITS datasets (p < 0.05). In the 16S da-

taset, 235 ASVs were identified under MS+ condition, including 68 ASVs associated with 

the inoculated group and 167 with the uninoculated group; under MS− condition, 436 

ASVs were identified, with 181 enriched in the inoculated group and 255 in the uninocu-
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lated group. For the ITS dataset, 67 ASVs were identified under MS+ condition, with 5 as-

sociated with the uninoculated group and 62 with the inoculated group; under MS− con-

dition, 114 ASVs were identified, including 24 associated with the uninoculated group 

and 90 associated with the inoculated group. 

To assess whether similar indicator taxa were identified across nutrient conditions, 

ASVs from both the MS and previous P experiments (Section 2.4.2) were grouped by 

family and compared using Venn diagrams (Figure 2.16; Figure 2.17). For the 18S da-

taset (P conditions), only fungal families were included in the comparison to align with 

the ITS dataset used for the MS conditions. Comparisons were made separately for 

each treatment condition: (a) Inoculated with P vs. Inoculated with MS; (b) Inoculated 

without P vs. Inoculated without MS; (c) Uninoculated with P vs. Uninoculated with MS; 

and (d) Uninoculated without P vs. Uninoculated without MS. 

In the 16S dataset, moderate overlap in bacterial families was observed between the P 

and MS conditions for inoculated samples, with 19 families shared under P+ and MS+ 

(Figure 2.16 a) and 14 families under P− and MS− (Figure 2.16 b). The remaining families 

were unique to each condition, suggesting that while some inoculation-responsive taxa 

were consistent across nutrient regimes, many were condition-specific. For uninocu-

lated samples, 14 families overlapped under P+ and MS+ (Figure 2.16 c) and 20 families 

under P− and MS− (Figure 2.16 d), though the MS conditions—particularly MS− —in-

cluded a greater number of unique families. 

In the fungal dataset, comparisons were made between ASVs identified under P condi-

tions using the 18S rRNA gene and those under MS conditions using the ITS region. Un-

der inoculated treatments, 6 fungal families were shared between P+ and MS+, and 8 

families were shared between P− and MS− (Figure 2.17 a,b). In contrast, no families 

were shared between P and MS conditions in uninoculated treatments (Figure 2.17 c,d). 

To determine if inoculation also affected the number of bacteria in the soil, similar to 

fungi, qPCR was conducted to assess the impact of inoculation and nutrient supple-

mentation on the bacterial community by quantifying the 16S rRNA gene copy numbers 

across samples (Figure 2.18), including inoculated (I) vs. uninoculated (U) and with (M+) 

vs. without (M−) the addition of MS medium. The results indicate that, under both inocu-

lated and uninoculated conditions, differences in 16S rRNA gene copy numbers are 

non-significant, regardless of the presence or absence of MS medium. 
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Figure 2.18 Quantitative PCR (qPCR) analysis showing the 16S rRNA gene copy numbers across 
different sample groups. M: Murashige & Skoog Modified Basal Medium with Gamborg Vitamins. 
The y-axis represents the 16S rRNA gene copy number per gram of soil, and the x-axis catego-
rises different nutrition conditions applied. I: inoculated, U: uninoculated, M-: without MS me-
dium added, M+: with MS medium added. Different colours indicate different treatment groups. 
Bars represent the mean values (n=3), Error bars represent the standard error of the mean 
(SEM). Different letters indicate statistically significant differences (Tukey’s Multiple Compari-
sons test, p ≤ 0.05). 
 

2.5 Discussion  

This study aimed to investigate the effects of AM fungus (R. irregularis) inoculation on 

soil microorganisms, with specific focus on changes within the bacterial and fungal 

communities in the wheat hyphosphere. To address this, we designed a system to in-

clude both root chambers and hyphal chambers that separate the communities associ-

ated with each compartment. 

The results showed that the inoculation made a difference between the bacterial com-

munities, with distinct clustering patterns found between inoculated and uninoculated 

samples, suggesting that R. irregularis inoculation had a significant impact on commu-

nity structure in the hyphal chamber. Both nutrient availability (P and MS) and inocula-

tion influenced bacterial community composition, with the dominant factor varying be-

tween the experiments. Nonetheless, inoculated samples, regardless of nutrient condi-

tions, clustered separately from uninoculated samples. Specific groups of bacteria 

were enriched in the hyphosphere, while overall diversity stayed unchanged. Enriched 
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taxa included members of Alphaproteobacteria (e.g., Sphingomonadaceae, Xanthobac-

teraceae, Devosiaceae) and Gammaproteobacteria (e.g., Xanthomonadaceae) which 

were associated with the inoculation of R. irregularis (Table S 5). This is consistent with 

the finding of Emmett et al. (2021). Although many of the enriched families overlapped 

between P+ and P- conditions, including Gemmatimonadaceae and Nitrosomona-

daceae, several taxa were unique to either condition (Table S 5; Table S 6). This suggests 

that while inoculation had a consistent effect, nutrient availability also shaped which 

bacterial groups responded. Despite the observed shifts in bacterial community struc-

ture, qPCR of 16S rRNA genes showed no difference after R. irregularis inoculation and 

MS addition, suggesting that these treatments did not change the overall bacterial 

abundance in the hyphosphere.  

The overlap of bacterial families in the inoculated treatment suggests a degree of con-

sistency in the taxa responding to R. irregularis inoculation, regardless of whether P or 

MS was added. However, each condition also had unique families, providing further evi-

dence that bacterial responses to inoculation are at least partly shaped by nutrient 

availability (Figure 2.16 a). 

18S rRNA sequencing not only targeted the fungi, but eukaryotes in general. While the 

18S rRNA sequencing revealed a range of eukaryotes, we focused on the common soil 

fungi (i.e., Ascomycota, Basidiomycota, and Mucoromycota) which showed a significant 

reduction in the abundance of fungi in the inoculated samples. When compared the rel-

ative abundance of the common soil fungi (i.e., Ascomycota, Basidiomycota, and Mu-

coromycota), the abundance in inoculated samples was significantly lower compared 

to uninoculated samples. This was consistent with the results reported by Keyes et al. 

(2022), with lower hyphal abundance in the inoculated samples observed by synchro-

tron X-ray computed tomography (SXRCT). However, there was no clear differentiation 

for fungal taxa based on inoculation by ITS analysis, while nutrient supplementation 

clearly had an effect. Unfortunately, neither the 18S rRNA nor ITS primers detected R. 

irregularis in the soil, despite the fungus being clearly visible associated with the roots 

and in the hyphal chambers. Mismatches between the 18S rRNA primers and the 18S 

rRNA gene of R. irregularis were identified, which may explain its absence from these 

datasets (Figure S 11 a,b). Although the ITS primers showed better overall alignment to 
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the R. irregularis genome than the 18S primers, the ITS1 forward primer showed a per-

fect match with its target region, and the reverse primer aligned from the fifth base on-

ward. Both primers also showed multiple off-target matches within the R. irregularis ge-

nome, which may have reduced amplification specificity and efficiency (Figure S 11 c,d). 

The absence of R. irregularis in both 18S and ITS datasets, despite clear microscopic ev-

idence of its presence (Figure 2.5), highlights a key limitation of universal primers. This 

not only affected the detection of R. irregularis, but also likely contributed to the broader 

underrepresentation of Glomeromycota (Lee et al., 2018). This was evident in our study: 

Glomeromycota was not detected in the 18S dataset, and only one ASV from this phy-

lum was found in the ITS dataset. By contrast, fungal genera commonly expected in 

soils — such as Aspergillus, Mortierella, Fusarium, and Penicillium (Warcup, 1951) — 

were detected across both datasets, suggesting partial success in capturing expected 

taxa. To improve detection of R. irregularis, primers could be designed to amplify a 

longer rDNA fragment spanning the partial small subunit (SSU), full ITS rDNA region, and 

partial large subunit (LSU), as demonstrated by Krüger et al. (2009). This approach offers 

higher specificity and species-level resolution for Glomeromycota compared to stand-

ard 18S or ITS primers. 

The overlap of fungal families across all treatments and nutrient conditions (P and MS) 

(Figure 2.17) was lower compared to the bacterial dataset (Figure 2.16). This may reflect 

a stronger influence of nutrient availability on fungal responses to inoculation. Although 

some overlap was observed between inoculated samples under P and MS conditions, 

the number of shared families was limited (Figure 2.17 a), suggesting only partial con-

sistency in fungal taxa associated with R. irregularis. In contrast, no overlap was found 

among uninoculated samples across all conditions (Figure 2.17 c,d), which likely re-

flects a difference in nutrient regimes. Additionally, the limited overlap overall may be 

partly due to primer differences between the ITS and 18S datasets, which could have led 

to the under-detection of certain fungal taxa — an issue explored in more detail later in 

this section. 

It is also worth noting that different DNA extraction kits were used in the P and MS exper-

iments, which may have introduced subtle biases in ASV recovery and relative abun-

dance. Although the overall patterns of taxonomic overlap are interpretable, some of 
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the differences in detected bacterial and fungal families could partly reflect methodo-

logical variation rather than true biological divergence. 

Competition for nutrients was considered as a likely explanation for the lower abun-

dance of hypha in the inoculated chambers. Therefore, the impact of nutrient supple-

mentation (MS medium) alone with inoculation was also studied to test if a competition 

existed between R. irregularis and native fungi in the hyphosphere. Although the MS me-

dium addition increased hyphal counts in all the samples (both inoculated and uninocu-

lated), lower hyphal counts in inoculated samples was always observed (Figure 2.14b). 

This indicates that R. irregularis has an advantage in competing for nutrients with other 

fungi, even under relatively nutrient-rich conditions, which is possibly due to more effi-

cient nutrient uptake and the advantage of a carbon and energy supply from the plant 

giving them a strong competitive advantage.  

A finding of particular note in this study was that fewer fungi were found when the sam-

ples were inoculated. It is intriguing and counter-intuitive that R. irregularis inoculation 

had lower hyphal counts but suggests that even a low number of AM hyphae can dra-

matically reduce the growth of saprophytic soil fungi in this system. Furthermore, it 

would be expected that fungi would increase when there is a plant present because 

many AM fungi can establish symbiosis with the plants (Smith and Read, 2008). How-

ever, this analysis focused on the hyphosphere and was at a considerable distance to 

the root, which likely limited the interaction in the hyphal chamber except for the mycor-

rhiza.  

There are two possible explanations for the lower fungal abundance following inocula-

tion. One possible explanation is that R. irregularis dominated the hyphosphere by hav-

ing a more efficient nutrient uptake system, hence outcompeting native fungi for nutri-

ents, such as P. This has been suggested (e.g., Zhang et al. (2014), but to our knowledge 

never shown as clearly as in our study. Another possibility is that R. irregularis secretes 

chemicals that can supress the growth of other native fungi directly, similar to its recog-

nised impacts on bacterial activity (Welc et al., 2010; Filion et al., 1999). Rinaudo et al. 

(2010) also reported that AM fungi suppressed aggressive agricultural weeds. If there 

was a suppression mechanism against saprophytic fungi, it appeared to act broadly 
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against all the fungi in the hyphal chamber since there was little difference in the diver-

sity of fungi (as detected by ITS analysis) between the inoculated and uninoculated hy-

phal chambers. 

This study also highlighted the limitations of 18S rRNA gene primers (Hadziavdic et al., 

2014), which amplified a broad range of non-fungal eukaryotic taxa. For example, se-

quences assigned to the phylum Phragmoplastophyta — which includes land plants 

(e.g., Arabidopsis) and their green algal relatives (e.g., Cylindrocystis) — were detected. 

Other non-target groups included Hemimastigophora, a group of single-celled protists 

(Foissner et al., 1988); protozoa such as Ciliophora; and members of the phylum Nema-

toda. To overcome this, we employed the fungal-specific internal transcribed spacer 

(ITS) primers, which can discriminate between fungal and plant sequences (Martin and 

Rygiewicz, 2005). This adjustment provided better insight into the fungal community in 

the MS experiment, although R. irregularis sequences were still not detected. 

As previously noted, using different primers across experiments introduces limitations 

for cross-comparison, as 18S and ITS target different genomic regions and vary in their 

taxonomic resolution and group coverage. For example, 18S rRNA primers capture a 

broader range of eukaryotic taxa and can detect early-diverging fungal lineages such as 

Cryptomycota and Chytridiomycota (Rojas-Jimenez et al., 2017), both of which were de-

tected in this study (Figure 2.11; Figure 2.12). Nonetheless, they tend to underrepresent 

Glomeromycota and have limited species-level resolution (Schoch et al., 2012). In con-

trast, ITS primers are more specific to fungi and provide finer taxonomic resolution, par-

ticularly for Ascomycota and Basidiomycota (Schoch et al., 2012). Some differences in 

fungal composition between experiments may therefore reflect primer-driven detection 

biases rather than true biological variation. 

Future research should focus on exploring the potential suppression of R. irregularis on 

non-mycorrhizal fungi. Given the limitations of amplicon sequencing observed in this 

study — specifically its failure to detect R. irregularis despite visual confirmation — a 

metagenomic approach could offer more comprehensive detection, as it bypasses the 

biases introduced by primer selection. Additionally, a qPCR assay targeting R. irregu-

laris-specific regions could serve as a sensitive and cost-effective method for confirm-

ing its presence. Proteomic and metabolomic approaches could be applied to study if 

R. irregularis secretes inhibitory compounds into the surrounding environment. Due to 
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time pressure, we did not analyse the impact of nutrient supplementation on fungi at 

the taxonomic level, which should also be incorporated into the analysis of ITS se-

quencing results in the future. A better understanding of these concepts would help in 

the design of more effective field studies. 
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Chapter 3 Effect of root exudates on microbial growth 

in soil 

Abstract 

 

Root exudates play a vital role in shaping rhizosphere microbial communities, yet the specific mi-
crobial responses to exudate composition and concentration remain poorly resolved. This study 
examined the effects of artificial and natural exudates, as well as volatile organic compounds 
(VOCs) emitted from artificial exudate-treated soils, on soil bacterial communities. Artificial exu-
dates mimicking plant-derived compounds were applied at five concentrations, with and without 
the secondary metabolite 6-methoxy-benzoxazolin-2-one (MBOA), while natural exudates were 
collected from wheat, sorghum, and chicory. VOCs emitted from artificial exudate-treated soils 
were assessed using an air-ventilated Petri dish system. Bacterial community composition was 
analysed using 16S rRNA amplicon sequencing. 

Artificial exudates induced clear dose-dependent shifts in community structure, with Actinobac-
teria—particularly Micrococcaceae—responding strongly across concentrations. MBOA intro-
duced additional selective pressure under high-carbon conditions, although its specific role 
could not be isolated. Natural exudates stimulated more taxonomically diverse communities 
than artificial formulations, but unquatified composition and biomass variation between plant 
types limited mechanistic interpretation. VOCs from artificial exudate-treated soils altered recip-
ient soil communities, though not in a dose-dependent manner. Some bacterial families (e.g., 
Burkholderiaceae, Rhodanobacteraceae, Nocardioidaceae) were selectively enriched, but the 
absence of direct VOC profiling limits conclusions about underlying mechanisms.  

Although this study could not determine whether enriched taxa were actively selected or whether 
others were suppressed, the wider literature suggests both processes are possible. Overall, the 
findings underscore the importance of exudate identity and concentration in shaping microbial 
communities and highlight the need for future studies integrating chemical and functional anal-
yses to better understand belowground plant–microbe interactions. 
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3.1 Introduction 

3.1.1 Root exudates and the rhizosphere  

The plant rhizosphere is a zone of high microbial activity stimulated by plant root exu-

dates. This requires a large investment from the plant considering they release up to 20-

40% of photosynthetic carbon as root exudates (Badri and Vivanco, 2009). Root exu-

dates are in fact complex mixtures of compounds including simple sugars, organic ac-

ids, amino acids, tannins, steroids, terpenoids, alkaloids, polyacetylenes, and vita-

mins (Inderjit and Weston, 2003). Included in these mixtures are antimicrobial allelopa-

thic compounds, which inhibit the growth of some microbes (Inderjit and Weston, 

2000). These compounds, often referred to as phytoalexins, also differ between plant 

taxa and are produced in wheat, including benzoxazinoids such as DIMBOA with antimi-

crobial properties. The net effect from the different combinations of nutrients and anti-

microbial compounds in root exudates is the formation of a rhizosphere microbial com-

munity that is specific to the plant species and changes based on the plant growth stage 

and stress conditions (Song et al., 2012; Chai and Schachtman, 2021).  

In agricultural practice, roots exudates play an important role in improving soil health as 

well as nutrient availability, which is critical given the urgent global demand for increas-

ing crop yields (Chandra et al., 2024b). The ability of plants to release exudates contain-

ing sugars, amino acids, organic acids and allelopathic compounds would help en-

hance nutrient cycling hence improving productivity of crops. 

 

3.1.2 The soil microbial communities 

The rhizosphere microbial community contains a large proportion of plant growth-pro-

moting bacteria (PGPB) that benefit plants by facilitating the uptake of nutrients, pro-

ducing phytohormones, or modulating plant stress responses (Glick, 2012). The mecha-

nistic basis for selection of PGPB in the rhizosphere and the relative inhibition of phyto-

pathogens is unclear. For example, plants might select for PGPB by providing unique 

mixtures of microbial growth substrates, or some PGPB might be relatively resistant to 

the phytoalexins produced by a particular plant species. The composition of the root ex-
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udates also has undetermined consequences for the growth rate and turnover of micro-

bial populations within the rhizosphere. Presumably, rapid growth and turnover will 

stimulate the recycling of nutrients that will benefit the plant.  

Besides PGPB, the rhizosphere is home to a diverse array of microorganisms, including 

mycorrhizal fungi. Mycorrhizal fungi can form symbiosis relationship with the root sys-

tem, thus extending the capacity of plants to access nutrient further down the soil, par-

ticularly P, which is often present in trace amounts in soil (Smith and Read, 2008). 

Through the development of hyphae, mycorrhizal fungi significantly increase the surface 

area of the root system, allowing access to nutrients beyond the reach of roots. P-solu-

bilising microbes convert insoluble soil P into soluble forms, making them accessible 

for plants (Sharma et al., 2013), while N-fixing bacteria convert atmospheric N2 into am-

monia, making N available (Glick, 2012). Together, these diverse functions of microbes 

contribute to maintaining the nutrient cycling in the rhizosphere, benefiting both soil fer-

tility and plant health. Root exudates play a central role in this process by serving as car-

bon sources that stimulate microbial activity and turnover (Badri and Vivanco, 2009). 

The interaction between soil microbes and plants helps maintain a constant nutrient 

supply, as increased microbial activity leads to higher supply of vital nutrient elements 

such as P and N (Eze et al., 2024). In summary, the interaction between soil microbes 

and root exudates form a strong nutrient circle within the rhizosphere, which is particu-

larly important in nutrient-deficient soils, where functions like P-solubilising, N-fixing 

can significantly improve plant growth and resilience to the environment (Vives-Peris et 

al., 2020). A better understanding of these interactions can help us make crucial pro-

gress to achieving sustainable agriculture.  

 

3.1.3 Plant root exudates: wheat, sorghum, and chicory 

Root exudates vary significantly between plant species and these variations can signifi-

cantly influence the structure and composition of rhizosphere communities. The unique 

composition of each exudate is a reflection of its own metabolic pathway and adapta-

tion to the environment (Ma et al., 2022). Understanding the compositions of different 

plant exudates, such as wheat, sorghum and chicory, is essential to understanding how 

they affect soil microbial communities. 
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Wheat, sorghum and chicory are considered important plants in agriculture, each con-

tributing in different ways to farming systems. Wheat is a staple food crop globally, 

which is widely grown in temperate regions (Shiferaw et al., 2013). Sorghum is also a ce-

real crop like wheat, but it is more resilient to drought and often cultivated in arid or 

semi-arid regions (Kubiku et al., 2022). Chicory, although not a cereal crop, is well 

known for its deep roots, which improve soil structure, reduce soil erosion, and benefit 

crop rotation (Zhang et al., 2024b). These three plants were selected based on their dif-

fering characteristics and practical relevance: wheat and sorghum are both cereal 

crops but differ in traits such as drought tolerance, while chicory — though unrelated 

and not a cereal crop — was included because it was used by the supplier as part of the 

host mixture for culturing the AM fungus R irregularis in Chapter 2. 

These plants belong to different phylogenetic branches of the plant kingdom - wheat 

and sorghum belong to the Poaceae family (grasses), while chicory belongs to the Aster-

aceae family (daisies) – and thus have different root exudate compositions. For exam-

ple, wheat produces amino acids such as ornithine, isoleucine and citrulline, sugars 

such as glucose and fructose, and organic acids such as gluconic acid and citric acid 

(Yahya et al., 2021). These compounds stimulate microbial activity by supplying essen-

tial nutrients. Additionally, wheat can also produce secondary metabolites such as cy-

clohexanol, cyclohexanone and N-methyl phenylethylamine (Wang et al., 2006), which 

may act as antimicrobial agent and shape the microbial community by inhibiting certain 

pathogens. Sorghum produces the luteolinidin and apigeninidin phytoalexins (Awika et 

al., 2005), which are known to inhibit growth of pathogens. Chicory, on the other hand, 

is known for its secretion of sesquiterpene lactones (Graziani et al., 2014), bioactive 

compounds known for health-related and antimicrobial properties.  

Evidence also indicates notable chemical differences at the cultivar level within each 

species. For wheat, a study comparing three wheat varieties — Faisalabad-08, Fakhr-e-

Sarhad, and Benazir-13 — revealed significant differences in the exudation of amino ac-

ids (e.g., leucine, ornithine), sugars (e.g., glucose, fructose), and organic acids (e.g., glu-

conic acid, citric acid) (Yahya et al., 2021). For sorghum, a study examining seven varie-

ties of different origins (BRS330, BRS509, BRS655, BRS802, CMSxS912, SRN-39, and 

Shanqui-Red) showed that each exhibited a unique strigolactone profile: sorgomol was 

produced by BRS330, BRS509, BRS655, BRS802 and CMSxS912, and was most abun-

dantly exuded by BRS655. All cultivars were found to produce 5-deoxystrigol, which was 
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highly exuded by BRS509 and Shanqui-Red but minimally by SRN-39. In contrast, oro-

banchol was exuded by SRN-39 at levels 300 to 1100 times higher than in the other six 

varieties (Schlemper et al., 2017). For chicory, the study by Peña-Espinoza et al. (2015) 

reported that the variety Spadona showed greater anti-parasitic effects than Puna II 

against nematode Ostertagia ostertagi, attributed to its higher concentration of sesquit-

erpene lactones. 

In this experiment, root exudates from wheat, sorghum, and chicory were each applied 

separately to study their effects. 

 

3.1.4 Natural vs. artificial exudates 

Natural exudates are complex mixtures of compounds, including simple sugars, organic 

acids, amino acids, and secondary metabolites, which vary from plant to plant, depend-

ing on the species, stage of growing as well as the surrounding environment (Dakora and 

Phillips, 2002). Natural exudates play a critical role in shaping soil communities, pro-

moting PGPMs, and inhibiting pathogens by releasing antimicrobial compounds like 

phytoalexins (Vives-Peris et al., 2020).  

Benzoxazinoids, such as DIMBOA (2,4-dihydroxy-7-methoxy-(2H)-1,4-benzoxazin-3(4H)-

one), are allelopathic compounds produced by common grass crops such as maize and 

wheat. Using mutant maize plants unable to produce benzoxazinoids, Hu et al. (2018) 

showed that these compounds alter root-associated fungal and bacterial communities, 

decrease plant growth, increase jasmonate signaling and plant defence, and suppress 

herbivory. These effects appeared to be the consequence of the DIMBOA breakdown 

product MBOA (6-methoxy-benzoxazolin-2-one), which accumulated in rhizosphere 

soil. The findings also suggested that the effects on plants were not a direct conse-

quence of MBOA rather due to changes in the rhizosphere microbial community in-

duced by MBOA. 

Artificial exudates are simplified versions of natural exudates, designed to mimic at 

least part of the functions of natural exudates. Artificial exudates contain primary me-

tabolites such as sugars, organic acids, and amino acids, but normally are lack of the 

secondary metabolites that found in natural exudates , which might reduce the com-

plexity. Nonetheless, artificial exudates still reflect part of the plant-microbe interaction 

(Vaidya et al., 2022). 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/amino-acid
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Despite the use of artificial exudates in research, questions remain about whether artifi-

cial exudates can fully replicate the ecological functions of natural exudates. The sec-

ondary metabolites and signalling molecules in natural exudates may play important 

roles in shaping microbial communities, which might not be mimicked fully by artificial 

exudates (Strickland et al., 2015). Moreover, another area of uncertainty is the dose-de-

pendent effects of exudates on soil microbial communities. Natural exudates are re-

leased in different amounts at different growing stages and under different environmen-

tal conditions (Ahlawat et al., 2024). However, most research focused on the composi-

tion of exudates instead of the concentrations. Artificial exudates mimic at least part of 

the functions of natural exudates by providing carbon sources, impact of the concentra-

tion gradients of artificial exudates on microbial community still remains under-studied. 

Although some studies researched the role of artificial exudates, the effects of concen-

tration gradient are still not fully understood (Vaidya et al., 2022). 

 

3.1.5 Volatile Organic Compounds (VOCs) produced by soil microbes 

Microbes in the soil produce chemicals called volatile organic compounds (VOCs), 

which can also shape the soil microbial communities and promote the growth of 

PGPMs, similar to the plant exudates. As signalling molecules, VOCs also improve nutri-

ent acquisition and enhance plant defence (Srikamwang et al., 2023; Waseem et al., 

2021). These compounds, including a range of low molecular weight chemicals such as 

alcohols, esters, ketones, and terpenes, are able to diffuse through the soil matrix and 

into the surrounding atmosphere, where they can influence neighbouring microbial 

communities (Almeida et al., 2023). 

The long-distance effects of VOCs on microbial communities have been reported by 

Schulz-Bohm et al. (2015), claiming that VOCs produced by microbes in soil can affect 

interactions among bacterial populations in the surrounding, particularly in nutrient-

limited soils. Effects of VOCs on the soil microbes and their effects as signalling mole-

cules have been extensively studied (Waseem et al., 2021), the influence of exudate 

concentration on VOC production and its subsequent effects on neighbouring microbial 

communities remains largely unexplored. Whether there is a dose-dependent effect of 

VOCs produced by artificial exudate stimulation on the surrounds remains unclear, and 

further research is required to understand the relationship. A better understanding of 
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the links between artificial exudate concentration, VOC production, and their down-

stream impacts on surrounding microbial communities, alone with the dose-dependent 

effects of artificial exudates on soil microbial communities, will provide a clearer vision 

of the plant-microbe dynamics belowground and provide a solid theoretical foundation 

for sustainable agricultural practices. 

The aim of this study is to investigate the influence of artificial and natural exudates on 

microbial communities in the soil, focusing on concentration effects, exudate type, and 

the effect of VOCs produced by artificial exudate-treated soils. 

 

3.2 Objectives 

The objectives of this chapter are: 

1. To compare the impacts of natural exudates from wheat, sorghum and chicory on 

the composition of soil bacterial communities. 

2. To study the effect of artificial exudates on soil bacterial community compositions, 

with a focus on the concentration effects. 

3. To contrast the differences between artificial exudates with a constant MBOA con-

centration and those with diluted concentrations in shaping the soil bacterial com-

munities.  

4. To investigate the impact of volatile organic compounds (VOCs) produced by soil 

samples treated with artificial exudate on recipient soil bacterial communities. 

 

3.3 Materials and methods 

3.3.1 Plant growth 

Seeds of wheat (Triticum aestivum cv. Apache, WBCDB0003-PG-1), sorghum (a mixture 

of Sprint 11 and Penn 110), and chicory (Cichorium intybus Puna II) were used in this ex-

periment. Wheat seeds were obtained from the Germplasm Resources Unit of the John 

Innes Centre (Norwich, UK), while sorghum and chicory seeds were provided by Plant-

Works Ltd. (UK), with the chicory sourced from Cotswold Seeds Ltd. (UK). 

Seeds were first germinated at 23 ±1 °C for 96h under dark conditions on moist Millipore 

filter paper in Petri dishes. After germination, seeds were planted into pots filled with 
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Eutric Cambisol soil (as described in Section 2.3.1) and kept in the University of South-

ampton glasshouse facility (Southampton, UK), with daytime temperatures of 23°C, 

nighttime temperatures of 18°C, and 16 hours of daylight at 55% humidity. All plants 

were grown for three months prior to exudate collection. 

 

3.3.2 Extraction of root exudates 

The method from Williams et al. (2021) was used for the extraction of root exudates 

from wheat, sorghum and chicory roots. Briefly, plant roots were washed by shaking and 

suspending carefully in milli-Q water, in order to remove adhering material. After root 

washing, plants were subjected to the next stage: hydroponic recovery. At this stage, 

plants were transferred to an aerated hydroponics solution (500 mL per plant) for recov-

ery. The hydroponic recovery solution was prepared using a ratio of 200g of stored Chil-

worth soil (collected near Southampton) per 1L of Milli-Q water, followed by filtration 

through 0.2 mm mesh. Plants underwent recovery in the glasshouse, maintained under 

the same conditions as during growth. 

Root exudate collection was carried out 7 days after the recovery. For each species of 

plant, four plants were put into a sterile glass bottle and roots were submerged in 100 

ml of pure milli-Q water. The bottles were chilled on ice to prevent the exudate from 

turning over (i.e., to slow microbial and enzymatic activity), and the whole system was 

placed on an orbital shaker at room temperature in natural ambient light for 2 h at 60  

rpm. After shaking, the exudate solution was filtered using 0.22µm syringe filter (Merck 

Millipore, Germany), the filtered exudate solution was collected using 50ml CellStar Fal-

con tubes (Item: 227261, Greiner Bio-one, Gloucester, UK) (Figure 3.1). For each beaker, 

90 mL of solution was collected and split in to three 50ml CellStar Falcon tubes. All 

samples were frozen to -80 °C right after collection and stored in the freezer for future 

use. 
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a 

 

b 

 

c 

 

Figure 3.1 Root exudate collection process. a: hydroponic recovery; b: hydroponic collection; c: 
exudate collected in CellStar Falcon tubes.  
 

After freezing, all samples were freeze-dried in an Edwards (Thermo Scientific) Modulyo 

freeze dryer (Thermo Scientific, UK) and returned to -80 °C for storage. 

 

3.3.3 Preparation of natural exudates (wheat, sorghum and chicory) 

For natural exudates, freeze-dried pellets of wheat in 15 tubes were resuspended in 2 ml 

of sterile Milli-Q water and combined into one Falcon tube, then filter-sterilised using 

0.22 µm syringe filter (Merck Millipore, Germany). Exudates of sorghum and chicory were 

prepared in the same manner. 

 

3.3.4 Preparation of artificial exudates 

Five different concentration gradients were prepared for artificial exudates: 0, 8, 25, 60, 

100%, following the method modified from Griffiths et al. (1998). All chemicals including 

MBOA were obtained from Merck. Three different types of artificial exudates were pre-

pared: artificial exudate without MBOA (AE), artificial exudate with MBOA in constant 

concentration across concentration gradients (ACM), and artificial exudate with MBOA 

diluted together with AE (AEM). Each type of artificial exudate was prepared in 5 differ-

ent concentrations. 

The full-strength AE (AE100) solution was prepared by mixing 50 mM fructose, 50 mM 

glucose, 50 mM sucrose, 25 mM succinic acid, 25 mM malic acid, 12.5 mM arginine, 

12.5 mM serine and 12.5 mM cysteine, and then filter-sterilising the mixture by passing 
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it through 0.22 μm syringe filters (Merck Millipore, Germany) (Griffiths et al., 1998). AE 

solutions with different concentrations - AE60, AE25, AE8 and AE0 - were prepared by 

serial dilution using sterile Milli-Q water. 

ACM100 and AEM100 solutions were prepared by transferring 2.5 mM MBOA stock into 

AE100 to create a final MBOA concentration of 50 µM, following the method of Liu et al. 

(2022a) and Otaka et al. (2023). AEM60, AEM25, AEM8, and AEM0 were prepared by di-

luting AEM100 in sterile Milli-Q water, thereby diluting the MBOA across the gradients. 

AEM0 consisted of sterile Milli-Q water only, and was labeled as AEM0 to maintain con-

sistency across treatments, as was done for AE0. For ACM60, ACM25, ACM8 and ACM0, 

the solutions were first diluted across the gradients using sterile milli-Q water, then 2.5 

mM MBOA stock was added into each dilution to create a constant MBOA solution of 50 

µM across the gradients. 

In total, 18 different exudate solutions were prepared, including natural exudates: AE 

(100,60,25,8,0), AEM (100,60,25,8,0), ACM (100,60,25,8,0), as well as wheat, sorghum 

and chicory. 

 

3.3.5 Application of exudates to the soil 

The same soil used in Chapter 2 was utilised for this experiment. The soil was pre-wet-

ted using milli-Q water at a ratio of 300 µl per gram of soil, covered with foil, and left on a 

bench at 22 °C in the dark for 9 days. During the experiment, 1 g of soil was placed into 

the cap of a 50-ml CellStar Falcon tube (Greiner Bio-one, Gloucester, UK), and 50 µl of 

exudate was added to the soil daily for 5 days (Zhao et al., 2021a). Each cap was placed 

inside a Petri dish and incubated at 22 °C in the dark. Samples were stirred after each 

exudate application to homogenise to soil. Triplicate samples were prepared for each 

type of exudate. 

 

3.3.6 Volatile organic compound (VOC) production 

The effect of VOCs on soil microbial communities following exudate addition was stud-

ied by adding different concentrations of AE solutions to soil to produce VOCs and as-

sessing their impact on the surroundings. 
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As illustrated in Figure 3.2a, in each setup, 4 caps were placed into each Petri dish, 30 

grams of soil were put into each of the 3 caps (VOC producing) and 1 g of soil was put in 

the fourth cap (recipient soil). The Petri dishes were covered with their lids but not 

sealed airtight, allowing air exchange with the external environment. For each concen-

tration, AE was applied to each VOC producing cap at a dose of 50 µl per gram of soil 

per day for 5 days. The recipient soil was pre-wetted with 300 µl of milli-Q water at the 

beginning of the experiment to maintain soil moisture. Plates were incubated at 22 °C in 

the dark, and triplicate samples were prepared for VOC production for each AE concen-

tration: AE100, AE60, AE25, AE8 and AE0. A control was set up by not adding soil to the 

VOC producing caps but just milli-Q water the same amount as the exudate each day 

(Figure 3.2b). Control and treatment setups were incubated separately and not placed 

in the same box on the bench. Triplicates were also prepared for the control setup. 

 

  

Figure 3.2 Experimental setup for VOC producing. (a): Treatment. Three caps with more soil 
added were used for producing VOCs, the fourth cap served as recipient (b): Control. Soil was 
only added to recipient cap, the other 3 were filled with Milli-Q water. 
 

3.3.7 DNA sequencing of 16S rRNA genes 

After incubation, DNA extraction was performed using the NucleoSpin® Soil kit (MA-

CHEREY-NAGEL GmbH & Co. KG, Düren, Germany), with 0.3 g of soil taken from each 

sample for extraction. The DNA concentration (ng/μL) of each sample was measured 

using the BioDrop Duo+ Spectrophotometer (Biochrom Ltd, Cambridge, UK), and sam-

a b 
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ples were stored at -20 °C before being sent for sequencing. Amplicon sequencing tar-

geted the V4 region of the 16S rRNA gene of the bacterial community and was con-

ducted at Biomarker Technologies (BMK) GmbH. 

 

3.3.8 Data analysis 

R software version 4.3.2 (http://www.r-project.org/) was used to analyse and visualise 

the data for the experiment. 

Sequencing data were processed using DADA2 pipeline (Callahan et al., 2016) as de-

scribed in Chapter 2. ASVs were classified using the Wang Bayesian classifier in DADA2 

(Callahan et al., 2016; Wang et al., 2007) , referencing the Silva taxonomy database 

(Quast et al., 2013) . The ASV counts were subjected to a Hellinger transformation using 

the decostand function in the vegan package (version 2.5-6) (Oksanen et al., 2019) in R. 

Bray-Curtis dissimilarity matrices were calculated, and PCoA was then performed using 

the R function pcoa. To determine whether exudates and VOCs had a significant impact 

on soil communities (P<0.05), Permutational Multivariate Analysis of Variance (PER-

MANOVA) was conducted using the adonis2 function in the vegan package.  

Indicator species analysis was conducted to identify species significantly associated 

with each treatment, in comparison to the controls. The analysis was conducted using 

the indicspecies package (version 1.7.15) in R based on the approach described by De 

Cáceres and Legendre (2009). The multipatt() function was used to compare the spe-

cies composition between treatments and controls. The Indicator Value (IndVal) index 

was calculated which includes both the abundance and occurrence pattern of species 

across treatments. Permutation tests were carried out to assess the significance of the 

associations. Species with significant indicator values (P < 0.05) were recognised as as-

sociated with the treatments compared to the controls. 

The relative abundances of selected ASVs were calculated by dividing the read count of 

each ASV by the total number of reads in the corresponding sample. Heatmaps were 

constructed using the pheatmap function in the Pheatmap (Kolde, 2019) package. 

Enrichment analysis was performed to determine whether specific bacterial families 

were overrepresented among the indicator ASVs identified for each treatment. The ap-

http://www.r-project.org/


Chapter 3 

 

 

117 

proach used was the same as described in Chapter 2 (Section 2.3.1.4), where the ob-

served frequency of each family in the indicator subset was compared to its expected 

frequency based on its proportion in the full ASV dataset using chi-square (χ²) tests. 

Analyses were conducted in GraphPad Prism version 10, and families with p < 0.05 were 

considered significantly enriched. 

 

3.4 Results 

3.4.1 Effects of artificial exudates (AE, AEM & ACM)  

Principal Coordinate Analysis (PCoA) was conducted to visualise the effects of different 

concentrations of artificial exudate (AE, AEM and ACM) on microbial community com-

position. Each type of artificial exudate was applied individually to the soil. The effects 

of artificial exudates on soil bacterial communities across different concentrations are 

shown in Figure 3.3, where the gradients are labelled in different colours. AEM25 sam-

ples were excluded from all AEM-related analyses because they showed complete over-

lap with AEM100, a pattern not observed in AE or ACM samples. This suggested a likely 

sequencing error, potentially due to sample mislabeling or duplication by the sequenc-

ing provider. 

In the PCoA plot of AE, the first axis (PCoA Axis 1) explains 31.42% of the variation, while 

the second axis (PCoA Axis 2) explains 17.7% of the variation (Figure 3.3d). The micro-

bial community composition shows distinct clustering, with clear separation of commu-

nities based on the AE concentration. Samples treated with 100% of AE, 60% of AE, 25% 

of AE, 8% of AE, and 0% of AE are separated alone the first and second axes (Pseudo-F= 

4.077, p=0.001, PERMANOVA). A Similar clustering pattern is also illustrated in the 

PCoA plots of AEM and ACM, where samples treated with different concentration gradi-

ents are clearly separated from each other (Figure 3.3b,c). 

The effects of different types of artificial exudates on soil bacterial communities were 

also compared by plotting together (Figure 3.3a). In the PCoA plots including both AE, 

AEM and ACM, the first axis (PCoA Axis 1) explains 42.80% of the variation, while the 

second axis (PCoA Axis 2) explains 9.46 % of the variation. Samples treated with high 
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concentration gradients (100% and 60%) tend to cluster on the right, while low concen-

tration gradients (8% and 0%) tend to cluster on the left. Forming a clear separation 

across different concentrations.  

When the concentrations are low (8%,0%), sample across all artificial exudate types are 

tightly clustered together, indicating they have similar impacts on the communities. AE 

starts to separate from AEM and ACM at the 60% gradients, and by the time the concen-

tration reaches 100%, the separation becomes more obvious. 

Indicator species analysis was performed to identify species significantly associated 

with AE treatments (AE100, AE60, AE25, and AE8) in comparison to the control (AE0). 

The four AE treatments were grouped together as a single class and compared against 

AE0. From this analysis, 60 ASVs highly associated with the treatments (AE100, AE60, 

AE25, and AE8) (p < 0.01) were selected and visualised using a heatmap (Figure 3.4).  

 

 

Figure 3.3 Principal Coordinates Analysis (PCoA) plots of microbial community composition 
based on 16S rRNA gene sequencing, using Bray-Curtis dissimilarity matrices. Points represent 
individual samples, with colours indicating different artificial exudate treatments. AE: artificial 
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exudate only. AEM: AE+MBOA (MBOA diluted together with AE through the concentration gradi-
ents). ACM: AE+MBOA (MBOA in constant concentration; only AE diluted through the concentra-
tion gradients). 100, 60, 25, 8, 0: concentration gradients of AE (100%, 60%, 25%, 8%, and 0%). 
(a): PCoA of all artificial exudate treatments combined. (b): PCoA for AEM treatments only. (c): 
PCoA for ACM treatments only. (d): PCoA for AE treatments only. 

 

Figure 3.4 Heatmap showing the relative abundance of ASVs across samples treated with artifi-
cial exudates (AE), selected by indicator species analysis (p < 0.01), comparing all AE treat-
ments combined against the AE0 control. The ASVs shown were identified as indicators in the 
combined comparison and are present across all AE samples (excluding AE0), though their rela-
tive abundances vary between treatments. Rows (ASVs) are clustered by Manhattan distance. 
Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abundance 
across samples. Positive values indicate higher-than-average abundance; negative values indi-
cate lower. The coloured sidebar on the left indicates the phylum assignment of each ASV; the 
top sidebar indicates different treatment concentrations. Abbreviations indicate: p=phylum, 
c=class, o=order, f=family, g=genus.  
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These ASVs were present across all four AE treatments, though their relative abun-

dances varied among them. The heatmap reveals three distinct clusters of ASVs based 

on their relative abundance patterns across artificial exudate (AE) treatments. The top 

cluster includes ASVs most abundant at AE60, with reduced signals at other concentra-

tions, and consists mainly of Actinobacteria and Firmicutes. The middle cluster com-

prises ASVs with relatively uniform abundance across AE100 to AE8, indicating a stable 

presence regardless of exudate concentration. The bottom cluster includes ASVs that 

peak in abundance under AE100, with a sharp decline through AE60 to AE8; this cluster, 

along with the middle one, is dominated by Actinobacteria. 

The ASVs identified belong to the phyla Actinobacteria, Firmicutes and Proteobacteria, 

with Actinobacteria being the dominant group. A majority of ASVs from phylum Actino-

bacteria belong to the Micrococcaceae family (Figure S5). Enrichment analysis (Table S 

7) further shows that within Actinobacteria both Micrococcaceae and Microbacteri-

aceae are significantly over–represented at all non–zero AE concentrations (AE100, 

AE60, AE25, AE8). Among the Firmicutes, Bacillaceae was specifically enriched at AE25, 

while the sole Proteobacteria family enriched is Acetobacteraceae at AE60. 
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Figure 3.5 Heatmap showing the relative abundance of ASVs across samples treated with artifi-
cial exudates (ACM), selected by indicator species analysis (p < 0.01), comparing all ACM treat-
ments combined against the ACM0 control. The ASVs shown were identified as indicators in the 
combined comparison and are present across all ACM samples (excluding ACM0), though their 
relative abundances vary between treatments. Rows (ASVs) are clustered by Manhattan dis-
tance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV; the top sidebar indicates different treatment concentrations. Abbreviations indicate: 
p=phylum, c=class, o=order, f=family, g=genus.  
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Indicator species analysis identified 36 ASVs significantly associated with ACM treat-

ments (ACM100, ACM60, ACM25, and ACM8) compared to the control (ACM0) (p < 

0.01). The four ACM treatments were grouped as a single class and compared against 

ACM0. These ASVs were present across all four ACM treatments, though their relative 

abundances varied among them. The selected ASVs were visualised using a heatmap 

(Figure 3.5).  

The heatmap reveals four distinct clusters of ASVs based on their relative abundance 

patterns across ACM treatments. The top cluster includes ASVs most abundant at 

ACM100, with moderate signals at ACM60 and ACM25, predominantly from Actinobac-

teria. The middle cluster shows relatively uniform abundance across ACM100 to ACM8, 

suggesting a consistent presence regardless of exudate concentration, and is also dom-

inated by Actinobacteria. The mid-bottom cluster features ASVs that peak sharply at 

ACM100 but are much lower at other concentrations, comprising mainly Actinobacteria, 

with a small presence of Firmicutes. The bottom cluster consists of ASVs that peak un-

der ACM25 or ACM60, with reduced abundance at both the highest and lowest concen-

trations, including representatives from Firmicutes and Proteobacteria. 

As with AE treatments, the ASVs belong to Actinobacteria, Firmicutes, and Proteobacte-

ria, with Actinobacteria remaining dominant. The Micrococcaceae family still dominates 

the Actinobacteria phylum (Figure S6).Enrichment analysis (Table S 8) shows that Micro-

coccaceae was significantly enriched across all non-zero ACM concentrations. Among 

Firmicutes, Bacillaceae was specifically enriched at ACM25. Within Proteobacteria, 

Acetobacteraceae was enriched at both ACM100 and ACM60, while Pseudomona-

daceae was enriched only at ACM25. 
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Figure 3.6 Heatmap showing the relative abundance of ASVs across samples treated with artifi-
cial exudates (AEM), selected by indicator species analysis (p < 0.01), comparing all AEM treat-
ments combined against the AEM0 control. The ASVs shown were identified as indicators in the 
combined comparison and are present across all AEM samples (excluding AEM0), though their 
relative abundances vary between treatments. Rows (ASVs) are clustered by Manhattan dis-
tance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV; the top sidebar indicates different treatment concentrations. Abbreviations indicate: 
p=phylum, c=class, o=order, f=family, g=genus. 
 

 

Indicator species analysis identified 42 ASVs that were strongly associated with treat-

ments of AEM (AEM100, AEM60, and AEM8) compared to the control (AEM0) (p < 0.01). 

The three AEM treatments were grouped as a single class and compared against AEM0. 

These ASVs were present across all three AEM treatments, though their relative abun-

dances varied among them. The selected ASVs were visualised in a heatmap (Figure 

3.6), which show two distinct clusters are based on ASV abundance. 

The heatmap reveals two main clusters of ASVs based on their relative abundance pat-

terns across AEM treatments. The top cluster consists of ASVs most abundant at 
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AEM60, with moderate presence at AEM100 and much lower abundance at AEM8. 

These primarily include members of Proteobacteria and Firmicutes, along with a few Ac-

tinobacteria. The bottom cluster is dominated by Actinobacteria, particularly from the 

Micrococcaceae family, and shows a strong peak at AEM100, followed by a sharp de-

cline at AEM60 and AEM8. 

As in previous analyses, the ASVs identified belong to the phyla Actinobacteria, Firmicu-

tes, and Proteobacteria, with the Actinobacteria remaining dominant. The Micrococca-

ceae family continues to dominate the Actinobacteria phylum (Figure S7). Enrichment 

analysis (Table S 9) indicates that Micrococcaceae was enriched across all non-zero 

AEM concentrations, alongside Acetobacteraceae and Pseudomonadaceae from Prote-

obacteria. 

Heatmap analyses of artificial exudates (AE, AEM, and ACM) reveal selective enrich-

ment of bacteria from three main phyla: Actinobacteria, Firmicutes, and Proteobacteria, 

with Actinobacteria being dominant. The phylum is largely composed of ASVs from the 

Micrococcaceae family, which was consistently enriched across all non-zero concen-

trations in AE, AEM, and ACM treatments, along with Acetobacteraceae (Proteobacte-

ria). Other families show more treatment-specific enrichment patterns: for example, 

Pseudomonadaceae (Proteobacteria) was enriched only in ACM and AEM, while Bacil-

laceae (Firmicutes) was enriched in AE and ACM but absent in AEM (Table S 7; Table S 8; 

Table S 9). 

This pattern is further illustrated by comparing the ASVs identified in indicator species 

analysis across the three artificial exudate treatments (Figure 3.7). A core set of 16 ASVs 

was shared among AE, AEM, and ACM, highlighting a consistent microbial response to 

artificial exudates regardless of treatment. This overlap corresponds to the observed 

enrichment of families such as Micrococcaceae and Acetobacteraceae across all treat-

ments. Meanwhile, partial overlaps — such as 23 ASVs shared between AE and AEM, 

and 29 between AE and ACM — suggest partial similarity in microbial responses be-

tween treatments. In contrast, the presence of treatment-unique ASVs (24 in AE, 19 in 

AEM, and 7 in ACM) underscores the distinct selectivity of each treatment. 
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Figure 3.7 Venn diagram showing the overlap of bacterial ASVs identified in the indicator species 
analysis in response to three artificial exudate treatments: AE, ACM, and AEM. The diagram il-
lustrates the number of ASVs uniquely associated with each treatment, as well as those shared 
between two or all three treatments. 
 

 

3.4.2 Effects of natural exudates 

PCoA was conducted to visualise the effects of different natural exudates (wheat, sor-

ghum, and chicory) on microbial community composition. Each type of natural exudate 

was applied individually to the soil in the cap, and its effects on soil bacterial communi-

ties was assessed across treatments (Figure 3.8). 

In the PCoA plot, the first axis (PCoA Axis 1) explained 16.88% of the variation, while the 

second axis (PCoA Axis 2) explains 14.75% of the variation (Figure 3.8). The microbial 

community composition shows distinct clustering, with clear separation of communi-

ties based on the exudate types. Specifically, samples treated with wheat, sorghum and 
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chicory exudates are clearly separated along the first and second axes (Pseudo-F= 

1.259, p=0.003, PERMANOVA), indicating differences in the microbial communities as-

sociated with each type of exudate.  

To further explore the differences between natural and artificial exudates, a comparison 

of their effects on soil bacterial communities was conducted by plotting both together, 

as illustrated in Figure 3.9. In the PCoA plots including both artificial exudates (AE) and 

the natural exudates (wheat, sorghum and chicory), the first axis (PCoA Axis 1) explains 

32.23 % of the variation, while the second axis (PCoA Axis 2) explains 13.98% of the vari-

ation.  

The samples treated with artificial exudates (AE100, AE60, AE25 and AE8) tend to clus-

ter on the right of the plot, while control samples treated with only pure water (AE0) 

cluster on the left (Figure 3.9), similar to the natural exudate treated samples (wheat, 

sorghum, and chicory). Distinct clusters are formed between the samples treated with 

AE and those treated with natural exudates, suggesting that these two types of exudates 

lead to different community compositions.  

 

Figure 3.8 Principal Coordinates Analysis (PCoA) plots of microbial community composition 
based on 16S rRNA gene sequencing, using Bray-Curtis dissimilarity matrices. Points represent 
individual samples, with colours indicating different treatment groups of natural exudates. 
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Figure 3.9 Principal Coordinates Analysis (PCoA) plots comparing natural and artificial exudate 
microbial communities’ composition based on 16S rRNA gene sequencing, using Bray-Curtis 
dissimilarity matrices. Points represent individual samples, with colours indicating different 
treatment groups of exudates. AE: artificial exudate only. 100,60,25,8,0: concentration gradi-
ents of AE: 100%, 60%, 25%, 8%, 0%.  
 

Indicator species analysis was performed using the three natural exudate treatments 

(wheat, sorghum, and chicory) as distinct groups to identify ASVs significantly associ-

ated with each plant type. From this analysis, a total of 75 ASVs were identified (p < 

0.05), including 30 associated with chicory, 19 with sorghum, and 26 with wheat. These 

ASVs were visualised using a heatmap (Figure 3.10), which also includes their relative 

abundance in AE0 and AE8 for reference. The heatmap reveals distinct clustering pat-

terns based on the exudate types.  

One prominent cluster toward the upper section of the heatmap shows high abundance 

in wheat-treated samples, while a separate cluster toward the bottom is dominated by 

ASVs enriched in sorghum-treated samples. A third cluster, located mid-heatmap, 

shows ASVs most abundant in chicory-treated samples. These clusters are taxonomi-

cally diverse, comprising ASVs from several phyla including Proteobacteria, Actinobac-

teria, Chloroflexi, and Bacteroidetes. Some ASVs associated with sorghum and chicory 
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belong to Cyanobacteria and Firmicutes, while wheat-enriched ASVs also include mem-

bers from Acidobacteria and Planctomycetes. AE0 and AE8 samples were not part of 

the indicator species analysis but are included for reference; across these two controls, 

most indicator ASVs show lower relative abundance. 

Each natural exudate stimulated distinct microbial communities, with enrichment pat-

terns varying across phyla (Table S 11). In wheat-treated samples, enriched families in-

clud Solirubrobacteraceae and Gemmataceae (Actinobacteria and Planctomycetes, re-

spectively), while sorghum enriched for families such as Mycobacteriaceae (Actinobac-

teria) and Acetobacteraceae (Proteobacteria). Chicory-treated soils uniquely enriched 

families including Sporichthyaceae (Actinobacteria), JG30-KF-CM45 (Chloroflexi), and 

Desulfovibrionaceae (Proteobacteria). 

Indicator species analysis was also performed by grouping natural exudate treatments 

(wheat, sorghum, and chicory) as a single class and compared against AE0 to identify 

exudate-specific taxa that were not only found in one exudate. The analysis identified 

136 ASVs that were strongly associated with treatments of natural exudates compared 

to the control (AE0) (p < 0.01). These ASVs were present across all three natural exu-

dates treatments, though their relative abundances varied among them. The selected 

ASVs were visualised in a heatmap (Figure 3.11). 

The heatmap reveals four main clusters of ASVs based on their relative abundance pat-

terns across natural exudate treatments. The top cluster includes ASVs most abundant 

in sorghum- and chicory-treated samples, with lower abundance in wheat, comprising 

mainly Actinobacteria and Firmicutes. The second (upper-middle) cluster shows a rela-

tively uniform abundance across all three exudate types and inlcudes ASVs from Actino-

bacteria, Bacteroidetes, Chloroflexi, and Firmicutes. The third (lower-middle) cluster 

contains ASVs that are more abundant in chicory-treated samples, with moderate abun-

dandce in sorghum and low in wheat, mainly from Actinobacteria, Firmicutes, and Pro-

teobacteria. The bottom cluster includes ASVs with mixed abundance patterns across 

treatments, but many show moderate levels in sorghum and wheat, dominated by Fir-

micutes. 
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Figure 3.10. Heatmap showing the relative abundance of ASVs across samples treated with nat-
ural root exudates from wheat, sorghum, and chicory. ASVs were selected by indicator species 
analysis (p < 0.05), using the three natural exudate treatments as distinct groups to identify 
ASVs significantly associated with each plant type. The heatmap also includes their relative 
abundance in AE0 and AE8 for reference. Rows (ASVs) are clustered by Manhattan distance. 
Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abundance 
across samples. Positive values indicate higher-than-average abundance; negative values indi-
cate lower. The coloured sidebar on the left indicates the phylum assignment of each ASV; the 
top sidebar indicates different treatment concentrations and natural exudate types. Abbrevia-
tions indicate: p=phylum, c=class, o=order, f=family, g=genus. 
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Figure 3.11 Heatmap showing the relative abundance of ASVs across samples treated with nat-
ural exudates, selected by indicator species analysis (p < 0.01), comparing all natural exudate 
treatments combined against the AE0 control. The ASVs shown were identified as indicators in 
the combined comparison and are present across all wheat, sorghum, and chicory samples, 
though their relative abundances vary between treatments. Rows (ASVs) are clustered by Man-
hattan distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean 
abundance across samples. Positive values indicate higher-than-average abundance; negative 
values indicate lower. The coloured sidebar on the left indicates the phylum assignment of each 
ASV. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
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To complement the previous enrichment analysis, a second analysis was conducted us-

ing ASVs identified as indicators of natural exudate treatments (wheat, sorghum, and 

chicory combined) relative to the AE0 control (Table S 10). Several bacterial families 

were significantly enriched across all three plant types, including Micrococcaceae and 

Microbacteriaceae (Actinobacteria), and Alicyclobacillaceae, Bacillaceae, and Plano-

coccaceae (Firmicutes). Among Proteobacteria, Devosiaceae and Rhodanobacteraceae 

were enriched in all treatments, while Rhizobiaceae was enriched only in wheat and 

chicory. 

Compared to artificial exudates, natural exudates enriched a broader range of bacterial 

families across multiple phyla. Within Actinobacteria, families such as Micrococcaceae 

and Microbacteriaceae were enriched in both natural and artificial treatments, while 

others like Solirubrobacteraceae, Ilumatobacteraceae, Mycobacteriaceae, and Spor-

ichthyaceae are specific to natural exudates. Among Firmicutes, Bacillaceae is shared 

between both exudate types, whereas Alicyclobacillaceae is unique to natural exu-

dates. Within Proteobacteria, Acetobacteraceae appear in both natural and artificial 

treatments, while families such as Devosiaceae and Rhodanobacteraceae are exclusive 

to natural exudates. Additional enriched families from other phyla, such as Gem-

mataceae (Planctomycetes) and JG30-KF-CM45 (Chloroflexi), also appear uniquely in 

natural exudate treatments (Table S 7 - Table S 11). 

Together, these findings demonstrate that although artificial exudates share some en-

riched bacterial families with natural exudates, the latter support a greater variety of 

bacterial families from different phyla. 

One important point to note is that no separate Milli-Q water control was included in the 

natural exudate PCoA analysis (Figure 3.9), and Milli-Q water is known to contain trace 

organic material. However, all AE0, AEM0, and ACM0 controls in the artificial exudate 

experiments — prepared using the same batch of Milli-Q water as the natural exudates 

— cluster tightly in their own PCoA plot (Figure 3.3a), supporting their use as effective 

Milli-Q controls for the natural exudates. Moreover, Milli-Q water contains only trace 

levels of organic material (~ 5ng/mL) (Wang and Wang, 2019), whereas visible powdered 

exudates were weighed out in our study, with approximately 75 mg of dry material resus-

pended in 2 mL Milli-Q water, equivalent to 37.5 mg/mL. The organic content in the nat-

ural exudate solutions therefore far exceeds that of Milli-Q water. Any microbial shifts 
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observed in response to natural exudate treatments likely reflect the presence of chem-

ical compounds released from the plant roots during the collection process. 

 

3.4.3 Effects of volatiles 

PCoA was conducted to visualise the effects of volatile organic compounds (VOCs) pro-

duced by soil treated with different concentrations of AE on the recipient soil microbial 

community composition. The effects of VOCs on the recipient soil bacterial communi-

ties across different treatment concentrations are shown in Figure 3.12, where the con-

centrations of AE used to treat the soil are labelled in different colours. 

Samples of recipient soil were labelled as “AV”. For instance, AV100 refers to recipient 

soil exposed to VOCs produced from soil treated with AE100, while AV60 refers to recip-

ient soil exposed to VOCs produced from soil treated with AE60, and so on. VC refers to 

the samples without any VOCs produced in it, only recipient soil alone. 

In the PCoA plot, the first axis (PCoA Axis 1) explains 34.0% of the variation, while the 

second axis (PCoA Axis 2) explains 23.3% of the variation (Figure 3.12). The microbial 

community composition shows distinct clustering, with clear separation between recip-

ient soils exposed to VOCs produced from soil treated with high AE concentrations (100, 

60) and those exposed to low AE concentrations (25, 8, 0). Samples exposed to VOCs 

from different AE concentrations are separated alone the first and second axes, while 

the control samples (VC) are clearly separated from the others (Pseudo-F= 1.445, p= 

0.001, PERMANOVA).  
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Figure 3.12 Principal Coordinates Analysis (PCoA) plots of microbial community composition 
based on 16S rRNA gene sequencing, using Bray-Curtis dissimilarity matrices. Points represent 
individual samples, with colours indicating different treatments of soil to produce volatiles. 
100,60,25,8,0: concentration gradients of AE: 100%, 60%, 25%, 8%, 0% added to soil to produce 
volatiles. VC refers to the control setup, in which only recipient soil was included. No VOC-pro-
ducing soil was added; instead, Milli-Q water was applied to the empty caps to match the vol-
ume used in treatment conditions. VC samples were incubated under the same conditions as 
the treatments but kept in a separate box. 
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Figure 3.13 Heatmap showing the relative abundance of ASVs across recipient soil samples ex-
posed to volatiles produced by soils treated with different concentrations of AE. ASVs were se-
lected by indicator species analysis (p < 0.01), comparing all AV treatments combined against 
the VC control. The ASVs shown were identified as indicators in the combined comparison and 
are present across all AV samples (excluding VC), though their relative abundances vary be-
tween treatments. VC is the control with no volatiles produced. Rows (ASVs) are clustered by 
Manhattan distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the 
mean abundance across samples. Positive values indicate higher-than-average abundance; 
negative values indicate lower. The coloured sidebar on the left indicates the phylum assign-
ment of each ASV; the top sidebar indicates the concentration used to treat the volatile-produc-
ing soil. Abbreviations indicate: p=phylum, c=class, o=order, f=family, g=genus. 
 

 

Indicator species analysis was performed to identify ASVs significantly associated with 

AV treatments (AV100, AV60, AV25, AV8, and AV0) compared to the control (VC). The 

five AV treatments were grouped as a single class and compared against VC. From this 

analysis, 46 ASVs significantly associated with AVs (p < 0.01) were selected and visual-

ised using a heatmap (Figure 3.13). These ASVs were present across all five AV treat-

ments, though their relative abundances varied.  
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The heatmap reveals two main clusters of ASVs based on their relative abundance pat-

terns across volatile exposure treatments. The top half displays scattered abundance 

patterns with no clear trend linked to AE concentration. In contrast, the lower half 

shows a slightly more structured pattern: ASVs tend to be more abundant when soils 

were exposed to volatiles produced from AE-treated soils at lower concentrations 

(AV25, AV8, and AV0), and less abundant under AV100 and AV60. This suggests that vol-

atiles generated from lower AE concentrations may exert a more consistent influence 

on this subset of ASVs. ASVs in both clusters span several phyla, including Actinobacte-

ria, Proteobacteria, and Bacteroidetes, with proteobacteria being dominant throughout. 

Enrichment analysis shows that bacterial families enriched are primarily from the phyla 

Actinobacteria, Bacteroidetes, and Proteobacteria. Among Proteobacteria, Burkholderi-

aceae, Dongiaceae, Nitrosomonadaceae, Rhodanobacteraceae, and Xanthobacter-

aceae were consistently enriched across all VOC concentrations, while Bei-

jerinckiaceae was enriched only at AV100. The Microscillaceae family (Bacteroidetes) 

was also enriched at all concentrations. For Actinobacteria, Nocardioidaceae was 

uniquely enriched at AV100, whereas Solirubrobacteraceae was enriched at both AV60 

and AV8 (Table S 12). 

In summary, although all selected ASVs were identified based on their association with 

the combined AV treatments (i.e., all AV concentrations grouped and compared against 

VC) and appear across all concentrations, their abundance patterns vary across VOCs 

generated from soils treated with different AE concentrations. Some ASVs showed con-

sistent abundance across all treatments, while others respond more strongly under 

VOCs produced at lower AE concentrations (AV25, AV8, and AV0). In line with these ob-

servations, enrichment analysis reveals both bacterial families shared across all treat-

ments and others that were selectively enriched under specific VOC exposures. 

 

3.5 Discussion 

This study aimed to investigate the influence of artificial and natural exudates on soil 

microbial communities, focusing on the effects of concentration, the comparison be-

tween exudate types, and the effects of VOCs produced by soils treated with artificial 

exudates. We found that artificial exudates caused dose-dependent effects on soil mi-

crobial communities, with distinct impacts from treatments with constant MBOA and 
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diluted MBOA, particularly at higher concentrations. Meanwhile, natural exudates had 

different impacts on bacterial communities based on plant type (wheat, sorghum, and 

chicory), resulting in more diverse microbial communities than those shaped by artifi-

cial exudates. However, since the composition and concentration of the natural exu-

dates were not measured in this study, interpretations of their effects on microbial di-

versity should be made with caution. Additionally, VOCs produced by AE-treated soils 

influenced recipient soil communities, though the dose-dependent pattern was less 

pronounced than that observed with direct AE treatments. Some ASVs responded more 

strongly to VOCs derived from lower AE concentrations, while others showed less struc-

tured abundance patterns. 

 

3.5.1 Dose-dependent effects of artificial exudates  

The concentration gradients of artificial exudates had a great impact on bacterial com-

munities in AE, AEM, and ACM treatments, with samples from each concentration clus-

tering separately in the PCoA plots (Figure 3.3). Visualisation of the indicator species on 

heatmaps for artificial exudates (AE, AEM, and ACM) reveals that artificial exudates 

were selective for bacteria from three phyla: Actinobacteria, Firmicutes, and Proteobac-

teria, with Actinobacteria being dominant. The Actinobacteria phylum was predomi-

nantly composed of ASVs from the Micrococcaceae family, which was also enriched in 

AE, AEM, and ACM (Table S 7 - Table S 9).  

Although the ASVs in the artificial exudates treatments were selected based on indica-

tor species analysis (all treatment concentrations combined against the “0” controls) 

and were present across all concentrations, a clear response based on the concentra-

tion gradients was observed, suggesting their abundance varied among different con-

centrations. Enrichment analyses also suggest that there are differences between con-

centrations at the family level. While some families overlapped across different cocnen-

tratios within each treatment (e.g., Micrococcaceae in AE and Acetobacteraceae in 

AEM), others were only enriched at specific concentrations (e.g., Bacillaceae at AE25 

and Pseudomonadaceae at ACM25). 

Actinobacteria is a phylum well known for its crucial role in organic matter decomposi-

tion (Ventura et al., 2007). These findings align with previous studies, which showed that 

Actinobacteria can be stimulated by high carbon inputs and grow well in nutrient-rich 
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environments (Bao et al., 2021). A previous study by Griffiths et al. (1998) also revealed 

that microbial community composition is sensitive to the concentration gradients of ar-

tificial exudates, largely due to the availability of carbon sources — consistent with the 

dose-dependent effects observed in our study. The enrichment of Micrococcaceae 

across all concentrations of all artificial exudate treatments potentially indicates that 

members of this family possess ecological traits consistent with r-strategists, including 

rapid growth in response to elevated carbon availability. Although rRNA operon copy 

number could not be determined directly from our 16S rRNA amplicon data, previous 

genomic studies have shown that members of the Micrococcaceae family possess two 

rRNA operons (Young et al., 2010), a feature associated with faster reproductive rates 

and higher protein synthesis potential (Klappenbach et al., 2000). This growth strategy 

likely contributes to their consistent enrichment across a range of carbon concentra-

tions introduced by artificial exudate additions, indicating a broad capacity to respond 

to elevated carbon availability. 

In contrast, families from the Proteobacteria phylum showed a less pronounced re-

sponse, suggesting that their preference may not depend on total carbon amount but 

rather on specific compositions of the exudates. At specific concentrations, the exu-

date components like sugars, organic acids, or amino acids may be present in optimal 

ratios to allow them to thrive (Zhang et al., 2022). Alternatively, their competitive ad-

vantage at specific concentrations may be driven by resource uptake kinetics (Roller et 

al., 2016). 

. 

3.5.2 Effects of MBOA 

In this experiment, we employed two different settings for adding MBOA to artificial exu-

dates: a constant MBOA concentration across the concentration gradients (ACM) and 

MBOA diluted with other compounds together alone the concentration gradients (AEM). 

We aimed to compare the effects of artificial exudates with constant MBOA concentra-

tion (ACM) and diluted MBOA concentration (AEM) in shaping soil communities. Since 

MBOA is a breakdown product of secondary metabolite DIMBOA, it adds an extra layer 

complexity to the artificial exudates. 
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At low concentrations (0% and 25%), we observed no significant differences between 

AE, ACM, and AEM, as shown in Figure 3.3a. This suggests that MBOA, even at a con-

stant concentration, may have limited impact on bacterial communities when little or 

no carbon source is available. Under these conditions, MBOA likely exerts minimal se-

lective pressure, highlighting the importance of carbon in shifting the microbial commu-

nity. However, at higher concentrations (60% and 100%), the effects of MBOA became 

apparent. At high carbon concentrations, ACM and AEM treatments began to separate 

from AE in the PCoA plot, suggesting that MBOA exerted selective pressure and shifted 

the microbial communities under conditions where more carbon became available (Hu 

et al., 2018). While this shift may reflect positive selection for taxa adapted to MBOA, it 

is also possible that MBOA inhibited the growth of sensitive bacterial groups, contrib-

uting to the observed community changes. This aligns with previous findings that MBOA 

and its derivatives can have antimicrobial properties (Dai et al., 2022), suggesting both 

promotion and inhibition may shape the resulting microbial profiles. 

Although MBOA was present at different concentrations in AEM (diluted) and ACM (con-

stant), both treatments diverged from AE at higher concentrations (Figure 3.3a), indicat-

ing that MBOA contributed to community-level shifts, particularly when more carbon 

was available. Venn diagram analysis revealed that AEM and ACM shared only 16 indi-

cator ASVs and each contained unique ASVs (26 in AEM, 20 in ACM) (Figure 3.7), sug-

gesting that the concentration or formulation of MBOA further modulated specific mi-

crobial responses. While MBOA clearly influenced overall community composition, its 

concentration appears to shape finer taxonomic outcomes, with both shared and dis-

tinct ASVs emerging between AEM and ACM. 

While MBOA clearly influenced microbial composition in combination with other exu-

date components, its individual contribution remains uncertain, as it was not tested in 

isolation in this study. When MBOA is not the sole carbon source, microbes are likely to 

prioritise more readily available compounds, potentially reducing its detectable impact 

on community structure. Recent findings show that microbial utilisation of MBOA relies 

on specialised metabolic pathways and becomes more prominent when it serves as the 

primary carbon source (Thoenen et al., 2024). These observations highlight the need for 

future studies testing MBOA alone to better clarify its ecological role. 
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3.5.3 Effects of natural exudates 

Each natural exudate — wheat, sorghum, and chicory — had different effects on bacte-

rial communities (Figure 3.8), and collectively, they shaped distinct microbial profiles 

compared to artificial exudates (Figure 3.9), as evidenced by the separation in the PCoA 

plot. 

Through indicator species analysis, we identified species significantly associated with 

each type of natural exudates (wheat, sorghum, and chicory), and visualised their rela-

tive abundance in both natural exudates and low concentration artificial exudates (AE8, 

AE0) on the heatmap (Figure 3.10). We chose AE8 and AE0 to compare with natural exu-

dates because these concentrations are closest to the natural exudates in the PCoA 

plot (Figure 3.9). ASVs form three distinct clusters across natural exudates which was 

expected as species were selected based on their association with each exudate type. 

Actinobacteria, Firmicutes, and Proteobacteria were present among the ASVs associ-

ated with natural exudates, and enrichment analysis shows overlaps between families 

enriched in natural and artificial exudates. However, natural exudates enriched a more 

diverse range of bacterial families compared to the artificial exudates (Table S 10; Table 

S 11), suggesting that some bacteria are more adapted to compounds found in natural 

exudates. Although the chemical composition of the natural exudates was not meas-

ured in this study, it is possible that they contained secondary metabolites such as cy-

clohexanol, cyclohexanone, and N-methyl phenylethylamine from wheat (Wang et al., 

2006), luteolinidin and apigeninidin phytoalexins from sorghum (Awika et al., 2005), and 

sesquiterpene lactones from chicory (Graziani et al., 2014), which may have contributed 

to the observed microbial patterns. 

These findings indicate that although artificial exudates can be used as a simplified ver-

sions of natural exudates in research, they cannot fully replicate the diverse functions of 

natural exudates, especially in terms of microbial diversity and secondary metabolite 

secretion (Tong et al., 2020; Strickland et al., 2015). 

It is important to note that exudate composition can vary substantially not only between 

plant species but also among cultivars within the same species. Previous studies have 

shown cultivar-specific exudation patterns in wheat (e.g., differences in amino acids, 

sugars, and organic acids), sorghum (e.g., distinct strigolactone profiles), and chicory 

(e.g., variable sesquiterpene lactone levels) (Yahya et al., 2021; Schlemper et al., 2017; 
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Peña-Espinoza et al., 2015). These differences suggest that the microbial responses ob-

served in this study could be influenced by the particular cultivars used. Although only 

one cultivar per species was tested here, it is possible that different cultivars would 

elicit distinct microbial shifts. Furthermore, environmental and growth conditions may 

also alter exudate profiles, potentially affecting microbial community outcomes. 

Finally, as the chemical profiles of natural exudates were not characterised in this 

study, it is possible that their relatively low compound concentrations led to weaker mi-

crobial growth stimulation. This may have limited the enrichment of dominant taxa and 

allowed a broader range of bacterial families to persist, contributing to the higher micro-

bial diversity observed. Moreover, since the exudates were applied undiluted and not 

standardised based on root biomass, differences in microbial responses between 

wheat, sorghum, and chicory may reflect not only variations in chemical composition 

but also differences in the total quantity of exudates released by each plant species. For 

example, species with greater root biomass may have contributed a higher absolute 

load of compounds into the same collection volume, leading to stronger microbial 

shifts. 

These limitations highlight the complexity of natural exudate effects and underscore the 

need for future studies to quantify both their chemical composition and concentration 

in parallel with microbial analyses. 

 

3.5.4 Effects of VOCs 

VOCs emitted from AE-treated soils at different concentrations influenced bacterial 

communities in the recipient soils. PCoA analysis showed distinct clustering between 

communities exposed to VOCs from high AE concentrations (AV100 and AV60) and 

those from moderate to low AE concentrations (AV25, AV8, and AV0), but did not indi-

cate a gradual dose-dependent pattern (Figure 3.12). Heatmap analysis further illus-

trated this, showing that some ASVs responded more clearly to VOCs from lower con-

centrations (AV25, AV8), while others showed less structured abundance patterns 

across the treatments (Figure 3.13). 

Although no dose-dependent effects like those observed in the artificial exudate treat-

ems were observed in the experiment, enrichment analysis at the family level still 

showed notable differences. Some families were enriched across all AV treatments, 
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such as Burkholderiaceae, Rhodanobacteraceae, and Nitrosomonadaceae (Proteobac-

teria), as well as Microscillaceae (Bacteroidetes). Others were only enriched in AV sam-

ples treated with specific AE concentrations; for example, Nocardioidaceae (Actinobac-

teria) and Beijerinckiaceae (Proteobacteria) were only enriched at AV100, while Soliru-

brobacteraceae (Actinobacteria) was enriched at both AV60 and AV8. 

VOCs are well-known as signalling molecules that influence neighbouring bacterial 

communities (Schulz-Bohm et al., 2015). In this experiment, VOCs emitted from AE-

treated soils exerted selective effects on recipient bacterial communities across all 

concentrations, particularly on families within Proteobacteria. Only bacteria that were 

either able to metabolise VOCs or resistant to VOCs would thrive (Schulz-Bohm et al., 

2017; Weisskopf et al., 2021). VOCs and root exudates play complementary roles in 

shaping microbial communities. While root exudates typically act as local nutrient 

sources and chemical signals in the rhizosphere, VOCs function through the soil air 

phase, often influencing microbes at a distance as signalling compounds or antimicro-

bials (Zhou et al., 2024). 

Proteobacteria are known for their ability to thrive in a range of environments, including 

contaminated soils that are often rich in VOCs and other pollutants. Labbé et al. (2007) 

reported a shift in the structure of Proteobacteria following soil contamination, high-

lighted they are highly adaptive to dynamic environment. Many species within this phy-

lum harbour specialised enzyme systems that allow them to utilise VOCs as substrates, 

giving them a distinct advantage over other bacterial groups. Families such as Burkhold-

eriaceae, Beijerinckiaceae and Nocardioidaceae have been reported to metabolise a 

range of VOCs, including aromatic hydrocarbons (e.g., naphthalene, phenanthrene, and 

toluene) and halogenated volatiles (Yang et al., 2019; Chaignaud et al., 2018). Quorum 

sensing may also be a mechanism proteobacteria used to regulate their response to 

VOCs, which enable them to utilise these compounds and thrive under high concentra-

tions (Abisado et al., 2018). Although Actinobacteria also possess VOC-degrading capa-

bilities (Barka et al., 2015), Proteobacteria are often more dominant in VOC-rich envi-

ronments due to their faster growth rates, metabolic plasticity, and quorum-sensing-

mediated regulation (Abis et al., 2020; Lu et al., 2018). 

While this experiment revealed distinct VOC-driven shifts in microbial communities, 

several limitations should be noted. First, the chemical composition of the emitted 
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VOCs was not directly measured, making it difficult to link specific compounds to the 

observed microbial responses. Additionally, VOC effects were interpreted based on 

community shifts in recipient soils, but we were not able to test whether the effects 

were caused by the metabolism of, or the resistance to VOCs. Future work integrating 

VOC profiling (e.g., gas chromatography-mass spectrometry [GC-MS]) and functional 

assays (e.g., metabolic enzyme assays) could provide deeper insights into the interac-

tions between specific volatiles and microbial taxa. 

 

3.5.5 Conclusions 

This study investigated the influence of artificial and natural exudates, as well as VOCs 

emitted from artificial exudate (AE)-treated soils, on soil microbial communities. Artifi-

cial exudates produced clear dose-dependent shifts in community composition, with 

Actinobacteria, particularly Micrococcaceae, responding strongly across all concentra-

tions. However, the study could not directly link microbial growth responses to r-strate-

gist traits such as rRNA operon copy number due to the limitations of amplicon se-

quencing. 

The inclusion of MBOA, either diluted or at constant concentration, added further com-

plexity to artificial exudate treatments. MBOA appeared to exert selective pressure par-

ticularly under high-carbon conditions, but its role remains difficult to isolate, as it was 

not tested independently. Additionally, it is unclear whether microbial responses to 

MBOA reflected positive selection for tolerant taxa or suppression of sensitive groups. 

Natural exudates stimulated more taxonomically diverse bacterial communities than 

artificial exudates. However, their composition and concentration were not quantified, 

limiting mechanistic interpretation. Variations in root biomass and secondary metabo-

lite content across plant species and cultivars may also have contributed to the ob-

served differences, but these factors were not accounted for in this study. 

Finally, VOCs emitted from AE-treated soils influenced recipient soil communities, alt-

hough a dose-dependent pattern was not observed. While certain families, such as 

Burkholderiaceae and Rhodanobacteraceae, were consistently enriched, and others 

(e.g., Nocardioidaceae) were only enriched at specific treatments, the lack of direct 
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VOC profiling and functional validation limits conclusions about the underlying mecha-

nisms — whether these taxa were selected for due to metabolic traits or simply survived 

because others were inhibited remains unknown. 

 

3.5.6 Future directions 

Future research should focus on fine-tuning artificial exudates by adding secondary me-

tabolites to better replicate the ecological functions of natural exudates. For instance, 

different concentrations of MBOA could be tested in high-carbon artificial exudate for-

mulations to evaluate its specific role in shaping microbial communities. As MBOA was 

not tested independently in this study, its effects remain difficult to isolate. Additional 

experiments using MBOA as a sole carbon source or in minimal media would help clarify 

its selective or inhibitory impact. 

The chemical compositions of VOCs emitted under different artificial exudate concen-

trations should also be characterised (e.g., via GC-MS), as their presence influenced re-

cipient microbial communities despite no clear dose-dependent pattern. Linking spe-

cific volatile compounds to microbial responses could improve our understanding of 

the role of VOCs as selective agents or signalling molecules. Moreover, functional as-

says assessing microbial resistance to or metabolic utilisation of VOCs, alongside iden-

tification of VOC-producing taxa through metagenomics or VOC profiling, would help 

determine whether enriched taxa are selected for, or whether other groups are simply 

inhibited.  

Natural exudates should be chemically profiled and quantified to allow more direct 

comparisons with artificial exudates. In this study, exudate composition and concentra-

tion were not measured, limiting interpretation. Future studies should also consider 

normalising exudate inputs based on root biomass to account for variation between 

plant species and cultivars. In addition, cultivar-level differences in root exudation pat-

terns and associated microbial responses should be investigated to better understand 

plant–microbe specificity. 

Furthermore, while this study could not determine whether enriched taxa were posi-

tively selected or whether others were competitively excluded, the wider literature sug-

gests both mechanisms can occur in parallel. For instance, fast-growing r-strategists, 
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such as some Actinobacteria, are known to rapidly respond to increased carbon availa-

bility, and reproduce quickly in favourable environments; additionally, some bacteria 

are better adapted to specific conditions such as pH, temperature, or oxygen levels, 

while others are less so (Klappenbach et al., 2000; Young et al., 2010; Hibbing et al., 

2010), suggesting active selection. At the same time, allelopathic or antimicrobial com-

pounds in root exudates and VOCs can inhibit susceptible taxa, resulting in the appar-

ent dominance of resistant groups (Hu et al., 2018; Sun et al., 2022). Deciphering these 

selective pressures remains a challenge, but future studies using community-level 

functional trait profiling and transcriptomics could help clarify whether enriched taxa 

are actively selected for their metabolic traits or persist due to the suppression of com-

petitors (Salazar et al., 2019).
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Chapter 4 Isolation, identification, characterisation of 

plant growth-promoting bacteria and their impacts 

on Arabidopsis thaliana growth 

Abstract 

 

Soil microbes play a central role in nutrient cycling and plant health, yet culturable plant growth-
promoting bacteria (PGPB) remain underexplored. This chapter describes the isolation and char-
acterisation of bacteria from three UK agricultural sites—Boxworth, Chilworth, and 
Rosemaund—using three media types: the nutrient-rich Vegitone and two minimal media, VL55 
and VL70. 

A total of 70 bacterial isolates were obtained and screened for two plant growth-promoting traits: 
phosphate solubilisation (via Pikovskaya medium) and production of indole-related compounds 
(via the Salkowski assay). The VL media yielded a greater number of isolates and, overall, isolates 
from VL media showed stronger IAA-related signals and a higher frequency of phosphate solubili-
sation, although the latter was not statistically significant. From these, 20 phosphate-solubilising 
isolates were selected for further testing on Arabidopsis thaliana under controlled conditions. 
These isolates had varying effects on total fresh weight, primary root length, and lateral root num-
ber, with several strains promoting growth while others showed neutral or inhibitory effects. 
Whole genome sequencing and phylogenetic analysis revealed that some isolates—particularly 
within Streptomyces and Mesorhizobium—were phylogenetically distinct from known reference 
genomes, suggesting potential novelty. Notably, while most isolates were pure cultures, some 
were later identified as co-cultures through genome sequencing and bioinformatic analysis, sug-
gesting potential metabolic dependency or synergy. 

Although the study was limited by the use of non-selective media and the nonspecific nature of 
the Salkowski assay, it demonstrates the value of minimal media in isolating diverse bacteria with 
plant-beneficial traits and provides a foundation for future studies on their ecological roles and 
functional capabilities. 
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4.1 Introduction 

4.1.1 Background 

Soil is home to a diverse array of microorganisms, including bacteria, fungi, protozoa, 

and nematodes, which coexist within the soil matrix (Ekelund et al., 2009). Among 

these, certain microbes play a crucial role in enhancing plant growth and are collec-

tively known as plant growth-promoting microbes (PGPMs). One of the primary catego-

ries of these beneficial microbes are plant growth-promoting bacteria (PGPB) (Richard-

son et al., 2009a; Ku et al., 2024). 

PGPB are known to enhance plant growth through various mechanisms, such as nitro-

gen (N) fixation, nutrient solubilisation, pathogen suppression and hormone production 

(Dobereiner, 1992; Patten and Glick, 2002; Glick, 2012; Sharma et al., 2013; Gupta et 

al., 2015; El Attar et al., 2022). With the increasing demand for increasing crop yield and 

protecting the environment, there is a growing interest in utilising PGPB to reduce the 

reliance on chemical fertilisers, therefore making agricultural practices sustainable 

(Yang et al., 2024). 

Two key mechanisms by which PGPB promote plant developments are phosphorus (P)-

solubilisation and indole-3-acetic acid (IAA) production. P is crucial for plant develop-

ment, involved in key physiological processes: P plays a key part in the synthesis of 

phospholipids and nucleic acids. Also, P forms part of ATP (adenosine triphosphate), 

which helps the transfer of energy from sunlight to plants through oxidative phosphory-

lation (light energy to chemical energy) (Kayoumu et al., 2023).  

P is abundant in soils, but this element mainly exists in the form of insoluble or poorly 

soluble inorganic (Munshi and Dave, 2005), whereas plants can only directly absorb P 

as orthophosphate anions (mainly HPO4²⁻ and H2PO4⁻) from the soil solution (Richard-

son et al., 2009a). In most soils, the concentration of these anions is typically low, rang-

ing from 1 to 5 µM (Bieleski, 1973). The deficiency of P leads to limitation on growth and 

productivity. 

Among PGPB, phosphate-solubilising bacteria (PSB) are able to convert these insoluble 

P into soluble forms for the plants, hence enhancing plant growth. PSB make insoluble 
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P accessible to plants through mechanisms such as releasing organic acids, phospho-

natases and phytases (Rodríguez et al., 2006; Emami-Karvani and Chitsaz-Esfahani, 

2021). PSB present a great potential to improve soil fertility and make crop-growing 

more eco-friendly if they can be integrated into the agriculture system. 

Besides P solubilisation, phytohormone production by bacteria also plays a key part in 

plant growth promotion. IAA is the most well-studied phytohormone produced by many 

PGPB. IAA plays a key role in various aspects of plant physiology, including cell division, 

extension, and differentiation. Additionally, IAA can stimulate the germination of seeds 

and tubers, enhances the development rate of xylem and root, and regulates vegetative 

growth process. It also initiates the formation of lateral and adventitious roots, medi-

ates plant responses to light, gravity and florescence, and influences pigment for-

mation, photosynthesis , the biosynthesis of various metabolites, and resistance to 

stressful conditions (Spaepen and Vanderleyden, 2011).  

By enhancing root architecture, plants are able to better explore nutrients in the soil, 

which improves plant health. Bacteria that are able to produce IAA are as important as 

PSB, as both of them can lead to higher crop productivity. However, the production of 

IAA is not limited to PGPB as it is also produced by some plant pathogens, which could 

increase plant vulnerability by increasing growth during infection (Kunkel and Harper, 

2017). 

 

4.1.2 Selection of culture medium 

PGPB can play diverse roles in promoting plant development, making the identification 

and characterisation of bacterial strains harbour plant growth-promoting traits highly 

important. Soil harbours a vast array of bacteria, yet only a small fraction of these mi-

croorganisms has been studied. One of the biggest challenges in this field is the ability 

to isolate and cultivate these bacteria on media (Steen et al., 2019). The composition of 

the culture media significantly affects the types of bacteria that can be cultured from 

soil samples. 

Enriched media, such as Luria Bertani (LB), tryptic soy and Vegitone, are able to enrich a 

wide variety of bacteria. However, these media may benefit fast-growing species as they 

contain relatively high concentrations of nutrients, while slow-growing bacteria might be 
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outcompeted. This may result in the loss of valuable isolates as these underrepre-

sented species may possess functions related to plant growth promotion (Stewart, 

2012). On the contrary, minimal media such as VL55 and VL70 (Schoenborn et al., 2004; 

Sait et al., 2002), contain minimal nutrients, which can enrich bacteria that are able to 

survive under nutrient-limited conditions. This approach helps prevent the dominance 

of fast-growing species. 

By using minimal media, slow-growing bacteria that may harbour specialised metabolic 

pathways, such as the production of phytohormones or the ability to solubilise P, can be 

selected. Hence, employing a combination of enriched media and minimal media can 

help obtain a broader range of bacterial isolates, increasing the likelihood of discovering 

bacteria with valuable plant growth-promoting traits. 

 

4.1.3 Selection of soil samples 

The selection of soil also plays an important role for isolating PGPB. As a heterogeneous 

environment, soil harbours various types of microorganisms, with microbial communi-

ties varying significantly between different locations. This diversity in soil is largely 

shaped by various soil properties, such as local climate conditions (e.g., temperature, 

moisture), soil type (e.g., clay, sandy), land use (e.g., forestry, agriculture), and organic 

matter content (Fierer, 2017). Soils from three sites were chosen that have an agricul-

tural research history and offer various soil types and environmental conditions (Ridg-

man, 1993; Guardo et al., 1994; Hernández et al., 2023). By including soil samples from 

different sites, we can capture a more diverse soil microbial community, potentially a 

larger biobank of PGPB. 

 

4.1.4 Aims & objectives 

Although the potential benefits of PGPB are well-established, a gap remains in the un-

derstanding of how the properties and diversity of isolated bacteria are influenced by 

different enrichment media. Many studies of PGPB solely focused on a limited range of 

bacterial taxa or utilised a single type of culture medium for bacteria enrichment. This 

approach might omit many bacteria that have great potentials to carry out plant growth-
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promoting functions, especially those that are slow-growing or thrive under specific nu-

trient conditions. This is in line with the study by Wang et al. (2023), which highlighted 

the importance of better understanding the ecological adaptation of different PGPB 

through comparative functional genome analysis. 

Moreover, most of the studies on PGPB heavily focused on in vitro traits, such as P solu-

bilisation, siderophore production, and phytohormone production in laboratory condi-

tions. However, while many studies have investigated these bacteria in agricultural con-

texts, there have been limited studies on their effects on model plants, such as Ara-

bidopsis thaliana, particularly under controlled and more realistic conditions, such as 

growth on a solid medium. Assessing PGPB on solid media such as Murashige & Skoog 

(MS) medium offers a better representation of natural plant-microbe interactions, which 

can provide insights into how PGPB can contribute to plant growth promotion in soil 

(Schwachtje et al., 2012). 

To address these gaps, the aim of this study is to isolate and characterise soil bacteria 

with potential plant growth-promoting properties using different enrichment media. The 

objectives of this study are: (1) to construct a biobank of soil bacteria isolated from dif-

ferent media (Vegitone, VL55, and VL70); (2) to assess the phosphate solubilisation and 

indole-3-acetic acid (IAA) production abilities of these bacterial isolates; (3) to evaluate 

the impact of selected isolates on Arabidopsis thaliana growth using MS medium; and 

(4) to perform whole-genome sequencing (WGS) to classify the selected isolates and 

analyse their phylogenetic relationships. 

 

4.2 Materials and methods 

4.2.1 Construction of biobank 

In this experiment, three different types of media were used for enrichment: Plate Count 

Agar, Vegitone (19718-500G-F, Sigma-Aldrich, Merck, Germany), VL55 medium, and 

VL70 medium (Schoenborn et al., 2004; Sait et al., 2002). Plate Count Agar, Vegitone, is 

a medium used for general bacteria culture and is nutrient-rich, similar to Luria Bertani 

(LB) medium. Unlike the Vegitone medium, VL55 and VL70 medium are both minimal 

media, which have been proven efficient for obtaining a high yield of bacteria and are 
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commonly used in research to isolate bacteria from soil samples (Campanharo et al., 

2016; Joseph et al., 2003; Schoenborn et al., 2004). 

Plate Count Agar, Vegitone (19718-500G-F, Sigma-Aldrich, Merck, Germany), contained 

15.0 g agar, 1.0 g dextrose, 5.0 g tryptone (vegetable) and 2.5 g yeast extract per litre. To 

prepare the Vegitone medium, 23.5g of Vegitone agar was suspended in milli-Q water, 

then dissolved and sterilised by autoclaving at 121℃ for 15 minutes. The completed me-

dium was then dispensed into sterile Petri dishes using a consistent volume (~ 30 mL 

per plate) to ensure uniform depth across all samples. 

The double-strength medium VL55 base contained 3.9 g 2-[N-morpholino]ethanesul-

fonic acid, 0.4 mmol MgSO4 · 7H2O, 0.6 mmol CaCl2, 0.4 mmol (NH4)2HPO4, 2ml of sele-

nite-tungstate solution (Tschech and Pfennig, 1984) and 2ml of trace element solution 

SL-10 (Widdel and Pfennig, 1981) per litre, the final pH was adjusted to 5.5 using a mix-

ture of 200mM NaOH and 100mM KOH. Double-strength medium VL70 base has similar 

ingredients with VL 55, but 3.9 g 2-[N-morpholino]ethanesulfonic acid was replaced 

with 4.18g 3-[N morpholino]propanesulfonic acid, the final pH was adjusted to 7.0 in-

stead of 5.5. 

The double-strength media were autoclaved at 121℃ for 15 minutes and cooled down 

to 50℃. Then, 2 ml of vitamin solution 1 and 6 ml of vitamin solution 2 were added per 

litre of the double-strength medium base (Janssen et al., 1997). An equal volume of 3% 

agar, pre-washed with Milli-Q water to minimise nutrient contamination and sterilised 

by autoclaving at 121℃ for 15 minutes, was cooled down to 50℃, added to the double-

strength media base, and mixed well. Ten millilitres of growth substrate were added per 

litre of the completed medium from a concentrated stock, and the media were dis-

pensed into sterile Petri dishes for enumeration. The growth substrate stock contained 

50 mM fructose, 50 mM glucose, 50 mM sucrose, 25 mM succinic acid, 25 mM malic 

acid, 12.5 mM arginine, 12.5 mM serine and 12.5 mM cysteine (Griffiths et al., 1998). The 

stock was sterilised by passing it through a 0.22µm syringe filter (Merck Millipore, Ger-

many). 

Soil samples were collected from three different sites across the UK: Boxworth (B), Chil-

worth (C), and Rosemaund (R). Boxworth is located in Cambridgeshire in the East of 

England (52°15'04.7"N 0°01'58.4"W), Chilworth is located in Hampshire in the South of 

England (50°57'50.2"N 1°25'22.9"W), while Rosemaund (52°07'48.6"N 2°38'08.5"W) is 
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located in Herefordshire in the West Midlands region of England. These three sites were 

chosen because they exhibit different characteristics: R soil is more clay-like, C soil is 

more sand-like, while B soil is in between the two in terms of texture. 

One gram of each soil sample was weighed and suspended in 100 ml of sterile milli-Q 

water. Each mixture was shaken in a horizontal shaker (New Brunswick Innova 4300 In-

cubator Shaker, New Brunswick Scientific, U.S.) at 200 r.p.m. for 15 minutes. A ten-fold 

serial dilution was then performed on the resultant suspensions by adding 2 ml of previ-

ous dilution to 18 ml of diluent. Sterile Phosphate Buffer Saline (PBS) was used as the 

diluent for the suspensions plated on Vegitone medium, while the diluent for plates 

containing VL55 and VL70 media was the sterile single-strength medium base of VL55 or 

VL70. Two hundred microlitres of suspensions from 10-4 to 10-7 dilutions were spread 

onto solid media (see above) using a sterile glass spreader. The agar plates were incu-

bated at 30℃ for one week, a condition commonly used for the cultivation of diverse en-

vironmental bacteria, including both fast- and slow-growing species. 

Single colonies were obtained from each medium by streaking on agar plates four times. 

 

4.2.2 Phosphorus solubilisation assay of the isolates 

A phosphate solubilisation assay was carried out to test the phosphate solubility of the 

isolates. The medium used for the study was called the Pikovskaya (PVK) medium, 

which was developed by Nautiyal (1999) as an efficient medium for screening phos-

phate-solubilising microorganisms. The PVK medium contained 10 g glucose, 5 g hy-

droxyapatite (as Ca3(PO4)2, KT), 0.5 g (NH4)2SO4, 0.2g NaCl, 0.1 g MgSO4·7H2O, 0.2 g KCl, 

0.5g yeast extract, 0.002 g MnSO4· H2O and 0.002 g FeSO4·7H2O per litre, with the final 

pH adjusted to 6.7. Isolates were inoculated into the agar plates containing PVK me-

dium using sterile inoculation loops. The agar plates were incubated at 30℃ for 7 days.  

 

4.2.3 Screening and quantification of Indole-3-acetic Acid (IAA) from isolates using 

Salkowski reagent  

The method used in this study was called the Salkowski reagent method (Gang et al., 

2019; Glickmann and Dessaux, 1995). For the bacteria grown in Vegitone medium, a sin-

gle colony of each selected isolate was inoculated into liquid Luria Bertani (LB) medium 
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and incubated at 30°C. After 2 days, 100µl of each bacterial suspension was transferred 

to liquid LB medium with 0.15 % of L-tryptophan (w/v) added. The isolates were then in-

cubated at 30°C in dark conditions for 24h.  

A 750 µl sample of culture was taken from each isolate and transferred to Eppendorf 

tubes, which were then centrifuged at 15,000 rpm for 5 minutes using a Sigma 4-16KS 

centrifuge (Sigma, UK). After centrifugation, for each isolate, 650 µl of the supernatant 

was carefully withdrawn and transferred to a new Eppendorf tube, then mixed with an 

equal volume of Salkowski reagent and vortexed gently to mix well. Then, 150 µl of each 

mixture was transferred to a Costar 96-well plate (Thermo Fisher Scientific, United 

States) and incubated at 30 °C for 30 min in the dark by covering the plate with alumin-

ium foil. Triplicates were prepared for each selected isolate, and blanks were prepared 

by replacing the supernatant with 650 µl of uninoculated LB liquid medium and mixing 

with equal volume of Salkowski reagent. The Salkowski reagent contained 12g of FeCl3 

per litre in 9M H2SO4 (Glickmann and Dessaux, 1995).  

The IAA was detected by measuring the development of pink colour. The optical density 

(OD) of each sample was measured at 536 nm and compared with the OD of a standard 

IAA curve prepared (5-50 μg/ml). The concentration of IAA produced by each sample 

was then calculated based on this standard curve. The OD values were measured by 

CLARIOstar Plus multimode microplate reader (BMG LABTECH, UK). 

For the bacteria grown in VL55/70 media, the bacteria were incubated in the liquid 

VL55/70 media for 2 weeks before inoculating into the media with tryptophan added. 

The IAA test was conducted 3 weeks after the samples were inoculated into the media 

with tryptophan. A longer incubation period was applied to the bacteria from VL55/70 

because, according to previous observations, bacteria grew slower in these two media 

compared to Vegitone medium. 

 

4.2.4 Bacterial plant growth promotion assay 

Arabidopsis thaliana wild type Columbia-8 (Col-8) was used as a model plant for the 

growth promotion assay. The seeds were first sterilised by shaking them in a 10% (v/v) 

solution of Domestos thick bleach (Unilever, United Kingdom) on a roller for 15 minutes. 

They were then rinsed with sterile milli-Q water three times. Half - strength Murashige 
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and Skoog (½MS) medium was used for plant cultivation. The ½MS medium was pre-

pared by mixing 2.22 g of Murashige & Skoog Modified Basal Medium with Gamborg Vita-

mins (Product ID: M404; PhytoTech Labs, U.S) with 1% of sucrose and 0.8% of agar per 

litre of milli-Q water. The pH of the medium was adjusted to 5.8 using 0.5M KOH before 

autoclaving. 

The plant growth promotion assay was conducted using methods modified from Ra-

mandi et al. (2023). Four seedlings were placed onto the surface of half-strength MS 

medium in each Petri dish. The plates were sealed with 3M micropore surgical tape (3M, 

Minnesota, United States), wrapped in foil, and kept at 4 °C in the dark for 2 days. They 

were then transferred to a Percival plant growth chamber (Percival, Perry, Iowa, United 

States) and incubated vertically with a photoperiod of 16 hours of light and 8 hours of 

darkness at 22 °C. The seedlings were grown for 5 days before bacterial inoculation. 

Lawns of bacterial cultures were prepared by spreading liquid cultures of bacteria 

(OD600 = 0.5) from 20 isolates that demonstrated the ability to utilise phosphate on agar 

plates (Vegitone, VL55, or VL70) 24 hours before inoculation, and incubating them at 30 

°C. Round-shaped plugs were carefully cut out from the lawn cultures using sterile 200 

µL pipette tubes and placed next to the roots of each seedling. Mocks were prepared in 

the same way using empty plugs from Vegitone, VL55 and VL70 media. Triplicates were 

prepared for each isolate. 

After inoculation, the plants were grown together with the bacteria for another 14 days. 

At harvest, total fresh weight, primary root length, and number of lateral roots were 

measured. The primary root length and lateral root number were measured using ImageJ 

software (https://imagej.net/). 

 

4.2.5 Whole genome sequencing (WGS) of isolates 

DNA from the 20 isolates, selected based on their ability to utilise phosphate, was ex-

tracted using PureLink™ Genomic DNA Mini Kit (Thermo Fisher Scientific, Massachu-

setts, United States) according to the manufacturer’s instructions. The DNA concentra-

tion (ng/μL) of each sample was measured using the BioDrop Duo+ Spectrophotometer 

(Biochrom Ltd, Cambridge, UK), and samples were stored at -20 °C before being sent for 

https://imagej.net/
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sequencing. Illumina 2 × 250 bp paired-end whole genome sequencing (WGS) was per-

formed, with genome sequencing services provided by MicrobesNG (https://mi-

crobesng.com, Birmingham, United Kingdom). 

 

4.2.6 Data analysis 

IAA measurement data were visualised using GraphPad Prism version 10 (GraphPad 

Software, California USA). Data from root measurements were analysed using analysis 

of variance (ANOVA) followed by Tukey’s Multiple Comparisons test, which was imple-

mented in GraphPad Prism version 10. The results were then visualised using the same 

software. 

Genome sequencing data were analysed using tools within the KBase platform 

(https://www.kbase.us/) (Arkin et al., 2018). The CheckM - v1.0.18 lineage workflow in 

KBase was first used to assess the completeness and contamination of the genomes 

(Parks et al., 2015). An initial screen of the data was performed with Kaiju (Menzel et al., 

2016), which performs a taxonomic classification of the sequence reads. Genomes with 

more than one taxon were assumed to be mixed cultures and analysed as meta-

genomes as described below using the pipeline described by Chivian et al. (2023). 

Those genome assemblies with only one taxon were annotated with RASTtk (Brettin et 

al., 2015) and the taxonomy determined by GTDB-Tk - v1.7.0 (Parks et al., 2020). 

Genomic datasets identified as mixed cultures were assembled with metaSPAdes - 

v3.15.3 (Nurk et al., 2017) . Other assemblers were also tested, including MEGAHIT and 

IDBA-UD, but the best assemblies were always obtained with metaSPAdes. Assembly 

quality was assessed based on standard metrics, including total number of contigs, 

N50, L50, longest contig length, and the number of contigs exceeding 1 Mb. 

metaSPAdes consistently produced higher N50 values, lower L50, longer contigs, and 

more large contigs (>1 Mb), indicating greater contiguity and completeness. As a result,  

metaSPAdes assemblies were used for subsequent steps. Assembled contigs were 

binned with MetaBAT2 -v1.7 (Kang et al., 2019), MaxBin2 - v2.2.4 (Wu et al., 2015), and 

CONCOCT - v1.1 (Alneberg et al., 2014). The bins were optimised using DAS Tool - v1.1.2 

(Sieber et al., 2018), with each bin representing a metagenome-assembled genome 

(MAG). The MAGs were re-analysed using CheckM to reassess their completeness and 

contamination, and were annotated with RASTtk and GTDB-Tk, as described above.  

https://microbesng.com/
https://microbesng.com/
https://www.kbase.us/
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A phylogenetic tree of the genomes and MAGs was constructed using SpeciesTree - 

v2.2.0 within the KBase platform, based on 49 core, universal genes. Reference se-

quences of closely related organisms were selected from the public KBase genomes 

from RefSeq. Average Nucleotide Identity (ANI) values between different cultures were 

calculated using Compute ANI with FastANI - v0.1.3 to assess the genomic similarity 

between isolates. An ANI value >=95% is commonly used to define species-level simi-

larity, while values ≥99% suggest that isolates are likely the same strain (Goris et al., 

2007). 

 

4.3 Results 

4.3.1 Isolation of bacteria 

A total of 70 different isolates were obtained from three different media: Vegitone, VL55, 

and VL70. Among these, 56 isolates were obtained from the VL media, with 27 isolates 

from VL 55 and 29 from VL70. 

A selection of the isolates is shown in Figure 4.1, while a summary of all the isolates can 

be found in Table S1, Table S2, and Table S3. The isolates were named based on their 

appearance on the media. 

The VL media, particularly VL70, yielded a wider range of morphologically distinct colo-

nies than Vegitone. These isolates were then subjected to further assays. 

 

R3a 

 

R3b
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1C-55

 

3R-55

 

9R-70

 

4B-70

 
Figure 4.1 Selection of isolates from different media. B, C and R stand for the locations from 
where the bacteria were isolated, Boxworth, Chilworth and Rosemaund, respectively. “-55”,”-
70”: the isolates were obtained from VL55 or VL70 medium. 
 

4.3.2 Phosphate solubilisation assay 

All 70 isolates obtained from the soil were first tested for their ability to solubilise water-

insoluble phosphate, which in this study was hydroxyapatite. This compound served as 

the sole source of phosphorus available to the bacteria in the medium although there 

would have been some carryover of phosphate from the original culture. Halos formed 

around the isolates that were capable of solubilising the hydroxyapatite (Figure 4.2a,b). 

The cultures with no halos were classified as unable to solubilise hydroxyapatite (Figure 

4.2c) and these strains tended to grow less well on these plates. 
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Figure 4.2 Results of P solubilisation assay. Halos were observed around bacteria that grew and 
solubilised the calcium phosphate in the medium (a, b). For bacteria that could not solubilise 
the calcium phosphate, no halos were found (c). 
 

The results indicate that not all the isolates were able to utilise water-insoluble phos-

phate in the medium. According to our observation, 20 out of the 70 isolates were capa-

ble of solubilising the phosphate. Among these, 5 isolates were obtained from the Ve-

gitone medium, 10 strains were isolated from the VL55 medium, and 5 strains were iso-

lated from the VL70 medium. Among these, the majority of phosphate-solubilising iso-

lates originated from the Boxworth and Rosemaund soils (8 and 11 isolates, respec-

tively), while only one was obtained from the Chilworth soil. 
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4.3.3 Colorimetric assay to detect the IAA using Salkowski reagent 

Bacteria from each medium in the gene bank were randomly selected for colorimetric 

assay to test their ability to produce IAA. Blank-corrected values of IAA concentration (in 

μg/mL) are shown in Figure 4.3. The bacteria isolates demonstrated varying abilities to 

produce IAA.  

As shown in Figure 4.3a, the bacteria isolated from the Vegitone medium showed rela-

tively low IAA signals, with concentration ranges from 4 to approximately 6 μg/mL. The 

bacterial isolates from the VL55 medium demonstrated higher production of IAA, with 

concentrations ranging from 4 to around 35 μg/mL (Figure 4.3b). The bacterial isolates 

from the VL70 medium showed the widest range of IAA production among the three me-

dia, with several strains producing concentrations higher than 50 μg/mL (Figure 4.3c). In 

the following experiments, we proceeded with the 20 isolates that demonstrated the 

ability to utilise phosphate. 



Chapter 4 

 

 

159 

 

Figure 4.3 Results of colorimetric assay using Salkowski reagent. Error bars indicate standard 
error of the mean (SEM) calculated based on technical replicates (n=3). (a): IAA concentration of 
selected isolates from Vegitone medium. (b): IAA concentration of selected isolates from VL55 
medium. (c): IAA concentration of selected isolates from VL70 medium. (d): An example of pink 
colour development in the colorimetric reaction. 
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4.3.4 Plant growth promotion assay 

The isolates from the Vegitone medium had varying effects on the growth of Arabidop-

sis. All of the isolates from Vegitone medium showed negative impacts on the total fresh 

weight of Arabidopsis, particularly R1, R3a, and R3b (P < 0.05) (Figure 4.4a). Isolate R1 

also significantly reduced primary root length and lateral root number (Figure 4.4b,c) (p 

< 0.05), while R3b negatively affected lateral root number but not root length. The re-

maining isolates—C3, R2, and R3a—did not significantly affect root length or lateral root 

number (p > 0.05). 

 

 

 

Figure 4.4 The effects of the Vegitone bacteria inoculation on the root traits of the Arabidopsis 
seedlings in the plant growth promotion assay. (a) Total fresh weight, (b) primary root length, 
and (c) lateral root number were measured 14 days after inoculation. Bars represent the mean 
values (n=3), Error bars represent the standard error of the mean (SEM). Different letters indi-
cate statistically significant differences (Tukey’s Multiple Comparisons test, p ≤ 0.05). 
 

Bacteria isolated from the VL55 medium demonstrated varying impacts on Arabidopsis 

growth (Figure 4.5). Isolates 2B-5b, 3B-5, 8R-5, and 9R-5 significantly reduced the fresh 

weight of Arabidopsis compared to the mock (Figure 4.5a) (p < 0.05). In contrast, 5R-5 

had a positive effect on fresh weight (p < 0.05). The other isolates, including 1B-5, 6B-5, 

9B-5, 2R-5, and 7R-5 did not influence the fresh weight (p > 0.05). 

In terms of primary root length, isolates 3B-5, 8R-5, and 9R-5 showed a negative impact, 

while 1B-5 and 9B-5 exhibited positive effects on root length (p < 0.05). Conversely, iso-

lates 2B-5b, 6B-5, 2R-5, 5R-5 and 7R-5 showed no significant changes compared to the 

mock (p > 0.05) (Figure 4.5b). 

a b c 
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For lateral root number, isolates 8R-5 and 9R-5 caused a significant reduction (p < 0.05). 

In contrast, isolates 1B-5, 2B-5b, 6B-5, 9B-5, 2R-5, 5R-5, and 7R-5 had positive impacts 

on lateral root number (p < 0.05). Isolate 3B-5 had neither a positive nor negative impact 

(p > 0.05) (Figure 4.5c). 

 

Figure 4.5 The effects of the VL55 bacteria inoculation on the root traits of the Arabidopsis seed-
lings in the plant growth promotion assay. (a) Total fresh weight, (b) primary root length, and (c) 
lateral root number were measured 14 days after inoculation. Bars represent the mean values 
(n=3), Error bars represent the standard error of the mean (SEM). Different letters indicate statis-
tically significant differences (Tukey’s Multiple Comparisons test, p ≤ 0.05). 
 

 

a b 

c 
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Figure 4.6 The effects of the VL70 bacteria inoculation on the root traits of the Arabidopsis seed-
lings in the plant growth promotion assay. (a) Total fresh weight, (b) primary root length, and (c) 
lateral root number were measured 14 days after inoculation. Bars represent the mean values 
(n=3), Error bars represent the standard error of the mean (SEM). Different letters indicate statis-
tically significant differences (Tukey’s Multiple Comparisons test, p ≤ 0.05). 
 

Table 4.1 IAA production and corresponding effect on Arabidopsis lateral root number for bacte-
rial isolates. IAA concentrations were measured using the Salkowski reagent method. Concen-
trations (µg/mL) are reported as means ± SEM (n=3). Isolates were categorised based on their 
observed effect on lateral root number in Arabidopsis, relative to controls, as Positive (signifi-
cantly increased), Neutral (no significant change), or Negative (significantly reduced). 

Isolate IAA (µg/mL) Effect on lateral root number 
1B-5 9.76 ± 0.07 Positive 

2B-5b 8.71 Positive 
6B-5 5.47 ± 0.06 Positive 
9B-5 11.61 ± 0.19 Positive 
2R-5 20.15 ± 0.13 Positive 
5R-5 11.53 ± 0.02 Positive 
7R-5 17.84 ± 0.48 Positive 
1B-7 119.40 ± 10.22 Positive 
2B-7 4.48 ± 0.12 Positive 
3B-7 49.14 ± 0.38 Positive 
3R-7 11.96 ± 0.95 Positive 
5R-7 36.17 ± 0.12 Positive 

C3 4.28 ± 0.04 Neutral 
R3a 4.38 ± 0.05 Neutral 
3B-5 21.25 ± 0.09 Neutral 
8R-5 21.09 ± 0.61 Negative 
9R-5 29.88 ± 0.28 Negative 
R3b 4.46 ± 0.08 Negative 

 

Isolates from the VL70 medium also had varying impacts on the growth of Arabidopsis 

(Figure 4.6). Isolates 1B-7 and 2B-7 demonstrated negative impacts on total fresh 

a b c 
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weight, while 3B-7 and 3R-7 significantly increased total fresh weight (p < 0.05). Isolate 

5R-7 showed no impact on total fresh weight compared to the mock (p > 0.05) (Figure 

4.6a). Regarding primary root length, none of the isolates showed negative impacts. Iso-

lates 1B-7, 3R-7, and 5R-7 showed positive effects on root length (p < 0.05), while 2B-7 

and 3B-7 showed no significant differences compared to the mock (p > 0.05) (Figure 

4.6b). In terms of lateral root number, all isolates demonstrated positive impacts (p < 

0.05) (Figure 4.6Error! Reference source not found.). 

In summary, bacteria isolated from Vegitone primarily had negative impacts on the 

growth of Arabidopsis. Bacteria isolated from the VL55 medium displayed mixed ef-

fects, with some isolates promoting plant growth, particularly in lateral root number, 

while others reduced total fresh weight and primary root length. In contrast, VL70 iso-

lates exhibited growth-promoting effects, especially for lateral number and primary root 

length, with only two of them reducing the total fresh weight of the plants.  

We compared the IAA levels across the isolates selected for growth promoting assays 

(Table 4.1) and found that IAA levels varied widely among those that positively influ-

enced lateral root number (range: 4.48–119.40 µg/mL). High IAA levels were also ob-

served in isolates with neutral or negative effects. Notably, 8R-5 and 9R-5 produced IAA 

levels above 20 µg/mL but reduced lateral root number. No clear pattern was observed 

between IAA production levels and the direction of plant growth response. 

 

4.3.5 Classification of isolates 

After sequencing, an initial quality check using CheckM revealed that 14 of the 20 identi-

fied isolates were pure cultures with high completeness (>90%) and low contamination 

(<5%). The remaining 6 isolates were considered mixed cultures, as they exhibited high 

contamination. The genomes of mixed cultures were binned into a total of 14 MAGS. 

CheckM was then redone on the MAGs to reassess the completeness and contamina-

tion, with the majority of the bins showing high completeness and low contamination. 

Taxonomy assignments for all isolates and enrichments were made using CheckM (Ta-

ble S4). Except for Rhodococcus, Staphylococcus, and Acinetobacter, all other genera 

identified are common PGPB.  

The phylogenetic tree built from 49 core genes showed distinct evolutionary relation-

ships among the isolates and enrichments (Figure 4.7). Several isolates or genome bins 
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appeared closely related based on the phylogenetic tree, such as 6B-5_bin1 and 1B-5, 

and R2_bin4 and 3R-7_bin2. To determine whether these represented truly identical 

strains or distinct but related isolates, pairwise ANI values were calculated using Fas-

tANI. All comparisons yielded ANI values above 99%, indicating that these isolate pairs 

are likely to be identical or highly similar at the strain level (Table S 13). Some isolates 

also appeared phylogenetically distinct from available reference genomes, suggesting 

possible novelty. For instance, isolates 5R-5, 3B-7, and 9B-5 form a separate, well-sup-

ported clade related to Streptomyces griseus and S. atroolivaceus, but are clearly dis-

tant, indicating they may represent a novel lineage within Streptomyces or a related ge-

nus. Similarly, 7R-5 clusters near Mesorhizobium, but sits on its own branch, while 1B-

7_bin2 also clusters near Mesorhizobium yet occupies an even more distinct branch, 

suggesting potential taxonomic novelty. A summary of genome size, GC content, and 

ANI values with the closest cultivated relatives for all isolates and MAGs is provided in 

Table 4.2. 

Isolates 1B-5 and enrichment 6B-5_bin1 form a distinct cluster at the top of the tree 

within the genus Rhodococcus. Organisms in this clade generally showed positive ef-

fects on Arabidopsis growth, particularly in lateral root number. The Cellulosimicrobium 

clade demonstrated a mixed impact on Arabidopsis growth, with R2_bin4 being associ-

ated with a negative effect on fresh weight, while 3R-7_bin2 associated with a significant 

enhancement of all the growth parameters. The Pseudarthrobacter clade (R2_bin1, 3B-

5_bin1, 9R-5_bin1) generally showed negative effects, particularly on fresh weight and 

primary root length. 

The Curtobacterium and Microbacterium clades displayed varying effects on growth pa-

rameters. The Curtobacterium clade (R2_bin3, 3B-5_bin3) generally demonstrated neg-

ative impacts on plant growth, while the Microbacterium clades, which only includes 

3R-7_bin1, showed significant improvement in all the parameters. Streptomyces 

formed the largest clade in the phylogenetic tree. Isolates in the Streptomyces group, 

including 2B-7, 2R-5, 5R-5, 3B-7, and 9B-5, generally showed positive effects on plant 

growth, especially in lateral root number. 

Staphylococcus (R1) and Bacillus (8R-5, R2_bin2, C3, R3a, R3b) clades are clustered 

next to each other, and none of them had positive effects on plant growth. In contrast, 

all of them had negative effects on total fresh weight as well as lateral root length. The 
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Acinetobacter clade (6B-5_bin2, 2B-5b) significantly increased lateral root number. The 

Azospirillum clade (1B-7_bin1, 3B-5_bin2) and Paracoccus (1B-7_bin2) exhibited mixed 

impacts on plant growth. Paracoccus demonstrated a positive impact, while Azospiril-

lum had both positive and negative effects. Finally, the Mesorhizobium isolates (7R-5, 

5R-7) demonstrated overall positive effects on plant growth, especially in lateral root 

number. 
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Table 4.2 Summary of isolates/enrichments, including closest cultivated relative, ANI value, assembly size (bp), and GC content. The names of enrichments 
are indicated as “bin”, whereas those names without “bin” are presumed to be pure cultures. 

Genome Closest cultivated relative ANI value with the closest relative Genome (bp) G+C% 
1B-5 Rhodococcus erythropolis 96.11% 7032660 62% 
1B-7_bin1 Azospirillum lipoferum 4B 90.73% 7302453 67% 
1B-7_bin2 Mesorhizobium plurifarium 76.29% 3956367 68% 
2B-5b Acinetobacter pittii PHEA-2 96.85% 4132565 39% 
2B-7 Streptomyces phaeochromogenes 97.71% 11696974 70% 
2R-5 Streptomyces aureus 90.88% 9882550 71% 
3B-5_bin1 Pseudarthrobacter phenanthrenivorans 86.27% 4240142 66% 
3B-5_bin2 Azospirillum lipoferum 4B 90.70% 7202344 67% 
3B-5_bin3 Curtobacterium flaccumfaciens UCD-AKU 86.27% 3756313 71% 
3B-7 Streptomyces griseus subsp. griseus 84.42% 10466205 69% 
3R-7_bin1 Microbacterium paraoxydans DH1b 93.17% 3076506 71% 
3R-7_bin2 Cellulosimicrobium cellulans J36 89.31% 4345164 75% 
5R-5 Streptomyces griseus subsp. griseus 84.36% 9718816 69% 
5R-7 Mesorhizobium ciceri biovar biserrulae WSM1271 91.62% 7212304 62% 
6B-5_bin2 Acinetobacter pittii PHEA-2 96.81% 3831264 39% 
6B-5_bin1 Rhodococcus erythropolis 96.29% 6413756 62% 
7R-5 Mesorhizobium amorphae CCNWGS0123 87.29% 5968260 63% 
8R-5 Bacillus megaterium NBRC 15308 96.97% 5613152 38% 
9B-5 Streptomyces griseus subsp. griseus 84.43% 10557037 69% 
9R-5_bin1 Pseudarthrobacter sulfonivorans 85.24% 4773603 66% 
C3 Bacillus licheniformis DSM 13 = ATCC 14580 99.59% 4309614 46% 
R1 Staphylococcus hominis 97.37% 2219541 32% 
R2_bin1 Pseudarthrobacter phenanthrenivorans 86.27% 4246888 66% 
R2_bin2 Bacillus licheniformis DSM 13 = ATCC 14580 99.58% 4291428 46% 
R2_bin3 Curtobacterium flaccumfaciens UCD-AKU 86.25% 3672007 71% 
R2_bin4 Cellulosimicrobium cellulans J36 88.26% 602865 73% 
R3a Bacillus licheniformis DSM 13 = ATCC 14580 99.64% 4311893 46% 
R3b Bacillus licheniformis DSM 13 = ATCC 14580 99.64% 4311073 46% 
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Figure 4.7 Phylogenetic tree of isolates and enrichments. The tree was built from 49 core, uni-
versal genes, using SpeciesTree - v2.2.0 within KBase. Organisms from this study are highlighted 
in yellow. Reference sequences of closely related organisms were selected from the public 
KBase genomes from RefSeq. The names of enrichments are indicated as “bins”, whereas those 
names without “bin” are presumed to be pure cultures. The effect of the enrichments/isolates 
on Arabidopsis growth are indicated with circles (blue circle: positive effect relative to control 
(p<0.05); red circle: negative effect relative to the control (p<0.05); open circle: no effect). The 
medium used for cultivation is indicated with squares. 
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4.4 Discussion 

4.4.1 Summary of findings 

In this study, we isolated bacteria from three different sampling sites across the UK: 

Boxworth (B), Chilworth (C), and Rosemaund (R), enriching these bacteria using three 

different media: Vegitone (19718-500G-F, Sigma-Aldrich, Merck, Germany), VL55 me-

dium, and VL70 medium (Schoenborn et al., 2004; Sait et al., 2002). Overall, the VL me-

dia yielded a higher number of isolates compared to the Vegitone medium, with VL55 

resulting in 27 isolates, VL70 in 29 isolates, and Vegitone in 14 isolates. Although not all 

isolates were subjected to taxonomic identification, this suggests that minimal media 

may favour the growth of a broader range of culturable bacterial types than nutrient-rich 

Vegitone. 

We assayed these isolates for their ability to produce IAA and solubilise phosphate. All 

70 isolates produced a positive IAA signal and isolates from the VL media generally pro-

duced higher signals compared to those from the Vegitone medium (Figure 4.3) (U = 

136, p < 0.0001, Mann-Whitney test). The results of the IAA assay need to be treated 

with caution since the Salkowski reagent can detect other compounds, including in-

dolepyruvic acid and indoleacetamide (Glickmann and Dessaux, 1995). A closer analy-

sis of the genomes might indicate if genes encoding enzymes for IAA production, as 

there are six potential metabolic pathways for IAA production in bacteria: the indole-3-

acetamide (IAM) pathway, indole-3-pyruvate (IPA) pathway, tryptamine pathway, trypto-

phan side-chain oxidase (TSO) pathway, indole-3-acetonitrile (IAN) pathway, and the 

potential existence of a tryptophan-independent pathway (Spaepen et al., 2007). Ge-

nome annotation using RASTtk provided some insight into potential IAA pathways pre-

sent in the 15 isolates/enrichments that promoted plant growth in this study. Genes en-

coding indole-3-pyruvate decarboxylase (ipdC) and indole-3-acetaldehyde dehydrogen-

ase (dhaS), both part of the IPA pathway, were detected in some Acinetobacter and 

Mensorhizobium strains. Gene encoding nitrilase (nit), which is involved in the IAN path-

way, was detected in several Streptomyces stains and in Cellulosimicrobium (Table S 

14). However, no single isolate contained the complete set of genes for any one IAA bio-
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synthesis pathway, suggesting that IAA production in these strains may proceed via al-

ternative mechanisms. Moreover, the IAA signals detected using the Salkowski reagent 

may represent intermediate compounds rather than IAA itself. 

Only 20 of the 70 were able to solubilise phosphate, with just 5 of these obtained from 

the Vegitone medium (Figure 4.2). These 20 isolates were selected for further plant 

growth promotion assays. In these assays, isolates from the Vegitone medium generally 

showed negative impacts on Arabidopsis growth (Figure 4.4) , while isolates from the 

VL55 medium had mixed effects (Figure 4.5), and isolates from the VL70 medium 

demonstrated generally positive impacts (Figure 4.6). 

The whole genome sequencing (WGS) revealed that the isolates belong to three phyla: 

Actinobacteria, Firmicutes, and Proteobacteria (Table 4.2). A total of 28 microorganisms 

were identified, including both pure culture and enrichments. Several isolates also ap-

peared phylogenetically distinct from available reference genomes, suggesting poten-

tial taxonomic novelty. 

 

4.4.2 Effects of different media in isolating PGPB 

The Vegitone medium selected for a narrower range of bacteria compared to VL55 and 

VL70. This may be explained by its nutrient-rich nature, which favors fast-growing bacte-

ria (Stewart, 2012). 

Additionally, isolates from the VL media generally produced stronger signals in the IAA 

assay compared to those from the Vegitone medium (Figure 4.3). A higher number of 

bacteria in the VL media also displayed the ability to solubilise phosphate compared to 

the Vegitone medium, but this difference was not statistically significant (χ² = 0.44, df = 

1, p > 0.5). Nevertheless, these findings suggest that minimal media may be more suita-

ble for isolating bacteria that carry out plant growth promoting functions compared to 

standard nutrient media (Sarhan et al., 2018). 

 

4.4.3 Impacts on Arabidopsis thaliana growth 

The 20 isolates selected for the plant growth promotion assay all solubilised phosphate 

and produced a detectable signal for indole-related compounds in the Salkowski assay. 

However, the signal intensity varied among isolates, and due to the nonspecific nature 
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of the assay, the actual levels of biologically active IAA and their contribution to Ara-

bidopsis growth promotion remain unclear (Table 4.1). In line with this, not all of them 

had positive effects on the growth parameters of Arabidopsis (total fresh weight, pri-

mary root length, and lateral root number). Isolates from the Vegitone medium generally 

had negative impacts across all the growth parameters (Figure 4.4). This might be at-

tributed to the nature of the bacteria cultivated on Vegitone medium. Being a nutrient-

rich medium, Vegitone may prefer fast-growing bacterial species, which might not nec-

essarily be the best plant growth promoters. These bacteria, while thriving quickly, may 

become competitive or even antagonistic toward plants, either by outcompeting them 

for nutrients or by producing harmful metabolites that inhibit plant growth (Kuzyakov 

and Xu, 2013). 

In contrast, isolates from the VL55 medium showed mixed effects on Arabidopsis 

growth. Some isolates promoted plant growth by increasing total fresh weight and lat-

eral root number, such as 5R-5, while others, like 8R-5 and 9R-5, had the opposite ef-

fect. This variation suggests that even within the same group of bacteria isolated using 

minimal media, their overall impact on plant growth is determined by other factors. 

These may include the production of additional metabolites, such as siderophores and 

antibiotics, as well as their ability to efficiently colonise the plants (Compant et al., 

2005) (Figure 4.5).  

Most isolates from the VL70 medium generally demonstrated positive impacts on Ara-

bidopsis growth, particularly in increasing primary root length and lateral root number 

(Figure 4.6). The fresh weight measurement of Arabidopsis in this study should be 

treated with caution due to potential artifacts with this measurement (Bashan and de-

Bashan, 2005) . Although VL70 differs from VL55 only in terms of one chemical com-

pound and pH, this slight variation in culture environment can selectively enrich differ-

ent bacterial species (Schoenborn et al., 2004; Sait et al., 2002). The pH can play a cru-

cial part in bacterial growth, and the specific composition of pH and chemical might 

have enriched the bacteria that were not only able to produce IAA and solubilise phos-

phate but were also better suited for interacting with plant roots. This finding is con-

sistent with research indicating that even slight alterations in the culture environment 

can substantially influence the composition and functional potential of bacterial com-

munities (Steinrücken et al., 2023). 
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The varied effects observed among the isolates highlight the complex nature of plant-

microbe interactions. Functions like IAA production and phosphate solubilization are 

important for promoting plant growth; however, they do not work in isolation. The overall 

impact of bacteria on plants is influenced by numerous factors, including how well bac-

teria can colonise the roots and modulate the plant’s growth processes through signal-

ing pathways (Compant et al., 2005; Patten and Glick, 2002; Gupta et al., 2015). The 

complexity implies that a bacterial isolate's ability to carry out single function of plant 

growth promotion does not necessarily result in a direct positive effect on plant, even in 

a controlled environment. 

 

4.4.4 Co-existing effects of bacteria 

WGS revealed that 14 out of the 20 isolates were pure cultures, while the remaining 6 

were mixed cultures, comprising multiple bacterial taxa that could not be separated 

through repeated streaking on agar (Table 4.2). This persistence of co-cultures suggests 

potential co-existence among bacteria, where they may depend on each other for es-

sential nutrients, signaling molecules, or environmental conditions not present when 

separated (Louis, 2017; Deines et al., 2020; de Vos et al., 2017). 

The collective functions of co-existing bacteria may influence Arabidopsis growth in var-

ying ways. Certain bacteria in co-cultures might enhance each other’s beneficial traits, 

potentially leading to synergistic effects on plant growth (Li et al., 2022). For example, 

the enrichment 6B-5_bin1 (Rhodococcus erythropolis) and 6B-5_bin2 (Acinetobacter 

pittii) both showed positive effects on lateral root number in this study (Figure 4.7). 

While their individual contributions cannot be fully separated, their co-occurrence may 

contribute to an amplified plant growth effect. 

In contrast, antagonistic interactions within mixed cultures may lead to competition for 

nutrients or the production of inhibitory compounds, thereby diminishing potential ben-

efits to the plant (Frey-Klett et al., 2007). For example, the coexisting Curtobacterium 

and Pseudoarthrobacter (e.g.,3B-5_bin1, 3B-5_bin3) were associated with negative out-

comes for plant growth (Figure 4.7). It is possible that these genera, both of which were 

individually linked to negative effects, may compete for limited resources when coexist-

ing, reducing overall nutrient availability to the plant. Furthermore, the production of 
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secondary metabolites by one bacterium could inhibit the growth of other beneficial mi-

crobes or directly affect the plant, further intensifying the negative effects on plant 

growth (Koksharova and Safronov, 2022; Shapiro et al., 2011).  

Among the coexisting taxa were genera such as Rhodococcus, Cellulosimicrobium, 

Pseudarthrobacter, Paracoccus, Acinetobacter, and Azospirillum (Table S4). Rhodococ-

cus is known to engage in mutualistic biofilm formation with Acinetobacter in hydrocar-

bon degradation systems (Trond et al., 2015; Das et al., 2023), and Azospirillum has 

been reported to form synergistic plant-beneficial consortia with Paracoccus (Faridy et 

al., 2024). While these studies do not demonstrate strict co-dependence, they support 

the possibility that such bacterial interactions may underlie the persistence of co-cul-

tures observed here. 

Regarding the annotation of Arabidopsis growth effects on the phylogenetic tree (Figure 

4.7), the mixed cultures could only be resolved bioinformatically after sequencing. The 

plant growth promotion experiment was conducted prior to genome classification, 

when each isolate was treated as a single genome, without distinguishing between pure 

cultures and enrichments. Therefore, the growth effects shown on the phylogenetic tree 

reflect the observed phenotype of the whole culture—whether pure or mixed—as origi-

nally tested. These genome names (e.g., 1B-7, R2, 3R-7) were annotated on the tree 

based on their original labels from the growth assay. After sequencing, we identified 

which genomes were pure and which were enrichments, but we retained the same 

names for consistency with the experimental results. 

 

4.4.5 Limitations and future directions 

This study has several limitations. Firstly, the bacteria were directly enriched from soil 

samples using non-selective media, which may cause a significant portion of bacteria 

with certain plant growth-promoting traits to be masked by others, as space on the agar 

was limited. This could potentially bias the experiment. Secondly, the Arabidopsis 

growth promotion assay was conducted under controlled conditions using MS medium, 

which will not reflect the complexity of natural soil conditions. Elements such as soil 

structure, nutrient availability, and environmental fluctuations in natural environments 

can profoundly affect the behaviour of bacterial isolates (Bevivino et al., 2014; Qiu et al., 
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2020; Yu et al., 2021). Consequently, the outcomes observed in this study may vary 

when these bacteria are introduced under field conditions. 

Thirdly, due to time constraints, this study primarily investigated two plant growth-pro-

moting traits: the solubilisation of phosphate and the production of IAA. However, PGPB 

can promote plant growth through various other mechanisms, including siderophore 

production, nitrogen fixation, and the secretion of phytohormones other than IAA 

(Dobereiner, 1992; Patten and Glick, 2002; Glick, 2012; Gupta et al., 2015). The addition 

of these traits might give us a more comprehensive assessment of the plant growth-pro-

moting potential of the isolated bacteria. Moreover, IAA was only tentatively identified 

using the Salkowski assay, which reacts with various indole-containing compounds. As 

such, the actual presence and concentration of bioactive IAA remain uncertain. Future 

studies should apply more accurate detection methods, such as liquid chromatog-

raphy–mass spectrometry (LC–MS), to confirm IAA production. 

Furthermore, while this study recognized the coexistence of various bacterial species 

within certain isolates, it did not thoroughly explore the specific interactions among 

these coexisting species. The precise nature of these interactions—whether they are 

synergistic, or reflect a form of obligate co-dependence—was suggested rather than di-

rectly observed. To gain a deeper understanding of the mechanisms driving these inter-

actions, advanced techniques such as transcriptomic or metabolomic analyses could 

be employed. 

In the future, instead of using non-selective media such as Vegitone, bacteria should 

first be isolated using selective media—such as Pikovskaya (PVK) medium (Nautiyal, 

1999) to select strains that can solubilise phosphate, chrome azurol sulphonate (CAS) 

agar to detect siderophore-producing bacteria (Schwyn and Neilands, 1987; Arora and 

Verma, 2017), or Jensen’s medium to select bacteria capable of N fixation (Jensen, 

1942). This approach would allow for a higher yield of PGPB. To explore their potential in 

agricultural settings, future studies could examine the performance of these bacterial 

isolates under natural soil conditions. Future research should include field trials to eval-

uate the effectiveness of these bacteria in enhancing plant growth across different soil 

types, environmental conditions, and crop species. This approach will provide insights 

into the practical applicability of the isolated strains in real-world agricultural settings 

(Jiménez-Gómez et al., 2020). 
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A thorough evaluation of plate growth promoting traits should also be considered. This 

includes siderophore production, N2 fixation, phytohormone production (other than 

IAA), and biocontrol (Dobereiner, 1992; Patten and Glick, 2002; Glick, 2012; Gupta et 

al., 2015; Abo-Elyousr et al., 2019). A more detailed evaluation of plant growth-promot-

ing traits can offer a holistic understanding of how these bacteria interact with plants 

and contribute to growth promotion. 

As a complementary direction, future research could explore the interactions between 

co-existing bacterial species in greater detail. Techniques such as co-culturing experi-

ments, transcriptomics, and metabolomics can be conducted to uncover the specific 

metabolic and signalling interactions that occur among these bacteria. The knowledge 

gained can then be employed to develop synthetic bacterial consortia specifically de-

signed for particular soil conditions and crop types. By selecting bacteria that demon-

strate complementary plant growth-promoting traits and synergistic interactions, these 

consortia may provide more reliable and effective plant growth promotion compared to 

single-strain inoculants (Weidner et al., 2015; Blake et al., 2021; Priyanka et al., 2022). 

Indeed, the original aim of this work was to perform follow-up experiments, but these 

were not possible due to time constraints. 
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Chapter 5 General Discussion 

This thesis investigatted plant-soil microbe interactions through three complementary 

aspects: (1) the impact of arbuscular mycorrhizal (AM) fungi inoculation on hyphos-

phere soil microbial communities, (2) the influence of root exudates—both natural and 

artificial—on shaping rhizpsphere soil microbiomes, and (3) the the role of culturable 

bacteria in promoting plant growth. These themes are interconnected and reflect key re-

search directions in microbial ecology and sustainable agriculture. A growing body of 

literature highlights the importance of belowground interactions in enhancing nutrient 

use efficiency, promoting plant health, and reducing reliance on chemical inputs (Smith 

et al., 2011; Kavamura et al., 2021; Gross, 2017; Khan et al., 2023). By integrating eco-

logical, functional, and genomic approaches, this work advances our understanding of 

how plants recruit and interact with microbial communities under different nutrient and 

inoculation regimes, offering insights that may inform a broader understanding of how 

microbial communities support plant performance. 

Building on these three themes, the findings of this thesis provide practical insights into 

how specific microbial interactions influence plant–soil systems. AM fungal inoculation 

was shown to selectively shape hyphosphere communities, potentially enhancing nutri-

ent uptake and altering fungal-bacterial communities. Root exudate experiments 

demonstrated that both compound identity and concentration play critical roles in 

structuring microbial communities, with artificial and natural exudates driving distinct 

compositional shifts. However, results from the natural exudates should be interpreted 

with caution, as their composition and conecnetration were not characterised. Finally, 

screening of culturable bacteria revealed diverse plant growth-promoting traits, includ-

ing phosphate solubilisation and IAA-related activity, with several isolates positively in-

fluencing Arabidopsis growth under controlled conditions. Together, these results high-

light context-specific microbial responses that may help guide more tailored microbial 

management strategies in agricultural settings. 

 

5.1 Microbial interactions in the rhizosphere: bacteria, fungi, and root 

exudates 
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Microbial interactions in the rhizosphere—particularly among bacteria, fungi, and the 

chemical signals released by plant roots—are central to the functioning of soil ecosys-

tems and crop productivity (Solomon et al., 2024). This thesis examined three comple-

mentary dimensions of these interactions in Chapter 2, Chapter 3, and Chapter 4, re-

spectively. Together, these studies provide a broader perspective on how microbial pro-

cesses operate under different ecological and experimental contexts. 

The hyphosphere study (Chapter 2) revealed that inoculation with R. irregularis re-

shaped microbial communities, especially by reducing native fungal abundance and se-

lectively enriching bacterial families such as Sphingomonadaceae, Xanthobacteraceae, 

Devosiaceae, and Xanthomonadaceae. These shifts were observed under both nutrient-

replete and nutrient-deficient conditions, suggesting potential nutrient competition and 

microbial selection along hyphal network (Zhang et al., 2014; Rinaudo et al., 2010). 

Root exudates further shaped the microbial communities in both a dose-dependent and 

composition-dependend manner (Chapter 3). Artificial exudate blends (AE, AEM, ACM) 

produced overlapping but distinct shifts in bacterial community structure, with MBOA 

addition further altering communities at a finer scale. VOCs emitted from AE-treated 

soils elicited distant effects, though these were not clearly dose-dependent. Natural ex-

udates induced plant-specific community differentiation and showed greater microbial 

diversity than artificial blends, although limitations in compositional characterisation 

warrant cautious interpretation. These results support the view that root-derived com-

pounds not only act as nutrient sources but potentially as selective agents in microbial 

recruitment (Dai et al., 2022). 

Finally, screening culturable bacteria (Chapter 4) revealed that slow-growing microbes 

isolated from minimal media potentially exhibited stronger plant growth-promoting 

traits, such as IAA production, compared to isolates from nutrient-rich media. Func-

tional assays in Arabidopsis demonstrated a wide spectrum of growth responses, from 

promotion to inhibition. The promotion of plant growth is not just simply through mech-

anisms such as phosphate solubilisation and the production of indole-3-acetic acid 

(IAA); instead, is a complex system that includes the production of additional metabo-

lites, as well as their ability to efficiently colonise the plants (Compant et al., 2005). No-

tably, genome sequencing revealed that several isolates were in fact co-cultures or en-

richments, suggesting metabolic interdependence or synergistic interactions that are 
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difficult to separate using conventional culturing, which remains an area worth studying 

(Louis, 2017; Li et al., 2022). 

These findings reveals that microbial dynamics in the rhizosphere are shaped by both 

biotic factors (e.g., AM fungi, bacterial inocula) and plant-derived compounds. AM fungi 

and bacteria do not act in isolation; rather, their effects are mediated through root in-

puts and microbial competition (Hodge and Fitter, 2013). Taken together, Chapter 2, 

Chapter 3, and Chapter 4 integrate different aspects of beneficial microbial interations, 

providing a better understanding of how different aspects of interactions can influence 

the belowground dynamics. 

 

5.2 Microbial Consortia 

The findings from this thesis collectively highlight the potential of building microbial 

consortia—combinations of two or more microbial species, such as bacteria, fungi, or 

other microorganisms, that live and function together in a shared environment (Duncker 

et al., 2021). While this thesis did not construct consortia directly, the distinct roles of 

AM fungi, root exudates, and culturable bacteria explored across Chapters 2 to 4 pro-

vide foundational insights into how such consortia might be assembled and optimised 

in future applications. 

Studies on AM fungus R. irregularis, root exudates, and PGPB presents future opportuni-

ties to integrate the bacteria and AM fungi into effective consortia. For instance, AM 

fungi can serve as a central component by facilitating nutrient uptake, while root exu-

dates shape the surrounding soil community to benefit the PGPB. PGPB such as Strep-

tomyces and Mesorhizobium can be added to create a synergistic system that promotes 

plant growth and health. 

Microbial consortia offer a feasible solution for reducing chemical fertiliser use while 

sustainably boosting crop productivity. Future studies could focus on designing and 

adapting these consortia for different crops, such as rice, sorghum and potato, which 

represent distinct plant functional types (monocots and dicots), diverse root architec-

tures, and varying agricultural systems across both temperate and tropical regions. Ad-

ditionally, future studies could evaluate microbial consortia under more realistic condi-

tions, including soil microcosms or greenhouse trials, to begin bridging the gap between 
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controlled experiments and field applications. This intermediate step is essential for as-

sessing the consistency and robustness of microbial interactions across different soils 

and plant hosts before moving toward full-scale implementation. 

 

5.3 Microbial community network modelling: towards precision agri-

culture 

Building on the work presented here, there is potential to use insights from rhizosphere 

microbial interactions—including those involving AM fungi, root exudates, and PGPB—

to inform future computational models of microbial community dynamics. Although 

such modelling was beyond the scope of this thesis, the observed interactions highlight 

the complexity and interconnectedness of the rhizosphere system, where microbial 

taxa influence one another and collectively contribute to plant growth (Srinivasan et al., 

2024). 

Simulating these microbial networks can provide valuable insights into plant-microbe 

interactions under different environment conditions. By integrating experiment data into 

computational models, it becomes possible to predict the precise effects of microbes 

on plant growth promotion, nutrient cycling, and pathogen control.  

Moreover, such models could be used to quickly tailor microbial consortia to specific 

soil types, crops, and weather conditions, optimizing microbial communities for preci-

sion agriculture. This approach holds the potential to enhance crop productivity and 

sustainability by fine-tuning microbial interactions for different agricultural contexts. 

Future studies should focus on refining the data of microbial community networks by 

conducting field experiments in various environmental conditions. Additionally, the in-

tegration of multi-omics data, such as metagenomics, transcriptomics, and metabo-

lomics into these computational models could potentially enhance their predictive 

power(Aguiar-Pulido et al., 2016). This would enable a more comprehensive under-

standing of microbial interactions and their effects on plant performance, further ensur-

ing the reliability and adaptability of the models for real-world agricultural systems. By 

continuously refining computational models, agricultural practices can move toward a 

more sustainable, precision-based approach. 
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5.4 Concluding remarks 

This thesis highlights the vital role of microbial communities in enhancing plant growth 

and contributing to indicators of soil health, particularly through their influence on mi-

crobial diversity, community structure, and functional potential. Although direct 

measures of soil health (e.g., enzymatic activity, respiration) were not assessed, the ob-

served shifts in microbial composition—such as reduced native fungi following AM fun-

gal inoculation (Chapter 2) and increased diversity in response to plant-specific root ex-

udates (Chapter 3)—suggest ecological outcomes that can influence nutrient dynamics 

and plant resilience. 

By studying the dynamic interactions among bacteria, fungi, and plants under con-

trolled experimental conditions, this work provides insight into how targeted microbial 

recruitment (e.g., through AM fungi, exudate application, or bacterial inoculation) may 

shift microbial assemblies toward communities associated with beneficial traits. 

The findings also support the development of bio-fertilisers composed of AM fungi and 

PGPB. For example, the culturable bacteria screened in Chapter 4 exhibited traits such 

as phosphate solubilisation and potential IAA production and influenced Arabidopsis 

growth in ways that may support higher yields. While field-scale effects and long-term 

environmental impacts were beyond the scope of this thesis, these results establish a 

foundational understanding of the microbial processes that underpin such applica-

tions. Together, they suggest that tailored microbial inputs could reduce reliance on 

chemical fertilisers and support more sustainable agricultural practices.
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Figure S 1 Complete heatmap showing the relative abundance of ASVs (16S with P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower.The taxonomy of each ASV is labelled to the lowest level that could be ob-
tained during the classification. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=or-
der, f=family, g=genus. 
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Figure S 2 Complete heatmap showing the relative abundance of ASVs (16S without P addition), 
selected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower.The taxonomy of each ASV is labelled to the lowest level that could be ob-
tained during the classification. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=or-
der, f=family, g=genus. 
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Figure S 3 Complete heatmap showing the relative abundance of ASVs (18S with P addition), se-
lected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance;negative val-
ues indicate lower.The taxonomy of each ASV is labelled to the lowest level that could be ob-
tained during the classification. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=or-
der, f=family, g=genus. Note: One inoculated P+ sample was excluded from the 18S analysis 
due to low read count and missing ASVs, suggesting sequencing failure. 
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Figure S 4 Complete heatmap showing the relative abundance of ASVs (18S without P addition), 
selected by indicator species analysis (p < 0.05). Samples and ASVs are clustered by Manhattan 
distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower.The taxonomy of each ASV is labelled to the lowest level that could be ob-
tained during the classification. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=or-
der, f=family, g=genus. 
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Figure S5 Complete heatmap showing the relative abundance of ASVs across samples treated 
with artificial exudtes (AE), selected by indicator species analysis (p < 0.01), comparing all AE 
treatments combined against the AE0 control. The ASVs shown were identified as indicators in 
the combined comparison and are present across all AE samples (excluding AE0), though their 
relative abundances vary between treatments. Rows (ASVs) are clustered by Manhattan dis-
tance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower. The top sidebar indicates different treatment concentrations. Abbreviations 
indicate: k=kingdom,p=phylum, c=class, o=order, f=family, g=genus. 
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Figure S6 Complete heatmap showing the relative abundance of ASVs across samples treated 
with artificial exudates (ACM), selected by indicator species analysis (p < 0.01), comparing all 
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ACM treatments combined against the ACM0 control. The ASVs shown were identified as indi-
cators in the combined comparison and are present across all ACM samples (excluding ACM0), 
though their relative abundances vary between treatments. Rows (ASVs) are clustered by Man-
hattan distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean 
abundance across samples. Positive values indicate higher-than-average abundance; negative 
values indicate lower. The top sidebar indicates different treatment concentrations. Abbrevia-
tions indicate: k=kingdom,p=phylum, c=class, o=order, f=family, g=genus. 
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Figure S7 Complete heatmap showing the relative abundance of ASVs across samples treated 
with artificial exudates (AEM), selected by indicator species analysis (p < 0.01), comparing all 
AEM treatments combined against the AEM0 control. The ASVs shown were identified as indica-
tors in the combined comparison and are present across all AEM samples (excluding AEM0), 
though their relative abundances vary between treatments. Rows (ASVs) are clustered by Man-
hattan distance. Cell colours represent row-normalised z-scores (–2 to 2), where 0 is the mean 
abundance across samples. Positive values indicate higher-than-average abundance; negative 
values indicate lower. The top sidebar indicates different treatment concentrations. Abbrevia-
tions indicate: k=kingdom, p=phylum, c=class, o=order, f=family, g=genus. 
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Figure S8 Complete heatmap showing the relative abundance of ASVs across samples treated 
with natural root exudates from wheat, sorghum, and chicory. ASVs were selected by indicator 
species analysis (p < 0.05), using the three natural exudate treatments as distinct groups to 
identify ASVs significantly associated with each plant type. The heatmap also includes their rel-
ative abundance in AE0 and AE8 for reference. Rows (ASVs) are clustered by Manhattan dis-
tance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the mean abun-
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dance across samples. Positive values indicate higher-than-average abundance; negative val-
ues indicate lower. The top sidebar indicates different treatment concentrations and natural ex-
udate types. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=order, f=family, g=ge-
nus. 
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Figure S 9 Complete heatmap showing the relative abundance of ASVs across samples treated 
with natural exudates, selected by indicator species analysis (p < 0.01), comparing all natural 
exudate treatments combined against the AE0 control. The ASVs shown were identified as indi-
cators in the combined comparison and are present across all wheat, sorghum, and chicory 
samples, though their relative abundances vary between treatments. Rows (ASVs) are clustered 
by Manhattan distance. Cell colours represent row-normalised z-scores (–3 to 3), where 0 is the 
mean abundance across samples. Positive values indicate higher-than-average abundance; 
negative values indicate lower. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=order, 
f=family, g=genus. 
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Figure S10. Complete heatmap showing the relative abundance of ASVs across recipient soil 
samples exposed to volatiles produced by soils treated with different concentrations of AE. 
ASVs were selected by indicator species analysis (p < 0.01), comparing all AV treatments com-
bined against the VC control. The ASVs shown were identified as indicators in the combined 
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comparison and are present across all AV samples (excluding VC), though their relative abun-
dances vary between treatments. VC is the control with no volatiles produced. Rows (ASVs) are 
clustered by Manhattan distance. Cell colours represent row-normalised z-scores (–3 to 3), 
where 0 is the mean abundance across samples. Positive values indicate higher-than-average 
abundance; negative values indicate lower. The top sidebar indicates the concentration used to 
treat the volatile-producing soil. Abbreviations indicate: k=kingdom, p=phylum, c=class, o=or-
der, f=family, g=genus. 
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Figure S 11 BLAST alignments of primer sequences against Rhizophagus irregularis (isolate 
Att690-23 (DAOM197198); GenBank: FM992377.1). Primer sequences (queries) were aligned 
against the R. irregularis 18S/ITS reference sequence (subject) to assess alignment specificity. 
Panels show matches for each primer used in 18S and ITS amplicon sequencing: (a) 18S for-
ward primer; (b) 18S reverse primer; (c) ITS1 forward primer; (d) ITS1 reverse primer. Bars indi-
cate alignment positions along the R. irregularis reference sequence. 
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Table S1 Summary of isolates from Vegitone agar. B, C, R: locations of the soil from where the 
bacteria were isolated.  
Bacteria code  Dilution factor  Name (by bacterial appear-

ance)  

B1a 10^-4 White colony 

B1b 10^-4 Yellow colony  

B2 10^-4 White colony-brownish inside 

B3 10^-5 Breaking edge colonies  

C1 10^-5 Small white colony 

C2 10^-6 Small red colony 

C3 10^-7 Edge bacteria  

R1 10^-5 Small yellow colony 

R2 10^-6 Light brown colony 

R3a 10^-6 River bacteria  

R3b 10^-6 River stones 

R4a 10^-7 Dark yellow colony 

R4b 10^-7 Cloudy white colony 

R5 10^-7 Large white net 

 

Table S2 Summary of isolates from VL55 agar. B, C, R: Locations of the soil from where the bac-
teria were isolated.  
Bacteria code  Dilution factor  Name (by bacterial appear-

ance)  

1B-5 10^-4 Yellow colony 

2B-5a 10^-4 Transparent white colony 

2B-5b 10^-4 Solid white colony 

3B-5 10^-4 Grey colony 

4B-5 10^-4 Large branch (redone) 

5B-5 10^-4 Oreo colony 

6B-5 10^-4 Small brown-red colony 

7B-5 10^-5 Solid brown colony  

8B-5 10^-5 Liquid yellow colony  

9B-5 10^-5 Oreo net  

10B-5 10^-5 Fuzzy white colony  

11B-5 10^-5 Oreo spiral  

12B-5 10^-6 Solid yellow colony  

   

1C-5 10^-4 Broken oreo colony 

2C-5 10^-5 Covid oreo colony 

3C-5 10^-5 Pale orange colony 

4C-5 10^-5 Crater colony  
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Bacteria code  Dilution factor  Name (by bacterial appear-

ance)  

   

1R-5 10^-4 White colony  

2R-5 10^-4 Brown colony 

3R-5 10^-4 Clear liquid colony  

4R-5 10^-4 Dark brown colony  

5R-5 10^-4 Breaking brown colony 

6R-5 10^-5 Mould oreo colony  

7R-5 10^-5 Light orange colony 

8R-5 10^-5 Light yellow colony 

9R-5 10^-5 Cloudy colony 

10R-5 10^-7 White colony 

 

 

Table S3 Summary of isolates from VL70 agar. B, C, R: Locations of the soil from where the bac-
teria were isolated.  

Bacteria code  Dilution Factor  Name (by bacterial appear-
ance)  

1B-7 10^-4 Liquid colony 

2B-7 10^-4 White center colony 

3B-7 10^-4 Dark white colony  

4B-7 10^-5 Small brown colony  

5B-7 10^-5 Liquid yellow dots  

6B-7 10^-5 Orange colony  

7B-7 10^-5 Yellow-brown colony  

8B-7 10^-5 White breaking edge colony  

9B-7 10^-6 Brown colony 

10B-7 10^-6 Dark bloody colony 

11B-7 10^-7 White star colony 

12B-7 10^-7 Liquid white colony  

13B-7 10^-7 Pink colony 

   

1C-7 10^-4 Feather colony 

2C-7 10^-5 Jellyfish colony 

3C-7 10^-5 Pink jellyfish colony 

4C-7 10^-5 Very light brown colony 



Appendix 

 

 

198 

Bacteria code  Dilution Factor  Name (by bacterial appear-
ance)  

5C-7 10^-6 Light brown breaking edge 

6C-7 10^-7 Small white colony  

   

1R-7 10^-4 White colony  

2R-7 10^-4 Yellow middle colony 

3R-7 10^-4 Light pink colony 

4R-7 10^-4 Breaking edge colony 

5R-7 10^-4 Yellow colony 

6R-7 10^-5 Cloudy yellow colony 

7R-7 10^-5 Red colony 

8R-7 10^-5 Yellow with dark middle  

9R-7 10^-5 Transparent breaking edge 

10R-7 10^-7 White colony 
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Table S4 Summary of genome sequencing results. 
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Table S 5 Bacterial families significantly enriched in inoculated samples under P+ conditions 
based on Chi-square tests (df = 1 for all). Families are grouped by phylum. Overlapping families 
between P+ and P- conditions are highlighted in yellow. 

Phylum Family χ² p-value 
Acidobacteria Solibacteraceae_(Subgroup_3) 58.98 <0.0001 
Actinobacteria Acidothermaceae 102.4 <0.0001 
 Geodermatophilaceae 110.3 <0.0001 
 Pseudonocardiaceae 110.0 <0.0001 
Bacteroidetes Chitinophagaceae 25.48 <0.0001 
Gemmatimonadetes Gemmatimonadaceae 670.9 <0.0001 
Planctomycetes WD2101_soil_group 532.3 <0.0001 
Proteobacteria Beijerinckiaceae 174.8 <0.0001 
 Caulobacteraceae 254.3 <0.0001 
 Devosiaceae 268.4 <0.0001 
 Nitrosomonadaceae 203.0 <0.0001 
 Sphingomonadaceae 5606.0 <0.0001 
 Xanthobacteraceae 220.0 <0.0001 
 Xanthomonadaceae 491.2 <0.0001 

 
Table S 6 Bacterial families significantly enriched in inoculated samples under P- conditions 
based on Chi-square tests (df = 1 for all). Families are grouped by phylum. Overlapping families 
between P+ and P- conditions are highlighted in yellow. 

Phylum Family χ² p-value 
Acidobacteria Solibacteraceae_(Subgroup_3) 62.15 <0.0001 
Actinobacteria Acidothermaceae 33.08 <0.0001 
Bacteroidetes Chitinophagaceae 253.9 <0.0001 
Chloroflexi Caldilineaceae 67.53 <0.0001 
 JG30-KF-CM45 60.40 <0.0001 
Gemmatimonadetes Gemmatimonadaceae 105.7 <0.0001 
Planctomycetes Pirellulaceae 118.8 <0.0001 
 WD2101_soil_group 413.7 <0.0001 
Proteobacteria Acetobacteraceae 49.17 <0.0001 
 Geminicoccaceae 42.43 <0.0001 
 Micropepsaceae 128.6 <0.0001 
 Nitrosomonadaceae 134.7 <0.0001 
 TRA3-20 49.23 <0.0001 
Verrucomicrobia Pedosphaeraceae 7.921 0.0049 
 Verrucomicrobiaceae 359.7 <0.0001 

 

  



Appendix 

 

 

201 

 

Table S 7 Bacterial families significantly enriched in AE-treated samples at different concentra-
tions (AE100, AE60, AE25, and AE8), based on Chi-square tests (df = 1 for all). Families are 
grouped by phylum. All enrichments shown are significant at p < 0.0001. Numbers in each cell 
represent Chi-square (χ²) values. 

Phylum Family AE100 AE60 AE25 AE8 

Actinobacteria Microbacteriaceae 151.3 716.3 1068 880.9 

Actinobacteria Micrococcaceae 20533 13683 26040 24584 

Firmicutes Bacillaceae – – 26.9 – 

Proteobacteria Acetobacteraceae – 55.6 – – 

 

Table S 8 Bacterial families significantly enriched in ACM-treated samples at different concen-
trations (ACM100, ACM60, ACM25, and ACM8), based on Chi-square tests (df = 1 for all). Fami-
lies are grouped by phylum. All enrichments shown are significant at p < 0.0001. Numbers in 
each cell represent Chi-square (χ²) values. 

Phylum Family ACM100 ACM60 ACM25 ACM8 

Actinobacteria Micrococcaceae 9820 5517 15029 21546 

Firmicutes Bacillaceae – – 24.25 – 

Proteobacteria Acetobacteraceae 40.14 106 – – 

Proteobacteria Pseudomonadaceae – – 418.8 – 

 

Table S 9 Bacterial families significantly enriched in AEM -treated samples at different concen-
trations (AEM100, AEM60, and AEM8), based on Chi-square tests (df = 1 for all). Families are 
grouped by phylum. All enrichments shown are significant at p < 0.0001 unless otherwise speci-
fied. Numbers in each cell represent Chi-square (χ²) values. 

Phylum Family AEM100 AEM60 AEM8 

Actinobacte-
ria 

Micrococcaceae 7007 1359 24391 

Proteobacte-
ria 

Acetobacteraceae 5.899 
(p=0.0151) 

3.869 
(p=0.0492) 

4.979 
(p=0.0257) 

Proteobacte-
ria 

Pseudomona-
daceae 

1385 2211 776.1 
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Table S 10 Bacterial families significantly enriched in samples treated with natural exudates 
(wheat, sorghum, and chicory), grouped together during indicator species analysis and com-
pared against the AE0 control. Families are grouped by phylum. All enrichments shown are sig-
nificant at p < 0.0001 based on Chi-square tests (df = 1). Numbers in each cell represent Chi-
square (χ²) values. 

Phylum Family Wheat Sorghum Chicory 

Actinobacteria  Microbacteriaceae 376.7 518.9 505.8 

Actinobacteria  Micrococcaceae 2681 3939 3708 

Firmicutes Alicyclobacillaceae 327.5 758.6 456.1 

Firmicutes Bacillaceae 242.5 183.4 272.2 

Firmicutes Planococcaceae 5982 3828 3759 

Proteobacteria   Devosiaceae 64.63 16.37 82.22 

Proteobacteria   Rhizobiaceae 37.95 – 28.91 

Proteobacteria   Rhodanobacteraceae 67.23 19.62 94.78 

 

Table S 11 Bacterial families significantly enriched in samples treated with natural exudates 
(wheat, sorghum, or chicory), identified by indicator species analysis, where the three exudate 
treatments were analysed as distinct groups. Families are grouped by phylum. Numbers in each 
cell represent Chi-square (χ²) values; corresponding p values are shown in parentheses. All Chi-
square tests had df = 1. 

Phylum Family Wheat Sorghum Chicory 
Acidobacte-
ria 

Solibacteraceae_(Sub-
group_3) 

5.691 
(p=0.0171) 

– – 

Actinobacte-
ria 

Solirubrobacteraceae 6.178 
(p=0.0129) 

– – 

Actinobacte-
ria 

Mycobacteriaceae – 4.092 
(p=0.0431) 

– 

Actinobacte-
ria 

Sporichthyaceae – – 5.097 
(p=0.024) 

Actinobacte-
ria 

Ilumatobacteraceae – – 7.192 
(p=0.0073) 

Bacteroide-
tes 

Spirosomaceae 13.87 
(p=0.0002) 

– – 

Chloroflexi JG30-KF-CM45 – – 4.062 
(p=0.0439) 

Cyanobacte-
ria 

Nostocaceae – – 4.062 
(p=0.0439) 

Planctomy-
cetes 

Gemmataceae 6.178 
(p=0.0129) 

– – 

Proteobacte-
ria 

Haliangiaceae 5.123 
(p=0.0236) 

– – 

Proteobacte-
ria 

Acetobacteraceae – 5.145 
(p=0.0233) 

– 

Proteobacte-
ria 

Geobacteraceae – 4.092 
(p=0.0431) 

– 

Proteobacte-
ria 

Desulfovibrionaceae – – 13.68 
(p=0.0002) 
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Table S 12 Bacterial families significantly enriched in samples exposed to volatile organic com-
pounds (VOCs) from AE-treated soils at five concentrations (AV100, AV60, AV25, AV8, and AV0), 
based on Chi-square tests (df = 1 for all). Families are grouped by phylum. All enrichments 
shown are significant at p < 0.0001 unless otherwise specified. Numbers in each cell represent 
Chi-square (χ²) values. 

Phylum Family AV100 AV60 AV25 AV8 AV0 

Actinobacte-
ria 

Nocardioidaceae 30.87 – – – – 

Actinobacte-
ria 

Solirubrobacter-
aceae 

– 5.245 
(p=0.022) 

– 6.580 
(p=0.0103) 

– 

Bacteroide-
tes 

Microscillaceae 62.49 52.81 29.48 45.02 57.22 

Proteobacte-
ria 

Beijerinckiaceae 6.859 
(p=0.0088) 

– – – – 

Proteobacte-
ria 

Burkholderiaceae 4952 4548 6271 7442 7336 

Proteobacte-
ria 

Dongiaceae 12.48 
(p=0.0004) 

16.16 7.123 
(p=0.0076) 

9.010 
(p=0.0027) 

18.97 

Proteobacte-
ria 

Nitrosomona-
daceae 

147.1 215.4 292.1 265.9 212.9 

Proteobacte-
ria 

Rhodanobacter-
aceae 

529.1 280.3 547.0 522.0 562.4 

Proteobacte-
ria 

Xanthobacter-
aceae 

87.52 104.4 92.28 84.42 127.2 

 

 

Table S 13 Pairwise comparison of Average Nucleotide Identity (ANI) values between closely re-
lated bacterial isolates. ANI values ≥99.99% suggest that the isolates are likely the same strain. 

Bacteria pair  ANI estimate 

6B-5_bin1 and 1B-5 

R2_bin4 and 3R-7_bin2 

99.99% 

99.91% 

R2_bin1 and 3B-5_bin1 99.99% 

R2_bin3 and 3B-5_bin3 99.97% 

3B-7 and 9B-5 99.42% 

R2_bin2 and C3 99.99% 

R3a and R3b 99.99% 

6B-5_bin2 and 2B-5b 99.99% 

1B-7_bin1 and 3B-5_bin2 99.98% 
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Table S 14 Presence of IAA biosynthesis-related genes across selected bacterial genomes. 
Presence of the gene is indicated by “Y”. 

Genome 

Taxonomy Indole-3-py-
ruvate decar-
boxylase (ipdC) 

 

Indole-3-acet-
aldehyde dehy-
drogenase 
(dhaS) 

 

Nitrilase (nit) 
 

1B-5 Rhodococcus 
erythropolis 

   

2B-5b Acinetobacter 
pittii 

Y  Y 

6B-5_bin2 Acinetobacter 
pittii 

Y  Y 

6B-5_bin1 Rhodococcus 
erythropolis 

   

9B-5 Streptomyces   Y 

2R-5 Streptomyces    

5R-5 Streptomyces   Y 

7R-5 Mesorhizobium   Y 

1B-7_bin2 Paracoccus yeei    

1B-7_bin1 Azospirillum sp. 
003116065 

   

2B-7 Streptomyces    

3B-7 Streptomyces   Y 

3R-7_bin2 Cellulosimicro-
bium funkei 

  Y 

3R-7_bin1 Microbacterium 
sp. 002456035 

   

5R-7 Mesorhizobium  Y  
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