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Abstract 
 
 

Increasing food demands have driven the adoption of new global strategies to intensify 

productivity without relying on heavy chemical treatments. In the last decades, plant-growth 

promoting rhizobacteria (PGPR) have emerged as potential biofertilisers and biopesticides in 

agriculture. The overall aim of this study was to research and develop approaches to 

genetically engineer PGPR to improve their beneficial activities toward the plant partner.  

A simplified PGPR community, a Bacillus consortium of three strains, was adopted to 

study the complexity of the interactions occurring within the consortium and the plant 

microbiome. Firstly, the comparative genomic analysis of the consortium highlighted the 

unique and shared features responsible for plant promotion, microbial interaction and 

cooperation among the strains (niche partitioning, organisation in biofilms with cooperative 

mechanisms of quorum sensing, cell density control and antibiotic detoxification). Flux 

balance analysis identified cross-feeding interactions among the strains and the metabolic 

capability of the consortium to provide nitrogen to the plant, transforming it into forms 

available for plant utilisation. 

The consortium PGP potential was then investigated in vitro (LEAP mesocosm assay) and 

in vivo (pot experiment) on the vegetable crop Brassica rapa. These tests show increased plant 

growth when the strains were inoculated together rather than individually and when the 

consortium was used as a supplement of the natural bulk soil microbiome. The in silico study 

and the plant experiments highlighted areas for genetic improvement of the consortium 

genomes. 

Lastly, this work describes the development of a conjugation system that could be used 

to efficiently engineer non-domesticated bacteria and bacterial communities, such as 

rhizobacteria and plant microbiomes. The system, based on the plasmid pLS20, was developed 

in Bacillus subtilis 168 and successfully tested on twenty-three wild type Bacillus strains and 

three rhizobacillus communities. 

The research presented here provides tools and approaches for the genetic 

manipulation of rhizobacterial communities, with the ultimate aim of generating sustainable 
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agricultural bioformulations and sheds light on the complex interactions that can occur in a 

model microbial PGPR consortia. 
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Preface 
 

 

Human activities on Earth have drastically changed since the beginning of the Industrial 

Revolution in 1760. However, recent studies show that the past 70 years have been 

characterised by unprecedented shifts in social, economic and environmental aspects of the 

human life (Steffen et al., 2011). This phenomenon, named ΨDǊŜŀǘ !ŎŎŜƭŜǊŀǘƛƻƴΩΣ Ƙŀǎ ōŜŜƴ 

described by the rapid increment of 24 global indicators; 12 economics-related indexes (such 

as, world population, economic growth, transport vehicles, telephones, international tourism, 

aŎ5ƻƴŀƭŘΩǎ ǊŜǎǘŀǳǊŀƴǘǎΣ ŦŜǊǘƛƭƛǎŜǊǎΣ ǿŀǘŜǊ ŀƴŘ ǇŀǇŜǊ ŎƻƴǎǳƳǇǘƛƻƴύ ŀƴŘ мн ŜƴǾƛǊƻƴmental 

components (including atmospheric CO2, N2O and CH4, ozone depletion, loss of forests, 

amount of domesticated lands, ocean ecosystems and global diversity) (Steffen et al., 2015). 

It is clear from these trends that human enterprise has created rising pressure to the 

environment, and that new challenges presented by a growing number of people on Earth 

with the right to development (9 to 10 billion by 2050 according to the United Nations 2019 

prospects, https://population.un.org/wpp/) need to be addressed. 

With the Great Acceleration, we have been entering a new geological era, the 

Anthropocene, in which humans and their activities have played a key role in reshaping the 

planet. Furthermore, we are the first generation with comprehensive knowledge of human 

impact on the Earth System, and therefore it is our responsibility to drive change to a more 

sustainable future. 
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Chapter 1. Introduction and background 
 

 

This chapter provides the introduction to the research discussed in this thesis. It includes 

the broader context, the background information and the motivations on which this 

dissertation is grounded. At the end of the chapter, a brief description of the thesis structure 

is also provided. 

 

1.1. Agriculture and modern challenges 
 

During one of my visits to Japan, my lab mate Kotaro Mori explained to me the meaning 

ƻŦ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ άLǘŀŘŀƪƛƳŀǎǳέΣ ǿƘƛŎƘ ƛǎ ǳǎŜŘ ōŜŦƻǊŜ ŜŀǘƛƴƎ ƛƴ WŀǇŀƴΦ Itadakimasu expresses 

the deep gratitude for the meal, from the ingredients that reach the bowl, to the many people 

involved in the food production, purchase and preparation, and finally to the Earth as source 

of food and life.  

Food is only the final product of a whole food chain system that affects the social, 

economic and environmental life of every and each one on the planet. According to FAO (Food 

and Agriculture Organization of United Nations), agriculture can still be considered the 

backbone of the food production, with 2.5 billion of people depending on it for survival, 570 

million farms worldwide and millions of jobs related to the sector (Figure 1.1). On the other 

hand, it has been estimated that the agricultural food system poses a large footprint on the 

global environment, that includes the employment of 37.6% of land area, 70% of water for 

irrigation and the emission of one-third of the human-caused greenhouse gas 

όǿǿǿΦǿƻǊƭŘōŀƴƪΦƻǊƎΤ {ǘŀǘŜ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ƭŀƴŘ ŀƴŘ ǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎΣ C!h нлнлύΦ  

In this scenario, ǘƘŜ ǿƻǊƭŘΩǎ ǇƻǇǳƭŀǘƛƻƴ increase (predicted to reach 10 billion by 2050 - 

United Nations 2019 prospects, https://population.un.org/wpp/) places tremendous 

demands on the global food supply and makes it necessary to find applicable solutions to 
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intensify global productivity without compromising food security and quality 

(www.worldbank.org; FAO 2012 revision).  

For decades, modern agriculture has relied on incorporating more land through 

deforestation, introducing farm mechanization and transgenic crops, and applying greater 

amounts of chemical pesticides, insecticides and fertilizers (Pimentel, 1996). As primary result, 

the chemical intense applications has increased food productivity due to the reduction of 

losses from weeds, diseases and insect pests (40% of the global food production/year). 

However, due to a focus on economic growth, the many consequences and possible hazards 

of heavy chemical treatments on the environment have not been taken into proper 

consideration. A clear correlation between the use of some pesticides and detrimental effects 

on both human health and the environment has been revealed (WHO, 1990).  

These unwanted side effects include water, soil and air contamination, reduction of soil 

fertility and severe damage to non-target organisms, such as plants, insects, wildlife and also 

man. It is well known that the long-term exposure to some of these chemicals (even in low 

levels) can cause immune suppression, reproductive abnormalities, cancer, hormones and 

internal organs dysfunctions (Aktar et al, 2009; Matysiak et al., 2016; Carter et al., 2016). 

Moreover, a recent study about the pesticide delivery systems has shown that in most cases 

only the 0.1% of the chemical reaches the biological target; 90% of the application is lost 

through volatilisation, degradation, leaching and runoff (Fukamachi et al., 2019). 

In light of these facts, the scientific community and the global organisations have urged 

to develop new strategies and approaches to meet the demand for an increased global food 

supply that do not harm the environment and are produced in a sustainable fashion. 
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Figure 1.1 Different agricultural practices ŀǊƻǳƴŘ ǘƘŜ ǿƻǊƭŘΦ CǊƻƳ ǘƘŜ ǘƻǇ ƭŜŦǘΣ Ǉƻǘŀǘƻ ŦŀǊƳŜǊΩǎ ƘŀƴŘǎ ό/ƘƛƴŀύΣ 
wheat harvest in North Montana, carrying sorghum home in Ethiopia, planting onions in India, millet farmer and 
the eroded soil in Keita (Niger), African farmer in greenhouse, apple seed germination in tissue culture (Seed 
Savers seed bank in Decorah, Iowa), rice varieties screening in petri dish. Photographs by Jim Richardson, used 
with permission. 
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1.2. The plant microbiota as alternative for sustainable food production  
 

¢ƘŜ ŦƻƻŘ ƧƻǳǊƴŜȅ ΨŦǊƻƳ ŦƛŜƭŘ ǘƻ ŦƻǊƪΩ ōŜƎƛƴǎ ŦǊƻƳ ǎƻƛƭ (McNeill and Winiwarter, 2004). 

Soil presents a complex and rich composition of organic matter mixed with minerals, gases 

and liquids. Soil supports plant growth and is inhabited by a plethora of organisms including 

bacteria, fungi, actinomycetes, algae, protozoa and invertebrates (Buée et al., 2009). Bacteria 

are the most abundant (around 95%) with a count of 106  to 108 cells per gram of soil; number 

and taxonomy vary depending on the soil type and environmental conditions (Leach et al., 

2017; Schoenborn et al., 2004). Microorganisms are not found evenly in soil, on the contrary 

they tend to accumulate at the plant-root interface, the rhizosphere, where they engage in 

extensive interactions and frequently partnership with the plants (Hartmann et al., 2008; 

Hiltner, L., 1904) (Figure 1.2).  

The rhizosphere is ŀƴ ŜȄǘǊŜƳŜƭȅ ŘȅƴŀƳƛŎ ŜƴǾƛǊƻƴƳŜƴǘ ǿƛǘƘ ŘƛǾŜǊǎƛŦƛŜŘ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΩ 

populations (in the order of tens of thousands of species) and mechanisms, which have been 

ǎƻǳǊŎŜ ƻŦ ǊŜǎŜŀǊŎƘ ƛƴǘŜǊŜǎǘ ǎƛƴŎŜ ǘƘŜ улΩǎ (Berendsen et al., 2012; Philippot et al., 2013). Root-

colonising microbes, rhizobacteria, are able to affect the biogeochemical cycles and regulate 

the plant growth and tolerance to biotic and abiotic stresses. Rhizobacteria that form 

beneficial association with the plants are called Plant Growth Promoting Rhizobacteria (i.e. 

PGPR) and are also referred to as plant microbiota or plant microbiome to emphasise the 

distinctive intimate association of the microbial community with the plant partner (Kloepper, 

J. W. & Schroth, M. N., 1978). 

Over the last few decades, more than twenty genera of non-pathogenic rhizobacteria 

have been isolated; the most recurring are Acinetobacter, Agrobacterium, Arthrobacter, 

Azospirillum, Bacillus, Burkholderia, Klebsiella, Pseudomonas, Rhizobium and Serratia. Studies 

on microbial diversity and function have been coupled with omics data and technologies, 

unraveling some of the genetic, molecular and ecology-related mechanisms occurring below 

ground between plant and microbes. The new insights have highlighted the potential of PGPR 

as biofertilisers and biocontrol agents and therefore their application has emerged as 

sustainable alternative to chemical products in the agriculture and horticulture practices. 
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Figure 1.2 Root architecture of prairie plants. From left to right: Big Bluestem Prairie Grass, Missouri Goldenrod, 
Kansas Resinweed Prairie Grass. The roots elongate and make their way through the soil to reach water and 
nutrients. Doing so, roots and root hairs develop an extensive adsorption surface and provide a rich niche for soil 
microorganisms. Photographs by Jim Richardson, used with permission. 
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1.3.  Microbial activities in the rhizosphere 
 

1.3.1. Microbiome recruitment and plant colonisation 

 
One of the main driving forces for plant microbiome colonisation is represented by 

rhizodeposition, which is the plantǎΩ mechanism of low-molecular-weight molecules secretion 

through the ǊƻƻǘΩǎ apparatus. It is such an important process that plants relocate 10-40% of 

the photosynthetically fixed carbon in exudates. The composition of this mixture can change 

in relation to the plant species, the environmental conditions, the presence of herbivore 

insects, and other biotic and abiotic stresses. All these aspects shape, and simultaneously are 

shaped by, the microbial population. 

Inorganic and organic acids, sugars, amino acids, phenols, fatty acids, sterols, enzymes 

and vitamins are the predominant components and represent an outstanding resource of 

carbon and other nutrients for the microorganisms (Dennis et al., 2010; Roworth, 2017). 

Mucilage, an insoluble polysaccharide-rich material, is also secreted to protect the root 

apparatus from desiccation and lubricate growing root tips. The exudate concentration is 

more intense in the proximity of the roots, and forms gradients in the encompassing soil based 

on the solubility and stability of the secreted molecules (Bais et al., 2006a). It is therefore 

crucial for soil bacteria to have efficient chemotaxis capabilities and extensive motility systems 

in order to exploit the nutrients and gain the ecological advantage given by root colonisation.  

Bacterial adhesion to plant tissues is mediated by adhesins, pili, polysaccharides and 

surface proteins (Hori and Matsumoto, 2010). This phenomenon is not uniform on the root 

surface (15-40% of the total surface), and usually takes place at epidermal cell junctions, root 

hairs, cap cells and developing lateral roots (Danhorn and Fuqua, 2007). After adhesion, 

microbial aggregates can form colonies, which are often multispecies. Some colonies are able 

to evolve into biofilms, producing exopolymeric matrix (EPS) and using quorum sensing, a 

communication system that coordinates the colony activities. Biofilms are able to influence 

profoundly the plant fitness, due to their intense and synergistic mechanisms (Rudrappa et 

al., 2008). 

A subpopulation of Plant Growth Promoting Rhizobacteria (PGPR) is capable of 

penetrating the root surface and establish endophytically inside the plant (Marquez-Santacruz 

et al., 2010). This happens through a process that can be passive (at wounds or cracks in 
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growing roots) or active (by dedicated bacterial machinery). Beside the traits that mediate the 

root surface attachment, roots penetration requires a distinct set of properties, such as the 

secretion of specialised cell-wall degrading enzymes (pectinases, cellulases), which are 

required for bacterial movement through the plant xylem system (Compant et al., 2010). Even 

though this process shares similarities with the mode of action of invasive pathogens, 

endophytic PGPR tightly regulate penetration and cell density to avoid triggering the plant 

defence system (Zinniel et al., 2002). 

A complex molecular cross talk between microorganisms and plant host mediates a 

successful rhizosphere colonisation and it is considered the key to determine whether the 

interactions are mutualistic (symbiotic), neutral (commensalistic) or detrimental (pathogenic) 

to plant (Rodriguez et al., 2019; Thrall et al., 2007). Nevertheless, the molecular signalling 

involved in this process have not been entirely elucidated yet. 

 

1.3.2.  Nutrient cycles participation 

 
Plant growth and yield are deeply related to the availability of nutrients at the soil-root 

interface. Nitrogen, Phosphorous and Iron are considered fundamental elements for plant 

fitness and development. Potassium, Calcium, Sulphur and Manganese, are required in less 

copious amounts. These macro- and micronutrients are present in soil in variable forms and 

proportions, and are often not accessible for plant utilisation. The scarcity of these nutrients 

is detrimental for the plant and leads to limited yield and defective growth.  

PGPR facilitate nutrient acquisition in plants by increasing bioavailability and 

participating in the ecological element cycles through microbial metabolism. Mechanisms 

involved in these processes have been investigated in the recent decades, however, there are 

many aspects that still require further investigation (Garcia and Kao-Kniffin, 2018; Harwood 

and Nicholls, 1979; Kiba and Krapp, 2016; Meena et al., 2014; Rawat et al., 2018). 

 
Nitrogen 

Nitrogen (N) is the most important element for plant survival and development. It is 

required in every tissue, organ and metabolically active cell of the plant. Since N is a major 

component of nucleic acids, proteins, vitamins, hormones and cofactors, it is able to promote 
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plant health, increasing leaf area, accelerating crop maturation and fruit and seed 

development. Plants experiencing N deficiency exhibit chlorosis and defected growth. 

In soil, N is present in the organic forms of atmospheric N2, ammonium ion (NH4+), 

ammonia (NH3), nitrite ions (NO2
-) and nitrate ions (NO3

-) that are dynamically subjected to 

transformation processes. Plants acquire N through the roots in the form of ammonium and 

nitrate, although these are not very abundant in soil. On the other hand, nitrite is considered 

toxic to plants. Soil bacteria are well known to contribute to the Nitrogen cycle and assist 

plants in nitrogen acquisition through diverse mechanisms (Figure 1.3). 

 

 

Figure 1.3 Nitrogen cycle and reactions found in prokaryotes that modify nitrogenous molecules 

 

Prokaryotic N fixation is the conversion of atmospheric N2 gas to ammonia (NH3) 

catalysed by the enzyme nitrogenase. Rhizobia and Frankia are the most characterised N-

fixing model bacteria. Both are able to establish symbiosis in specialised root nodules on 

legumes and woody plants respectively (Patriarca et al., 2004; Wheeler et al., 2000). Many 

other microorganisms can fix N without symbiotic relation with the plants. 

Nitrification by nitrifying bacteria occurs when NH3 is oxidised into NO3
- through the 

intermediate NO2
-, whereas the assimilation process is the incorporation of NH3 and NO3

- 
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(fixation and nitrification products) into the cell biomass. Decomposing microorganisms are 

able to generate inorganic ammonia through the breakdown of organic matter and 

nitrogenous waste, by ammonification pathways. The ammonia produced by this process is 

excreted into the environment and becomes available for either nitrification or assimilation. 

Finally, NO3- is reduced to N gases (N2 or N2O) and lost to the atmosphere. This process is 

called denitrification, which occurs through facultative anaerobes in anaerobic environments. 

 

Phosphorous 

 Phosphorous (P) plays an essential role in plant growth due to its involvement in many 

central metabolic processes, such as photosynthesis, glycolysis, respiration, and fatty acid 

synthesis. It is a constituent of cell membranes, nucleic acids and nucleotides, many proteins 

and it is engaged in energy transfer through ATP and ADP. P is distributed throughout the 

plant, accumulated in young leaves, flowers and seeds, and quickly relocated in the plant 

organs. Deficiency of the mineral leads to delayed or disrupted growth.  

Plants take up P from soil in the form of phosphate ions, as H2PO4
- orthophosphate, 

which is only present in micromolar amounts, a small fraction of the total P of which most 

soils are rich. Soil bacteria capable of solubilising insoluble P (Phosphorous-solubilising 

microorganism: PSM) are often recruited in the rhizosphere to enhance phosphate availability 

and therefore to support plant fitness. The mechanisms employed by PSM are mainly based 

on solubilisation of organic P (mineralization) and inorganic sources. 

Since organic P constitutes 4-90% of the total P present in the soil (Khan et al. 2009b), 

the mineralisation process is considered crucial in the P cycle. PSMs are able to release P from 

organic compounds by the action of two enzymes: 

¶ Phosphatases, which dephosphorylate the phospho-ester bonds of organic 

matter. Acid and alkaline phosphatases can be produced based on the 

environmental condition. They both have been shown to deplete organic 

phosphorous in soil (Tarafdar and Jungk, 1987). Plant roots are more prone to 

generate acid phosphatases; hence it has been proposed that the rhizosphere 

represents a potential niche for PSMs (Juma and Tabatabai 1998; Criquet et al. 

2004). 
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¶ Pythases, which liberate P from phytate break down. Even though phytate is the 

major component of P organic forms in soil (Richardson, 1994), plants have a 

poor ability to utilise the compound.  Many bacteria from the genus Bacillus, 

such as B. licheniformis and B. amyloliquefaciens, have the capacity to degrade 

phytate. The heterologous expression of phytase coding sequences from various 

microorganisms has been documented in Stretptomyces lividans, Lactobacillus 

plantarum and Bacillus subtilis  (Kerovuo et al., 2000; Stahl et al., 2003; Tye et 

al., 2002) 

Inorganic P solubilisation by PSM, is carried out via organic acid secretion, either by 

lowering the pH, or by increasing chelation of the cations bound to P. P solubilisation has been 

studied for decades, and it is nowadays accepted that direct glucose oxidation to gluconic acid 

is central in this process (Goldstein and Liu, 1987). The reaction by the enzyme glucose 

dehydrogenase (GDH) and its co-factor, pyrroloquinoline quinone (PQQ) is responsible for the 

acid release in the surrounding soil and the consequent acidification and liberation of P via H+ 

substitution from divalent and trivalent P anions (HPO4
-2 and HPO4-3) (RodrƤȳguez and Fraga, 

1999).  

 

Potassium 

Potassium (K) is the third key element that has a remarkable impact on plant growth. K 

is required in the meristematic tissues, buds, leaves and root tips where it plays essential roles 

in anion-cation balance, activation of enzymes involved in the regulation of stomata, cells 

turgidity and division, starch and sugar transport among plant organs. K depletion in plants 

leads to brown lower leaves, weak stems, lodging, poor quality and yield.  

K can be adsorbed from soil in the form of ion K+. However, soil K is often fixed in 

insoluble mineral complexes, such as muscovite, orthoclase, biotite, feldspar, illite and mica. 

K solubilising microorganisms (KSM) are able to compensate for the plants inability to retrieve 

K+ from minerals. A diverse range of KSMs have been documented, among them Bacillus 

mucilaginosus, Bacillus edaphicus, Bacillus circulans, Paenibacillus spp., Acidothiobacillus 

ferrooxidans, Pseudomonas and Burkholderia. 



 11 

Strategies involved in K solubilisation by KSM include weathering, mineral elements 

chelation with secreted polymers and direct biophysical forces which can fracture mineral 

grains to decrease particle sizes and generate fresh and more reactive surfaces. 

Microbial weathering is a phenomenon in which nutritious elements are released from 

rocks via redox reactions and production of organic acids. These eventually weaken the 

chemical bonds and dissolve the minerals (Calvaruso et al., 2006). Many studies have 

demonstrated weathering processes by oxalate, citrate, tartarate release by bacteria and by 

plants, such as maize, pak choi and oil seed rape (Neaman et al., 2005). Biofilms have shown 

to have clear involvement in K solubilisation. The secreted exopolymers, slimes, sheaths and 

other metabolites react with ions in the surroundings and can lead to mineral particle 

deposition (Warscheid and Braams, 2000). Engineering soil bacteria to improve K recovery 

from minerals has not been investigated yet. However, this constitutes a promising 

prospective for future work. 

 

Sulphur 

Sulphur (S) is crucial for chlorophyll biosynthesis besides being a structural component 

of amino acids, proteins, enzymes and vitamins. Stems, root tips and young leaves require S, 

that can be remobilised from senescent organs to the young ones. General chlorosis occurs 

when plants suffer of S deficiency, with stunted growth and scarce yield. 

S is present in the organic and inorganic forms that are subjected to concomitant 

dynamic transformation. Thus, inorganic forms can be immobilised to organic S, various 

organo-S forms can be interconverted, and immobilised sulphur is mineralised to yield 

inorganic S available to plants. These transformations are the result of bacterial metabolism 

(Pulich, 1989). 

 

Iron 

Iron (Fe) is an essential element in plants, due to its involvement in electron transfer, 

catalases activation and chlorophyll synthesis.  Fe is ubiquitous in plants and growth under 

iron-deficiency generates extensive inter-veinal chlorosis, reduced leaf area and reduced dry 

weight (Guerinot and Yi, 1994; Lucena, 2003). Fe availability is strongly affected by soil pH. In 
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alkaline condition Fe ions are in the insoluble form Fe3+ that is not available for plant uptake. 

Fe homeostasis is tightly regulated in plants, which have evolved to cope against Fe scarcity 

through several strategies, from the direct acidification of the surrounding soil to the secretion 

of coumarins and flavins to tolerate starvation and facilitate Fe3+ absorption. Rhizobacteria 

actively contribute to Fe uptake in plants, by producing a broad pool of siderophores (around 

500 types are known). Siderophores are chelating peptidic agents that can solubilise and 

extract iron from mineral and organic complexes. In the rhizosphere, bacterial siderophores 

are recognised and intercepted by plants, enhancing the portion of Fe available for plant 

uptake (Ferreira et al., 2019).  

Beside their involvement in plant nutrition and heavy metal mobilisation, siderophores 

have attracted research attention for their role in biocontrol within the rhizosphere (Behnsen 

and Raffatellu, 2016). Sequestering Fe via siderophores confers competitive advantage to soil 

bacteria that inhabit plant roots and often the ability to capture iron is crucial to outgrow 

niche competitors (Kramer et al., 2020). 

 

1.3.3. Biocontrol 

 
The capacity of rhizobacteria to provide biocontrol indirectly promotes plant growth and 

development. PGPR can act as biocontrol agents through antagonism to soil-borne pathogens 

or by induction of systematic resistance in plants ό5ƻǿƭƛƴƎ ŀƴŘ hΩDŀǊŀΣ мффпύ. The ecological 

underlying purpose of microbial antagonism is the competition for the spatial niche and 

nutrients. In a dynamic and densely populated area, such as rhizosphere, bacteria have to 

resort to different antagonistic strategies to survive and proliferate. Among these, antibiotics, 

lytic enzymes, toxins and bacteriocins are the most abundant and diverse weapons in PGPR. 

The synthesis of a wide array of antibiotics and antifungal substances has been shown 

to be one of the major antibiosis activities in the rhizosphere. This heterogeneous group of 

compounds kill or inhibit the growth of phytopathogens via mechanisms of active disruption 

of cell wall synthesis or inhibition of ribosomal functions ό5ƻǿƭƛƴƎ ŀƴŘ hΩDŀǊŀΣ мффпύ. 

Hydrogen cyanide and biosurfactants are commonly synthetized by Pseudomonas and Bacillus 

species. Antibiotics, such as polymyxin, circulin and colistin, produced by the majority of 

Bacillus ssp. are active against Gram-positive and Gram-negative bacteria, as well as many 

pathogenic fungi (Maksimov et al., 2011). Microorganisms of the Cereus group suppress 
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oomycete pathogens and produce antibiotics like zwittermicin A (aminopolyol) and 

kanosamine (aminoglycoside) that contribute to plants biocontrol (Silo-Suh et al., 1994). 

Bacteriocins are a group of molecules adopted by microbes for defence. They differ from 

antibiotics for their narrow spectrum of toxicity to bacteria that are closely related to the 

producing strain (Riley and Wertz, 2002). While lytic enzymes are often discharged from PGPR 

with the purpose of damaging cell walls of pathogens. Among them, chitinases, cellulases, 

proteases and lipases effectively lyse structures of pathogenic fungi, such as Fusarium 

oxysporum, Rhizoctonia solani and Sclerotium rolfsii (Ordentlich et al., 1988; Singh et al., 

1999). 

Some PGPR are able to suppress plant disease by inducing resistance in plant through a 

mechanism termed Induced Systemic Resistance (ISR), which is an increased defensive state 

throughout the plants that is activated upon appropriate stimulation. A range of molecules 

that mediate ISR have been identified. Lipopolysaccharides and siderophores, flagella, 

biosurfactants, N-acyl-homoserine lactones (AHL), N-alkylated benzylamines, antibiotics and 

exopolysaccharides (EPS) are considered potential activators of the signalling cascade that 

lead the plant to disease protection (De Vleesschauwer and Höfte, 2009). 

ISR mediated by beneficial bacteria is similar to the systemic acquired resistance (SAR) 

triggered by pathogens. Both SAR and ISR confer resistance to uninfected plant organs, albeit 

their signalling pathways are triggered by different molecules (salicylic acid in SAR and 

jasmonic acid and ethylene in ISR). Among PGPR, Pseudomonas and Bacillus spp. are the most 

studied for their ability to trigger ISR (van Loon, 2007) .  

 

1.3.4. Stress mitigation in plants by PGPR 

 
Due to their sessile nature, plants have always been subjected to biotic and abiotic 

perturbations in the surrounding environment. In such conditions, plant survival depends on 

their capability to quickly adjust their physiology to cope with stress and reduce any 

detrimental effects. All plants sense and react to stress signals, including drought, heat, 

salinity, nutriments scarcity, herbivory and pathogens.  



 14 

Nowadays, drought and salinity are considered among the major agricultural limiting 

factors worldwide, with serious implications in plant health and productivity. Soil bacteria 

have adapted to tolerate water deficiency through several mechanisms, such as forming 

thicker walls, switching to dormant lifestyles, accumulating osmolytes or producing 

exopolysaccharidic matrix (EPS). Drought tolerant PGPR increase the chances of plant survival 

in harsh environments by diverse means (Bal et al., 2013; Cohen et al., 2015; Vardharajula et 

al., 2011). 

The alleviation of stress effects in plants can be mediated by several bacterial activities. 

PGPR are responsible for lowering the amount of ethylene, one of the main stress effectors in 

plants, by deamination of the precursor ACC. This results in a milder stress response that does 

not damage plant cells and tissues (Bal et al., 2013; Glick, 2014). Microorganisms are also able 

to synthesise and release phytohormones like indoleacetic acid (IAA), gibberellins and 

cytokinins that improve the roots architecture by increasing lateral roots and hairs. The 

improved root apparatus translates to augmented water and nutrients uptake that facilitate 

the plant processes throughout  the stress response (Fahad et al., 2015). The EPS production 

by PGPR biofilms attached to the roots plays an outstanding role in stress resistance. The 

biofilm matrix properties allow soil particle aggregation in the root-surroundings and the 

consequent water and nutriments thickening (Sandhya and Ali, 2015). 

PGPR can also induce tolerance to stress by releasing signalling molecules like 2,3-

butanediol that trigger many responses, including the closure of the stomatal transpiration 

system to reduce water loss (Yi et al., 2016). Another strategy employed by microorganisms is 

the biosynthesis and secretion of osmolytes that function as osmoprotectants, like proline, 

sugars, betaines, polyamines and dehydrins. These solutes, synergistically with the plant 

osmolytes, alleviate stress condition by restoring the water balance in cells and plant organs 

(Paul et al., 2008; Sandhya et al., 2010).  

During stress conditions plants produce reactive oxygen species (ROS), such as free 

radicals, peroxides, lipid peroxides. ROS are involved in plants adaptation to stress even 

though they are responsible for oxidative stress damage to important cellular components. 

Microorganisms are able to alleviate oxidative stress by detoxification of detrimental ROS 

(Chen and Xiong, 2005; Peña et al., 2013; Wasim et al., 2009). 
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1.3.5. Rhizoremediation 

 
Soil and water contamination emerge as the result of intensive practices in agriculture 

and industry. Heavy metals, pesticides, insecticides and other synthetic compounds are 

recalcitrant elements and molecules that accumulate in the environment affecting 

ecosystems at all levels, from bacterial communities to plants and humans. Tolerant 

rhizobacteria have been reported to accumulate, transform and detoxify pollutants from 

contaminated soil. This phenomenon, termed rhizoremediation, contributes to restore soil 

quality, alleviate stress effects in plants and ensure plants survival in polluted growth 

conditions (Kong and Glick, 2017; Kuiper et al., 2004).  

The most abundant and dangerous heavy metals are mercuric, cadmium, lead, 

chromium, thallium, and arsenic. This pool of metallic non-degradable elements is poisonous 

at low concentration in soil. Countless contaminants accumulate in soil due to direct human 

activities. Two major pollutants are petroleum-derivatives and azo dyes. Petroleum-

derivatives (carbazole, benzene, toluene, ethylbenzene, xylene, naphthalene, aliphatic 

hydrocarbons) are released into soil and sediments due to leakage, accidental spills or 

improper waste disposal. These compounds contaminate soil and persist in the ground due to 

the low degradability (Kim et al., 2008; Lee et al., 2019). Azo dyes are synthetic dyes with a 

functional azo group. They constitute 70% of the dyes in commerce and are used in textiles, 

plastics, cosmetics and food. They are used for their persistency; however, such attribute 

makes them a dramatic source of pollution. Many bacteria able to degrade synthetic 

contaminants have been identified together with the pathways responsible for these 

extraordinary activities of rhizoremediation (Gaballa and Helmann, 2003; Kuiper et al., 2004; 

Lee et al., 2019; X. Liu et al., 2018; Singh et al., 2018). 

 

1.3.6. Genetic material exchange among bacteria 

 
Bacterial genomes are characterised by remarkable plasticity on an evolutionary scale. 

Genome rearrangements, horizontal gene transfer (HGT), and the mobilisation of DNA 

elements are frequent events that shape bacterial genetic content in a delicate balance 

between the preservation of genome integrity and the mutagenesis occurrence. Genome 

rearrangements can modify the structure of the chromosome, disrupt genes and alter 
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proteins function or expression with effects on phenotype (Delihas, 2011). Nevertheless, 

mobile elements frequently carry accessory genetic material that confers selective advantage 

to the receiving cell. The study of these modifications reveals species-specific traits as well as 

precious insight into the particular niche ecology. 

Horizontal gene transfer (HGT) can provide genome plasticity and ensure the acquisition 

of advantageous genetic features. Three main mechanisms of HGT can be distinguished: 

transformation, transduction and conjugation (Aminov, 2011; Frost et al., 2005). Natural 

transformation is the active intake of exogenous free DNA by competent bacterial cells (Lorenz 

and Wackernagel, 1994). Genetic competence is widely distributed among bacterial taxa and 

trophic groups, and it is defined as the ability of a cell to take up free DNA from the 

surroundings. 

Transduction occurs when the DNA is transferred in the recipient cells through 

bacteriophage infection. As with all pathogens, highly infectious bacteriophages can induce 

high mortality within the bacterial population and the risk of their own local extinction 

(Messenger et al., 1999). Many phages have diverted from their lytic lifecycle by adopting 

moderate forms of infections, such as lysogens integrated into the host genome or as non-

infectious, autonomously replicating elements in the bacterial cytosol. In both cases, the host 

acquires resistance to the infection by a closely related phage and this ensures the survival of 

the host and the vertical transmission of the phage (Mendum et al., 2001; Stephens et al., 

1987). 

Phages are resistant to several chemical and physical agents and can persist in terrestrial 

environments, adsorbed on clay minerals and other particulates (Strotzky, 1989). Similarly, a 

portion of free DNA resists the rapid hydrolysis by soil-borne nucleases forming complexes 

with several clay minerals (Greaves and Wilson, 1970). Many other factors determine the 

persistence of DNA in soil, including pH, amount of minerals and cations (Stotzky, 1986), as 

well as the aqueous and organic composition of the soil (Lorenz and Wackernagel, 1994) 

Conjugation is the transfer of genetic material from a donor to a recipient cell through 

a mating event. The main requirements are therefore constituted by the establishment of 

physical contact between the two metabolically active cells, while the  donor cell must contain 

a conjugative element that encodes for its own transfer machinery (Elsas et al., 2006; 

Grohmann et al., 2003; Smit, 1994). Mobile elements like transposons and plasmids have a 
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central role in HGT, bacterial adaptation and evolution. They harbour genetic elements that 

can be crucial in a changing environment such the soil and the rhizosphere.  

¢ƘŜ ΨǇƭŀǎƳƛŘ ǇŀǊŀŘƻȄΩ is a theory that explains the persistence of plasmids within a 

population and the association with the traits that the plasmids carry. The theory postulates 

that if the accessory genetic material encodes functions that are advantageous in limited 

environmental conditions, there will be the tendency to maintain the plasmid episomally. On 

the other hand, if the accessory genes exert overall beneficial functions, the selection will 

favour the insertion into the chromosome to avoid plasmid payload (Bergstrom et al., 2000; 

Eberhard, 1990). Notwithstanding, many bacteria involved in inter-kingdom interactions, such 

as pathogens, carry related genes on plasmids.  

Many theories have been formulated with the purpose of explaining plasmid 

maintenance, from the plasmid copy number as an advantageous resource during highly 

ǎŜƭŜŎǘƛǾŜ ŜǾŜƴǘǎ όǎǳŎƘ ŀǎ ŀƴǘƛōƛƻǘƛŎ ǎŜƭŜŎǘƛǾŜ ǇǊŜǎǎǳǊŜύΣ ǘƻ ǘƘŜ ΨƛƴŦŜŎǘƛƻǳǎ ŎƻƻǇŜǊŀǘƛƻƴΩ ǘƘŜƻǊȅ 

(Millan et al., 2015; West et al., 2007). According to the latter, during host invasion and 

infection there are social cheaters that do not actively cooperate by producing costly virulence 

factors, on the contrary they exploit and outcompete organisms that produce more virulence 

factors. The infection of the cheaters with plasmids encoding virulence elements can convert 

them in co-operators (Rankin et al., 2011). This theory could be applied in the context of the 

rhizospheric lifestyle, in which some species do not actively participate to the plant promotion 

activities or pathogen biocontrol but they do benefit from the carbon source released by the 

root apparatus (Garcia and Kao-Kniffin, 2018). 

Plasmids commonly display strain- or species-dependent distribution; some bacteria are 

reluctant to accept exogenous DNA and present no plasmids, while others can harbour many, 

ranging from a few Kb to 300 Kb (Dimitriu et al., 2019; Shintani et al., 2015). Plasmids larger 

than 100 kb are called megaplasmids and have been hypothesised to originate by the fusion 

of smaller plasmids (Zheng et al., 2013). 
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1.4. Bacillus spp. as PGPR 
 

Bacillus spp. are Gram-positive bacteria that can be found in disparate environments, 

including soil and rhizosphere. Multiple species belonging to the genus Bacillus have been 

documented to play a decisive role in the rhizosphere niche (Kumar et al., 2011; Saxena et al., 

2020). Some of these species are able to colonise effectively plant organs, proliferate and 

survive along the growing plant and in the presence of its varied microbiota (Fan et al., 2011; 

Kandel et al., 2017; Ugoji et al., 2005). 

Moreover, many Bacillus species have been classified as PGPR for their activities of 

biofertilisation and biocontrol. The first type of mechanisms cause the promotion of plant 

growth by increasing the available nutrients for plants to uptake (Cao et al., 2018; Pramanik 

et al., 2019; Rawat et al., 2018; Yousuf et al., 2017), whereas biocontrol activities refer to 

antagonistic or competitive mechanisms that can suppress phytopathogens and alleviate or 

protect the plant from diseases(Jamali et al., 2020; Li et al., 2008; Miao et al., 2018; Raza et 

al., 2016). 

The principal mechanisms of plant growth promotion include production of 

phytohormones, solubilization and mobilization of phosphate, siderophore production, 

inhibition of plant ethylene synthesis, antibiosis, i.e., production of antibiotics and toxins , and 

induction of plant systemic resistance to pathogens and tolerance to abiotic stresses (Bravo 

et al., 2007; Choudhary and Johri, 2009, 2009; Dischinger et al., 2009; Gao et al., 2017; Jamali 

et al., 2020; Kumar et al., 2011; Nakano et al., 1992; Nautiyal et al., 2013a; Silo-Suh et al., 1994; 

Vardharajula et al., 2011; Yi et al., 2016; Zheng et al., 2013). The vast majority of Bacillus 

exerting plant growth promotion combines two or more of these features. Table 1.1 reports 

the most prominent PGPR activities recognized in this group, including some examples from 

the literature. 

 

Table 1.1. PGP functions identified in species of the genus Bacillus. 

Property 
Experimental validation - 
effects 

Strains Origin Reference 

Nitrogen 
fixation 

- DǊƻǿǘƘ ƻƴ ƴƛǘǊƻƎŜƴπŦǊŜŜ 
medium  
- nifH gene determined by PCR 
amplification  
- Acetylene reduction assay 

B. circulans 

Tropical estuary 
and adjacent 
coastal sea 

(Yousuf et al., 
2017) 

B. firmus 

B. pumilus 

B. licheniformis 
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B. subterraneous 

B. aquimaris 

B. vietnamensis 

B. aerophilus 

- Acetylene reduction assay 

B. altitudinis 
Rhizosphere soil 
from rice, maize, 
wheat, oat, rye 
grass, crabgrass, 
and sweet 
potato 

(Habibi et al., 
2014) B. safensis 

B. pumilus 

- Isolation and growth on 
nitrogen free semi-solid media 

Bacillus aryabhattai Endophytes 
from the leaves, 
stems, and roots 
of 10 rice 
cultivars 

(Ji et al., 2014) B. megaterium 

B. subtilis 

- DǊƻǿǘƘ ƻƴ ƴƛǘǊƻƎŜƴπŦǊŜŜ 
medium  
- nifH gene determined by PCR 
amplification 

Bacillus cereus  

Rhizosphere of 
wheat, maize, 
ryegrass and 
willow ς Beijing 
region 

(Ding et al., 
2005) 

Bacillus marisflavi 

Bacillus megaterium   

Paenibacillus 
polymyxa 
Paenibacillus 
massiliensis 

Phosphorus 
solubilisation 

- Growth on insoluble 
phosphate (apatite)  
- Activity tested on 
solubilisation of Ca3(PO4)2  
- Plant uptake tests 

B. megaterium 
Rhizospheric soil 
-Egypt 

(Taha et al., 
1969) 

B. subtilis 

- Growth on insoluble calcium 
phosphate  
- organic acids identification via 
gas chromatography 

B. 
amyloliquefaciens 

Mangrove 
ecosystem 

(Vazquez et al., 
2000) 

B. licheniformis 

B. atrophaeus 

Paenibacillus 
macerans 

- Weathering due to organic 
acids release and measurement 
of phosphate concentration in 
substrate 

B. fusiformis 

Rhizoplane of 
three species of 
cactus  

(Puente et al., 
2004) 

B. pumilus 

B. subtilis 

B. megaterium 

-Organic phosphorus 
mineralisation: growth on solid 
medium TPM and YM  

B. megaterium Subtropical 
paddy soil - 
China 

(Tao et al., 2008) 

B. cereus 

- Growth on solid Pikovskaya 
medium  
- Acid and alkaline phosphatase 
activity (medium containing p-
nitrophenyl phosphate and 
quantification of p-nitrophenol) 
- Pot experiment with insoluble 
P 

B. flexus 

Calcareous soils 
of Sinaloa, 
Mexico 

(Ibarra-Galeana 
et al., 2017) 

B. megaterium 

- Phytase activity in liquid 
medium  

B. subtilis 
Tunisian soils 

(Farhat et al., 
2008) B. laevolacticus 



 20 

- Enzyme purification B. licheniformis 

Potassium  
and Zinc 
solubilisation 

- Solubilisation of K from mica 
waste  
- Pot trial: increase the 
availability of potassium in soil 
and uptake in tea plants 

B. pseudomycoides 
¢ŜŀπƎǊƻǿƛƴƎ 
soils - North east 
India 

(Pramanik et al., 
2019) 

- Solubilisation of K from Waste 
biotite used as sole K source 

B. licheniformis 

Banana, maize, 
sorghum and 
wheat - 
Varanasi, India 

(Saha et al., 
2016) 

B.flexus 

B. pumilus 

B. safensis 

B. axarquiensis 

- Growth on medium with 
insoluble zinc compounds 
- Improved Zn mobilization in 
wheat and soybean 

B. aryabhattai 
Wheat 
rhizosphere - 
Pakistan  

(Abaid-Ullah et 
al., 2015) 

Siderophores 

- Positive to Chrome azurol 
assay (CAS) 

Hallobacillus spp 
Sambhar Salt 
Lake - India 

(Ramadoss et al., 
2013) B. pumilus 

B. halodenitrificans 

- Positive to Chrome azurol 
assay (CAS) 

B. licheniformis 

Saline desert of 
Little Rann of 
Kutch, Gujarat 
(India)  

(Goswami et al., 
2014) 

- Positive to CAS assay 
- Alleviation of stress in plants 
in the presence of high levels of 
heavy metals 

B. thuringiensis 
GDB-1 

Pinus sylvestris 
roots in soil 
containing mine 
tailings in South 
Korea. 

(Babu et al., 
2013) 

- Positive to CAS assay 
- Inhibition of pathogen R. 
solanacearum 

B. 
amyloliquefaciens Rhizosphere soil 

of tobacco 
(Yuan et al., 
2014) 

B. methylotrophicus 

Phytohormone 
production 

- Gordon and Weber 
colorimetric method to 
estimate IAA 
- Reduction of Cr(VI) to Cr(III) 
and promotion of plant growth 
by reducing Cr toxicity and 
producing IAA 

B. sp. strain JH 2-2 

Rhizosphere of 
plants at a 
multi-metal 
contaminated 
mine site 

(Shim et al., 
2015) 

- Colorimetric Salkowski assay 
- Auxins (IAA, IBA, IPA) 
purification and identification 
by HPLC, GC-MS, and 1H-NMR  
- Improved seed germination 
and root growth in red-pepper, 
tomato, green onions, and 
spinach 

B. subtilis AH18 

Local field soil in 
Yeongcheon, 
Korea     

(Lim and Kim, 
2009) 

B. licheniforims K11 

- Extraction of GAs and IAA 
from growth medium 
- Identification: HPLC + GC/MS 
- Enhanced seed germination, 
shoot length, shoot fresh 
weight and leaf width in lettuce 

B. methylotrophicus 
KE2  

Kimchi 
(Radhakrishnan 
and Lee, 2016) 
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- In vitro quantification of 
hormones from bacteria and 
endogenous from plant 
-Produced ABA helps soybean 
plants maintaining ABA levels 
during heat stress 
- Produced IAA modulates 
auxin signalling in plant 
- Produced GAs regulate GAs 
production in soybean 
- Produced cytokinin regulates 
homeostasis in soybean 

B. aryabhattai 
SRB02 

Rhizosphere soil 
of soybean - 
Chungcheong 
buk-do region, 
South Korea 

(Park et al., 2017) 

- Production of IAA and 
cytokinin  
- Identification via MS 
- Stimulated growth in 
Arabidopsis thaliana Col-0 by 
increased lateral root 
outgrowth and elongation and 
root-hair 

B. 
amyloliquefacienes 
subsp. plantarum 
UCMB5113 

UCM, Kiev, 
Ukraine 

(Asari et al., 
2017) 

- ACC deaminase activity by 
growth on ACC as a sole source 
of nitrogen  
- Growth promotion in tomato 
seedlings  

B. altitudimis 
Commercial 
tomato seeds -
Xiaotangshan 
Geothermal 
Special 
Vegetable Base, 
Beijing 

(Xu et al., 2014) 

B. atrophaeus 

B. 
amyloliquefaciens 

B. safensis 

B. subtilis 

Antimicrobial 
metabolites 

- 10% of the genome is for 
synthesis of different 
antimicrobial compounds 
(Surfactin, Bacillomycin D, 
Fengycin, Bacillibactin, 
Bacillaene, Amylocyclicin) 

B. velezensis FZB42 

N/A 
(Borriss et al., 
2019) 

B. 
amyloliquefaciens 
DSM7 

- Putative bacteriocins, non-
ribosomally synthesized 
peptides (NRPs), polyketides 
(PKs) 

57 Bacillales N/A 
(Zhao and 
Kuipers, 2016) 

- Antibiotics and bacteriocins Several Bacillales N/A 

(Brock et al., 
2018; Dischinger 
et al., 2009; 
Lisboa et al., 
2006; Nakano et 
al., 1988; 
Özcengiz and 
mƐǸlür, 2015; 
Scholz et al., 
2014; Shelburne 
et al., 2007; Silo-
Suh et al., 1994; 
Tamehiro et al., 
2002; Zheng et 
al., 1999) 

Toxins 
- 78 different Cry (Crystal) 
toxins with activities against 
nematodes and insects 

B. thuringiensis 
(several strains) 

Indigenous to 
many 
environments 
(soil, insects, 
dust, leaves) 

Bravo et al., 
2007; Heckel, 
2020; Ye et al., 
2012) 
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Induction of 
systemic 
resistance 

- Confers ISR in perennial rye 
grass against M. oryzae via 
accumulation of H2O2, 
apoplastic peroxidase activity, 
and deposition of callose and 
phenolic/polyphenolic 
compounds 
- HR πǘȅǇŜ ǊŜŀŎǘƛƻƴ with 
enhanced expression of 
peroxidase, oxalate oxidase, 
phenylalanine ammonia lyase, 
lipoxygenase), putative 
defensins in perennial ryegrass 
associated with live AK3 cell 

B. 
amyloliquefaciens 
strain FZB42-AK3 

Bacillus Genetic 
Stock Center 

(Rahman et al., 
2015) 

- {!πǊŜƎǳƭŀǘŜŘ L{w ƛƴ ǿƘŜŀǘ 
plants to the causal agent of 
Septoria nodorum Berk 

B. subtilis Cohn 
Russian National 
Collection of 
Industrial 
Microorganisms 

(Burkhanova et 
al., 2017) 

B. thuringiensis 
Berliner 

- Involvement in both jasmonic 
acid/ethylene- and salicylic 
acid-dependent defence signals 
against P. aphanidermatum in 
tobacco plants 

B. simplex strain HS-
2 

Soil from a 
C. melo 
plantation with 
high presence of 
root-rotting 
pathogens. 

(Miao et al., 
2018) 

- Control of anthracnose rot 
caused by C. acutatum in 
harvested loquat fruit 
- Enhanced activities of 
defence-related enzymes 
όŎƘƛǘƛƴŀǎŜΣ ʲ-1, 3-glucanase, 
phenylalanine ammonia-lyase, 
peroxidase and 
polyphenoloxidase), and 
promoted accumulation of 
H2O2 

B. cereus AR156 
Forest soil of 
Zhenjiang City, 
China 

(Wang et al., 
2014) 

Lytic enzymes 

- Chitinase inhibiting the 
germination of B. cinerea 
conidia  
- Application of CRS 7as foliar 
spray reduced Botrytis grey 
mold severity in greenhouse 
trial 

B. cereus CRS 7 

Rhizosphere soil 
from chickpea 
plants - 
Patancheru, 
India 

(Kishore and 
Pande, 2007) 

- Chitinase against Verticillium 
wilt of eggplant in greenhouse 
experiments 

B. cereus CH2 
Rhizosphere of 
eggplant 

(Li et al., 2008) 

- Chitinases purification, in vitro 
activity and utilisation of fungal 
cell wall tests 
- Increased germination of 
soybean seeds infected with 
various phytopathogenic fungi 

B. thuringiensis 
NM101-19 

Plant 
rhizosphere - 
Egypt 

(Gomaa, 2012) 

B. licheniformis 
NM120-17 

- In vitro chitinase, protease 
and glucanase tests  
- Control of infection by 
Colletotrichum gloeosporioides 
through damaging the cell wall 

B. velezensis I¸9.рπ
6 

Healthy 
evergreen 
spindle trees (E. 
japonicus) - 
Nanjing Forestry 
University, 
China 

(Huang et al., 
2017) 
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- In vitro ǇǊƻǘŜŀǎŜ ŀƴŘ ʲ-1,3-
glucanase activity against 
several phytopathogens, i.e., S. 
sclerotiorum  
- Protection of canola plants 

B. 
amyloliquefaciens 
strain NJZJSB3 

Forest soil 
sample (Tzu-
chin Mountain, 
Nanjing, China) 

(Wu et al., 2014) 

- Variety of cell wall degrading 
ŜƴȊȅƳŜǎ όʲ-1,3-glucanase, 
chitinase, etc)  
- Degeneration, distortion, and 
rupture of hyphae of S. minor  
- Inhibition of the disease 
severity of lettuce drop caused 
by S. minor and S. sclerotiorum 

B. thuringiensis C25 

Soil and fruit 
from a mulberry 
orchard (Iksan, 
Korea) severely 
infested with 
sclerotinial 
popcorn disease 

(Shrestha et al., 
2015) 

Volatile 
Organic 
Compounds 
(VOCs) 

- 74 different VOCs B. subtilis CF-3 
Fermented bean 
curd 

(Gao et al., 2018) 

- Nine VOCs that significantly 
inhibit the growth of tomato 
wilt pathogen R. solanacearum 
on agar medium and in soil 

B. 
amyloliquefaciens 
SQR-9 

Cucumber 
rhizosphere 

(Raza et al., 
2016) 

- 13 and 10 VOCs identified via 
GC/MS with inhibitory effect 
against R. solanacearum TBBS1 
(causal agent of bacterial wilt 
disease in tobacco) 

B. 
amyloliquefaciens 
FZB42 

ABiTEP GmbH, 
Berlin, Germany 

(Tahir et al., 
2017) 

B. artrophaeus 
LSSC22 

Nanjing 
Agriculture 
University, 
Nanjing, China 

Biofilm 
formation on 
crop 

- CLSM of plant roots infected 
with gfp-tagged FZB42  
- Colonisation of plant roots of 
different species  
- Root exudates and surfactin 
trigger biofilm formation 

B. 
amyloliquefaciens 
FZB42 

Bacillus Genetic 
Stock Center 

(Fan et al., 2011) 

- CLSM: the (GFP)-tagged SQR9 
cells colonized the maize root 
forming biofilms on the roots  
- Whole transcriptomic: maize 
root exudates enhanced biofilm 
formation of SQR9, promoting 
cell growth and inducing 
extracellular matrix production 

B. 
amyloliquefaciens 
SQR9 

Plant 
rhizosphere 

(N. Zhang et al., 
2015) 

- UMAF6614 produces surfactin 
on melon leaves, triggering 
ōƛƻŬƭƳ ŦƻǊƳŀǘƛƻƴ 

B. subtilis 
UMAF6614 

Powdery mildew 
diseased 
cucurbit 

(Zeriouh et al., 
2014) 

- GltB regulates biofilm 
formation by altering the 
ǇǊƻŘǳŎǘƛƻƴ ƻŦ ʴ-PGA, the LPs 
bacillomycin L and fengcin and 
influences bacterial 
colonisation on the rice stem 

B. subtilis Bs916 

CGM Culture 
Collection 
Centre, Beijing, 
China. 

(Zhou et al., 
2016) 

- Surfactin triggers biofilm 
formation on lettuce, sugar 
beet and tomato roots 

B. atrophaeus 176s 
Tortella tortuosa 
- pine forest, 
Austria 

(Aleti et al., 
2016) 
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Moreover, due to their ability to secrete metabolites efficiently and to switch to a 

dormant lifestyle in adverse environmental conditions, Bacillus PGPR are considered among 

the most suitable microorganisms for the agricultural applications (Haas and Défago, 2005). 

Some Bacillus-based formulations have already been translated into agricultural applications 

and released on the market. They include Bacillus subtilis strains GB03 (Kodiak; Gustafson), 

Bacillus pumilus strain GB34 (YieldShield; Gustafson), Bacillus licheniformis strain SB3086 

(EcoGuard; Novozymes) and Bacillus amyloliquefaciens FZB42 (Rhizovital 42; Abitep). Even 

though many bioformulations containing Bacilllus strains have been manufactured, 

researching the mechanisms of action of these strains in vitro and within the environment is 

required to develop products that are more effective on the plant and do not disrupt the 

autochthonous plant microbiota. 

 

1.5. Using microbial consortia to reduce rhizosphere complexity 
 

The majority of the microbial-based fertilisers and pesticides reported in the literature 

are almost exclusively made of individual strains, which are applied by inoculation into crop 

plants or by adhesion onto seeds. Even though those products perform solidly in vitro and in 

vivo (under controlled conditions), they often fail in the field applications. The most common 

drawbacks are limited reproducibility, host incompatibility, ineffective competitiveness with 

pre-existing bacteria or non-significant improvement of crop performances in prolonged 

experiments (Baffoni et al., 2015; Hart et al., 2018; Parnell et al., 2016; Qin et al., 2016; 

Whipps, 2001).  

One of the bottlenecks in this research area is characterised by the discrepancy between 

the effectiveness of a microbial strain in the controlled environment of the laboratory and its 

successful application in the field. It is clear that the rationale behind the field application of 

single inoculants is based on the concept of a pairwise partnership between the plant and the 

bacterium. However, this approach neglects the heterogeneity of the niche in which the plant 

and the bacterium establish partnership. The ecological niche arises from a range of biological 

interaction that comprises competition, predation, pathogenesis, mutualism and symbiosis 

among diverse participants (Leach et al., 2017). The convoluted ecology of the rhizosphere 

has been described as diffuse symbioses, in which the structure and the dynamics of the 

microbiome are influenced by many factors, including indirect and nested interactions, and 
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none of these elements can be overlooked (Bakker et al., 2014). A change of perspective that 

embraces and at the same time untangles the complexity of the plant-microbiome needs to 

be applied. 

A potential solution to the drawbacks encountered in the field is the use of microbial 

consortia, groups of two or more microbial species that co-exist in a cooperative partnership 

(VerBerkmoes et al., 2009). The application of PGPR consortia has displayed substantial 

endurance and effectiveness in field trials. Successful consortium inocula combine bacteria 

with different traits, or the same traits that can be expressed in different soil-environmental 

conditions (Berg and Koskella, 2018; De Vrieze et al., 2018; Hu et al., 2016; Molina-Romero et 

al., 2017; Rolli et al., 2015). Beside resilience in environmental applications, bacterial consortia 

are inherently low-complexity microbiomes that, albeit not representing nature, are valuable 

tools to demonstrate experimental setups and can provide overall useful information on 

composite environments. Furthermore, the study of a consortium under controlled and 

reproducible conditions facilitates the establishment of links between genotypes and 

phenotypes with an emphasis on the roles played by each individuals (Vorholt et al., 2017). 

 

1.6. The Bacillus consortium 
 

In this research, a consortium of three microbial strains was examined. The consortium 

consists of the strains Bacillus thuringiensis Lr 7/2 (BT7), Bacillus thuringiensis Lr 3/2 (BT3), 

Bacillus licheniformis (BL) (Figure 1.4). BT3 and BT7 were isolated during a sampling campaign 

from soil of the Atacama Desert, in Chile in 2011, whereas BL was isolated from soil at 

Agroscope Liebefeld, Bern, Switzerland. The strains were provided by our collaborators Dr. 

Pilar Junier and Dr. Saskia Bindschedler (Microbiology group. University of Neuchatel, 

Switzerland). 

The consortium was evaluated by Isha Hashmi for the in vitro and in vivo plant growth 

promoting (PGP) activities (Hashmi et al., 2019). The three candidates tested positive in a 

series of experiments designed to assess PGP functions, such as nitrogen fixation, 

siderophores and auxin-like phytohormone compounds biosynthesis. They were able to grow 

as a combined co-culture, to adhere onto Avena Sativa (oat) seeds and promote seeds 

germination. 
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Figure.1.4. Single colonies phenotype of B. licheniformis, B. thuringiensis Lr7/2, B. thuringiensis Lr 3/2, and mixed 
strains. 

 
Furthermore, the bacteria were reported to have a positive effect on oat plants growth 

when inoculated as a co-culture of vegetative cells, compared to individual and endospores-

containing inocula. In light of these results, the three strains were selected to comprise a 

consortium with fertilising features to apply as a sustainable bio-inoculant formulation in 

agricultural settings (Hashmi et al., 2019).  

However, the interactions between these bacteria and the plant are not entirely 

understood. Untangling the complexity of the consortium dynamics is required to understand 

the interactions occurring among the three bacterial strains and the mechanisms involved in 

the plant growth promotion. More details about the consortium will be discussed in Chapters 

3 and 4. 

 

1.7. Tools to study the diffuse symbiosis in the rhizosphere environment 
 

The rhizosphere environment is shaped by multifaceted factors which include extensive 

interplay among the rhizosphere components. The research reported in this thesis relied on 

several tools to acquire new insights related to the interactions taking place in the 

rhizosphere.  

Firstly, a bioinformatics analysis was carried out. A remarkable amount of information 

can be obtained from the genomic sequences of a bacterial community and their comparative 

analysis. This kind of data contributes to reveal the role and the nature of the activities of each 

microorganism. Then, outstanding resources, such as metabolic reconstruction and Flux 

Balance Analysis (FBA) were used to predict the potential exchange among bacteria in a 

population and between the latter and the plant of interest. 

1 cm 
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In this work, the application of a mesocosm, named Live-Exudation Assisted Phytobiome 

(LEAP), is discussed. The LEAP assay was developed by DrΦ {ŀƴƧŀȅ {ǿŀǊǳǇΩǎ ǘŜŀƳ ŀǘ ǘƘŜ 

National University of Singapore. Mesocosms are experimental tools that include a natural 

environment and allow the observation of phenomenon under controlled conditions. This 

assay enables the study of the phenotypic changes in plant growth in the presence of cultured 

microbes. Furthermore, this technique allows the collection of metabolites that can be further 

analysed by mass spectrometry to reconstruct metabolite profiling and characterisation of the 

interactions occurring between the plant and the microbiome.  

 

1.8. The synthetic plant microbiome: genetic modification of recalcitrant bacteria and 

bacterial communities 

 

Synthetic biology offers the possibility for the engineering of biological systems for 

useful purposes. Implicit in synthetic biology is the employment of multidisciplinary tools, 

including mathematical modeling, engineering and biological principles, for the systematic 

design and manufacture of novel organisms. The genetic manipulation of soil bacteria or PGPR 

to improve their activities towards the plant partner represents an emerging topic in the 

synthetic biology field. The research presented here proposed to examine how the 

microorganisms associated with plants can be engineered to generate microbial biofertilisers 

and biopesticides.  

Manufacturing synthetic PGPR presents several advantages over the development of 

GM plants. Firstly, bacteria are fast-growing organisms and sophisticated genome editing 

techniques, NGS and high throughput technologies have made their genetic manipulation and 

screening easier. Conveniently, different traits can be combined in a single strain or arranged 

in synthetic circuits within the consortium metagenome. Besides, a formulation of genetically 

modified microorganisms can be tested and applied on diverse plants, making engineering 

crop by crop unnecessary. 

Even though the possibility of engineering individual PGP Bacillus species to enhance 

their activities towards plant exists (Kerovuo et al., 2000; Li et al., 2007, 2005; Peng et al., 

2019), the modification of consortia or natural microbiome associated with the plant has many 

difficulties and is still in its infancy. The standard traditional tools designed to modify 

laboratory strains are unlikely to work for most environmental strains, which are usually 
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troublesome to culture, engineer and select using traditional antibiotics. These limitations 

raise the necessity to develop new toolboxes for editing the genomes of candidate 

environmental strains able to survive and proliferate in the natural environment.  

In order to deliver genetic traits into wild type bacteria or populations, this research 

applies the principles of the horizontal gene transfer (HGT), which frequently occurs among 

bacteria in natural habitats (Aminov, 2011; van Elsas and Bailey, 2002). In particular, a rich 

nutritional environment such as the rhizosphere stimulates bacterial metabolic activities and 

constitutes a hot spot for HGT (Lilley and Bailey, 1997; Pukall et al., 1996; van Elsas et al., 

1988). Plant processes, including root growth and exudation, have been reported to influence 

the frequency of HGT (Kroer et al., 1998; Mølbak et al., 2007). 

 

1.8.1. Horizontal gene transfer by pLS20  

 

This research proposed to explore the HGT among soil bacteria by developing a 

conjugation system based on the plasmid pLS20. The 65Kb-plasmid was originally isolated 

from Bacillus subtilis natto strain IFO3335 (Tanaka et al., 1977), which is used in the production 

of Natto, a popular Asian food derived from the fermentation of soybeans (Kubo et al., 2011). 

pLS20 can transfer itself among various Bacillus subtilis-related Gram positive bacteria, 

including Bacillus anthracis, Bacillus cereus, Bacillus licheniformis, Bacillus megaterium, 

Bacillus pumilus, and Bacillus thuringiensis (Koehler and Thorne, 1987). 

In previous studies, pLS20cat, a derivative of pLS20 carrying a Chloramphenicol 

resistance cassette, was shown to rapidly transfer itself between Bacillus subtilis 168 cells 

within 15 min by simply mixing the liquid cultures containing donor and recipient cells (Meijer 

et al., 1995; Miyano et al., 2018b; Singh et al., 2012). Furthermore, pLS20cat has the ability of 

functioning as a helper plasmid to mobilize an independently replicating and co-resident 

plasmid containing a short oriT sequence from pLS20cat (oriTLS20). The system allows the 

exploration of HGT among different cell types to modify the structure of an entire community 

and the functions of one or multiple components of a community. 

  



 29 

1.9. GMOs in agriculture: Risks, controverses and current regulations 
 

In 2001, Dr. Jacques Diouf (Director-General of the United Nations FAO) commented 

ά.ƛƻǘŜŎƘƴƻƭƻƎȅ ŀƴŘ ƎŜƴŜǘically modified organisms can help to increase the supply, diversity 

and quality of food products and reduce costs of production and environmental degradation, 

as the world still grapples with the scourge of hunger and malnutritionέ(FAO Press Release, 

2001). Although GM plants and bacteria represent a valuable ŀǇǇǊƻŀŎƘ ǘƻ ǎƻƭǾŜ ǿƻǊƭŘΩǎ 

problems, their use is controversial and often encounters the reluctance and the opposition 

of consumers and regulatory organisations. Indeed, there are many aspects of the GMO 

application that need to be taken into account, from safety risks to the ethical, social and 

economic implications of such technology (Amarger, 2002; Hill, 2005; Prakash et al., 2011; 

Tiedje et al., 1989). 

 

1.9.1. Safety risks 

 
The main safety risk associated with GMO use in agriculture is linked to the possibility 

of horizontal gene transfer between bacteria and plants. Of particular concern are GMOs 

engineered to express biocontrol elements against pests and weeds; the possibility of those 

traits spreading could cause the development of resistance in the targeted organisms. One 

such example is the spreading of the antibiotic resistance among microorganisms in the 

environment (Bennett et al., 2004), or the herbicide glyphosate resistance among weeds 

(Boerboom, 2006; Heap and Duke, 2018). 

Although interkingdom HGT events are rare in natural conditions and the hazard of such 

phenomenon has been assessed as slight and negligible (Keese, 2008; Prakash et al., 2011), 

the exchange of genetic material among different species is documented (Meng Li et al., 2018; 

Pontiroli et al., 2009; Yoshida et al., 2010). Risk assessments oriented to evaluate the transfer 

of genetic material in complex communities and among species are required in order to safely 

use the GMO technology in the field.  

Furthermore, although an exogenous genetic trait or a pathway may have been well-

characterised in the deriving organism, the heterologous gene expression in a modified host 

could alter the metabolism of the host and the indigenous microbiome in ways that are not 

entirely predictable (EFSA Panel on Genetic Modified Organisms, 2011). Releasing modified 
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organisms in the environment could cause unintended consequences at the ecosystem level 

that can arise in indirect or long-term manners (EFSA, 2011). One particular example is the 

case of Bt corn, a GM crop modified to express one or more insecticidal Cry protein derived 

from Bacillus thuringiensis (Bates et al., 2005). These toxins have been shown to travel with 

corn pollen and affect non-target insects, such as the monarch butterfly. Even though the 

multiple risk assessments declared that the lethal effect on the butterflies is below the toxicity 

threshold (Dively et al., 2004; Losey et al., 1999; Romeis et al., 2008; Wolt et al., 2003), this 

case highlighted a crucial advantage in using PGPR formulations with biocontrol activities over 

the GM open-pollinated crops. 

 

1.9.2. General public acceptance 

 
The opinions of the public on GMOs are frequently correlated to the level of education, 

information and understanding of the lab practices and biotechnology principles. Some people 

believe that genetic manipulation practices are immoral or wrong and feel strongly about 

scientistǎ ΨǇƭŀȅƛƴƎ DƻŘΩΦ Public engagement and education are key elements to generate 

dialogue, develop awareness and provide the tools to make mindful and sensible choices.  

One such example is the Philippine case about the adoption of Golden Rice, a genetically 

modified rice species that contains beta-carotene (Ye et al., 2000). Beta-carotene is a 

precursor of Vitamin A and the fortified rice has been proposed to increase level of vitamin A 

in children affected by Vitamin A deficiency (VAD). VAD is a severe malnutrition problem in 

sub-Saharan Africa and South Asia that causes blindness and increases the risk of death 

(Akhtar et al., 2013; VAD UNICEF Database 2000-2018). Even though safety and benefits of 

the enriched rice have been explained (Oliva et al., 2020; Zimmermann and Qaim, 2004), the 

opposition of the public was at first very strong with skepticism toward the bright-yellow color 

of the rice and concerns regarding the price on the market. After farmer and consumer 

engagement activities organized by experts and students more than 40% of the public claimed 

a change of attitude towards the product (www.goldenrice.org/index.php). 
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1.9.3. Socio-economic impact 

 
The socio-economic sphere is one of the most debated and complex aspects of this 

technology. The use of GMOs could provide valuable support to developing countries and 

produce food and profit in uncertain times by making the crops more resistant to stresses. In 

spite of that, there are concerns related to the ownership of the GMO formulations and the 

corporate arrangements regarding licenses and royalties. Companies drive the market and 

establish their own rules that are often based on their profit.  

The activist Dr. Vandana Shiva commented on the Golden Rice adoption in India saying: 

ά¢ƘŜ ƎŜƴŜ Ǝƛŀƴǘǎ bƻǾŀǊǘƛǎΣ !ǎǘǊŀ-Zeneca and Monsanto are claiming exclusive ownership to 

the basic patents related to rice research. Further, neither Monsanto nor AstraZeneca said 

they will give up their patents on rice - they are merely giving royalty free licenses to public 

sector scientists for development of ΨƎolden riceΩ. ώΧϐ Not giving up the patents, but merely 

giving royalty free licenses implies that the corporations like Monsanto would ultimately like 

to collect royalties from farmers for rice varieties developed by public sector research 

systems.έ(Shiva, 2013). 

There are a multitude of examples about the ŎƻƳǇŀƴȅΩǎ ƛƴǘŜƭƭŜŎǘǳŀƭ ǇǊƻǇŜǊǘƛŜǎ that arise 

controversial debate. One of them is related to cross-pollination, i.e., the transfer of DNA 

among plants by pollen. Pollen can travel several kilometers by wind and pollinators and can 

cause the contamination ƻŦ ƴŜƛƎƘōƻǊƛƴƎ ŦŀǊƳŜǊΩǎ ŦƛŜƭŘ (Huang et al., 2015; Millwood et al., 

2017; Pasquet et al., 2008). Unintentional contaminations can endanger the indigenous crop 

purity (and consequently the GM-free certificate) and lead to legal actions by the company 

that owns the patent of the contaminant GM found in the field (Bernhardt, 2005; Mgbeoji, 

2007). 

Beside the threat to the agricultural biodiversity, a second issue regards the impeding of 

traditional farming procedures, such as the seed saving. Sharing, exchanging, selling the saved 

seeds is essential for small-scale farmers that produce on-farm the majority of their planting 

material. However, seed companies do not allow GM-farmers to grow the harvested GM seeds 

and non-GM farmers to replant their seeds if contaminated with the patented GM ones 

(GRAIN, 2007). Moreover, it has been proposed that not every farmer will have access to the 

technology at the same level and the ones that cannot afford expensive seeds or formulations 

will suffer from the lower yield. 
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1.9.4. Regulations  

 
The first permit for the application in agriculture of microbial GMO traces back in 1985 

in the US. The formulation regarded a Pseudomonas syringae strain, commonly ƪƴƻǿƴ ŀǎ ΨƛŎŜ-

ƳƛƴǳǎΩ, that was engineered to antagonise ice-plus bacteria responsible for causing frost injury 

in plants (Lindow, 1992; Lindow and Panopoulos, 1988). Since then, regulatory frameworks 

are in place worldwide to lead the development and the commercial availability of microbial 

bioinoculants.  

Regulations vary by country, with more permissive policies in the US that have allowed 

the use of 58 bacteria, 28 fungi and 29 viruses (Hokanson et al., 2014; USDA APHIS, n.d.), and 

more strict rules in Europe where the use of GM bacteria is authorised exclusively under 

contained conditions (laboratories activities) to avoid any contact with the environment and 

the population (European Commission, 2007; The Conucil Of The European Communities, 

1990; The Council Of The European Union, 1998). 
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1.10. Aim of the thesis and research objectives 
 

The research described in the thesis aimed at the development of methods to 

genetically engineer bacterial communities associated with plants and improve their PGP 

activities. In order to do so, a consortium of three PGPR acting as a low-complexity 

microbiome was adopted and studied to serve the following research objectives: 

 

¶ Unravel the PGPR functions and interactions occurring within the Bacillus 

consortium by functional genome comparison and FBA 

¶ Identify potential PGP traits to improve the beneficial activities towards the plant 

exerted by the Bacillus consortium 

¶ In vivo test the effects of the consortium on the plant phenotype in a controlled 

growth environment 

¶ Develop a conjugation system that allow the genetic modification of the wild 

type PGPR and bacterial soil communities 

 

The overall goal of this research was to provide novel tools and innovative prospective 

to design criteria for new PGPR which can then be used to generate effective formulations for 

agricultural applications. 
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1.11. Thesis structure 
 

The thesis is composed by six chapters. The current Chapter 1 explains the challenges of 

modern agriculture and the potentiality intrinsic in the plant microbiome to contribute to the 

green revolution. The state of art of the knowledge around the mechanisms occurring in the 

rhizosphere is also provided. Hurdles of the development of effective bioinoculants for 

agricultural applications and the counterpart solutions are also debated, together with the 

possibility of genetically engineering PGPRs and soil bacterial communities to improve their 

beneficial activities towards the plant partner.  

Chapter 2 details the materials and methods used to carry out the experiments 

discussed in this thesis, whereas Chapter 3 describes the in silico analysis of the Bacillus 

consortium that comprises the genomic analysis, the functional comparison, the metabolic 

reconstruction and flux balance analysis (FBA). The analysis was intended to elucidate the 

principles of the successful association of the three Bacillus strains. The chapter concludes 

with the identification of the genetic traits that can be used to improve PGP activities in the 

consortium. 

Chapter 4 discusses the in vivo and in vitro experiments carried out to establish 

correlations between the consortium inoculation and the plant phenotype, and highlight the 

relationship between inoculants, indigenous microbiome and plant. Chapter 5 details the in 

vitro research performed to develop methods for engineering soil bacteria of the genus 

Bacillus. A conjugation system based on the pLS20 plasmid is characterised in the model strain 

Bacillus subtilis 168, followed by tests on wild type recalcitrant strains and bacterial 

communities. 

Finally, Chapter 6 concludes the thesis framing the research described in the light of the 

work that has been done in the plant microbiome field. Furthermore, a discussion that touches 

upon the limitations and future opportunities is presented. 
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Chapter 2. Materials and Methods 
 

 

 

 

This chapter provides a description of the methods used in this research. Four main 

sections can be discussed:  

¶ Firstly, details related to the strains used, their growth conditions and chromosome 

extraction (2.1, 2.2, 2.3) 

¶ Bioinformatic analysis of the three Bacillus strains that compose the consortium 

with plant fertilising activities (2.4)  

¶ Plant experiments to test the effects of the consortium application on the model 

plant Brassica rapa (2.5)  

¶ Finally, methods developed to genetically engineer wild type reluctant strains, with 

a particular focus on the rhizospheric community (2.6) 

2.1. Wild type strains  
 

The complete list of the strains can be found in Table 2.1. In this study, the strains 

Bacillus thuringiensis Lr 3/2 (BT3), Bacillus thuringiensis Lr 7/2 (BT7) and Bacillus licheniformis 

(BL) constitute the consortium. These three wild type strains were provided by Dr. Pilar Junier 

and Dr. Saskia Bindschedler (University of Neuchâtel). Strains BT3 and BT7 were isolated from 

soils of the Atacama Desert, Chile, during a sampling campaign carried out by the laboratory 

of microbiology, University of Neuchâtel in 2011. BL, on the other hand, was isolated from soil 

at Agroscope Liebefeld, Bern, Switzerland.  
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Table 2.1. Strains used in this research 

Strains Origin Use in this research 

Bacillus licheniformis (BL) 
Agroscope Liebefeld, Bern, 

Switzerland 

Bioinformatics analysis 

Plant experiments 

Conjugation tests 

Bacillus thuringiensis Lr7/2 (BT7) Atacama Desert, Chile 

Bioinformatics analysis 

Plant experiments 

Conjugation tests 

Bacillus thuringiensis Lr3/2 (BT3) Atacama Desert, Chile 

Bioinformatics analysis 

Plant experiments 

Conjugation tests 

Bacillus firmus Brassica rapa rhizosphere Conjugation tests 

Bacillus cereus Brassica rapa rhizosphere Conjugation tests 

Bacillus subtilis 168 BGSC collection Conjugation tests 

Escherichia coli DH5a New England Biolabs Inc. Conjugation tests 

Bacillus megaterium NCIB 7581  Conjugation tests 

Bacillus pantothenticus NCIB 8775  Conjugation tests 

Bacillus polymyxa ATCC 8523  Conjugation tests 

Bacillus pumilus NCTC 2595  Conjugation tests 

Bacillus silvaticus NCIB 8674  Conjugation tests 

Bacillus sphaericus NCIB 9370  Conjugation tests 

Bacillus sotto J. R. Norris, BO 021 Conjugation tests 

Bacillus pycnoticus  J. R. Norris, BO 322 Conjugation tests 

Bacillus pulvifaciens WR 3622   Conjugation tests 

Bacillus niger  J. R. Norris, BO 099 Conjugation tests 

Bacillus macerans NCIB 9368  Conjugation tests 

Bacillus badius NCTC 10333  Conjugation tests 

Bacillus brevis NCTC 7096  Conjugation tests 

Bacillus globigii NCIB 8058  Conjugation tests 

Bacillus thiaminolyticus,  J. R. Norris, BO 286 Conjugation tests 

Bacillus licheniformis NCTC 6346  Conjugation tests 

Lysinbacillus sphericus ATCC 14577  Conjugation tests 

Bacillus amyloliquefaciens 
F. E. Young, University of 

Rochester, NY, USA 
Conjugation tests 
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Bacillus subtilis 168 (BGSC collection) was used as model strain to develop the pLS20 

conjugation system, whereas Escherichia coli DH5a (New England Biolabs Inc.) was used as 

host to replicate plasmids. The other wild type strains of the genus Bacillus used in this work 

were either provided by Dr. Richard Daniel (Newcastle University), or isolated from the 

rhizosphere of Brassica rapa by Miko Poh Chin Hong in Dr. Sanjay Swarup (National University 

Singapore). 

 

2.2. Media and bacterial growth conditions 
 

The strains were cryopreserved in 25% (w/v) glycerol (final concentration, Thermo 

Fisher) at -80°C, streaked out on Luria-Bertani (LB) agar plates and pre-cultured in liquid LB 

media when necessary. The overnight growth of the strains occurred at 30 or 37°C, liquid 

cultures were also subjected to 200rpm shaking. LB broth consisted of 1%(w/v) Bacto tryptone 

(Merck), 0·05% (w/v) Bacto yeast extract (VWR) and 1% (w/v)  NaCl (Merck) and solid medium 

was prepared by adding 1.5% (w/v) agar (Difco) (Lahooti and Harwood, 1999).  

Mutants were grown on LB agar plates and in LB broth supplemented with appropriate 

antibiotics. The antibiotics used in this work were: Ampicillin (100 µg/ml in E. coli, Thermo 

Fisher), Kanamycin (5 µg/ml, Thermo Fisher Scientific), Chloramphenicol (5 µg/ml, Thermo 

Fisher Scientific), Erythromycin (1 µg/ml, Thermo Fisher Scientific), Spectinomycin (100 µg/ml, 

Thermo Fisher Scientific) and Tetracycline (10 µg/ml, Thermo Fisher Scientific). 

The optical density of liquid cultures was measured at the spectrophotometer at 600 

nm. Bacterial growth curve was obtained using the CLARIOstar microplate reader (BMG 

LABTECH). Overnight cultures were diluted at 0.1 O.D. in 200 µl of LB media. Triplicates for 

each sample were inoculated in a 96 wells plate at 37°C and 200rpm. Measurements at O.D. 

600 nm were taken every 60 seconds for 1000 cycles. 

 

2.3. Bacterial chromosomal DNA extraction 
 

Chromosomal DNA was extracted from overnight liquid culture using DNeasy Blood and 

¢ƛǎǎǳŜ ƪƛǘ όvL!D9bύ ŀŘƻǇǘƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǇǊƻǘƻŎƻƭ ǿƛǘƘ ŀƴ ŜȄǘǊŀ ƭȅǘƛŎ ǘǊŜŀǘƳŜƴǘ ǘƻ 

increase the efficiency of the DNA recovery in Bacillus species: after being spun down at 
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16,000 g for 3 minutes, the supernatant was discarded and the pellets were treated with 180 

µl of enzymatic lytic buffer (20mM Tris-Cl pH8.0, Sigma-Aldrich; 2mM sodium EDTA, Sigma-

Aldrich; 1.2% (v/v) Triton X100 Thermo Fisher Scientific; and 20mg/ml of lysozyme, Thermo 

Fisher Scientific) and vortexed for 20 seconds. 

Metagenomes isolated from rhizosphere and bulk soil were extracted using the 

ZymoBIOMICS DNA Miniprep Kit (ZYMO RESEARCH) and following the manufacturer 

guidelines (Catalog Nos. D4300T, D4300 & D4304). 
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2.4. Bioinformatics analysis 
 

This section of the chapter provides the technical details of the experiments that will be 

discussed in Chapter 3. A schematic representation of the bioinformatic workflow can be 

found in figure 2.1. 

 

 

 

Figure 2.1. Schematic illustration of the bioinformatic workflow carried out in this thesis to analyse the Bacillus 
consortium. 
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2.4.1. Bacterial whole genome sequencing 

 
The isolated DNA was sequenced using minION (Nanopore Technology) and MiSeq 

(Illumina) platforms. The quality of the chromosomal DNA was evaluated on the nanodrop 

and 1% (w/v) agarose gel. DNA was then quantified using the Qubit broad range dsDNA kit 

and the Qubit V2 instrument (Life technologies) and dilutions checked with the Qubit High 

Sensitivity dsDNA kit. 

The Illumina sequencing library was prepared using Nextera XT DNA library preparation 

and indexing kits (Illumina). The sequencing was done on the Illumina MiSeq, using the MiSeq 

V3 reagent kit, for 2 x 300bp paired end reads. The samples used for the minION sequencing 

procedure were subjected to barcoding using the Native barcoding expansion kit by Nanopore 

and following the suggested protocol. 

 

2.4.2. Genomes assembly and annotation 

 
MiSeq reads were trimmed (Trimmomatric v0.39), assembled into contigs (MiSeq reads) 

and scaffolds (merging MiSeq and minION reads) (spades v3.13.1). Trimming and assembly 

quality reports were generated using respectively FASTQC (v0.11.8) and Quast (v5.0.2). 

Genome annotation was obtained using RAST (Aziz et al., 2008) and Prokka (version 1.13.3 

from https://github.com/tseemann/prokka). Plasmid annotation was carried out using 

Blast2go. Input for Blast2go annotation was the Fasta file of the translated sequence divided 

into coding sequences; this file was obtained using Prodigal v2.6.3. Blast2go workflow used 

was composed of Interpro, BLAST, map, annotate (Götz et al., 2008). 

 

2.4.3. Small subunit ribosomal RNA screening 

 
The small subunit ribosomal RNA sequences were located in the genomes and analysed 

through the Classifier tool of the Ribosomal Database Project (http://rdp.cme.msu.edu/). The 

tool version used was RDP Naïve Bayesian rRNA Classifier Version 2.11. The submitted 

sequences were aligned and classified with bootstrap confidence of 80% or above. The 

assembled genomes were also blasted against the database NCBI RefSeq Targeted Loci Project 

- 16S ribosomal RNA project (Bacteria and Archaea) using BLASTn (Zhang et al., 2000). 



 41 

2.4.4. Average nucleotide identity (ANI) analysis 

 
The Python package Pyani 0.2.10 was used to calculate the whole-genome similarity and 

attribute the average nucleotide identity (ANI) to the assembled consortium genomes and a 

pool of genomes from the genus Bacillus (Pritchard et al., 2015). The Bacillus FASTA files were 

downloaded from the NCBI genome database (www.ncbi.nlm.nih.gov). The list of the strains 

used are reported in the appendix section (Table A.2). 

The method applied was ANIm, which uses MUMmer software and in particular the 

NUCmer (NUCleotide MUMmer) tool (Pritchard et al., 2015). NUCmer allows DNA sequence 

alignments to be processed for multiple reference and query sequences. Default parameters 

were employed. 

 

2.4.5. Draft genome construction 

 
The assembled genomes were blasted against reference genomes of closely related 

strains. Nucleotide-based alignments were generated using MUMmer3 and then used as an 

input to produce a dotplot by the MUMmer plot script and the Unix program Gnuplot (Kurtz 

et al., 2004). In case of multiple scaffolds, the MUMmer3 Promer script was applied to extract 

the coordinate of the alignments. The genome sequences were reoriented using the reverse 

complement method by Biopython (version 1.76). Benchling (https://benchling.com) was 

used to visualise, identify the dnaA coding sequence and reorganise the sequence in respect 

to the standard to generate the draft genomes. A final alignment between the draft genome 

and the reference was carried out to prove the correct rearrangement of the scaffolds. 

 

2.4.6. Functional analysis 

 
The protein-based comparison was carried out using CD-HIT that clusters proteins based 

on their identity (Li and Godzik, 2006). CD-HIT utilises two main algorithms: the short word 

filtering and the clustering one. The first one calculates statistically and estimates the 

similarity of two sequences based on the number of identical short substrings (words) such as 

dipeptides and tripeptides. The clustering firstly sorts the sequences for decreasing length in 

which the longest one becomes the representative, then each other sequence is compared to 
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the representative. If the similarity is above the threshold, the sequence is grouped into a 

cluster with the representative, otherwise a new cluster is created with the sequence as new 

representative of that cluster. For each sequence comparison, short word filtering is applied 

to the sequences to confirm whether the similarity is below the clustering threshold. If this 

cannot be confirmed, an actual sequence alignment is performed. 

The AA sequences were used as input and default settings were applied. Python scripts 

(reported in the appendix A.29, A.30 and A.31) allowed to execute the program in a loop and 

divide the protein clusters based on their membership: unique for each strain, shared by 

consortium couples or shared among the three strains. The analysis was carried out on the 

proteins belonging to all the memberships that shown above 60% identity. 

 

2.4.7. Identification of genomic islands 

 
IslandViewer 4 was used to identify GIs in the consortium genomes using the Fasta file 

of the draft genomes as input (Bertelli et al., 2017). The software relies on prediction methods 

like IslandPath-DIMOB (based on nucleotide bias and presence of mobility genes), SIGI-HMM 

(based on codon usage bias with a Hidden Markov Model approach) and IslandPick (based on 

a comparative genomics approach) (Hsiao et al., 2003; Langille et al., 2008; Waack et al., 2006). 

 

2.4.8. Resistome analysis 

 
RGI (Resistance Gene Identifier) (v 5.1.1) was used to predict the resistome of the 

consortium strains. Open Reading Frame (ORF) prediction was carried out using Prodigal, 

homolog detection using DIAMOND, and Strict significance based on CARD curated bit score 

cut-offs. CARD (Comprehensive Antibiotic Resistance Database) version 3.0.9 was used to 

annotate antibiotic resistance genes (Alcock et al., 2020). 
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2.4.9. Plasmid comparison 

 
BLAST Ring Image Generator (BRIG) was employed to generate comparisons of the 

plasmid sequences (Alikhan et al., 2011). BRIG uses Nucleotide-Nucleotide BLAST (blastn) to 

calculate the match across sequences and returns a circular plot with concentric alignment 

rings. The minimum identity cut-off was set at 60%, while matches with higher values are 

represented by colour gradients based on the identity of the match found. GC content and GC 

skew are included in the analysis. In plasmids that exhibit nucleotide compositional 

asymmetry, GC skew can be useful to predict origin and terminus of replication, and evaluate 

the occurred insertions of exogenous DNA with different nucleotides usage. The GC skew is 

the normalized excess of cytosines (C) over guanines (G) in a given sequence. It was calculated 

ōȅ ό/ ҍ Dύκό/ Ҍ DύΣ ǿƛǘƘ рлл ōǇ ǎƭƛŘƛƴƎ ǿƛƴŘƻǿ ŀƭƻƴƎ ǘƘŜ ǎŜǉǳŜƴŎŜ (Arakawa and Tomita, 2007). 

The plasmids included in the comparison were downloaded from the NCBI database. The list 

of the plasmids used can be found in appendix A.4. 

In order to detect genes encoding Cry protein in the plasmids, an Hidden Markov Model 

(HMMER) search was carried out (Eddy, 1998). The HMMER profile used was reported in 

literature and kindly provided by Corina M. Berón (National Scientific and Technical Research 

Council, Buenos Aires). The profile was constructed with the alignments of the AA sequences 

of Cry haplotype proteins stored in the Bt Toxin Nomenclature database (Lazarte et al., 2018; 

Ye et al., 2012). The plasmid AA sequences split in CDSs were originated from the nucleotide 

sequences via BioPython and used as input of the HMMER search. 

 

2.4.10. Metabolic model and flux balance analysis 

 
KBase modelling platform was utilised to carry out individual and community modelling, 

and flux balance analysis (FBA). KBase has the option to reconstruct genome-scale metabolic 

models from protein functional annotations (Henry et al., 2010). The different levels of 

modelling are summarised in figure 2.2. 

Single draft models were constructed for each organism and subsequently gap-filled 

using appropriate media specifications. Bacterial models were merged into a 

compartmentalised community model and non-redundant mixed bag community model. In 

the compartmentalised models, each organism is considered as individual and encompassed 
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by its own compartment. In the consortium compartmentalised model, for instance, there are 

four compartments, three cytosols (c1, c2, c3) and one common extracellular portion (e0). 

This type of model allows the separation of the organisms to emphasise the interactions 

among the strains. On the other hand, the mixed bag model comprehends the three organisms 

in a single compartment, accentuating the interactions of the community within its 

environment. In this work, the mixed bag model presents a unique cytosol compartment (c0) 

and an extracellular compartment (e0). 

Mixed-bag consortium models were merged with the plant model in a 

compartmentalised model. FBA was run at each step to check that the organisms could 

achieve growth in the determined media. The flux balance analysis of the plant-microbiome 

model requires media that incorporate elements for the growth of both organisms, or that 

challenges the model in order to highlight the occurring interactions.  

Bacterial genomes were uploaded and annotated using the annotation server RAST (Aziz 

et al., 2008). Brassica rapa genome was downloaded from NCBI RefSeq (NC_024795) and 

annotated by OrthoFinder (Emms and Kelly, 2015). 
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Figure 2.2. FBA Modelling levels analysed with KBase. In figure the arrows represent the metabolic exchange, 
while the enclosing lines indicate the compartments. a) Single organism model. Each organism presents an inner 
and outer compartment (for B. rapa 11 inner compartments). b) Compartmentalised Consortium model, in which 
each strain has its own inner compartment and a shared outer compartment. It can be used to identify exchanges 
among the strains. c) Mixed-bag Consortium model, that incorporate the strains in the same compartment (as a 
unique organism) and highligths the enchange with the environment. d) Compartmentalised model of B.rapa and 
the mixed-bag consortium models. Used to predict the exchange between consortium and B.rapa. 
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2.5. In vivo and in vitro plant experiments 
 

The materials and methods for the plant experiments are described in this section, and 

the related results are discussed in Chapter 4. 

 

2.5.1. Bacterial cultures  

 
The strains were inoculated from fresh LB Agar plates in liquid LB broth (see section 2.2) 

and grown O/N in the 30°C shaking incubator. Then, the cultures were centrifuged at 6000 x 

g for 10 minutes and the pellets were washed twice in 1ml of sterile PBS (Merck). The O.D. 

was measured at 600nm and the cultures were diluted to produce inoculations with 10^6 

cells. For combined inocula, the ratio was always 1:1 with a final concentration of 106 cells. 

 

2.5.2. Plant used in this study and seeds preparation 

 
The plant adopted in this research was Brassica rapa subs. Parachinensis (B. rapa), a 

vegetable crop of Chinese origin that is commonly used in cuisine and referred to as Choy sum 

όŦǊƻƳ /ŀƴǘƻƴŜǎŜ άƘŜŀǊǘ ƻŦ ǘƘŜ ǾŜƎŜǘŀōƭŜέύ. B. rapa seeds were obtained from Ban Lee Huat 

Pte. Ltd. (Singapore). Plant seeds were imbibed in water for one hour followed by a surface 

sterilization step in a solution of 50% (v/v) bleach and 1% (v/v) Tween20 (Merck) for 5 minutes. 

Bleach and Tween were washed off from surface-sterilized seeds with autoclaved MilliQ water 

5 times to remove any residues. 

For pot experiments, the microbial adhesion onto sterilised seeds was allowed by 

immersing the seeds in 5ml of bacterial treatment suspensions (106 cells) for 30 minutes with 

shaking at 150 rpm. 

 

2.5.3. Soil 

 
The soil used in this study was universal soil (Jiffy Florafleur 002 Universal Potting Soil, 

Far East Flora Pte Ltd, Singapore) composed by white and black peat, coconut fibre and 

compost. The soil presented pH 5.8, 58ml/l water retention capability and 6 kg/m3 of fertiliser 

NPK 17-10-14. When required, soil was sterilised in autoclave and used as a control. 
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2.5.4. Pot experiments 

 
Different bacterial treatments were applied to seeds to perform the pot experiments. 

Sterile and non-sterile soils were used to compare the effects of the cultured bacteria with 

the combination of cultured bacteria and indigenous soil community on the treated plants. 

Four biological replicates for each treatment were prepared. Each plant was grown in an 

individual pot (5 cm diameter by 6 cm in height) and shared the tray with the replicates 

receiving the same treatment. The final setup consisted of 80 samples (Table 2.2). 

Table 2.2 Sample list for the pot experiments 

Strain/co-culture Sterile soil Non-sterile soil 

Bacillus licheniformis 4 4 

Bacillus thuringiensis Lr7/2 4 4 

Bacillus thuringiensis Lr3/2 4 4 

Consortium 4 4 

PBS (Control) 4 4 

Total samples 40 40 

 

The growth chamber settings were 25°C, 68% humidity and cycles of 16 hours light/8 

hours dark. The pots were watered with approximately 100ml of MilliQ water on the first day 

and every 2-3 days. After 16 days, the plants were collected and washed in water to discard 

the soil fibres and debris. The plants were scanned with the Scanner Epson V700 perfection 

and analysed with the software WinRhizo (Regent Instrument Inc.). Phenotypic data regarding 

root length and architecture, as well as and shoot area and weight were collected (Figure 2.3). 
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Figure 2.3. Software WinRhizo provides precise measurements of the shoot area and root apparatus. 

 

2.5.5. LEAP mesocosm assay 

 
The Live-Exudation Assisted Phytobiome (LEAP) assay was previously described in Ee 

¸ƻƴƎ [ƛŀƴƎΩǎ ¢ƘŜǎƛǎ (Ee, 2018). In this work, the protocol was adapted to test cultured strains 

and combined inocula of soil or rhizobacteria with cultured strains. The summary of the 

treatments applied in this experiment is listed in Table 2.3. 

 

Table 2.3. Sample list included in the holobiont assay 

Harvested Cultured Replicates 

Rhizobacteria -- 3 

Rhizobacteria Consortium 3 

Soil bacteria -- 3 

Soil bacteria Consortium 3 

-- Consortium 3 

-- Bacillus licheniformis 3 

-- Bacillus thuringiensis Lr7/2 3 

-- Bacillus thuringiensis Lr3/2 3 

PBS (negative control) 3 
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The LEAP protocol consists in three phases: 

 

1. Rhizobacteria enrichment 

B. rapa seeds were sterilised as previously described and germinated on water agar 

plates (0.8% w/v). Thus, 3-days old seedlings were potted in soil for four days to allow the 

recruitment of rhizobacteria from the surrounding soil. Pots with no seedlings were also 

included to harvest the bulk soil microbial population (Figure 2.4). 

 

 

Figure 2.4 LEAP rhizobacteria enrichment phase. Potted seedlings, after three days germination on Agar plates, 
were grown for seven more days prior rhizobacteria harvest. Pots with no seedlings were used to extract bulk soil 
microbes. 

 
2. Harvest the rhizobacteria and soil bacterial cultures 

In order to collect the rhizosphere microbes, the plants were gently removed from their 

pots and the roots were collected under sterile conditions in 15 ml falcon tubes. The microbial 

community was retrieved using the following protocol (Figure 2.5): 

 

¶ Resuspension in 1 ml of PBS 

¶ Vortex for 1 minute 

¶ Sonication (21% amplitude, 5 cycles of 3 seconds on with 5 seconds off, VC-505, Sonics 

and Materials Inc, Connecticut, USA) 

¶ Gentle centrifuge (spin down at 10 000 g for ~25 seconds) to pellet plant debris 

¶ Supernatant collection  

¶ Resuspension in 1ml of PBS 
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This protocol was repeated three times to collect bacteria from different plant 

microbiome compartments, such as rhizosphere, rhizoplane and endophytes. The three 

samples were combined to obtain the microbiota population. In the same way bulk soil 

bacteria was retrieved from 100 mg of soil. 

 

 

 

Figure 2.5. Plant microbiota collection through cycles of washing-sonication-vortexing-precipitation. Picture 
adapted ŦǊƻƳ !Φ !ƴŀƴŘΩǎ ǘƘŜǎƛǎ (Anand, 2017). 

 
Once collected, the indigenous soil and rhizo-bacteria were quantified by flow cytometry 

(Becton-Dickinson Fortessa at Centre for lifŜ ǎŎƛŜƴŎŜ ŀǘ b¦{ύ ǳǎƛƴƎ ǘƘŜ [L±9κ59!5 ϯ .ŀŎ[ƛƎƘǘϰ 

Bacterial Viability and Counting Kit (Thermo Fisher Scientific). The kit utilises two dyes, green 

fluorescent {¸¢h ф όпусѷрлмύ ŀƴŘ ǊŜŘ ŦƭǳƻǊŜǎŎŜƴǘ ǇǊƻǇƛŘƛǳƳ ƛƻŘƛŘŜ όпфо κ сосύΣ ǘƻ ŘŜǘŜǊƳƛƴŜ 

the viability of the cells, and a calibrated suspension of microspheres to measure accurate 

ǎŀƳǇƭŜ ǾƻƭǳƳŜΦ !ŦǘŜǊ ŀǇǇƭȅƛƴƎ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ƳƛȄǘǳǊŜ όŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

protocol), bacteria with intact cell membrane emit fluorescence in green, while bacteria with 

damaged cell membrane emit less intense green fluorescence and red fluorescence. 

For combined and individual inocula, the strains BL, BT3 and BT7 were grown as 

explained in 2.5.2. 

 

3. The LEAP system setup 

The LEAP setup involves inoculating a water agar plate (0.8% w/v) with the bacterial 

suspension. A UV-sterilised membrane (thin cellulose dialysis membrane ς Sigma Aldrich, 
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Missouri, USA) was then laid down to cover the bacterial layer. This membrane blocks 

molecules larger than 14 KDa to trespass, avoiding direct contact between bacteria and plant 

even though accommodating metabolites and small particles to diffuse. Finally, a fresh 3ς4-

day old seedling was placed on top of the membrane (Figure 2.6). The plate was sealed with 

parafilm to avoid external contamination and condensation leaking. The plates were 

positioned vertically in a growth chamber (Sanyo MLR-350H, Japan) under controlled 

condition of light (day-night cycles of 16 hours light and 8 hours dark), temperature (28°C) and 

humidity (60%). 

 

 

Figure 2.6 LEAP assay setup. Bacterial suspension was spread on water agar plates. 14KDa membrane was laid 
between bacteria and seedling.  

 
Growth was monitored to collect phenotypic data and, after seven days, metabolites 

from roots and membrane were collected (Figure 2.7). 

 

 

Figure 2.7. Seedling growth monitored through seven days LEAP assay. Particularly, from left to right, the 
experiment starts with 3 days old seedling, a second measurement is taken after three days and finally on the 
seventh day the data are collected. 
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2.5.6. Mass spectrometry 

 
After seven days, the plants were weighed, the roots infused in water for 3 hours to 

collect the exudates. The membrane was also incubated in water to collect the metabolites 

exchanged between plant and bacteria. Membrane metabolites and root exudates were 

stored at -80°C to be further analysed using mass spectrometry. All the samples were 

lyophilised and reconstituted using 150 µl of mass spec grade water. Pooled QC sample 

consisting of 5 µl from each sample was also prepared. The samples were run on a C18 column 

(RRHD, Agilent) using Agilent q-tof, positive mode, profile data. QC samples were subjected to 

MS/MS (mainly for metabolite identification) while all other samples were run only for MS1 

type data. MS/MS was done for top 5 abundant ions in each cycle. The mass spectrometry 

analysis was performed by Dr. Shruti Pavagadhi at NUS. 

 

2.5.7. Non-targeted MS-based metabolomics: data processing and analysis 

 
Raw data were firstly screened with the software Progenesis QI (Non-linear Dynamics, 

Newcastle, UK), which performed the automated extraction of mass features. The resulting 

csv file comprehended mass-to-charge values (m/z), charge, retention time, abundance of 

each compound normalised on the blank samples. A Python script was produced to analyse 

the data through normalisation, analysis of variance and post-hoc Tukey test (appendix A.33 

and A.34). Firstly, the normalisation of each sample by the plant weight was performed. This 

step is described in metabolomic studies on root exudation to reduce biases related to the 

plant biomass (Sun et al., 2020; J. Wang et al., 2020). 

In order to identify the statistically significant abundance of the metabolites, targeted 

comparisons were done to gather information related to the research questions: 

1.  Which are the metabolites responsible for the difference between the plant 

phenotypes after consortium and individual inocula? (Comparison= Control VS BT3 VS 

BT7 VS BL VS Consortium) 

2. Which are the metabolites exchanged among the consortium, the indigenous 

rhizospheric microbiome and the plant? (Comparison= Control VS RZ VS 

RZ+Consortium VS Consortium) 
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3. Which are the metabolites exchanged among the consortium, the indigenous bulk soil 

microbiome and the plant? (Comparison= Control VS BS VS BS+Consortium VS 

Consortium) 

 

For each comparison, the analysis of variance one-way ANOVA was coupled with post-

hoc Tukey HSD test. The first test was chosen to obtain the overall significance while the 

second test enabled a pair-wise comparison of the means providing greater insight into the 

differences between specific groups (bacterial inocula). The p value cut-off was set at 0.01.  

Since the samples were analysed only in one round of MS (MS1), the robust 

identification of the peaks based on the m/z was not possible. To get around this issue, the 

analysis was done on the MetaboAnalyst server (https://www.metaboanalyst.ca) that enables 

to shift from individual identification of the peaks to individual pathways. Particularly, the MS 

Peaks to Paths module was used. The module combines the mummichog algorithm (that infers 

pathways activities from a ranked list of MS peaks identified by untargeted metabolomics) (Li 

et al., 2013) with the Gene Set Enrichment Analysis (GSEA), a widely used method that extracts 

biological meaning from a ranked list of genes (Xia and Wishart, 2010).  

Furthermore, the module provides the option to select a pathway library. In this analysis, 

the Bacillus subtilis and Arabidopsis thaliana KEGG libraries were chosen since the screened 

metabolites can be produced by both plant and microbe partners. Even though these libraries 

are probably not the most descriptive, this must be considered an exercise to achieve the 

interpretation of these preliminary dataset. 

 

2.5.8. Metagenome analysis  

 
Bulk soil and rhizospheric bacteria were collected from the LEAP assay after seven days. 

The metagenomes were isolated as explained in section 2.3, sequenced and assembled as 

described in section 2.4.1 and 2.4.2. The assembled metagenomes were then uploaded on the 

metagenomic analysis server MG-RAST (www.mg-rast.org). The taxonomy analysis in MG-

RAST is based on the Lowest Common Ancestor (LCA) algorithm that finds a single taxonomic 

entity for all features on each individual sequence (Huson et al., 2007). For the functional 

analysis, MG-RAST uses KEGG orthology to annotate the coding sequences found (Kanehisa, 

1999). The settings used were E-value=5 and %-identity=60.  
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2.6 Development of the pLS20 conjugation system 
 

This section describes the experimental procedures related to the development of a 

conjugation system based on the pLS20 plasmid. The results related to this part of the thesis 

are presented in Chapter 5. 

 

2.6.1 Bacteria engineering and cloning procedures 

 
In order to monitor the characteristics of the conjugation system, the Bacillus subtilis 

168 donor and recipient were genetically labelled. Particularly, three main modifications were 

carried out: 

 

¶ Labelling of the donor chromosome with gene reporter mKate2 to select donor cells 

based on fluorescence. 

¶ Knockout of comK from the recipient chromosome (to eliminate natural competence 

activities) and the introduction of a tetracycline resistance cassette for selection of 

recipient population on agar plates. 

¶ Labelling of the mobilisable plasmid pGR16B_ oriTLS20 (and its version without oriTLS20) 

with the gene reporter sfGFP to detect gene transfer events. 

 

Labelling of the donor chromosome with mKate2 

The following five fragments were individually amplified by Polymerase Chain Reaction 

(PCR) to produce the genetic construct PrpsO_mKate2_KanR necessary to label the donor 

chromosome: 

¶ Upstream region flanking the insertion locus aprE (1365 bp) 

¶ Promoter PrpsO and RBS (167 bp) 

¶ mKate2 CDS and terminator (911 bp) 

¶ Kanamycin resistance cassette (1419 bb) 

¶ Downstream region flanking the insertion site aprE (1191 bp) 

 

The flanking regions and PrpsO were amplified from Bacillus subtilis 168 chromosome; 

mKate2 and Kanamycin cassette were amplified respectively from pDG-SG51_mKate2 
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(Guiziou et al., 2016) and pANPCK (Yoshimura et al., 2007). PCRs were performed with KOD-

Plus-Neo polymerase (Takara Bio Inc.,Shiga, Japan) and primers designed manually and 

synthesised by Eurofins Genomics (Tokyo, Japan). The primer list is included in Appendix A1. 

PCR reaction mix were prepared as reported in table 2.4. 

 

Table 2.4 PCR reaction mix 

Reaction mix X1 

Primer Forward 2 µl 

Primer Reverse 2 µl 

dNTPs 2 µl 

Mg2+ 1.28 µl 

Buffer 10X 2 µl 

DNA 1 µl 

KOD Polymerase 0.4 µl 

Water 9.32 µl 

Total 20 µl 

 

Three-steps PCR thermal programs and Touch-down-PCR were adopted. The three steps 

PCR was composed by denaturation at 94°C for 2 minutes, annealing at 58°C for 30 seconds 

and elongation at 68°C for 1kb/30 seconds. The three steps were repeated for 30 cycles before 

the final elongation at 68°C for 5 minutes (Figure 2.8). 

 

 

Figure 2.8 Thermal cycles used in the three-steps PCR 
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Touch-down PCR programs were constituted by initial denaturation at 94°C for 2 

minutes, 5 cycles of denaturation (96°C for 10 seconds) and annealing at 74°C for 1kb/30 

seconds, 5 cycles of denaturation (96°C for 10 seconds) and annealing at 72°C for 1kb/30 

seconds, 5 cycles of denaturation (96°C for 10 seconds) and annealing at 70°C for 1kb/30 

seconds, 30 cycles of denaturation (96°C for 10 seconds) and annealing at 68°C for 1kb/30 

seconds, and finally elongation at 68°C for 7 minutes (Figure 2.9). 

 

 

Figure 2.9 Touch-down PCR thermal steps 

 

In order to visualise DNA fragments, agarose gel electrophoresis was carried out with 

1% (w/v) Agarose gel in 1X Tris-Acetate-EDTA. The chelating agent applied was Nancy-520 

(Merck) and the DNA markers were 1Kb Plus DNA Ladder and 100bp DNA Ladder (New 

England Biolabs Inc.). The fragments were extracted from the gel and purified using the kit 

Wizard® SV Gel and PCR Clean-Up System (Promega). Equivalent volumes of the purified 

fragments were mixed to be used as template for the recombinant PCR with nested primers 

(3 steps PCR to amplify the 4624 bp circuit). The unpurified product of this PCR was 

transformed in Bacillus subtilis 168 to generate the strain KV2 (transformation protocol 

explained in section 2.6.3). This strain was used as a control of the red fluorescence in the flow 

cytometry experiments. 

The unpurified product of the construct PrpsO_mKate2_KanR was also transformed 

together with the chromosome extracted from the strain GR23 (Miyano et al., 2018a) (DNA 

extraction protocol was previously explained in section 2.3) into the strain YNB026 (donor 

used in previous study containing pLS20cat_ɲƻǊƛ¢ύ (Miyano et al., 2018b). Successful 

transformants were selected on kanamycin and spectinomycin plates. The resulting strain was 

named KV4 and was later transformed with the plasmid pGR16B _oriTLS20_sfGFP to produce 

the strain KV5, which is the donor used in this research. A schematic representation of KV2 

and KV5 construction is shown in figure 2.10. 
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Colony PCRs were adopted to screen single colony mutants. Each colony was first diluted 

in 50µl of water and boiled at 95°C for 5 minutes. 1-2 µl of sample was used as DNA template. 

The thermal cycles used were the same as in figure 2.8, with the addition of a denaturation 

step at 94°C for 5 minutes as the first step, to increase the DNA availability during colony PCR. 

 

 

 

Figure 2.10 Schematic representation of the construction of KV5 (donor used in this research) and KV2 (control 
strain for red fluorescence). The PCR product of the genetic device PrpsO_mKate2_KanR was transformed into B. 
subtilis 168 to produce KV2. Whereas same device together with the chromosomal prep from the strain GR23 
were transformed into the strain YBN026 to generate KV4. The transformation of KV4 with the mobilisable 
plasmid pGR16B_oriTLS20_sfGFP produced the strain KV5. 
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ComK deletion in recipient strain 

To inactivate the gene comK and simultaneously introduce the tetracycline resistance 

cassette, comK, upstream and downstream DNA fragments were amplified by PCR (three steps 

PCR described before) using B. subtilis 168 chromosomal prep as template. Whereas, the tetR 

cassette was amplified from the plasmid pOGW (Ishikawa et al., 2006). The primers used 

contained 30 nucleotide overhangs to allow recombinant PCR to seal the three fragments. 

After visualisation via agarose gel electrophoresis, the correct bands were excided from gel 

and purified (kit Wizard® SV Gel and PCR Clean-Up System, Promega). The recombinant PCR 

was carried out using nested primers and equal volumes of the three fragments as template. 

The PCR product was transformed in B. subtilis 168 and transformants were selected on 

tetracycline agar plates. The resulting strain, named KV7, represent the recipient strain in the 

pLS20 conjugation experiments (Figure 2.11). 

 

 

Figure 2.11 Construction of KV7 (recipient strain used to characterise pLS20 conjugation system in Bacillus subtilis 
168. A PCR product containing the tetracycline resistance cassette (tetR) with the upstream (Up) and downstream 
(Down) comK flanking regions was transformed into B. subtilis 168. After homologous recombination in the host 
cell, tetR is inserted in the comK locus. The resulting KV7 can be selected on tetracycline plates. 
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Labelling pGR16B plasmids with sfGFP 

The plasmid pGR16B_oriTLS20 was produced in a previous study from pUCTA2501 

(Ramachandran et al., 2017). In this research sfGFP was cloned in the plasmid sequence to 

monitor the plasmid movements and a version of the pGR16B_sfGFP without oriTLS20 was 

generated to create a negative control for the mobilisation process. 

To remove oriTLS20, PCR was used to amplify the entire backbone and eliminate the 

oriTLS20 region. The primers used included a BglII restriction site and the same PCR protocol 

previously described (in the section labelling of the donor chromosome with mKate2) was 

applied. The PCR product was purified with the kit Wizard® SV Gel and PCR Clean-Up System 

όtǊƻƳŜƎŀύΣ ŘƛƎŜǎǘŜŘ ǿƛǘƘ .ƎƭLL ό¢ŀƪŀǊŀ .ƛƻ LƴŎΦΣ {ƘƛƎŀΣ WŀǇŀƴύ ŀŘƻǇǘƛƴƎ ǘƘŜ ¢ŀƪŀǊŀ .ƛƻ LƴŎΦΩǎ 

suggested protocol. Digestions occur during 1-hour incubation at 37°C. The digested backbone 

was purified a second time and re-ƭƛƎŀǘŜŘ ǘƻ ǇǊƻŘǳŎŜ ǘƘŜ ǾŜǊǎƛƻƴ ǇDwмс.ψɲƻǊƛ¢LS20. Ligation 

occurred at 16°C overnight by treatment with T4 Ligase (New England BioLabs Inc.). The 

ligation mix was transformed into E. coli DH5a ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ƭƛƎŀǘŜŘ ǇDwмс.ψɲƻǊƛ¢LS20 (as 

described in section 2.6.2), colonies grown on Erythromycin were inoculated in 5 ml of LB and 

the plasmid was isolated from fresh overnight liquid culture using QIAprep Spin Miniprep Kit 

(QIAGEN). 

Both plasmid variants pGR16B_oriTLS20 ŀƴŘ ǇDwмс.ψɲƻǊƛ¢LS20 were then linearised by 

digestion with EcoRI (Takara Bio Inc., Shiga, Japan) and simultaneously treated with Shrimp 

Alkaline Phosphatase (SAP, Takara Bio Inc., Shiga, Japan) at 37°C for 1 hour to remove the 

ǇƘƻǎǇƘŀǘŜ ŀǘ ǘƘŜ рΩ ŜƴŘ ŀƴŘ ǇǊŜǾŜƴǘ ǊŜƭƛƎŀǘƛƻƴΦ The genetic construct that includes sfGFP CDS 

was synthesised by IDT (Integrated DNA Technologies, Inc) and composed as follows: 

¶ Pveg promoter and RBS from Bacillus subtilis 168 

¶ sfGFP codon optimised for Bacillus subtilis 

¶ amyS terminator from Bacillus licheniformis 

 

The 940bp construct was amplified with primers containing 30nt-overhangs that are 

complementary with the extremity of the plasmid at the chosen insertion site. After Agarose 

gel electrophoresis, the band corresponding to the fragment size was excided from the gel 

and purified as explain previously. 
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NEBuilder HiFi DNA Assembly (NEB) was used to seal DNA fragment containing sfGFP 

and the EcoRI-linearised backbones. To increase the reaction efficiency, recommended DNA 

pmols and ratios were taken into consideration. Pmols were calculated for each fragment 

using the formula: 

ὴάέὰί  ύὩὭὫὬὸ Ὥὲ ὲὫ ὼ ρȟπππ Ⱦ ὦὥίὩ ὴὥὭὶί ὼ φυπ Ὠὥὰὸέὲί 

 

The reactions were incubated at 50°C for 15 minutes. Transformation of E. coli DH5a 

with 10ul of HiFi assembly mix was then performed. Bright green transformants carrying the 

ǇƭŀǎƳƛŘǎ ǇDwмс.ψɲƻǊƛ¢LS20_sfGFP and pGR16B_oriTLS20_sfGFP were selected on Ampicillin 

plates and inoculated for plasmid extraction (Figure 2.12). Purified plasmids were used to 

transform the donor KV2 to obtain the strain KV5 (pGR16B_oriTLS20_sfGFP) and KV6 

όǇDwмс.ψɲƻǊƛ¢LS20_sfGFP), as well as Bacillus subtilis 168 to generate the control KV3 

(pGR16B_oriTLS20_sfGFP). Plasmid maps are displayed and discussed in more detail in the 

result chapter 5. 

 

 

Figure 2.12 The circuit containing Pveg, RBS, sfGFP and amyS terminator was synthetised by IDT. Upstream (Up) 
and downstream (Down) overhangs enabled the binding of the circuit to the ends of the EcoRI-linearised vector 
through the HIFI assembly reaction. 
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2.6.2 DH5a Calcium competent cells and transformation 

 

Escherichia coli DH5a were streaked out from glycerol stock to fresh LB agar plate with 

no antibiotics. After Overnight growth, single colonies were inoculated in 5 ml of LB media 

O/N at 37°C/200rpm. The starter culture was inoculated in 400ml of LB And incubated at 37 

degrees for about 2 hours. OD was monitored till it reached 0.1-0.2. The cells were then 

harvested by 20 minutes of centrifugation at 4°C at 4000 rpm and washed with pre-chilled 

100Mm CaCl2. The cells were then kept on ice for 40 minutes centrifuged and washed again 

two more times. Glycerol was added at 25% (v/v) (final concentration) and aliquots were 

frozen in liquid nitrogen and stored at -80°C. 

For transformation, aliquots were thawed on ice for 10 minutes. 1-5 µl (1 pg-100 ng) of 

plasmid was added to the cell mixture, which was incubated on ice for 30 minutes without 

mixing. After heat shock at 42°C for 30 seconds, cells were placed on ice for 5 minutes and 

allowed to recover with 950 µl of room temperature LB medium (reported in section 2.2). Cells 

are then incubated at 37°C for 60 minutes on a shaking platform (250 rpm). Finally, 100 µl of 

diluted cultures were spread on LB Agar plates supplemented with appropriate antibiotics. 

Transformants appeared after overnight growth. 

 

2.6.3 Bacillus subtilis transformation 

 
Genetic transformation of Bacillus subtilis was performed by inducing natural 

competence, as described by Anagnostopoulos and Spizizen (Anagnostopoulos and Spizizen, 

1961). Competence media consisted of Spizizen minimal media (SMM) (0.2% (NH4)2SO4, 1.4% 

K2HPO4, 0.6% KH2PO4, 0.1% Na3C6H5O7, 0.02% MgSO4), supplemented with 0.5% glucose, 

casamino acids, ferric ammonium citrate, and tryptophan. Starvation media consisted of SMM 

and 0.5% (w/v) glucose. 

Single colonies from LB Agar plates were inoculated in competence media and grown 

overnight at 37°C and 180rpm. The following day, the starter culture was diluted 1:20 in fresh 

media. After 3 hours of incubation, the culture was supplemented with 5 ml of pre-warmed 

starvation media and incubated for 2 additional hours. 400µl aliquots were then dispensed in 

1.5 ml Eppendorf tubes and plasmid (1µg), chromosomal DNA (1-2µl) or PCR product (up to 
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1/10 of the culture volume) was added to the cells. Next, cells were incubated for 1 hour at 

37°C and 180rpm, plated out on selective LB Agar plates and grown overnight. 

 

2.6.4 Conjugation experiments 

 
The pLS20 conjugation system requires donor and recipient strains. In this research the 

donor was always the strain KV5 (strain construction in section 2.6.1.1.), while different 

recipients were adopted to test the efficiency of the process. In order to characterise the 

conjugation in the model strain B. subtilis 168, the recipient KV7 (strain construction in section 

2.6.1.2) was firstly used. Thereafter, twenty-five wild type strains of the genus Bacillus were 

tested to assess pLS20 permissiveness (strain list in section 2.1). Finally, the Bacillus portion of 

the rhizospheric population extracted from Brassica rapa was also adopted (more details in 

section 2.4.8). The results related to the conjugation experiments are reported in Chapter 5. 

The conjugation protocol spans three days. The main steps are reported in figure 2.13. 

Firstly, single colonies from fresh LB Agar plates were inoculated in 5ml of LB (with appropriate 

antibiotics) O/N at 30°C 200rpm shaking mode (Innova orbital incubator, Eppendorf). The 

following day the cultures were diluted at optical density 0.05 (or 0.1 for fast growing strains) 

with no antibiotic supplementation. Donor strains containing rap controlled by the promoter 

Pspank were also provided with 1mM IPTG (100mmol/l-Isopropyl- -̡D-thiogalactopyranoside 

Solution) (Nacalai Tesuque, Kyoto, Japan). The cultures were grown at 37°C 200rpm till OD 

0.5-1.0. 

In experiments testing Donor:Recipient ratio 1:1, 500ml of donor and 500ml of recipient 

were mixed in a falcon tube and incubate at 37°C non-shaking mode for 15 minutes. After 

mating, the samples were incubated for 30 minutes at 37°C 200rpm to allow fluorescent 

proteins expression. Samples were then plated out on appropriate antibiotics or/and 

prepared for flow cytometry analysis. 

To allow colony counting and extrapolate conjugation efficiency data, samples were 

diluted 1/10 and 1/100 and spread on Tetracycline and Erythromycin plates to select 

transconjugants. Donor and recipient cells were diluted to 10-4 and 10-5 and selected on 

Chloramphenicol and Erythromycin, and Tetracycline plates, respectively. Plates were 

incubated O/N at 37°C and the resulting CFUs were counted the following day. 
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Figure 2.13 Schematic representation of the conjugation experiment workflow. After mating and shaking 
incubation steps, populations of donors, recipients and transconjugants can be evaluated by selective plating, 
flow cytometry and FACS. 

  



 64 

2.6.5 Flow cytometry  

 
After conjugation, the samples were fixed with Formaldehyde (3.7% (v/v) final 

concentration) for 30 minutes at room temperature. Cells were then centrifuged and 

resuspended in 1 ml of 1X Tris-EDTA Buffer (Merck). A second washing step was carried out 

with 1ml of 1X Tris-EDTA Buffer supplemented with 200mN KCl and 5% (v/v) glycerol. 1mg/ml 

of lysozyme was added immediately before mild sonication in water bath for four minutes. 

After sonication samples were preserved on ice till the analysis. 

Fluorescence cytometry was performed using the analyser BD FACSymphony A5 (BD 

Bioscience) at the Flow Cytometry core facility (Newcastle University) and CytoFLEX S Flow 

cytometer (Beckman coulter) in Ken-ƛŎƘƛ ¸ƻǎƘƛŘŀΩǎ ƭŀō όYƻōŜ ¦ƴƛǾŜǊǎƛǘȅύΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ 

flown at low flow speed and +100,000 events were recorded. Data regarding size (FSC), 

granularity (SSC), fluorescence in the green and red ranges were collected. Lasers and filters 

were chosen accordingly with the fluorochromes excitation and emission spectra (Figure 2.14 

and Table 2.5).  

 

 

Figure 2.14 Spectra of the fluorochromes used in this study, TagBFP, sfGFP and mKate2. 

 

Table 2.5 Overview of the fluorochromes used in this study and the lasers and filters adopted to detect the signals 
by flow cytometry. 

Fluorochromes Laser % Excitation Filter % Emission 

mKate2 561 nm 55% 610/20 93% 

sfGFP 488 nm 100% 530/30 86% 

TagBFP 405 nm 94% 450/50 75% 

 

TagBFP was identified as a potential fluorochrome to label the plasmid pLS20, since the 

excitation and emission of the fluorochrome require different laser and filter from mKate2 

and sfGFP. Labelling pLS20 with TagBFP will be carried out in future work. 
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2.6.6 Flow cytometry data analysis 

 
Flow cytometry data were analysed using the software FCS Express 7 Research (De Novo 

Software). Firstly, the events were plotted on SSC-H (side scatter) vs FSC-H (Forward scatter) 

to design a gate for only bacterial-sized particles. H indicates the parameter Height of the 

detector output of the cytometer. In bacteria analysis, Height is chosen instead of Area (A) 

because bacteria are relatively small entities and result completely irradiated by the laser ray. 

One event corresponds to one cell passing through the fluidic system (if cells are properly 

separated) and results in one dot on the dot plot. 

In this analysis, the size gate is the parental gate. The events within this gate were 

plotted on FITC-H (488 530/30) vs PC5.5-H (561 610/20) to outline the four gates related to 

the different populations based on their fluorescence: 

¶ donor, fluorescing in both red and green 

¶ recipient, without any fluorescence 

¶ transconjugant, fluorescing in green 

¶ donor with no mobilisable plasmid, fluorescing only in red 

 

The positive (KV3) and negative (KV7) controls were used to design the gates, which 

were applied to the dot plots generated for each sample. Histograms were also obtained to 

identify the fluorescence picks and correct the gating when necessary. The donor KV5 was also 

used as control to adjust the donor population gate (Figure 2.15). 
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Figure 2.15. Gates were designed to improve the accuracy of the Flow Cytometry data analysis. The gating process 
from top-left to bottom-right: Bacterial size gating by plotting SSC-H vs FSC-H. This gate enables to exclude from 
the analysis small particles and debris. The data from the control KV3 and KV5 were plotted on 561 610/20-H vs 
488 530/30-H to design gates related to the fluorescence. Histograms were also produced to better define the 
fluorescence gates. Within the size gate, four gates were drawn: recipient (no fluorescence), donor (green and 
red fluorescence), gfp (green fluorescence) and mKate2 (red fluorescence). The events falling into the gfp gate 
are considered as transconjugants.  

KV5 
KV5 

KV5 

KV3 

KV3 
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The controls KV7 and KV5 were also used to estimate the number of false positive and 

false negative events, i.e., the events that are required to be subtracted from the conjugation 

mixed samples. Since the total number of events varies among samples, proportions were 

used to calculate false positive and false recipient events found in the donor, false positive 

and false donor events found in the recipient.  

 

D = Donors 

T = Transconjugants 

R = Recipients 

d = donor sample 

r = recipient sample 

c = conjugation sample 

 

Considering the donor data: 

ὊὥὰίὩ Ὕὧ  ὝὨzὈὧȾὈὨ 

ὊὥὰίὩ Ὑὧ  ὙὨzὈὧȾὈὨ 

 

Considering the recipient data: 

ὊὥὰίὩ Ὕὧ  ὝὶzὙὧȾὙὶ 

ὊὥὰίὩ Ὀὧ  ὈὶzὙὧȾὙὶ 

 

The adjusted number of recipients (ARc), donors (ADc) and transconjugants (ATc) in the 

conjugation samples is calculated by subtracting the number of False events: 

ὃὙὧ Ὑὧ  ὊὥὰίὩ Ὑὧ 

ὃὈὧ Ὀὧ  ὊὥὰίὩ Ὀὧ 

ὃὝὧ Ὕὧ ɀ ὊὥὰίὩ Ὕὧ Ὠέὲέὶ  ὊὥὰίὩ Ὕὧ ὶὩὧὭὴὭὩὲὸ 

 

The adjusted data were then used to calculate the efficiency of conjugation, as 

transconjugants/recipients (T/R) or transconjugants/donors (T/D). 
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2.6.7 Case of study: pLS20 conjugation in Bacillus community isolated from Brassica rapa 

rhizosphere 

 
Conjugation tests were carried out using KV5 as donor strain and the Bacillus mixed 

population isolated from plant roots as recipient. The workflow of this experiment is 

summarised in figure 2.16.  

The rhizosphere samples were collected from Brassica rapa var Chinensis ΨwǳōƛΩΣ 

Spinacia oleracea Ψ.ƻǊŘŜŀǳȄΩ ŀƴŘ Lactuca sativa var capitata. The plants were grown in the 

ICOS labs at Newcastle University in universal media. Debris and soil aggregates were carefully 

removed from the roots, which were collected in tubes containing 2ml of PBS. After sonication 

and washing steps (carried out as explained in 2.5.5 for the LEAP assay), the Bacillus portion 

of the mixed rhizospheric communities was isolated as follows: 

¶ To select spore-forming microorganisms a heat treatment at 80°C for 10 minutes was 

carried out 

¶ To enrich the community, 3 hours incubation at 25°C - 180rpm in R2A medium was 

performed 

¶ To kill Gram negatives and fungi, treatments with Polymyxin B (10 µg/ml) and 

Amphotericin B (10 µg/ml) were applied 

¶ The resulting community was grown on LB at 30°C for 3 hours and stored at -80°C in 

15% (v/v) glycerol stocks (final concentration)  

 

For conjugation, the rhizosphere samples were inoculated in 5ml of fresh LB broth and 

after 3 hours mixed with the donor KV5 (previously precultured as explained in section 2.6.4). 

Prior mixing, O.D. was measured and equal volumes of donor and recipient cells were mixed 

in 20ml universal tubes. The mating step (at 37°C, no shaking) was 30 minutes-long and the 

following incubation (at 37°C, 200rpm shaking) was carried out for 1 hour.  

A short sonication step was carried out to prevent cell aggregation, but no fixation was 

performed so that the bacterial cells were able to re-grow after sorting by FACS. Firstly, the 

conjugation mix was analysed at the flow cytometer BD FACSymphony A5 (performed as 

previously explained in section 2.6.5), then the sorter FACSCanto II (BD Biosciences) at 

Newcastle University core facility was used to sort the population corresponding to the 

transconjugants. 
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Because of time constrains, only transconjugants from Brassica rapa rhizosphere were 

sorted and further analysed. Aliquots of sorted cells were streaked on LB agar plates and LB 

agar plates supplemented with erythromycin. After overnight growth at 30°C, colonies were 

suspended in water, fluorescence was checked at the fluorescence microscope and colony 

PCR (as described in section 2.6.1) was performed to validate the presence of the plasmid. A 

second colony PCR to amplify the 16S region was performed. After agarose gel 

electrophoresis, the bands were excided from gel, purified and the DNA was sequenced 

(Eurofins Genomics) to identify the strains that accepted the plasmid through pLS20-mediated 

mating event. 
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Figure 2.16 Workflow used to assess pLS20 conjugation in Bacillus mixed community extracted from the 
ǊƘƛȊƻǎǇƘŜǊŜ ƻŦ .ǊŀǎǎƛŎŀ ǊŀǇŀ ǾŀǊ /ƘƛƴŜƴǎƛǎ ΨwǳōƛΩΦ wƻƻǘǎ ǿŜǊŜ ŎƻƭƭŜŎǘŜŘ from the plant and rhizobacteria extracted 
from the roots (see section 2.5.5). The Bacillus portion of the rhizosphere population was isolated and subjected 
to conjugation using KV5 as donor strain. After conjugation, flow cytometry analysis was carried out and the 
transconjugant population was sorted and further analysed. After growth on plate, the colonies were checked at 
fluorescence microscopy and 16S of the strains was sequenced to identify the transconjugants. 
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Chapter 3. Analysis of a synthetic PGP Bacillus consortium 
 
 

This chapter describes the results of the in silico analysis carried out on the strains 

Bacillus licheniformis (BL), Bacillus thuringiensis Lr 3/2 (BT3) and Bacillus thuringiensis Lr 7/2 

(BT7), which have been selected to compose a consortium with plant fertilising activities. 

Hence, this work aimed to characterise this simplified community and determine the genetic 

traits responsible for PGP activities and cooperation among the strains. Genome-scale analysis 

was carried out to give overview of the chromosome structure, taxonomy information and 

draft genome reconstruction (sections 3.2, 3.3 and 3.4). Subsequently, the protein functional 

analysis is discussed, highlighting PGP traits and lifestyle-related functions (section 3.5). In 

conclusion, the metabolic reconstruction and flux balance analysis of the consortium was 

examined (section 3.6). 

 

  



 72 

3.1.  Introduction 
 

3.1.1. Microbe-microbe interaction in the rhizosphere context 

 
The rhizosphere counts up to 1011 microbial cells per gram root (Egamberdieva et al., 

2008) belonging to thousands of different prokaryotic species (Mendes et al., 2011). At the 

root interface, this plethora of closely or distantly related-microorganisms coexists, competes 

for space and nutrients, engages in metabolic trades and cross-feeding activities ό.ǳǘŀƛǘŤ Ŝǘ 

al., 2017; Hibbing et al., 2010; Jacoby and Kopriva, 2019; Peterson et al., 2006). 

The niche theory postulates that if the root exudate is the main source of nutrients to 

sustain bacterial growth in the rhizosphere, the ecological success of a species is strongly 

affected by its ability of uptake these substances (Ghoul and Mitri, 2016; Jacoby and Kopriva, 

2019). Three main outcomes can be obtained (Figure 3.1): 

¶ Niche differentiation. It is observed when different strains can uptake diverse 

substrates (metabolic resource partitioning) and therefore can coexist in the same 

habitat (Baran et al., 2015) 

¶ Competitive exclusion. It occurs when different strains present similar substrate 

uptake capability and compete for the same resource. In this scenario, the fitter 

microbe will survive to the detriment of the competitor, which will be excluded from 

the niche (Freilich et al., 2011a; Hardin, 1960; Hsu et al., 2017). An example of this 

mechanism  is represented by the sequestration of iron by siderophores that  has been 

shown to lead to pathogen suppression and biocontrol in the rhizosphere (Behnsen 

ŀƴŘ wŀŦŦŀǘŜƭƭǳΣ нлмсΤ .ǳǘŀƛǘŤ Ŝǘ ŀƭΦΣ нлмтΤ YǊŀƳŜǊ Ŝǘ ŀƭΦΣ нлнлύ 

¶ Niche creation or extension. It develops when one member produces and releases a 

novel metabolite that can be used by another cross-feeding strain (Peterson et al., 

2006; Ponomarova et al., 2017). This nutritional interdependency promotes the 

maintenance of species with diverse metabolic capabilities and favour beneficial 

partnerships within the community (Harcombe, 2010; Hayatsu, 2013; Wintermute and 

Silver, 2010) 
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Figure 3.1 Metabolic niche dynamics in the rhizosphere depends on the capability of uptake and utilisation of the 
microbes. Three possible scenarios can be observed: Niche differentiation, competitive exclusion and novel 
metabolic niche creation. 

 

Beside the interaction driven by the resource availability, rhizosphere-competent 

microbes engage in other kinds of cooperation and competition mechanisms. Microbes exert 

direct antagonism by contact-dependent mechanisms, secretion of antimicrobial compounds 

and predation. The vast majority of Proteobacteria presents contact-dependent competition 

regulated by the bacterial type VI secretion system, which delivers toxins and other 

antagonistic molecules into eukaryotes and prokaryotes (Alvarez-Martinez and Christie, 2009; 

Records, 2011). Using this system, the plant pathogen Agrobacterium tumefaciens deploys an 

antibacterial DNase into bacterial rivals in tobacco plants (Ma et al., 2014). Moreover, the 

bacterial type III secretion system has been described to mediate bacterial colonisation of 

fungal or oomycetal structures (Lackner et al., 2011; Rezzonico et al., 2005). 

A wide range of rhizosphere-competent microbes has been described to produce and 

release molecular effectors of antimicrobial nature (Kenig and Abraham, 1976; Raaijmakers 
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and Mazzola, 2012; Shelburne et al., 2007), as well as volatile molecules that can inhibit or 

suppress the growth of competitors (Lin et al., 2007; Yi et al., 2016). Moreover, in the 

rhizosphere some microorganisms have been shown to predate on others, through 

mechanisms of bacterial mycophagy (Beier and Bertilsson, 2013; Singh et al., 1999), 

mycoparasitism (Barnett, 1963), protist predation on bacteria (Gao et al., 2019) and even 

bacteria preying on other bacteria (Jurkevitch et al., 2000). 

Mechanisms of cooperation are also widespread in the rhizosphere. Biofilm formation 

on plant tissues, for instance, is the result of microbial cooperation (Danhorn and Fuqua, 2007; 

Stoodley et al., 2002) and represent an example of synthropy, i.e. the interaction among 

microbes for the common good (Mee et al., 2014; Morris et al., 2013). Indeed, biofilms are an 

advantageous association for the microbes, as they provide protection, united and organised 

response to stress and resource availability, communication based on quorum sensing, and a 

favourable environment for horizontal gene transfer (Bose et al., 2008; Rudrappa et al., 2008). 

A very specialised mechanism of cooperation can be found between plant-associated 

fungi and endosymbiotic bacteria. These bacteria have been observed to live inside the fungal 

cytoplasm (Kobayashi and Crouch, 2009; Moebius et al., 2014) and deeply affect fungal 

processes, including reproduction, spore formation and plant colonisation (Partida-Martinez 

et al., 2007; Partida-Martinez and Hertweck, 2005). Fungal hyphae have been shown to 

ǇǊƻǾƛŘŜ ǇƘȅǎƛŎŀƭ ǎǳǇǇƻǊǘ ǘƻ ōŀŎǘŜǊƛŀƭ ǎǇǊŜŀŘƛƴƎ ŀŎǊƻǎǎ ǎƻƛƭΣ ōȅ ŀ ǇǊƻŎŜǎǎ ŎŀƭƭŜŘ ΨŦǳƴƎŀƭ ƘƛƎƘǿŀȅΩ 

(Kohlmeier et al., 2005). Exploiting the mycelium network, bacteria are able to migrate, 

interact and engage in gene transfer with distantly located bacteria (Berthold et al., 2016; 

Worrich et al., 2016). Bacteria have also been documented to use the mycelium structure to 

colonise plant endosphere (Vik et al., 2013; Zhang et al., 2018), as well as the mycelium 

hydrophobicity to solubilise and utilise pollutants (Kohlmeier et al., 2005; Simon et al., 2015). 

Furthermore, fungi are essential players in the microbial rhizosphere colonisation process. By 

releasing exudates in the mycosphere (hyphae surrounding area) and modulating the 

environment pH, fungi can promote the growth of selected bacteria and change the 

rhizospheric community balance (Toljander et al., 2007; Warmink et al., 2009). 

  



 75 

3.1.2. Synthetic community approach in plant-microbiome studies 

 

Microbe-microbe interactions are one of the main driving forces that structure the 

microbiota and its association with the plant host (Bakker et al., 2014; Freilich et al., 2011; 

West et al., 2007). However, due to the multifactorial nature of these mechanisms, finding a 

correlation between the inter-microbial interactions and the impact on plant is not always 

feasible. In the last decade, reductionist studies propose the adoption of synthetic bacterial 

communities to dissect complex phenomena like rhizospheric microbial interaction and the 

connected PGP functions (Bodenhausen et al., 2014; de Souza et al., 2020a; Y.-X. Liu et al., 

2019; Mee et al., 2014). 

Beyond facilitating a link between genetic composition and ecological function, the 

implementation of bacterial consortia has led to remarkable progress in the field of 

agricultural microbe-based bioformulation (Hsu et al., 2017; Vorholt et al., 2017). Field 

experiments determined that the application of consortia is more resilient and stable in 

different environmental conditions and more efficacious on plant growth (Berg and Koskella, 

2018; Molina-Romero et al., 2017; Rolli et al., 2015). 

In the literature, the documented approaches to assembly synthetic communities are 

based on phylogeny or phenotype. The phylogenetic approach requires previous knowledge 

of the rhizospheric community composition of the studied plant. The 16S and 18S rRNA gene 

are used as reference to select microorganisms among the most represented taxa (Niu et al., 

2017; Tikhonov et al., 2015).  

Adopting this strategy requires to take into consideration potential biases related to the 

facts that taxa can vary in different plant conditions and functional traits do not always 

correlate with taxa (Avila-Jimenez et al., 2020; Lozupone et al., 2012). A successful example of 

the phylogeny-based strategy is reported by a study that describes the selection of six 

Pseudomonas strains after amplicon sequencing of the garlic rhizosphere in different growth 

conditions (Zhuang et al., 2020). Pseudomonas was identified as key PGPR and the synthetic 

community was assembled and tested with beneficial plant growth effect on garlic.  

On the contrary, building synthetic communities from phenotypic observations of 

individual strains can be effective if there is the possibility to screen and compare multiple 

strains in vitro or in vivo. The selection of the most performing strains is based on phenotypic 
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traits, such as growth promotion, root colonisation, nutrient acquisition, etc (Hashmi et al., 

2019; Panke-Buisse et al., 2015).  

Several studies have proven the effectiveness of the phenotypic approach. A consortium 

composed by G. diazotrophicus, H. seropedicae and B. ambifaria was selected for the in vitro 

antagonistic activity against F. oxysporum and R. solani, two phytopathogens of potatoes and 

tomatoes (Pellegrini et al., 2020). The consortium successfully counteracted the pathogenic 

infection when tested on both plants in greenhouse pot experiments.  

Another valid synthetic community was produced combining two PGPR strains, 

Pseudomonas putida NBRIRA and Bacillus amyloliquefaciens NBRISN13, that were individually 

evaluated for their PGP activities, like auxin production, hormones production, biofilm 

formation, siderophore activity, phosphate solubilisation and tolerance to drought and salt 

stresses (Nautiyal et al., 2013b; Srivastava et al., 2012). The consortium was tested on 

chickpea growth under drought stress condition, resulting in ameliorated growth in the 

consortium-inoculated plants compared to the individual inocula and control (Kumar et al., 

2016). 

 

3.1.3. The Bacillus consortium 

 

In this research, a consortium of three microbial strains was studied. The consortium 

comprises the strains Bacillus thuringiensis Lr 7/2 (BT7), Bacillus thuringiensis Lr 3/2 (BT3), 

Bacillus licheniformis (BL). BT3 and BT7 were isolated during a sampling campaign from soil of 

the Atacama Desert, in Chile in 2011, whereas BL was isolated from soil at Agroscope 

Liebefeld, Bern, Switzerland. The strains were donated by Dr. Pilar Junier and Dr. Saskia 

Bindschedler (Microbiology group. University of Neuchatel, Switzerland). 

The consortium was selected from a group of 15 strains by Dr. Isha Hashmi based on the 

in vitro and in vivo PGP activities (Hashmi et al., 2019). The three candidates tested positive in 

a series of physiological experiments designed to assess PGP functions. Particularly, the strains 

were able to grow when nitrogen free medium or casein as sole nitrogen source was provided, 

showing the ability of fixing atmospheric nitrogen and utilise organic nitrogen, respectively. 

Furthermore, the biosynthesis of siderophores and auxin-like phytohormon compounds was 

detected in the three strains (Hashmi, 2019). 
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The individual strains were also tested in vitro for their microbe-fungus interactions. 

Particularly interesting results showed that the three strains exerted inhibition on the 

pathogenic Rhizoctonia solani and not on the saprophytic Trichoderma rossicum. The 

consortium strains were also able to use the inner and outer portions of the R. solani hyphae 

as a fungal highway, while appeared only partially dispersed across T. rossicum hyphae. 

The three strains were able to grow as a combined co-culture, adhere onto Avena Sativa 

(oat) seeds and promote seed germination (Hashmi et al., 2019). The consortium was also 

tested in greenhouse pot experiments to determine the performance either in sterile and non-

sterile substrate, single inoculum or co-culture, in vegetative or endospore forms. The results, 

based on the dry weight of the plants after 45 days, demonstrated that individual strains did 

not show any difference if compared with the untreated control, in sterile and non-sterile soil, 

as well as for vegetative or endospores treatments. However, the three strains together 

significantly increased the total dry weight of oat plants when inoculated as vegetative cells 

or endospores, in both sterile and non-sterile soil. 

In the field experiment, the three strains were tested as a consortium (either inoculated 

as vegetative cells or endospores) and compared with non-treated control. After 85 days, 

significant effect of both types of inocula were detected in terms of plant dry weight and 

number of seeds produced. The experiment enabled the collection of samples and the study 

of the microbial population changes upon consortium inoculations. The metagenomic analysis 

showed no drastic shifts in the community composition among the treatments. As the 

consortium was able to adhere onto seeds in a low-density manner (103 cells per seed), this 

has been considered a crucial factor for the inoculation success. In fact, the consortium was 

able to colonise the rhizosphere and exert beneficial effect on oat plant growth, without 

outcompeting the autochthonous bacterial community. 

In light of this evidence, the three strains were selected to form a consortium with plant 

growth enhancing features to apply as a sustainable bio-inoculant formulation in agricultural 

settings. Nevertheless, the interactions between these bacteria and the plant are not entirely 

understood. Untangling the complexity of the consortium dynamics is required to understand 

the interactions occurring among the three bacterial strains and the molecular mechanisms 

involved in the plant growth promotion. 
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3.1.4. Purpose of the chapter  

 

This chapter proposes a comprehensive in silico analysis of the strains that compose the 

Bacillus consortium. This work is intended to identify correlations between the genetics and 

the PGP ecology of these microbes. Particular interest in this study was given to: 

 

¶ Genetic traits responsible for the PGP functions. 

Previous study demonstrates that the three strains are capable of utilising atmospheric 

N2 and casein as sole nitrogenous sources, producing siderophores and auxin-like 

phytohormon, interacting with fungi (Hashmi, 2019). The genetic elements responsible 

for these activities will be detected by using a comparative genomics approach. Other 

genetic features related to the more general phenotype of plant-promotion were also 

identified and will be discussed throughout the chapter. 

¶ Genetic features that are involved in interactions among the strains. 

The three strains have been proven to improve oat plant growth in vivo when 

inoculated together as a consortium rather than singularly (Hashmi et al., 2019). This 

result suggests that synergistic interactions occur among the strains. Mechanisms of 

cooperation, metabolic interdependency and cross-feeding were investigated via 

comparative genomic analysis, metabolic modelling and flux balance analysis. 

 

The results presented in this chapter were also used to identify potential traits to 

engineer the Bacillus consortium and improve its PGP functions. 
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3.2. Genome sequencing and assembly  
 

In order to uncover the genetic mechanisms beyond the PGP phenotype and to 

investigate the Bacillus consortium cooperation, a genomic-based analysis was carried out. To 

do so, the chromosomal DNA from Bacillus thuringiensis Lr 7/2 (BT7), Bacillus thuringiensis Lr 

3/2 (BT3) and Bacillus licheniformis (BL) was isolated and sequenced using both MinION 

Nanopore Technology and the Illumina MiSeq platform, as described in Chapter 2.4.1. Illumina 

paired-end reads were assembled alongside the Nanopore reads using a workflow developed 

by D.J. Skelton (https://github.com/Ravenlocke/nf-assembly) that allowed the de novo 

assembly of hybrid reads in contigs and scaffolds (see Chapter 2.4.2). 

BL genomic DNA resulted in a single scaffold of 4,353,121 bp that encodes 4,297 open 

reading frames, whereas BT3 and BT7 assemblies produced 3 and 2 scaffolds for a total length 

of 5,390,049 bp and 5,337,278 bp respectively (Table 3.1). The presence of episomal 

megaplasmids was determined during the analysis and will be discussed later in this chapter 

(Section 3.4.6). 

 

Table 3.1 Overview of the consortium genomes sequencing results.  

Features BL BT3 BT7 

Sequencing technology Illumina + Nanopore Illumina + Nanopore Illumina + Nanopore 

Genome size (bp) 4,353,121 5,390,049  5,337,278  

% GC 45.83 35.35 34.89 

Number of contigs 6 6 4 

Number of scaffolds 1 3 2 

N50 (bp) 2,434,397 2,996,298 5,318,067 

L50 1 1 1 

Coverage depth 32.5 22.5 35.5 

Plasmids 0 1 2 

CDS  4,297 5,762 5,937 

tRNA 80 108 111 

rRNA 17 41 36 
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3.3. Taxonomy 
 

In order to validate the taxonomic affiliation of the three strains, determine closely 

related microorganisms and perform meaningful comparisons, phylogenetic analysis was 

carried out. Two different strategies were applied, the alignment of 16S ribosomal RNA (16S 

rRNA) and the calculation of Average Nucleotides Identity (ANI) values using a pool of 

genomes of the genus Bacillus. 

The 16S rRNA is a core gene. It is characterised by variable regions that allow the 

adequate differentiation and the ensuing classification, and conserved regions, that provide 

efficient templates for primers design and hybridisation probes at different taxonomic levels, 

from individual strains to whole phyla (Baker et al., 2003; Fellner and Sanger, 1968). These 

remarkable features contribute to make the gene a widely used marker for species 

identification in the fields of bacterial evolution and ecology (Clarridge, 2004; Cuscó et al., 

2018). 

The 16S rRNA sequences were identified in the assembled genomic sequences of the 

consortium strains. Multiple copies of the 16S rRNA coding sequence were found along the 

chromosomes, with 14, 12 and 3 copies in BT3, BT7 and BL respectively. This is quite common 

in bacteria and is related to their ability to respond to changes in environmental conditions 

(Valdivia-Anistro et al., 2016). For this analysis, it was necessary to consider all the 16S rRNA 

copies to attribute taxonomy. The sequences were submitted to the Classifier tool of the 

Ribosomal Database Project (Cole et al., 2014) and returned a generic classification that did 

not provide enough resolution: Domain Bacteria, Phylum Firmicutes, Class Bacilli, Order 

Bacillales, Family Bacillaceae, Genus Bacillus. 

To further investigate the taxonomic affiliation of the strains, the assembled genomes 

were blasted using Blastn against the database NCBI RefSeq Targeted Loci Project - 16S 

ribosomal RNA project (Bacteria and Archaea) (Zhang et al., 2000). BL results showed identity 

in the range of 99.5% to 99.8% with B. paralicheniformis and licheniformis species, BT7 was 

closed to several B. thuringiensis species (100%-99.8%), whereas BT3 shared high similarity 

with a heterologous pool of strains from the Cereus group. These indications were applied in 

the next analysis to identify candidates to use as reference genomes of the three consortium 

strains. 
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The average nucleotide identity (ANI) was calculated as described in Chapter 2. ANI is 

currently considered the gold standard for prokaryotic species identification for strains for 

which genome sequences are available. It has been compared with DNA-DNA hybridization 

values showing that above the 97% of identity two genomes can be considered of the same 

species (Edgar, 2018; Goris et al., 2007; Richter and Rosselló-Móra, 2009). 

In this study, a pool of 17 genomes belonging to the genus Bacillus was chosen (full list 

reported in Appendix A.2 and ANIm values in Appendix A.3), the sequences downloaded from 

the NCBI database and used together with the three consortium strains to calculate the 

MuMmer-based ANI (ANIm) (Figure 3.2). In the heatmap, row and column are labeled with 

the species queries. 95% to 100% ANIm sequence identity corresponds to red colored cells, 

meaning that the strains are closely related or belong to the same species. On the contrary, 

blue cells indicate that the two strains do not belong to the same species. 

In the consortium strains, the genome sequence of BL is 98.9% similar to the strain B. 

paralicheniformis Bac84, for BT3 the closest match was represented by B. cereus ATCC 10987 

with an ANIm value of 96.2% and the strain BT7 was found to be close to the strains B. 

thuringiensis serovar israelensis AM65-52, B. cereus G9842, B. thuringiensis L7601 scoring the 

values 99.3%, 99.5% and 99.4%, respectively (Table 3.2). 

Table 3.2 Consortium strains and their reference genomes with ANIm values. 

Consortium Strain Reference ANIm value 

B. licheniformis B. paralicheniformis Bac84 (CP023665.1) 98.9% 

B. thuringiensis Lr 3/2 B. cereus ATCC 10987 (NC005707) 96.2% 

B. thuringiensis Lr 7/2 B. cereus G9842 (NC011772) 99.5% 

 

Interestingly, the heatmap highlights the exceptional high similarity of the strains 

belonging to the Cereus group, a wide group of organisms that includes Bacillus anthracis, 

Bacillus cereus, Bacillus thuringiensis, Bacillus mycoides, Bacillus pseudomycoides and Bacillus 

weihenstephanensis (Rasko et al., 2005). Strains belonging to this group show incredibly high 

genetic relatedness and their phylogeny classification has been source of debate among 

microbiologists, which have classified this microorganisms based on their virulence factors, 

plasmids, morphology, psychrophilic or thermotolerant ability (Guinebretière et al., 2013; 
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Lechner et al., 1998), pathogenesis (Agata et al., 1996), 16S and other genotypic methods 

(Chen and Tsen, 2002; Hill et al., 2004; Ko et al., 2004; Priest et al., 2004; Soufiane et al., 2013). 

 

 
 

Figure 3.2 Heatmap of ANIm percentage identity for 17 microorganisms of the genus Bacillus and the three 
Bacillus strains that compose the consortium (B. thuringiensis Lr 3/2, B. thuringiensis Lr 7/2 and B. licheniformis 
indicated with the red dots). Row and column are labelled with the species queries. 95% ANIm sequence identity 
corresponds to red cells in the heatmap and indicate that the strains are closely related or belong to the same 
species. On the contrary, blue cells are index of taxonomic distance. The colour intensity fades as the comparison 
rises to 95%. The colors bars located above and to the left of the heatmap represent the source species-level 
assignment for each entry. The dendrograms were built by the ANIm values. The analysis reveals up to seven 
species-level clades along the heatmap diagonal. 
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3.4. Draft genome construction  
 

In accordance with the obtained ANIm values, a reference genome was assigned for 

each consortium strain (Table 3.2). The genomic sequences of the three strains were 

compared with their chosen reference genome to assess the entirety of the newly assembled 

genomes and localise the scaffolds position and orientation in respect to the reference. Dot 

plots were generated to visualise the matching sequences and the correct rearrangement of 

the scaffolds (more details can be found in Chapter 2.4.5). This approach was used as a 

baseline to obtain the draft genome for each of the consortium strains. 

The single scaffold of the BL genome was aligned to its reference genome B. 

paralicheniformis Bac84 to obtain the plots in figure 3.3. The plot on the left-hand side 

indicates that the scaffold covers the reference genome completely, however the sequence 

appears reversely orientated. The plot on the right-hand side displays the alignment of the 

conventionally reorganised BL draft genome against the reference. 

 

 
 

Figure 3.3 Dotplots resulted by comparison of Bacillus licheniformis assembled genome against the reference 
Bacillus paralicheniformis Bac84. The dots represent the occurred hits, in particular the blue dots characterise the 
reverse complement matches On the left-hand side the scaffold of the assembled genome was plotted. On the 
right-hand side the rearranged draft genome can be appreciated.  
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The BT3 genomic assembly produced three scaffolds that were compared to the 

reference Bacillus cereus ATCC 10987 (Figures 3.4a, 3.4b, 3.4c). The longest scaffold (panel A 

in figure below) appeared reversely oriented with a gap between about 3500 kb and 4500 kb, 

which is where the second scaffold matched (panel B). Finally, the third scaffold alignment 

was observed reversely oriented and located at the end of the reference genome (panel C). 

The scaffold coordinates on the reference sequence were located (as detailed in Chapter 

2.4.5) and rearranged to generate the draft genome. Another alignment between the draft 

and the reference allowed to visualise the correct reconstruction of BT3 genome (Figure 3.4d). 

 

 

Figure 3.4 a, b, c: Dot plots representing the alignment of Bacillus thuringiensis Lr3/2 scaffolds (y axis) against the 
reference genome Bacillus cereus ATCC 10987 (x axis). The dots represent the occurred hits, in particular the blue 
dots characterise the reverse complement matches d: Dot plot showing the draft genome reconstruction of BT3 
against the reference.  
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Similarly, BT7 draft genome was reconstructed from the two scaffolds using as reference 

Bacillus cereus G9842 genomic sequence (Figure 3.5a and b). The first scaffold (in panel A) 

covered most of the reference genome. A small gap around 600Kb corresponded with the 

location of the match with the second scaffold (panel B). BT7 draft genome was reconstructed 

accordingly and compared with the reference once again (Figure 3.5c). 

 

 

 

Figure 3.5 a, b: Dot plots representing the alignement of Bacillus thuringiensis Lr7/2 scaffolds (y axis) against the 
reference genome B. cereus G9842 (x axis). The dots represent the occurred hits, in particular the blue dots 
characterise the reverse complement matches c. Dot plot showing the draft genome reconstruction of BT7 against 
the reference. 
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3.5. Functional comparison and identification of PGP traits 
 

Once the draft genomes were reconstructed, the functional comparative analysis was 

performed to identify unique and shared PGP features among the consortium strains and to 

establish mechanisms of cooperation and synergistic interactions within this synthetic 

community. The comparison reported in this research relies on finding orthologous genes in 

the genomes of the three strains. 

Orthologs are genes encoded in different organisms that are direct evolutionary 

counterparts of each other. Contrary to paralogs that are genes in the same organism evolved 

by gene duplication, orthologs are inherited by speciation (Fitch, 1970; Gerlt and Babbitt, 

2000; Koonin, 2001). After duplication, paralogous proteins are subjected to less evolutionary 

pressure that leads to divergence in their specificity and sometimes even function. On the 

other hand, orthologous proteins are thought to maintain the same function, specificity and 

regulatory system in close organisms (Gelfand et al., 2000; Gerlt and Babbitt, 2001; Makarova 

et al., 1999; Tatusov et al., 2000). 

The  detection of orthologs was performed by the software CD-HIT (Li and Godzik, 2006) 

that requires amino acidic sequences as input data. The nucleotidic sequences were therefore 

transformed in amino acidic ones by using biopython (version 1.78). In this analysis the 

threshold was set at 60%. For functional annotation, 60% sequence identity is necessary to 

transfer all four digits of an EC number with 90% accuracy (Tian and Skolnick, 2003). Even 

though this applies only on enzymes, the decision of using the threshold for the whole protein 

data set was made to obtain a general overview that could give a valid indication of the 

potential activities of the three strains. 

The pool of proteins was divided in clusters by similarity (by CD-HIT) and the clusters 

were assigned into membership lists, according to whether the proteins were shared among 

the consortium, between couples or unique of each strain (scripts can be found in appendix 

A.29, A.30 and A.31). In order to produce a function-based comparative analysis, hypothetical 

proteins, isoproteins and any proteins with annotation ambiguities were excluded by 

employing another Python script (Appendix A.32). Even though the hypothetical proteins were 

removed from the data set, it is important to acknowledge that a large quantity was found, in 

fact across all the membership lists 5065 hypothetical proteins were counted (the numbers of 

hypothetical proteins divided into membership is reported in the appendix A.5). Finally, the 
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derived lists were manually inspected and a Venn diagram displaying the quantitative data 

was produced using Python Matplotlib (Hunter, 2007) (Figure 3.6). 

 

 

Figure 3.6 Venn diagram showing the total features identified by CD-HIT at 60% identity. The outer sections show 
the unique features for each strain, while the intersections represent the shared features between couples 
(accessory) and among the three strains (core). 

 
A total of 3070 proteins were identified. In figure 3.6, the central intersection contains 

the features shared among the three strains, and therefore it can be considered the protein 

core of the consortium. 1690 core proteins were identified, 55% of the total. The external 

intersections (in purple, yellow and blue) constitute the strain-specific proteins, which are 

unique to each of the organisms (when compared to the rest of the consortium), 26.3% of the 

proteins identified. The remaining three intersections represented non-core and non-strain-

specific proteins, and for this reason they can be categorised as accessory proteins, 18.6% of 

the total. 

BT3 presents 2287 proteins, of which only 72 are unique (3.1%), 43 are shared with BL 

and 482 are shared with BT7 (21% of BT3 total content). BT7 shows similar trend with a total 

protein count of 2304, of which 86 are unique (3.7%), 46 are shared with BL and 482 are shared 

with BT3 (20.9% of BT7 proteins). BL has 2430 proteins in total, 651 of which are unique 

(26.8%) and only the 3.36% are shared with the other two strains. Complete lists of features 

are reported in appendix A.8 to A.14. 

B. thuringiensis Lr 7/2 B. thuringiensis Lr 3/2 

B. licheniformis 
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Once the protein membership was established, each list was investigated in order to 

identify the proteins that could be responsible for advantageous features in relation to the 

rhizosphere environment. Previous approaches to identifying genes involved in niche 

adaptation have used a comparison of genomes of strains adapted to a niche with the 

genomes of PGRP strains non-adapted (e.g. Hossain et al., 2015; Shen et al., 2013). However, 

these studies often identify genes that would not be intuitively considered to be important as 

they are also found in other strains adapted to different niches too.  Whilst these genes maybe 

not niche specific, they are essential for survival in a given niche outside of the laboratory. 

Since soils survival genes are also required for PGP bacteria, in addition to genes necessary to 

interact with plants, a broad definition was taken in this work, so that no important genes 

where missed.  

Moreover, the genomes of non-soil adapted bacteria of these species are difficult to 

define as the provenance of strains is often unclear. The site of isolation e.g. water, is not 

necessarily the site in which they are adapted to (e.g. soil). Finally, since the purpose of this 

study was to identify genes suitable for perturbation for enhancing PGPR traits, it was 

necessary to be inclusive rather than exclusive. A gene that is not necessarily totally specific 

to rhizosphere adaptation, could still provide an excellent candidate gene for improving the 

PGPR ability of that strain.   

The diagram below describes the number of genetic traits that could be responsible or 

have a connection with PGP activities (but not exclusively PGP associated), that may also 

provide suitable targets for enhancing PGP activity (Figure 3.7).  As discussed above, some of 

proteins analysed in this chapter are well characterised for their involvement in cell viability, 

even in non-PGPR microbes (i.e., B. subtilis 168).  

Moreover, each protein assigned to a PGP activity in the current analysis was already 

reported in the literature for their direct or indirect correlation with that activity. The intent 

of this chapter is to provide with an extensive overview of the potential functions encoded 

within the three genomes and propose hypotheses based on this information. Indeed, 

experiments are required to corroborate the hypotheses formulated in this section of the 

thesis. 
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Figure 3.7 Venn diagram of the potental PGP features in the consortium strains. The outer sections show the 
unique features for each strain, while the intersections represent the shared features between couples (accessory) 
and among the three strains (core). 

 
1116 proteins out of the total 3070 (36.3%) have been correlated to PGP mechanisms 

and activities in previous studies. Among the numerous protein functions considered, traits of 

antibiotics όmȊŎŜƴƎƛȊ ŀƴŘ mƐǸƭǸǊΣ нлмрΤ wŀŀƛƧƳŀƪŜǊǎ ŀƴŘ aŀȊȊƻƭŀΣ нлмнΤ ¢ŀƳŜƘƛǊƻ Ŝǘ ŀƭΦΣ нллнύ 

and phytohormones production (Costacurta and Vanderleyden, 1995; Fahad et al., 2015), 

resistance to heavy metals (Gaballa and Helmann, 2003; Kong and Glick, 2017) and 

environmental stresses (Gamalero and Glick, 2012; Lata et al., 2018), degradation of aromatic 

compounds and exudates (Bais et al., 2006b; Singh et al., 2018) were identified. The presence 

of such genetic traits enlightens the evolutionary pressure that has shaped these genomes 

and consequent adaptation to challenging niches like soil (Schloter et al., 2000). In soil 

nutrients are limited (Castle et al., 2017; Cui et al., 2018; Q. Li et al., 2020; Zhang et al., 2019), 

biotic factors play a crucial role (Cheng et al., 2021; Goberna et al., 2014; Wang et al., 2019), 

plant roots (Hu et al., 2016; Philippot et al., 2013) and mycelium networks (Toljander et al., 

2007; Worrich et al., 2016) shape the microbial population and HGT enables the microbes to 

exchange genetic material that encodes for advantageous traits (Aminov, 2011; Elsas et al., 

2003). 

B. thuringiensis Lr 7/2 B. thuringiensis Lr 3/2 

B. licheniformis 
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These results suggest that the consortium strains have the genetic capabilities to play 

an active role in the rhizosphere, through shared and unique mechanisms. The genetic 

features were classified into groups, based on their diverse modes of action for influencing 

plant fitness and the surrounding environment. Specifically, the consortium potential PGP 

functions were clustered in microbiome recruitment, plant colonisation, nutrients acquisition, 

biocontrol, adaptation to plant-associated environment and genome plasticity (Figure 3.8). 

 
 

 
 

Figure 3.8 Donut plot describing the consortim features related to the plant growth promotion activities. Each 
colour section represents a different aspect of the plant microbiome lifestyle. The number of genetic traits for 
each function is reported in the plot.   

Consortium 
potential PGP 

activities 
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3.5.1. Microbiome recruitment 

 

Figure 3.9 Genetic features that could be involved in mechanisms of microbiome recruitment in the consortium. 
Chemotaxis, exudate uptake and utilisation are the microbial traits debated in this section. 

 
The traits belonging to the microbiome recruitment group encompass the abilities of 

chemotaxis, exudate uptake and utilisation that are required to establish initial plant-microbe 

interactions. Upon rhizodeposition by the root apparatus, microorganisms are attracted 

towards the rhizosphere (Bais et al., 2006b). The exudate is a rich mixture of molecules that 

represents a source of nourishment; hence the capability to assimilate the exudate content 

constitutes a remarkable advantage in such competitive ecological niche (Dennis et al., 2010). 

Rhizobacteria possess the ability to process chemotactic signals and move towards the 

source accordingly (Scharf et al., 2016). Once in place, PGPR require an extensive system for 

molecule uptake as well as the metabolic capabilities to break down and assimilate the 

nutriments. The efficiency of these mechanisms determines the microbial success in the 

metabolic niche (Freilich et al., 2011a). 

 

Chemotaxis 

The comparative genomic analysis presented here revealed that the three strains have 

the genetic traits involved in chemotaxis towards peptides, amino acids and sugars, and 

aerotaxis (taxis to oxygen), which is a common feature in many bacteria and PGPR (Taylor et 
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al., 1999) (Table 3.3). Interestingly, the multiple-sugar-binding periplasmic receptor ChvE was 

found in BL and BT3. This receptor was characterised in the plant pathogen Agrobacterium 

fabrum, where it is required for induction of the vir genes expression by monosaccharides and 

chemotaxis towards those sugars (Nester, 2015). 

Table 3.3 Genetic traits identified in the three consortium strains in relation to chemotaxis activities. 
The Venn diagram on the right shows the colour legend that indicate the gene membership: Blue 
for BL, Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-
BT7, dark grey for shared by the three strains. Complete list of features can be found in appendix A8 
to A14. 

 BL BT3 BT7 

Chemotaxis 
cheBDV, dppA, yfmL, 
chvE, mcpABC, hemAT, 
cheACRVY, pomA 

chvE, mcpABC, hemAT, 
cheACRVY, pomA 

mcpABC, hemAT, 
cheACRVY, pomA 

 

Exudate uptake 

Traits related to nutrients absorption from the surrounding environment were prevalent 

in the analysis. It is not certain whether these traits are connected with the actual 

rhizodeposition utilisation, however it is relevant to notice that the strains can intake 

molecules that constitute the core of the exudation at the root-interface (Zhang et al., 2014). 

Carbohydrates, amino acids, organic acids and peptides can potentially be taken up by the 

three consortium strains (Table 3.4). 

Some dissimilarity in the specific substrates were identified. Particularly, BL displays 

advanced capabilities of carbohydrate intake, whereas many features are conserved between 

BT3 and BT7 and shared across the consortium. This divergence in the intake pattern, also 

called metabolic partitioning, could suggest the absence of resource competition (at least 

between BL and the two thuringiensis strains) and could represent one of the reasons of the 

coexistence of the three strains (see chapter 3.1). 

Moreover, traits for the intake of fatty acids (in BT3 and BT7) and aromatic compounds 

(in BL and BT7) were only identified in couples in the consortium. Beside being components 

of the exudate, these compounds have a role in inter- and intra-kingdom communication and 

signalling in the rhizosphere (Iannucci et al., 2013; Rajkumari et al., 2018; Venturi and Keel, 

2016). 
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Table 3.4 Genetic traits involved in substances uptake. The Venn diagram on the right shows the 
colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dark 
purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the three 
strains. Complete list of features can be found in appendix A8 to A14. 

Uptake BL BT3 BT7 

Carbohydrates 

araNPQ, bglPY, csbBC, glcP, 
lacF, levDE, malP, manRZ, 
mdxE, mltA, mtlF, msmE, 
sglT, sorC, slrABE, ulaAC, 
xylGHT, yflS, yidK, sacX, lacG, 
rbsABC, treP, ptsG, fruA, 
malGF 

sacX, alsC, glcBU, mglA, 
rbsABC, treP, ptsG, fruA, 
malGF 

lacG, alsC, glcBU, mglA, 
rbsABC, treP, ptsG, fruA, 
malGF 

Amino acids 

cycA, codB, metI, metN2, 
yvbW, secA, secEY, tcyABCP, 
artMQ, artP, arcD, rocCE, 
alsT, ssuB 

metI, metN2, acp, braC, 
fliY, glnHMP, livFH, secA, 
secEY, tcyABCP, rocCE, 
alsT, ssuB 

yvbW, acp, braC, fliY, 
glnHMP, livFH, secA, 
secEY, tcyABCP, rocCE, 
alsT, ssuB 

Organic acids 

dctM, sdcS, dauA, dogT-
dgoD, garP, siaMQ, yveA, 
naiP, mhbT, lutP, genK, cimH, 
actP, fmnP 

dauA, citNS- fecE, dctA-
dcuA, glcA, panF, satP, 
tauB, naiP, lutP, genK, 
cimH, actP, fmnP 

citNS-fecE-yfmC, dctA-
dcuA, glcA, panF, satP, 
tauB, naiP, lutP, genK, 
cimH, actP, fmnP 

Peptides 
dtpT, oppA, oppB-C-D-F, 
appA, dppBCE 

dpdC, dtpD, sapB, oppB-
C-D-F, appA, dppBCE 

dpdC, dtpD, sapB, oppB-
C-D-F, appA, dppBCE 

Aromatic 
compounds 

aroP  aroP 

Fatty acids  atoE atoE 

 

Exudate utilisation 

Metabolic traits conferring the ability to degrade organic and inorganic compounds 

were also observed (Table 3.5). Even though some of these traits are also found in soil 

bacteria, the metabolism of these resources could influence the rhizospheric metabolite 

composition and therefore the associated bacteria community (by creating new products to 

cross-feed other species or by impairing pH) (Dennis et al., 2010; Freilich et al., 2011a). 

 As many rhizospheric bacteria, the consortium strains present genetic features to break 

down aromatic compounds contained in the exudate. Aromatic amines, such as 4-

hydroxyphenylacetate and benzoate can be partially degraded by BL and the couple BT3-BT7 

respectively (Singh et al., 2018). 

Other pathways that have been identified in PGPRs as well as in this analysis are related 

to phenylacetate (found in PGPR Klebsiella pneumoniae AWD5, Rajkumari et al., 2018), 
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limonene, catechol and protocatechuate. These are abundant plant products and can serve as 

growth substrates for soil bacteria (Garcia-Fraile et al., 2015). 

Several genetic traits encoding the degradation of amino acids and nucleotides were 

identified in the three strains, including endo- and exo-proteinases and peptidases (Table 

3.4.1.3). In the environment, it is common for bacteria to initiate catabolism of complex 

molecules prior to internalisation, by releasing extracellular hydrolytic enzymes. The resulting 

monomers and oligomers are taken up inside the cell, where they are further metabolised 

(Beier and Bertilsson, 2013; Lynd et al., 2002). Even though this strategy is commonly adopted, 

it represents a risk for the bacteria that actively produced the lytic enzymes, as the products 

of these reactions are also available for opportunistic bacteria in the surrounding area. For 

this reason, bacteria that invest energy in the production of extracellular lytic enzymes, 

present tightly coupled uptake systems and release bioactive compounds to suppress 

opportunistic bacteria (Jagmann et al., 2010). Therefore, lytic activities can be also considered 

part of the strategies involved in biocontrol (see section 3.5.4). 

Organic acids form a wide fraction of the exudate. Beside recruiting beneficial bacteria, 

they can play crucial roles in the rhizosphere, as they are able to influence pH and nutrients 

acquisition, or act as signalling molecules in biocontrol and other processes (Fomina et al., 

2005; Klessig et al., 2000; X. Liu et al., 2018). The consortium presents genetic features that 

confer the ability to catabolise an extensive range of organic acids. The utilisation of these 

compounds could indicate the involvement of the three strains in the processes above. 

Mono-, oligo- and polysaccharides constitute an abundant fraction of the exudate 

subjected to microbial degradation. The current analysis highlights that BL, BT3 and BT7 

contain the genetic traits to break down a wide range of carbohydrate forms, such as sucrose, 

maltose, isomaltose, pullulan and starch. In addition, BL presents a set of features for the 

catabolism of plant products and components, such as myo-inositol (iol cluster), pullulan 

(bbmA), lichenin (bglS) and levan (sacB and levB). The latter has been proposed to be a 

signalling modulator in B. subtilis species that contain sacB (levansucrase) and levB (levanase) 

CDSs (Daguer et al., 2004). In particular, the product of levan hydrolysis by LevB, levanobiose, 

is not imported into the cell and tends to accumulate extracellularly together with its 

precursor. At the root-bacteria interface the amount of levanobiose/levan might act as 

modulator that, similarly to other carbohydrates, regulates carbon metabolism, growth and 

development in plantsόhΩIŀǊŀ Ŝǘ ŀƭΦΣ нлмоΤ ½ƘŀƴƎ ŀƴŘ IŜΣ нлмрύ. 
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Moreover, BL presents the glucosidase BglH, which confers the capacity to hydrolyse 

and utilise plant products like salicin and arbutin. Whereas, BT3 and BT7 genes that encode 

enzymes for the degradation of quercetin, a flavonoid detected in the root exudate of many 

plant species (Cesco et al., 2010). 

Table 3.5 genetic traits that contribute to the catabolic processes for the assimilation of 
nutriments. The Venn diagram on the right shows the colour legend that indicate the gene 
membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-
BT7, dark orange for BT3-BT7, dark grey for shared by the three strains. Complete list of features 
can be found in appendix A8 to A14. 

Catabolism BL BT3 BT7 

Aromatic 
compounds  

4-hydroxyphenylacetate 
hpcBG xylF xylF 

Benzoate  

Phenylacetate paaF     

Protocatechuate/ 
catechol 

praI,    pcaB,  

clcD, catE catE catE 

Monooxygenases/ 
mhqN, ycnE 

ydhR, mhqP, 
ycnE 

mhqN, 
mhqP, ycnE Nitroreductases 

Regulation mhqR, yfmJ mhqR mhqR 

Steroids 
Cholesterol/ 

fadD3   cyp106A2 
Progesterone 

Amino acids 

Arginine  arcAB   arcAB 

4-aminobutanoate gabD     

L-phenylalanine   
mhpA, hmgA, 
hpd, phhA 

hmgA, hpd, 
phhA 

L-proline rocA fadM, rocA fadM, rocA 

L-hystidine   hutGHIPU hutGHIPU 

L-threonine   tdcB tdcB 

L-tryptophan/ 
kynB kynABU, kynB 

kynABU, 
kynB L-kynurenine 

Glutamine glnQ glnQ glnQ 

-ɹaminobutyric   gabDP gabDP 

Glycine 
gcvPA-gcvPB, 
gcvT 

gcvPA-gcvPB, 
gcvT 

gcvPA-
gcvPB, gcvT 

Taurine   tpa tpa 

Cysteine   decR decR 

Proteins/ 
Peptides 

Proteases 

ctpA, epr, ipi, 
prsW, subC, 
degQRS, espP, 
subS, sspA, wprA, 
vpr, dpp5 

ina, npr, pepD, 
nprAB, vpr, 
dpp5, clpP 

apr, mpr, 
stiP, ina, npr, 
pepD, nprAB, 
vpr, dpp5 

Peptidases 
bpr, dap4, 
dapb3, dacC, isp, 
pcp, pepF1, 

dacC, pepDQS, 
pip, pcp, pepF1, 
dppA, pepA, 
ypwAD, ypdF 

dacC, 
pepDQS, pip, 
pcp, pepF1, 
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dppA, pepA, 
ypwAD, ypdF 

dppA, pepA, 
ypwAD, ypdF 

Nitrogenous 

bases/ 
Nucleotides 

Pyrimidines/Purines 
rutR, rutD, guaD, 
rihC 

rihA, nudG 
rutB, rihB, 
rihC, rihA, 
nudG 

NTP/dNTPs mazG mazG, nudC mazG, nudC 

carbohydrates 

Monosaccharides 
(Galactarate,  
D-glucurate, L-fucose,  
D-allose, Lactose, 
Xylose, L-rhamnose,  
D-ribose, Tagatose,  
D-sorbitol, Maltose) 

garD, gudD, 
ycbC, garK, cdaR, 
rbsD, lacC, treA, 
lacR, gntR, rhaB, 
alsB, srlD 

lacD, garK, cdaR, 
rbsD, lacC, treA, 
lacR, gntR, rhaB, 
alsB, srlD, fucA, 
rbsK, malR, 
mapP 

 hfd, garK, 
cdaR, rbsD, 
lacC, treA, 
fucA, rbsK, 
malR, mapP 

Inositol,  
Myo-inositol,  
Scyllo-inositol 

iolBCDEGIJTUX, 
iolAW 

ygdJ, iolAW iolAW 

Oligo- and p 
Polysaccharides 
(Acarbose, Pullulan, 
Starch, Levan, Maltose, 
Mannitol, Glycogen, 
Lichenin) 

bbmA, bglS, levB, 
licT, malL, manR, 
mdxK, melA, 
mtlDR, sacBC, 
udh, pulA, malL, 
licABC glgP, amy 

eabC, nplT, pulA, 
malL, licABC, 
glgP 

nplT, pulA, 
malL, licABC, 
glgP, amy 

Organic acids 

Glutamic acid gudB gudB gudB 

Valeric acid davT davT davT 

Propanoic acid prpBCD, can prpBCD, can prpBCD, can 

Oxalic acid yvrJ, oxdD oxdC oxdD 

Nicotinic acid ndhF, pncB2, hgd pncB2, hgd 
nicFS, pncB2, 
hgd 

Sialic acid  nagAB nagAB nagAB 

Lactic acid lutABC lutABC lutABC 

Gentisic acid   sdgD   

Tartric acid   ttdA ttdA 

D-threonic acid pdxA     

Pantothenic acid coaX coaX coaX 

Glycolic acid ghrB ghrB glcC, ghrB 

Plant 
products 

Salicin, Arbutin, 
Quercetin 

bglH, bglC qdoI, bglK, bglC qdoI, bglK 
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3.5.2. Plant colonisation 

 

 

Figure 3.10 Consortium genetic features that could be involved in mechanisms of plant colonisation, such as 
biofilm formation and cell-wall degradation.  

 
Once soil bacteria are recruited in the rhizosphere area, in order to stably colonise the 

rhizoplane, they must be able to switch from motile to sessile lifestyle. This transition involves 

the coordinated regulation of flagella, pili, adhesion system, production of exopolysaccharide 

matrix (EPS) and development of communication through quorum sensing (Compant et al., 

2010). All these activities promote the establishment of microbial colonies and biofilms on the 

rhizoplane (Danhorn and Fuqua, 2007; Rudrappa et al., 2008). 

 

Biofilm formation 

The comparative genomic analysis reported the presence of traits responsible for 

biofilm formation and plant cell-wall degradation in the consortium (Table 3.6). The three 

strains exhibit an extensive set of genes encoding flagella system, that can be useful to exert 

chemotaxis, motility across soil particles and within fungal structures (De Weert et al., 2002; 

Kohlmeier et al., 2005). In addition, BT3 is able to produce fimbriae, which are elements 

involved in microbial adhesion to surface (Epler Barbercheck et al., 2018; Larsonneur et al., 

2016). 
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The three consortium strains have genetic traits for the production of the quorum 

sensing molecule autoinducer-2 (AI-2) by the synthase luxS and quench the related signal by 

aiiA. AI-2, a furanosyl borate diester, constitutes a universal signal for cell-cell interspecies 

communication, triggering programmed changes in gene expression and the consequent 

coordination of phenotype and behaviour at microbial population level (Pereira et al., 2013). 

The biological processes subjected to AI-2 influence include biofilm formation, sporulation, 

antibiotics production, competency, motility, cell density, bioluminescence and virulence 

factors (Auger et al., 2006; Duanis-Assaf et al., 2016). The coordination of such activities can 

determine the nature of the interactions among the root-colonising rhizobacteria, the plant 

host and the existing microorganisms in the ecological niche. 

Furthermore, the BT3 and BT7 genomes contain the lsr cluster (luxS regulated) that 

encodes an effective AI-2 import and processing machinery, and regulates the extracellular 

levels of the molecule in proportion to cell density (Taga et al., 2003). Whereas features 

involved in pulcherrimin biosynthesis (encoded by cypX and yvmC) were also identified in BL 

and BT7. Pulcherrimin has been shown to mediate self-restriction of the growth in B. subtilis 

biofilms by chelating Fe3+ from the surrounding environment (Arnaouteli et al., 2019). It has 

been proposed that pulcherrimin-related Fe sequestration by the biofilm confers an 

environmental advantage and limits the proliferation of microbial competitors (Gu et al., 

2020). 

Cell density regulation is a crucial aspect in the dynamics of the rhizosphere for two main 

reasons. Primarily, cell density is often coupled with gene expression in bacterial communities 

and can trigger response only when a critical threshold is reached (Fray, 2002). Secondly, the 

plant immune system is particularly sensitive to bacterial cell density (Sang et al., 2014). 

In order to develop three-dimensional organised structures, a colony produces and 

secretes extracellular polymeric substances, called EPS. The EPS matrix is fundamental to 

provide protection against biotic and abiotic stresses, besides aggregating soils particles and 

gathering moisture and nutriments (Costa et al., 2018; Sandhya and Ali, 2015). In B. subtilis, 

EPS is encoded by 15 genes clustered in the eps operon (Habib et al., 2017). 

The comparative genomic analysis shows that BL presents almost the complete genetic 

set for EPS production, with the exception of epsAB (an essential tyrosine kinase that consists 

of a membrane domain and a kinase component) (Dertli et al., 2016). Even though they are 
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not present in the analysis, their role might be performed by the analogous yveL present in 

the consortium. BL also possesses genetic traits that are responsible for biofilm 

hydrophobicity (yweA and yuaB), complex architecture (yvcA), attachment and adhesin export 

(pgaA and icaB). On the contrary, BT3 and BT7 exhibit minimal features related to the ability 

of forming biofilms. However, they could be involved in biofilm dynamics as the detected 

glycosyltransferases have been described to modulate the matrix components (Ooshima et 

al., 2001; Rainey et al., 2019). 

Table 3.6 Genetic features related to biofilm formation in the consortium strains. The Venn diagram 
on the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow for 
BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for 
shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Biofilm formation BL BT3 BT7 

Motility/Adhesion 
regulation 

cdgJ, csrA, dgcCM, ebpS, 
nagJ, sigD, slrA yvmC, degU, 
swrC, cypX 

degU, swrC swrC, cypX 

Biofilm formation 
epsEFGIKLMNO, icaB, mcbR, 
pgaA, yuaB yweA, yvcA, 
epsDH YveL 

epsDH, icaR, YveL icaR, YveL 

Flagellum 
flgDG, fliDJSTW, ylxH, yvyG, 
motB, flgBCKL, flhABF, 
fliEFGMNP, hag 

flgEF, fliCD, motB, 
flgBCKL, flhABF, 
fliEFGMNP, hag 

pseGI, flgEF, fliCD, 
motB, flgBCKL, flhABF, 
fliEFGMNP, hag 

Fimbriae  fimA  

Quorum sensing 
luxS, 
ytnP, aiiA 
 

lsrABCDFKR, luxQ, 
luxS, 
ytnP, aiiA 
 

lsrABCDFKR, luxQ, luxS, 
ytnP, aiiA 
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Cell-wall degradation 

Some PGPR are able to gain access to the plant tissues and establish intimate symbiosis 

within the plant partner (Afzal et al., 2019; Zinniel et al., 2002). These endophytic bacteria 

require a peculiar set of skills to be able to lyse the plant cell walls (Kandel et al., 2017). The 

protein-based comparison of the consortium has revealed that the three strains can degrade 

cellulose and xylan, which are the main components of plant cell walls and the most abundant 

polysaccharides in the biosphere (Table 3.7). However, BL presents several genes that mediate 

the disruption of primary and secondary plant cell walls, such as hemicellulose elements 

(xylan, xyloglucan and glucomannan), pectin and its constituents L-arabinose, D-galacturonate 

and type I rhamnogalacturonan. This massive set of features suggests that BL might conduct 

an endophytic lifestyle within the host plant. 

Table 3.7 Traits involved in cell-wall degradation. The Venn diagram on the right shows the colour 
legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purple 
for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the three strains. 
Complete list of features can be found in appendix A8 to A14. 

Cell-wall degradation BL BT3 BT7 

Xyloglucan degradation xylP, yicI   

Cellulose - cellobiose 
degradation 

bfce, cah, cbh2, celADS, 
yoaJ, ptcB, eglA 

acetil esterase, 
BWGOE11_21150 bglK, 
ptcB, eglA 

celC307, bglK, 
ptcB, eglA 

Oligo-glucomannan gmuACDEG, gmuB gmuB  

Pectin utilisation 
ganAB, kdgRT, kduDI, 
pehX, pel, pelABC, 
pemA, abf2, arbA, kdgA 

kdgA kdgA 

Type I 
rhamnogalacturonan 

yesORSTUVYZ, ytePRST   

L-arabinose utilisation araABDR   

D-galactose/ 
D-galactonate/ 
D-galacturonate 
utilisation 

dgoAD, exuTR, igoD, 
uxaAB, uxuB, yjmBD 

  

Xylan degradation 
xloA, xylA, xynABC, 
xynD 

axe2, xynD axe2, xynD 

Root wax degradation monoacylglycerol lipase   
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3.5.3. Nutrient acquisition 

 

 

Figure3.11 Genetic features that could be involved in mechanisms of nutrient acquisition in the consortium. The 
participation of the strains in the nitrogen, phosphorous, sulphur and iron cycles  are debated in this section. 

 
Nutrient acquisition is usually addressed in literature as part of biofertilization 

processes. Many rhizobacteria participate with their own metabolism to the bioavailability of 

soil nutrients that are not directly utilisable by plants. Plants benefit from the enhanced 

fraction of nourishment and this results in plant fitness improvement (Garcia and Kao-Kniffin, 

2018; Rawat et al., 2018). The comparative genomic analysis revealed various mechanisms 

that could lead to the enhancement of nutrient accessibility and acquisition in plants, as well 

as a clear participation of the consortium in the ecology of N, P, Fe and S cycling. 

 

Nitrogen (N) 

Various genetic features involved in N transformation were detected in the three 

genomes (Table 3.8). In particular, the three genomes exhibit genes related to N assimilation 

(nas genes) and denitrification (narGHXT). Genes encoding ammonium (nrgA-nrgB ammonium 

transport system, Detsch and Stülke, 2003) and nitrite (nitrite channel encoded by nirC, Lü et 

al., 2012) transport through the membrane were identified in the three strains. 

Previous study on the consortium reported that the three strains were able to fix 

atmospheric nitrogen in vitro (Hashmi, 2019); however, the genomic analysis of the strains did 

not identify nifH, encoding the dinitrogenase reductase, nor other nif genes essential to 
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nitrogen fixation (nifHDKENB). It is possible that the strains are able to fix nitrogen without 

the canonical nif operon, as some diazotrophic microbes possess alternative operon to fulfil 

this metabolic process (Higdon et al., 2020). Alternative nif genes could be mined from the 

genomes by HMM search (Eddy, 1998). 

The genomic analysis confirmed the presence of genes responsible for deamination 

processes in the consortium strains, with few substrate differences. Amino acid deamination 

in soil bacteria can occur inside (after import) or outside the cell via enzymatic processes that 

result in the liberation of ammonium. This compound can be uptaken by bacteria and plants 

(Geisseler et al., 2010; Moe, 2013a).  

Genetic traits that encode for arginine deamination (ArcAB), for instance, were 

identified in BL and BT7 genomes. The pathway was found to be responsible of the 

mineralisation of N compound in soil, leading to the release of ammonium and nitrate (Menon 

et al., 2004). Once again, the consortium strains show a certain substrate partitioning that can 

elicit the coexistence of the strains in the same metabolic niche. 

Table 3.8 Genetic elements involved in nitrogen transformation. The Venn diagram on the right 
shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for 
BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the 
three strains. Complete list of features can be found in appendix A8 to A14. 

Nitrogen BL BT3 BT7 

Nitrogen fixation draG, nifA  nrpR 

Nitrate/nitrite 
denitrification and 
assimilation 

tnrA, narW, nasABC, 
nreB, norB, nreC, nasD, 
narGHTX, nasE, nirQ 

nasD, narGHXT, nasE, 
nirQ 

nasD, narGHXT, nasE, nirQ 

Transporters nrgA, nrgB, nirC nrgA, nirC nrgA, nirC 

Hydroxylamine 
reduction 

 hcp hcp 

Deamination 
arcAB, gdhA, glsA, yafV, 
ilvA, yabJ 

mtaD, lysP, ansA, 
aspA, agaS, yafV, ilvA, 
yabJ, glsA 

mtaD, lysP, ansA, aspA, 
arcAB, yafV, ilvA, yabJ, 
glsA 

Allantoin degradation allBCDE, pucG, ybbW  
  

Hypoxanthine/ 
xanthine/ 
uric acid 

pucK, pbuOG, ybbY pucK, pbuOG pucK, pbuOG 

Urea ammonification ureABCDEFG   

Cyanate 
decomposition 

  cynS 
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Interestingly, BL has the genes that encode allantoin degradation. Many bacteria 

associated with plants can produce and degrade N ureides, such as allantoin and allantoate. 

These purine intermediates are an advantageous N and C source and represent prime 

elements in drought and salinity stress signalling at the root surface interface (Baral and 

Izaguirre-Mayoral, 2017; Izaguirre-Mayoral et al., 2018). The genetic cluster for urea 

ammonification was also identified in BL. This pathway releases free ammonium from urea 

hydrolysis, affecting greatly the N turnover in soil and its consequent fertilisation (Xu et al., 

1993). BT7 genome contains the cynS gene encoding cyanase. This enzyme catalyses the 

cyanate utilisation as N source in a reaction with bicarbonate to produce ammonia and carbon 

dioxide (Palatinszky et al., 2015). 

 
Sulphur (S) 

In all the three genomes there are genes encoding proteins that function to assimilate 

and process S forms (Table 3.9). Two different types of sulphate permease were identified 

(cysP and cysA), suggesting that sulphate can be uptaken by the consortium. The results show 

that sulphate can be assimilated by the reduction to sulphite (cathalysed by CysD and CysH in 

the three strains) and hydrogen sulphide (catalysed by CysI-CysJ in BL and Sir in BT3 and BT7). 

Table 3.9 Sulphur transformation and assimilation in the consortium. The Venn diagram on the right 
shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for 
BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the 
three strains. Complete list of features can be found in appendix A8 to A14. 

Sulphur BL BT3 BT7 

Inorganic sulfate-hydrogen sulfate 
biosynthesis 

cysIJ, cysDH cysDH, sir cysDH, sir 

Sulfate permeases cysP cysA, cysA, 

Organic-sulfur AA 
catabolism/transport 
(Methionine, Cysteine, 
Homocysteine, and Taurine) 

nifS, sufS, iscS, 
mccB, patB, metC, 
msrC 

gnl, cuyA, tpa, nifS, 
sufS, iscS, mccB, 
patB, metC, msrC 

gnl, cuyA, tpa, nifS, 
sufS, iscS, mccB, 
patB, metC, msrC 

Aliphatic sulfonates import ssuABCD ssuABCD ssuABCD 
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Desulfurization of organo-S forms was also identified as a potential capability shared by 

all of the consortium organisms. The three strains possess genes for the catabolism of aliphatic 

sulfonates and organic-S AAs, such as L-cysteine, L-homocysteine and L-methionine. In BT3 

and BT7 genomes, the gene encoding the enzyme L-cysteate sulfo-lyase (CuyA) was detected. 

CuyA catalyses the desulfonation and deamination of L-cysteate, yielding pyruvate, sulphite 

and ammonium. 

Two genes encoding enzymes from taurine and sulfoquinovose degradation pathways 

were found (ssuD in the three strains and tpa in BT3 and BT7). Even though these pathways 

do not appear to be complete (probably due to limits of the annotation methods), the two 

substrates represent S sources that can play an important role in the rhizosphere niche. In 

particular, taurine is a component of plant exudate. The presence of the genes encoding the 

ABC transporter complex SsuABC, involved in the import of aliphatic sulfonates such as 

taurine, allows us to speculate that this molecule is uptaken in order to assimilate its S 

component (Kondo et al., 1971; van der Ploeg et al., 1998). The three strains encoded genes 

for the monooxygenase SsuD that has been shown to cleave sulfonates to their corresponding 

aldehydes in Pseudomonas putida S-313. (Gahan and Schmalenberger, 2014; Kahnert et al., 

2000). However, ssuF with unknown function but essential for sulfonate desulfurisation was 

not detected in the analysis. 

The plant phospholipid sulfoquinovose serves as a polar component in chloroplast 

membranes (Harwood and Nicholls, 1979). It is therefore possible that the sulfoquinovose 

degradation pathway in bacteria takes part to the degradation of plant debris in soil organic 

matter. 

 
Phosphorous (P) 

In previously reported in vitro tests (Hashmi, 2019), the three strains were not able to 

solubilise P from calcium phosphate Ca3(PO4)2 when growing on National Botanical Research 

Institute's Phosphate growth medium (NBRIP) plates (Nautiyal, 1999). Nevertheless, the 

genomic analysis revealed that the three consortium strains have genetic features that could 

be involved in activities of organic P solubilisation and inorganic P mineralisation. It is possible 

that pH conditions were not favourable for the enzymatic reaction to occur in vitro or that 

different genes are required for P solubilisation from Ca3(PO4)2. 
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The genomic analysis showed that the majority of the phosphatases shared among the 

consortium were neutral or alkaline, whereas BL is the only strain in the consortium to have a 

pythase (phyC) (Table 3.10). 

Organic acids, such as gluconic, oxalic, citric and lactic acids have also been reported to 

be secreted in P depleted soils with the purpose of solubilizing P complexes. Gdh encoding for 

the enzyme glucose dehydrogenase was a shared feature in the consortium, but only BT3 and 

BT7 presented the key enzyme for the cofactor synthesis PqqE, suggesting that BT3 and BT7 

can facilitate P solubilisation processes by the oxidation of glucose in gluconic acid (Rodriguez 

et al., 2001; RodrƤȳguez and Fraga, 1999). 

Genetic traits involved in citrate synthesis and transport featured in all of the three 

strains. A study has demonstrated that bacterial citrate synthase expressed in transgenic 

tobacco roots lead to increased exudation of organic acids and P availability to the plant. 

Citrate overproducing plants yielded more leaf and fruit biomass when grown under P-limiting 

conditions, and required less P-fertilizer to achieve optimal growth (López-Bucio et al., 2000). 

Table 3.10 Genetic features related to phosphorous solubilisation and mineralisation. The Venn 
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow 
for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey 
for shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Phosphorous BL BT3 BT7 

Phosphatases 
nudJ, acyP, phoD, rsbU, 
rsbX, ppaX, yjbK, ywpJ, 
ppaC, yfkJ, suhB 

ywqE, ynbD, ppaX, yjbK, 
ywpJ, ppaC, yfkJ, suhB 

ywqE, ynbD, ppaX, yjbK, 
ywpJ, ppaC, yfkJ, suhB 

Phytases phyC   

Phosphoesterase 
cpdA, cpdP, pgpH, gldP, 
yfkN 

cpdA, cpdP, pgpH, gldP, 
yfkN 

cpdA, cpdP, pgpH, gldP, 
yfkN 

Phosphorous 
regulation 

rapG, rapJ, ykoL, yvgO csbD, phoU, sphR csbD, phoU, sphR 

Pyrroloquinoline 
quinone synthase 

 pqqE pqqE 

Glucose 
dehydrogenase 

gdh gdh gdh 

Citrate transporter cimH citN, fecE, cimH citN, fecE, cimH 

Citrate synthase citZ citZ citZ 
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Iron (Fe) 

Iron is an essential element for bacteria survival. An effective Fe acquisition system 

makes the microorganisms considerably more competitive in environmental conditions. 

Chelation of Fe ions using high affinity siderophores is the preferred strategy to assimilate the 

element in rhizobacteria (Ferreira et al., 2019; Kramer et al., 2020). 

Previous in vitro experiments demonstrated that the three strains are able to produce 

siderophores (Hashmi, 2019). These results were corroborated by the comparative analysis 

that highlighted genetic traits encoding Fe acquisition features (Table 3.11), including 

bacillibactin production (dhbABCEF) and internalisation (by the ABC transporter complex 

FeuABC/YusV). Bacillibactin is a catecholate siderophore encoded by the dhb operon, 

synthetised under iron-deficiency by many Bacilli (May et al., 2001; Ollinger et al., 2006).  

Aerobactin, on the other hand, was firstly found in the Escherichia coli plasmid colV-K30 

(Carbonetti and Williams, 1984) and can be synthetised by BL and BT7 through a pathway 

encoded by the operon iucABC. The three genomes contain traits related to the assembly of 

the siderophore mycobactin, such as mbtI encoding the salicylate synthase and mbtG 

encoding the monooxigenase (only present in BL), the biosynthesis of enterobactin (entB) and 

its internalisation (entS and fepC in BT3 and BT7) and rhbB encoding the decarboxylase 

involved in rhizobactin synthesis (in BL and BT7). 

In BT3 and BT7, several other features that engage in Fe sequestration reveal exogenous 

origins, such as the receptor encoded by isdACEFG and the heme intracellular regulatory 

system hssR-hssS deriving from the human pathogen Streptococcus pneumonia. These two 

sets of CDSs are required for heme acquisition from the serum host, together with hbpA, 

hemH, hmoAB, hrtA (Nobles and Maresso, 2011). Genetic traits of Fe intake and assimilation 

are often regarded as virulence factors. They play a clear role in pathogenic activities and are 

frequently propagated among prokaryotes as components of pathogenicity islands (PAI) 

together with antibiotic resistance cassettes and other genetic traits encoding ecological 

advantageous functions (Carniel, 2001). PAIs will be discussed later on in this chapter. 

Furthermore, it is interesting to observe that even though the consortium strains are 

capable of generating only bacillibactin, aerobactin and enterobactin, the intake of five 

different siderophores can be achieved. This observation enables to hypothesise that the 

strains behave like cheaters in the rhizosphere since they present genetic traits responsible 
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only for the internalisation of siderophores produced by other members of the niche (Behnsen 

ŀƴŘ wŀŦŦŀǘŜƭƭǳΣ нлмсΤ .ǳǘŀƛǘŤ Ŝǘ ŀƭΦΣ нлмтύ. 

 

Table 3.11 genetic features that could be involved in iron sequestration by the consortium strains. The 
Venn diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, 
Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark 
grey for shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Iron BL BT3 BT7 

Availability/ 
Homeostasis 
Storage 

hmuV, iscU, fra, hmuU, 
dps1, feoB, nfuA, fur, 
hmoB, hemH 

fetB, feoA, fieF, ftnA, 
hbpA, hmoA, hrtA, hssRS, 
isdACEFG, hmuU, dps1, 
feoB, nfuA, fur, hmoB, 
hemH, 

fhuB, fetB, feoA, fieF, 
fntA, hbpA, hmoA, hrtA, 
hssRS, isdACEFG, hmuU, 
dps1, feoB, nfuA, fur, 
hmoB, hemH, 

Areobactin iucB, mbtG, iucAC  iucAC 

Mycobactin mbtI mbtI mbtI 

Enterobactin entB fes, entS, fepC, entB entS, fepC, entB 

Rhizobactin rhbB  rhbB 

Bacillibactin 
dhbABCEF, besA, ymfD, 
feuABC, yusV 

dhbABCEF, besA, ymfD, 
feuABC, yusV 

dhbABCEF, besA, ymfD, 
feuABC, yusV 

Transport of iron-
hydroxamate 
siderophores 
Schizokinen, 
Arthrobactin and 
Corprogen, Aguibactin  

yfiYZ, yfhA, yfiY, fhuD, 
fatCD 

yfiYZ, yfhA, yfiY, fhuD, 
fatCD 

yfiYZ, yfhA, yfiY, fhuD, 
fatCD 
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3.5.4. Biocontrol 

 

 

Figure 3.12 Genetic features that could be involved in mechanisms of biocontrol in the consortium. Particularly, 
antibiotic production and resistance, antimicrobial peptide biosynthesis, antifungal activities, hydrolytic enzyme 
production, plant defense induction and other strategies are considered in this section. 

 
The rhizosphere is an advantageous environment for many microorganisms beside 

bacteria. In fact, rhizodeposits recruit fungi, protists, protozoa and archaea (Bais et al., 2006b; 

Roworth, 2017). The relationships among these organisms and the plant are shaped by an 

intense net of signalling and interactions, which determine the abundance of the species and 

their contribution in the rhizosphere community (Anand, 2017; Bakker et al., 2014; Jacoby and 

Kopriva, 2019). The outcome of these interactions will lead to relationships of beneficial, 

neutral or detrimental nature among the participants. Many features related to biocontrol 

activities were identified in the genomes of the consortium strains (from table 3.12 to table 

3.18). 

 

Antibiotic production 

The synthesis of antibiotics often requires extensive metabolic pathways. Although 

some of the biosynthetic pathways are not complete, key enzymes for the production of 

antibiotic compounds were identified in the consortium (Table 3.12). 
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The three genomes include the CDSs required for the four steps pathway of the 

Bacilysocin biosynthesis: phospholipase YtpA, phosphatidylglycerol-phosphate synthase 

(bgsA), phosphatidylglycerophosphatase B (pgpB) and phosphatidate cytidylyltransferase 

(cdsA). This phospholipid antibiotic shows antimicrobial activity against some Staphylococcus 

aureus strains and some non-filamentous fungi like Candida pseudotropicalis and 

Cryptococcus neoformans (Tamehiro et al., 2002). 

Genetic traits for Surfactin production were found in BL. Surfactin is a cyclic lipopeptide 

biosurfactant encoded in Bacilli by three surfactin synthetase subunits (SrfAA, SrfAB and 

SrfAC) and the activator Sfp όbŀƪŀƴƻ Ŝǘ ŀƭΦΣ мффнΣ мфууΤ tƱŀȊŀ Ŝǘ ŀƭΦΣ нлмрύ. Surfactin activity 

exhibits severe cell membrane disruption in Staphylococcus aureus, with loss of genetic 

material and eventually cell death.  

Bacilysin is a non-ribosomally synthetised antibiotic encoded by the bacABCDEF operon 

in Bacillus subtilis. A portion of this operon (bacCDEF) was detected in the consortium. The 

missing CDs encoding prephenate decarboxylase (bacA) and H2HPP isomerase (bacB) will be 

mined from the genomes in future work to ensure the entirety of the pathway. This antibiotic 

peptide has strong activity against a wide range of bacteria and some fungi like Candida 

albicans όYŜƴƛƎ ŀƴŘ !ōǊŀƘŀƳΣ мфтсΤ mȊŎŜƴƎƛȊ ŀƴŘ mƐǸƭǸǊΣ нлмрύ. Bacilysin mode of action 

relies on the internalisation into host cells where, after hydrolysis by intracellular peptidases, 

it releases the anticapsin motif. The latter inhibits glucosamine 6-phosphatase synthase and 

consequently stops cell wall synthesis (Kenig et al., 1976).  

BL presents genetic traits that encode the activation of the antibiotic ethionamide and 

the biosynthesis of lichenicidin. Ethionamide strongly inhibits cell walls and mycolic acid 

synthesis in Mycobacterium tuberculosis. EthA and EthR play crucial roles in the activity of this 

compound. The monooxigenase EthA activates the pro-drug into the cytotoxic form, whereas 

EthR represses EthA and the ability of forming active Ethionamide (Baulard et al., 2000). 

Lichenicidin is a two-peptide lantibiotic (lanthionine-containing peptide antibiotic) that 

displays activity towards a broad spectrum of Gram-positive bacteria. The bactericidal activity 

consists in the generation of aqueous transmembrane pores that depolarise the cytoplasmic 

membrane (Begley et al., 2009; Dischinger et al., 2009). 
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Antimicrobial proteins and peptides 

Bacteriocins are a diverse group of toxins that targets bacteria closely related to the 

producing strain. Bacteriocins are often encoded together with a gene conferring the related 

immunity. The comparative analysis identified some bacteriocins in the consortium genomes 

(Table 3.12).  

The three consortium genomes encode features for the synthesis of subtilosin, a 

bacteriocin with activities against Listeria monocytogenes and some Bacillus species 

(Shelburne et al., 2007; Zheng et al., 1999). BT3 contains the CDS that encodes colicin, a 

bacteriocin found in an E. coli plasmid with activity against E. coli and closely related bacteria. 

Whereas, BT7 presents an export system for lactococcin A and G, two bacteriocins from 

Lactococcus subsp. cremonis that show activities selectively against lactococci species (Holo 

et al., 1991). The presence of exclusively export features suggests a potential detoxification 

system against the toxin. 

Table 3.12 Genes involved in antibiotics and antimicrobial peptides biosynthesis in the consortium 
strains. The Venn diagram on the right shows the colour legend that indicate the gene membership: 
Blue for BL, Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for 
BT3-BT7, dark grey for shared by the three strains. Complete list of features can be found in appendix 
A8 to A14. 

Biocontrol BL BT3 BT7 

Antibiotics 
production 

Bacilysocin 
ytpA, bgsA, pgpB, 
cdsA 

ytpA, bgsA, pgpB, 
cdsA 

ytpA, bgsA, pgpB, cdsA 

Ethionamide ethA, ethR   

Lantibiotic 
Lichenicidin 

lchA1, lchA2   

Surfactin 
srfAA, srfAB, 
srfAC, srfAD, 
swrC, sfp 

swrC, sfp swrC, sfp 

Bacilysin bacD, bacC, bacF bacE, bacF bacC, bacE, bacF 

Antimicrobial 
proteins and 
peptides 

Bacteriocin skfE, albE, albF albE, albF, col 
lcnD, lagD, uviB, albE, 
albF 
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Antifungal activities 

In the rhizosphere, bacterial response to pathogenic fungal invasion is incredibly 

complex and not well understood yet (Baffoni et al., 2015; Chapelle et al., 2016; Ordentlich et 

al., 1988). Based on metagenomic and metatranscriptomic data from sugar beet rhizosphere 

infected by Rhizoctonia solani, a recent study suggests a model in which the fungus produces 

oxalic acid during its growth toward the root system. Oxalate, one of the most abundant fungal 

products, has the potential to nourish and activate specific rhizobacteria, as well as exerting 

oxidative stress in rhizobacteria and plants. In bacteria, this type of stress triggers (p)ppGpp 

signalling pathway that leads to the activation of various survival strategies, including motility, 

biofilm formation and secondary metabolites production. All these changes suppress fungal 

growth, induce ISR (induced systemic resistance) in plants and co-activate other 

microorganisms to suppress the fungal invader (Chapelle et al., 2016). 

Tests in vitro from previous work documented the consortium ability to antagonise the  

growth of the pathogenic fungus R. solani and exploit its mycelium to propagate in the 

environment (Hashmi, 2019). The comparative genomic analysis corroborated those results 

showing that the three strains have genetic traits required for the suppression of pathogenic 

fungi (Table 3.13). 

The three strains present the genetic features to hydrolyse oxalate and produce the 

bacterial alarmone (p)ppGpp (nucleotides guanosine 3'-diphosphate 5'-diphosphate and 

guanosine 3'-diphosphate 5'-triphosphate), which is responsible for the regulation of stringent 

response under environmental stress conditions (Durfee et al., 2008). Furthermore, the three 

bacteria possess a set of genes encoding chitinolytic enzymes involved in the degradation of 

chitin, a widespread polymer that constitutes a structural element of arthropods exoskeleton 

and fungal cell walls (Beier and Bertilsson, 2013; Ordentlich et al., 1988; Singh et al., 1999). It 

is therefore possible that the strains employ the chitinolytic enzymes to gain access into the 

fungal highway constituted by the mycelium. 

Additionally, the comparative genomic analysis showed that BL has genes encoding 

compounds with antifungal action, such as kanosamine (ntdABC) and plipastatin (pssABCDE). 

Kanosamide, characterised in Bacillus cereus, has inhibitory effects in plant-pathogenic 

oomycetes and fungi (Milner et al., 1996). Whereas, plipastatin acts on Fusarium oxysporum 

f. sp. Cucumerinum hyphae, disrupting cell walls and membranes (Gao et al., 2017). 
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Table 3.13 Genetic traits related to antifungal activities in the consortium. The Venn diagram on 
the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, 
Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for 
shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Antifungal activities BL BT3 BT7 

Chitin degradation 
chbC, endoI, chbG, 
chiA1 

chiD, chbG, chiA1 chiD, chbG, chiA1 

Kanosamine ntdABC   

Plipastatin biosynthesis pssABCDE   

(p)ppGpp signalling 
pathway 

ywaC, relA, yjbM ywaC, relA, yjbM ywaC, relA, yjbM 

Oxalate utilisation yvrJ, oxdD oxdC oxdD 

 

Hydrolytic enzymes 

The genes encoding lytic enzymes were identified in the three genomes (Table 3.14). 

Proteases, peptidases and lipases working in concert with chitinases and collagenases are 

effectively involved in the assimilation of exogenous material and biocontrol activities. These 

enzymes mediate the competition for nutriments and more directly the degradation of 

ŎƻƳǇŜǘƛǘƻǊǎΩ ŎŜƭƭ ǿŀƭƭǎ (Hibbing et al., 2010; Schulze Hüynck et al., 2019; Singh et al., 1999). 

Table 3.14 Genetic elements encoding hydrolytic enzymes in the Bacillus community. The Venn 
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, 
Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, 
dark grey for shared by the three strains. Complete list of features can be found in appendix A8 to 
A14. 

Hydrolytic enzymes BL BT3 BT7 

Proteases, Peptidases 
epr, espP, subS, sspA, 
wprA, vpr, dpp5 

ina, npr, nprAB, vpr, 
dpp5 

ina, npr, nprAB, apr, 
mpr, vpr, dpp5 

Lipases estA lipase lipase 
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Plant defence induction 

A remarkable PGPR indirect mechanism that translates in biocontrol is the induction of 

defence in the plant partner. Rhizospheric Bacilli are capable of secreting molecules that 

trigger plant health and protection (Chowdhury et al., 2015; De Vleesschauwer and Höfte, 

2009; Peng et al., 2019). In the consortium, the genetic traits for three main mechanisms were 

distinguished (Table 3.15): Induced Systemic Resistance (ISR) by 2,3-butanediol, 

Hypersensitivity (HS) by nitric oxide and Induced Systemic Susceptibility (ISS) by spermidine. 

Table 3.15 Genetic traits responsible for the induction of plant defence in the consortium. The Venn 
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, 
Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, 
dark grey for shared by the three strains. Complete list of features can be found in appendix A8 to 
A14. 

Plant defence induction BL BT3 BT7 

2,3-butanediol synthesis alsDS alsDS alsDS 

Acetoin degradation 
acoAB, acoR, acuAC, 
budC, ytrE, ytrF 

acoAB, acoR, 
acuAC, ytrE 

acoAB, acoR, acuAC, 
ytrF 

Nitric oxide nos, srrA, hmp, srrB 
nos, srrA, hmp, 
srrB, nosL 

nos, srrA, hmp, nosL 

Spermidine 
bltD, speE, puuB, speG, 
paiA 

bltD, speE, puuB, 
speG, paiA 

bltD, speE, puuB, speG, 
paiA 

 

2,3-butanediol and its precursor acetoin are volatiles that intercede in ISR. They have 

been shown to induce the gene expression of ethylene and salicylic acid pathways in pepper 

plants, leading to increased level of plant defence against pathogens (Yi et al., 2016). The 

genomes of the three consortium strains contain genes related to the 2,3-butanediol synthesis 

(alsD and alsS) and degradation (acoAB, acoR, acuAC), suggesting a potential role in the 

regulation of ISR in plants. 

Genes encoding traits that can be involved in the HS by nitric oxide (NO) management 

in the roots surrounding area were identified in the consortium. NO is a signalling molecule 

implicated in many plant processes, with a role in the activation of plant defence after 

pathogenic attack (Stöhr and Stremlau, 2006a). Synergistically with salicylic acid, NO can 

initialise hypersensitive responses in plants and cause necrosis at the pathogen entry site 
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(Klessig et al., 2000). NO production rates depend on the environmental conditions, mainly 

the availability of nitrate and oxygen. It is proposed that NO regulates symbiotic interactions 

at the root surface and plays a central role during anoxia as an indicator of the external nitrate 

availability (Stöhr and Stremlau, 2006a). 

The three consortium strains present the genes encoding the ability to produce NO (NO 

synthases Nos and NosL) and the two-components regulatory system SrrA/SrrB. The latter, 

found in Staphylococcus aureus, is crucial in host-derived NO resistance where it regulates the 

flavohemoprotein Hmp, an enzyme that detoxifies NO by convertion into nitrate (Kinkel et al., 

2013). These activities, translated to the rhizosphere context, could be indicating the potential 

role of the consortium in NO balance and indirectly regulation plant defence levels. 

Genetic traits encoding spermidine synthesis and degradation were identified in the 

consortium, suggesting a potential role in the regulation of ISS in plants. It has been reported 

that the spermidine synthesis in Pseudomonas syringae triggers ISS in Arabidopsis roots, with 

a crucial role of the enzyme spermidine synthase (speE) (Beskrovnaya et al., 2019). 

 

Other competition strategies 

Diverse modes of action are implicated in rhizosphere biocontrol that do not necessarily 

involve antimicrobial production or induced plant defence. The comparative coding sequence 

analysis shows that the consortium is likely to be able to actively compete with pathogens and 

limit their proliferation using different techniques (Table 3.16). 

Table 3.16 Genetic features related to competition strategies in the Bacillus community. The Venn 
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow 
for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey 
for shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Other competition strategies BL BT3 BT7 

Putrescine uptake/synthase puuP, potABD, speB puuR, potABD, speB puuR, aguA, potABD, speB 

Hydrogen cyanide synthesis  hcnABC hcnABC 

 

Hydrogen cyanide production is a biocontrol agent that has been shown to efficiently 

chelate and sequester phosphorous, exert nutrient limitation in pathogens and subsequent 
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reduction of the plant infection (Rijavec and Lapanje, 2016). BT3 and BT7 contain the hcnABC 

structural genes encoding a three-subunits flavoenzyme that catalyses the formation of 

hydrogen cyanide. HcnABC expression was reported in the PGPR Pseudomonas fluorescens 

strain CHA0 under oxygen limitation conditions and linked with a role in fungal suppression in 

plant roots (Blumer and Haas, 2000). Furthermore, hydrogen cyanide was reported to play a 

role in allelopathy mechanisms by exerting phytotoxic activity through the inhibition of 

photosynthesis ad other metabolic processes in plants (Kremer and Souissi, 2001). 

In the three consortiums strains, traits for putrescine intake (puuP and potABC) were 

distinguished. Putrescine is responsible for many activities that boost bacterial fitness. It has 

been shown that the intake and the regulation its intracellular concentration is crucial during 

competitive colonization of plant roots (Kuiper et al., 2001). 

 

Antibiotic resistance 

Antibiotic resistance is an advantageous trait that results from the adaptation to 

challenging environmental conditions, in which there is a balance between highly selective 

competition for niche (Hibbing et al., 2010) and cooperation, that can strengthen bacterial 

interactions and maintain the population in the niche (Wintermute and Silver, 2010). Studies 

on biofilms and other forms of bacterial aggregation explain that if the mechanism of 

resistance benefits only one type of cell, intense competition will result in strong selection for 

resistance. Contrarily, if the resistant cell protects the susceptible neighbours, the antibiotic 

resistance becomes a cooperative trait, reducing the overall antibiotic selective pressure 

(Frost et al., 2018; Sorg et al., 2016; Stewart and William Costerton, 2001). 

Among the many resistance mechanisms, multidrug resistance (MDR) efflux pumps are 

the most studied (Feng et al., 2018; Nishino and Yamaguchi, 2001; Sánchez Díaz, 2003; 

Schindler and Kaatz, 2016). MDR efflux pumps belong to a membrane-anchored protein family 

that regulates homeostasis of compounds by their selective diffusion into or out of the cell. 

Some pumps exhibit high affinity for specific antibiotics, whereas some are low-specificity 

pumps that serve to detoxify the cells from a range of compounds. 

According to the genomic analysis (Table 3.17), BT7 and BT3 are potentially able to 

detoxify from fosfmidomycin, fosfomycin, spectinomycin and tetracycline by pumping them 

out of the cell using their specific efflux pumps. Whereas, the consortium shares the genetic 
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features encoding bacitracin, bicyclomycin, daunorubicin and doxorubicin efflux pumps, 

which are responsible for the compound translocation across the membrane and therefore 

the corresponding resistance. 

Genetic traits related to tetracycline (tc) resistance were found (tetO and tetR in BT3 

and BT7, tetA in the three strains). Tc diffuses into cells and prevents peptide elongation by 

binding and inhibiting the 30S ribosomal subunit. The mechanism consists of three main 

elements, tc repressor protein TetR, the operator TetO and the antiporter membrane protein 

TetA.  

In absence of tc, TetR binds the operator blocking TetR and TetA promoters. Whereas, 

when tc binds TetR, the repressor is release due to a conformational change and tetR and tetA 

are transcribed. TetA antiporter membrane protein couples the export of [MgTc]+ from the 

cell with the import of H+. Increased levels of TetA and TetR efficiently diminish tc in the cell 

and restore the repression of the tetA and tetR (Berens and Hillen, 2003; Speer et al., 1992). 

Table 3.17 Genesresponsible for antibiotics resistance via molecule extrusion in the consortium 
strains. The Venn diagram on the right shows the colour legend that indicate the gene membership: 
Blue for BL, Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for 
BT3-BT7, dark grey for shared by the three strains. Complete list of features can be found in appendix 
A8 to A14. 

Antibiotic resistance via efflux BL BT3 BT7 

Drug efflux/ Multidrug pumps emrY, mdtN, yheHI emrK, yheHI emrK, yheHI 

Fosfomycin and Deoxycholate  mdtG mdtG 

Daunorubicin and Fosmidomycin  fsr fsr 

Doxorubicin drrA drrB, drrA drrB, drrA 

Fluoroquinolones rv2688c, mdtH, ybhS 
rv2688c, mdtH, 
ybhFR 

rv2688c, mdtH, 
ybhFR 

Streptomycin  stp stp 

Tetracycline tetA tetA, tetOR tetA, tetOR 

Bacitracin bceAB bceAB bceAB 

Bicyclomycin bcr bcr bcr 

 



 117 

Another common strategy to achieve antibiotic protection is constituted by the 

deactivation of the antibiotic molecules, by enzymatic transformation of active compounds in 

inactive forms (Chen et al., 2019; Sandanayaka and Prashad, 2002; Smith and Baker, 2002). 

The consortium encodes several traits that inactivate antibiotics or contribute to this process 

(Table 3.18). Among the shared features, acetyltransferase cat86 (effector of chloramphenicol 

resistance), oleandomycin glycosyl-transferase oleD (inactivates oleandomycin via 2'-O-

glycosylation) and fosfomycin inactivation (by methallothiol transferase in BL, BT3 and BT7, 

and methalloglutathione transferase in BL) can be counted. 

Table 3.18 Genetic features involved in antibiotics resistance via molecule alteration and 
inactivation. The Venn diagram on the right shows the colour legend that indicate the gene 
membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark 
orange for BT3-BT7, dark grey for shared by the three strains. Complete list of features can be found 
in appendix A8 to A14. 

Antibiotic resistance via inactivation  BL BT3 BT7 

Chloramphenicol cat86 cat86 cat86 

Macrolide-lincosamide- 
Streptogramin B 

ermD, vgb   

Fosfomycin fosA, fosB fosB2, fosB fosB2, fosB 

ß-lactams blaI, blaR1, pnbA 
blaI, blaR1, 
blm, pac 

blm, pac 

Oleandomycin oleD oleD oleD 

Aminoglycosides  aacA-aphD aacA-aphD 

Streptothricin  sttH, sttH 

Virginiamycin-like antibiotics  vat vat 

Vancomycin B vanW vanW vanW 

Bacimethrin, CF3-HMP  cof cof 

 

Genetic features involved in the protection against ß-lactams are also a shared in the 

consortium, even though the process occurs through a heterogeneous group of penicillin-

binding protein (PBP) and ß-lactamases. The latter hydrolyse ß-lactam ring of penicillin and its 

derivatives. ß-lactams inhibit bacterial growth by sequestrating PBPs, which are responsible 

for amino acid cross-linking of peptide glycan layers and cell-wall formation. The result of the 
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PBP inhibition by ß-lactams antibiotics is the improper cell division (Bush and Bradford, 2016; 

Sandanayaka and Prashad, 2002; Williams, 1999). 

Since the ß-lactamases are secreted and act in the periplasm and extracellularly, this 

type of resistance has been described to cross-protect susceptible cells in the surroundings 

(Frost et al., 2018). It can be therefore considered a cooperation mechanism within the 

consortium strains (and more in general in mixed bacterial communities). 

BL encodes the genetic traits to minimise the damaging effects of macrolide, 

lincosamide, and streptogramin B by reducing the affinity between ribosomes and these active 

compounds via dimethylation of the adenine residue at position 2085 in 23S rRNA (Pernodet 

et al., 1996). Another BL feature involved in streptogramin B inactivation consists in linearising 

the lactone ring at the ester linkage by vgb (Mukhtar et al., 2001). 

Common features between BT3 and BT7 are the inactivation of virginiamycin-like 

antibiotics by the acetyltransferase vat, the hydrolysis of streptothricin and bacimethrin by 

the hydrolase sttH and the phosphatase cof, respectively (Allignet et al., 1993; Hamano et al., 

2006). Resistance against aminoglycoside antibiotics like gentamicin, tobramycin and 

kanamycin could also be achieved in BT3 and BT7 by the action of the bifunctional 

phosphotransferases aacA-aphD (Frase et al., 2012). 

The genomic sequences of the consortium were also analysed using Resistance Gene 

Identifier (RGI) that uses the Comprehensive Antibiotic Resistance Database (CARD) to predict 

resistomes (Alcock et al., 2020). The plots in figure 3.13 illustrate the RGI outcomes sorted by 

drug classes.  

The first plot on the left-hand side is related to BL resistome, which consists in four 

genetic elements (bcrA, bcrB, brcC, ermD) conferring resistance to peptide antibiotics, 

macrolide, lincosamide and streptogramin via efflux and target alteration. In particular, BcrA 

and BcrB are constituents of ABC antibiotic efflux pump for antibiotic peptides. Whereas, the 

undecaprenyl pyrophosphate BcrC modifies bacitracin to confer resistance (Bernard et al., 

2005). ErmD mechanism has been explained above. 

The plots in the middle and on the right-hand side represent BT3 and BT7 resistomes, 

respectively. The two strains have in common the enzymes macrolide phosphotransferase 
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MphL and Fosfomycin thiol transferase FosB that inactivate macrolides and Fosfomycin. BT3 

resistome also presents Bc beta-lactamase BclI that acts against cephalosporin and penam. 

 

 

 

Figure 3.13 Resistome overview of the consortium strains by RGI (BL, BT3 and BT7 from left to right). The yellow 
portion represents strict hit with the CARD database, while orange and green show loose and perfect hits, 
respectively. 

 
The antibiotic production and resistance play a clear role in plant disease management. 

However, it has been argued that bacterial contribution to plant biocontrol is very limited, due 

to the scarce microbial production under natural environmental conditions. It has been 

proposed, on the other hand, that this restricted production exerts a role in prompting the 

induced systemic resistance in the crop partner (Choudhary and Johri, 2009; De 

Vleesschauwer and Höfte, 2009).  
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3.5.5. Adaptation to plant-associated environment 

 

Figure3.14 Cosortium genetic features that could be involved in mechanisms of adaption to 
plant-associated environment. Traits related to vitamins and cofactors production, 
allelophaty, plant-bacteria signalling, stress mitigation and rhizoremediation are  debated in 
this section. 
 

Vitamins and cofactors 

Vitamins and cofactors are essential in both plants and bacteria for their involvement in 

promoting and assisting a range of enzymatic activities and metabolic functions. Their 

production is often laborious, so it is favourable for plants to associate with bacteria that are 

able to provide these compounds for them. Literature on this is limited and only a few studies 

have described the connection between microbial production of vitamins and beneficial 

effects in plants (Marek-Kozaczuk and Skorupska, 2001; Palacios et al., 2014). 

Genetic features encoding the biosynthesis of vitamins and cofactors are uniformly 

widespread in the consortium (Table 3.19). The three strains present genes for producing 

thiamine (thiCDEFGIMNOST, ylmB, ykoD, tenAI), biotin (bioAW, bioFICKY, bioD1, bioH), 

riboflavin (ribABDEHZ), cobalamin (cbiX, yvqK, sirC, sumT), coenzyme A (coaBCDEX), 

pantothenic acid (panFM, panBCDE), pixidoxine (pdxKTS, ylmE), menaquinone (menABCDEH, 

hepST, ubiE), protoporphyrin-IX (hemABCDELNZY), tetrahydrofolate (folBCK, dfrA, pabAB).  

Thiamine (vitamin B1) acts as a cofactor for several enzymes of the central metabolism 

and for the main enzyme involved in the synthesis of indole-3-acetic acid (IAA), a molecule 
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that can strongly influence plant fitness (Marek-Kozaczuk and Skorupska, 2001; Zhang et al., 

1997). Beside thiamine role as a cofactor, its involvement in the activation of defence against 

pathogens has also been determined in thiamine-treated plants, such as rice, tobacco and 

cucumber (Ahn et al., 2005a). 

Table 3.19 Vitamins and cofactors encoded in the consortium. The Venn diagram on the right shows 
the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dark 
purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the three 
strains. Complete list of features can be found in appendix A8 to A14. 

Vitamins and cofactors BL BT3 BT7 

Biotin 
(Vitamin B7) 

bioAW, bioFICKY, bioD1 bioH, bioFICKY, bioD1 bioH, bioFICKY, bioD1 

Cobalamin 
(Vitamin B12) 

btuF, cbiX, yvqK, sirC, 
sumT 

pduX, bluB, cbiX, yvqK, 
sirC, sumT 

cobT, bluB, cbiX, yvqK, 
sirC, sumT 

Coenzyme A coaBCDEX coaBCDEX, coaW, acpS coaBCDEX, coaW, acpS 

Thiamine 
(Vitamin B1) 

thiL, yjoCE, ykoD, tenAI, 
thiCDEFGIMNOST, ylmB 

thiY, tenAI, 
thiCDEFGIMNOST, 
ylmB, ykoD 

thiY, tenAI, 
thiCDEFGIMNOST, 
ylmB, ykoD 

Pantothenic acid 
(Vitamin B5) 

panBCDES, panFM, panBCDE panFM, panBCDE 

Riboflavin 
(Vitamin B2) 

ycsE, ywtE, ribABDEHZ, 
yitU, 

rfnT, ribX, yyaP, 
ribABDEHZ, yitU 

rfnT, ribX, yyaP 
ribABDEHZ, yitU 

Pyridoxine 
(Vitamin B6) 

pdxKTS, ylmE pdxKTS, ylmE pdxKTS, ylmE 

Menaquinone  
(Vitamin K2)/ 
Phylloquinone precursor 

menABCDEH, hepST, 
ubiE 

menABCDEH, hepST, 
ubiE 

menABCDEH, hepST, 
ubiE 

Protoporphyrin-IX hemABCDELNZY hemABCDELNZY hemABCDELNZY 

Tetrahydrofolate folBCK, dfrA, pabAB folBCK, dfrA, pabAB folBCK, dfrA, pabAB 

 

Riboflavin (vitamin B2) is required to assemble flavin cofactors (FMN and FAD), which 

are essential for the energy metabolism of the cells. Riboflavin acts in plants as a resistance 

elicitor and mediator of signal transduction with a role in plant defence. In particular, the 

vitamin triggers the transduction cascade that lead to the development of systemic resistance, 

structural barrier by lignification and hypersensitive response by the creation of oxidative 
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burst (Dong and Beer, 2000; Liu et al., 2010). Furthermore, the breakdown product 

lumichrome has extraordinary positive effects on plant growth. It can enhance photosynthesis 

and pigments production in plants in the presence of light, increase root respiration and 

carbon assimilation, activate quorum sensing and facilitate mutualistic interaction between 

plant and microbiota (Bashan et al., 2006; Matiru and Dakora, 2005; Phillips et al., 1999; 

Rajamani et al., 2008). 

Pyridoxine (vitamin B6) exhibits protective activity against oxidative stress in plants. Its 

degradation to quench O2, confers resilience in microorganisms and alleviate oxidative stress 

in plants (Bilski et al., 2000; Chen and Xiong, 2005). Other vitamins like biotin, pantothenic 

acid, menaquinone are produced by many PGPR and vitamin-treatments on plants have been 

shown to improve plant fitness (Marek-Kozaczuk and Skorupska, 2001; Palacios et al., 2014). 

However, the mechanisms have not been elucidated yet. 

 

Allelophaty 

Plants are able to communicate and influence each other through releasing signalling 

molecules from the root apparatus. This process is called allelophaty and it is able to mediate 

phytotoxic effect on other plants allowing competition between species and invasive plants 

(Schandry and Becker, 2020). Rhizospheric microorganisms can play a crucial role in this 

context by conversion, modification and synthesis of allelochemicals and therefore by shaping 

actively plant-plant interactions and the surrounding plant community landscape (Cipollini et 

al., 2012). 

This phenomenon involves the production and release of secondary metabolites to the 

detriment of competitive plants, regardless of nutrient availability (Belz and Hurle, 2005). 

Phenols, terpenoids and alkaloids are the most abundant allelochemicals known, and have 

attracted research interest for their potential use as effective bioherbicides (Macías et al., 

2019). Some traits that can be connected to allelophaty mediation by soil microorganisms 

were detected in the consortium (Table 3.20).  

BL presents traits that enable phenolic compound modification. The phenolic acid 

decarboxylase complex bsdBCD is responsible for the reversible non-oxidative 

decarboxylation of vanillate and 4-hydroxybenzoate (Lupa et al., 2008). AmnC (2-

aminomuconic 6-semialdehyde dehydrogenase) catalyses the decarboxylation of ferulic, p-
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coumaric and caffeic acids (Cavin et al., 1998), while padC (Phenolic acid decarboxylase) is 

involved in the catabolism of 2-aminophenol, which is a breakdown product of 2-(3H)-

benzoxazolinone degradation (Takenaka et al., 1997). 2-(3H)-benzoxazolinone is an 

allelochemical that induces strong phytotoxicity including necrosis, early senescence and 

photosynthesis disruption (Sánchez-Moreiras et al., 2011, 2010). The three consortium 

genomes contain the gene encoding the laccase yfiH, which oxidises phenolic compounds and 

reduces their phytotoxicity (Ohno, 2001). It is important to acknowledge that phenols and 

derivative compounds constitute hazardous environmental pollutants that are generated by 

human activities and natural decomposition of organic matter. 

Table 3.20 Genetic traits involved in allelophaty. The Venn diagram on the right shows the colour 
legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dark purple 
for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the three strains. 
Complete list of features can be found in appendix A8 to A14. 

Allelophaty BL BT3 BT7 

Phenol degradation 
bsdBCD, amnC, 
padC, yfiH 

yfiH yfiH 

Sesquiterpenes synthesis sqhC, ytpB sqhC, ytpB sqhC, ytpB 

(S)-2-chloropropionate synthesis  caa43 caa43 

Limonene degradation limB limA, limB limA, limB 

Atropine degradation  tropinesterase tropinesterase 

 

Some monoterpenes and sesquiterpenes have been associated with phytotoxic 

activities below ground, from inhibition of seeds germination to hormonal imbalance and 

microtubule disorganisation (Araniti et al., 2016; Chaimovitsh et al., 2010; Cheng et al., 2016). 

Genes involved in the interference of this plant-plant signalling are detected in the 

consortium, including limonene modifications by LimA and LimB (Limonene-1,2-epoxide 

hydrolase and Limonene-1,2-monooxygenase respectively). Limonene has been tested in 

combination with other terpens showing strong allelophatic effects including inhibition of 

grass seeds germination (Chotsaeng et al., 2017; Gouda et al., 2016; Young and Bush, 2009). 

Furthermore, the sporulenol synthase encoded by sqhC was detected in the three genomes. 
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The function and the mode of action of this sesquiterpene have not been elucidated yet (Sato 

et al., 2011). 

Comparative genomic analysis highlighted the presence of the gene encoding 2-

haloacrylate reductase (caa43) in BT3 and BT7. The enzyme is responsible for the reduction of 

2-chloroacrylate to produce (S)-2-chloropropionate, which is intensively used as synthetic 

precursor for the production of aryloxyphenoxypropionic acid herbicides (Kurata et al., 2005). 

BT3 and BT7 can degrade the alkaloid atropine that has been reported to be an effective 

allelophatic agent with inhibition of seed germination (Santos et al., 2007). 

 
Plant-bacteria signalling 

Indole-3-acetic acid (IAA) is one of the most abundant auxins produced by plants, 

bacteria and fungi (Costacurta and Vanderleyden, 1995; Ludwig-Müller, 2015). This 

phytohormone is well known for its deep influence in plant growth and development (Davies, 

2004). However, recently new evidences describe auxins as multifunctional signal molecules 

implicated in many aspects of the plant-bacteria associated lifestyle (Duca et al., 2014). Beside 

the effects on plant defence and exudation, auxin has an impact on the bacterial expression 

of genes involved in virulence, adhesion and adaptation to stress (Spaepen et al., 2007). For 

this reason, bacteria that can synthesise IAA are also able to establish resilient and favourable 

associations with plants. 

Table 3.21 Genetic elements involved in plant-bacteria signalling. The Venn diagram on the right 
shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for 
BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the 
three strains. Complete list of features can be found in appendix A8 to A14. 

Plant-bacteria signalling BL BT3 BT7 

Auxin biosynthesis precursors trpABCDE, priA, trpP trpABCDE, priA, trpABCDE, priA, 

Indole 3-acetyl acid biosynthesis  ipdC, aldH ipdC 

ACC deaminase ggt, nit1   

Isoprenoids dxr, ispADEFGH, fni dxr, ispADEFGH, fni dxr, ispADEFGH, fni 

 
Tryptophan is the main precursor in bacterial IAA production and five different microbial 

pathways leading to the auxin final compound have been described in the literature (Mengsha 



 125 

Li et al., 2018; Spaepen et al., 2007). As expected, the three consortium strains exhibit genes 

to synthesise tryptophan (trpABCDE and priA), while BL encodes also the permease TrpP to 

internalise exogenous tryptophan. 

In the consortium, BT3 and BT7 encode features related to the production of IAA from 

tryptophan through the IPyA (indole-3-pyruvic acid) pathway (Table 3.21). The pathway 

consists of three steps catabolised by an aminotransferase, the indole-3-pyruvate 

decarboxylase and the aldehyde dehydrogenase (Mengsha Li et al., 2018). The BT3 and BT7Ωǎ 

ipdC, a key gene encoding the indole-3-pyruvate decarboxylase, was reported to be 

constitutively expressed in the PGPR Peanibacillus polymyxa E681 (Phi et al., 2008). Whereas, 

aldH, encoding the aldehyde dehydrogenase, was characterised in Arthrobacter sp.35W with 

significant upregulation in the presence of exogenous tryptophan (Mengsha Li et al., 2018). 

In plants, IAA can affect the levels of aminocyclopropane-1-carboxylic acid (ACC). ACC is 

converted in ethylene upon biotic or abiotic stress conditions, including high salinity, drought, 

fungal and pathogens presence, nematode damage, thermal shock and excessive levels of 

contaminants (Gamalero and Glick, 2012). The increased amount of ACC generates increased 

levels of ethylene, which triggers stress response in plants. Some ACC that is exuded by plants 

can be uptaken by rhizobacteria that have the metabolic capacity to break it down by ACC 

deamination. This process provokes a drop in the ethylene production and translates in 

moderate stress response that favour the plant fitness (Glick, 2014). In the consortium, BL 

presents the genetic trait ǘƻ Řƻ Ƨǳǎǘ ǘƘŀǘΣ ƭƻǿŜǊƛƴƎ ǘƘŜ !// ƭŜǾŜƭ ōȅ ǘǊŀƴǎŦƻǊƳƛƴƎ !// ƛƴǘƻ ʴ-

glutamyl-ACC by the action of ǘƘŜ ŜƴȊȅƳŜ ʴ-glutamyl-transpeptidase (Gtt). 

The presence of these genes leads us to propose a synergistic mechanism of action by 

the consortium that could result in the improvement in plant fitness (Figure 3.15). Potentially, 

the production of IAA by BT3 combined with the capability of ACC utilisation by BL could be 

responsible for activating the plant cascade that results in plant growth and decreases 

ethylene and the related stress signal. 
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Figure 3.15 Proposed mechanism that combine activities of BT3 and BL for ensuing plant growth promotion. BT3 
is able to produce IAA from tryptophan by indole-3-pyruvate decarboxylase (IdpC) and aldehyde dehydrogenase 
ό!ƭŘIύΦ ²ƘŜǊŜŀǎΣ .[ Ŏŀƴ ǘǊŀƴǎŦƻǊƳ !// ƛƴ ʴ-glutamyl-!// ōȅ ǘƘŜ ŀŎǘƛƻƴ ƻŦ ǘƘŜ ŜƴȊȅƳŜ ʴ-glutamyl-transpeptidase 
(Gtt). 

Other genetic traits involved in plant-bacteria signalling were identified in the 

consortium. Genes encoding the production of isoprenoids are shared among the three 

strains. Isoprenoids are secondary metabolites that serve as precursors for terpene 

biosynthesis. Terpenes belong to a family of compounds implicated in inter-kingdoms 

communication and signalling (Piccoli and Bottini, 2013). Even though their roles remain 

mostly unresolved, studies report that plants grown in sterile conditions do not show 

significant terpene production, accumulation, or utilisation (Del Giudice et al., 2008), 

suggesting that they have a central role in the dialog between plant and microbial partners. 

 

Stress mitigation 

Plants and bacteria are subjected to frequent and harsh abiotic challenges. Bacteria 

associated with plants take an active part in the stress mitigation of the rhizospheric microbial 

community and the plant partner (Bal et al., 2013; Cohen et al., 2015; Vardharajula et al., 

2011). Different types of stress elicit peculiar cellular and molecular responses in plants and 
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bacteria, allowing to escape or cope the stress conditions. A number of traits involved in such 

mechanisms were found in the consortium comparative analysis, including those linked to UV, 

temperature, osmotic and oxidative stresses (Table 3.22). 

The harmful effects of UV irradiations have been shown to detriment yield and fitness 

of rhizospheric bacteria and plant by re-adjusting the quality and quantity of root exudates as 

well as disrupting the delicate balance of the mutualistic relationships occurring below-ground 

(Avery et al., 2003; Klironomos and Allen, 1995). The consortium only shares the gene ybgI 

encoding the enzyme GTP cyclohydrolase 1 that provides UV protection with a role in the 

degradation of damaged nucleotides (Byrne et al., 2014). BT3 and BT7 encode shared genetic 

features linked to UV protection, including phrB, encoding deoxyribodipyrimidine photo-lyase, 

and uvsE, encoding UV DNA damage endonuclease (Takao et al., 1996). 

The analysis highlighted some traits related to heat and chilling stress, such as cold-

shock protein encoded by cspC, ATP-dependent Clp protease with a role in the overall protein 

quality control upon heat stress (Miethke et al., 2006), and cshC and cshE, that produce RNA 

helicases involved in regulation of abiotic stress tolerance (Owttrim, 2006; Pandiani et al., 

2011). 

BT3 and BT7 are potentially able to maintain cell turgor and stable osmolarity through 

aquaporin Z channels (encoded by aqpZ) and small-conductance mechanosensitive channels 

(mscS) (Delamarche et al., 1999; Martinac et al., 1987). BL encodes the low conductance 

mechanosensitive channel YnaI, which is reported to be overexpressed during hypoosmotic 

stress (Edwards et al., 2012). 

Factors of production and secretion of many osmolytes (threalose, ectoine, glycine 

betaine and choline) with osmoprotectant function were identified in the three genomes, 

suggesting a potential participation of the microbes in plant osmotic stress tolerance. It has 

been documented that bacterial osmolytes trigger stress tolerance pathways in plants, as well 

as playing a role in the maintenance and adjustment of osmotic equilibrium in cells. These 

beneficial activities has been shown to improve plant biomass (Shintu and Jayaram, 2015; 

Vurukonda et al., 2016). Inoculation of osmolyte-producing bacteria has been shown to 

decrease the production of antioxidant enzymes (including ascorbate peroxidase APX, 

catalase CAT, glutathione peroxidase GPX) in plants under stress conditions, demonstrating 



 128 

that the PGPR inoculation causes a decreased stress level in the plant partner (Sandhya et al., 

2010). 

Table 3.22 Genes related to stress mitigation activities by the Bacillus consortium. The Venn 
diagram on the right shows the colour legend that indicate the gene membership: Blue for BL, 
Yellow for BT7, Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark 
grey for shared by the three strains. Complete list of features can be found in appendix A8 to A14. 

Stress mitigation BL BT3 BT7 

UV radiations ybgI ybgI, phrB, uvsE, umuC ybgI, phrB, uvsE, umuC 

Heat-cold shock clpE, cspC cshCE, cspC cshCE, cspC 

Osmoprotectants 
biosynthesis and 
transport 
(Trehalose 
Ectoine 
Glycine betaine 
Choline) 

sugA, gbsA, opuCA, 
opuCC, opuCD, opcR, 
ectB, teaD, opuAA, 
opuAC, opuAB, opuCB, 
opuD, bsmA  

sugB, betP, opuBA, proB, 
yfkC, opuAA, opuAC, 
opuAB, opuCB, opuD, 
bsmA  

opuE, teaD, betP, opuBA, 
proB, yfkC, opuAA, 
opuAC, opuAB, opuCB, 
opuD, bsmA  

Osmotic stress ynaI mscS, aqpZ mscS, aqpZ 

Flavodoxin isiB isiB isiB 

Superoxidase 
dismutase 

Mn-sodA, Fe-sodA, 
yojM 

Mn-sodA, Fe-sodA, yojM Mn-sodA, Fe-sodA, yojM 

Peroxides 

ahpF, ohrB, oxyR, 
ohrA, ohrR, tpx, bcp, 
ydbD, perR, katE, 
ahpC,  

ohrA, ohrR, tpx, bcp, 
ydbD, perR, katE, ahpC 

ohrA, ohrR, tpx, bcp, 
ydbD, perR, katE, ahpC 

Oxidative stress 
response 

mrgA, ytfE, dps1 dps1, scdA dps1, scdA 

 

Shared genes in the three consortium genomes encode antioxidant functions, including 

the production of flavodoxin by isiB and superoxidase dismutase by sodA and yojM. Microbial 

flavodoxins confer tolerance to oxidative stress induced by hydrogen peroxide and the 

herbicides paraquat and atrazine (Peña et al., 2013). Superoxidase dismutases (SODs) are 

enzymes that specifically catalyse the conversion of superoxide anion O2
- to hydrogen 

peroxide H2O2 and O2. SODs have been demonstrated to contrast oxidative stress and provide 

advantage in rhizosphere colonisation processes (Wang et al., 2007). 

The toxicity of peroxides, such as hydrogen peroxide and organic hydroperoxides, can 

potentially mitigate by the three consortium strains, as their genomes contains the features 

oxyR, perR and bcp, that are involved in sensing hydrogen peroxide and activating the cascade 
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signalling responsible for cellular resistance and response. Whereas the shared features ohrA 

and its repressor ohrR have been reported to actively contribute to organic hydrogen peroxide 

resistance (Fuangthong et al., 2001). 

Furthermore, the consortium strains contain the genes encoding AhpC, Tpx and Bcp, 

thiol-specific peroxidases that catalyse the reduction of hydrogen peroxide and organic 

hydroperoxides to water and alcohols, respectively. AhpC is an endogenous hydrogen 

peroxide scavenger and can act in concert with AhpF to conduct direct reduction of alkyl 

hydroperoxides (Wasim et al., 2009). Tpx acts as lipid peroxidase with preference for alkyl 

hydroperoxide substrates. It serves to inhibit bacterial membrane oxidation, with a central 

antioxidant role during anaerobic growth (Cha et al., 2004a, 2004b). 

Finally, traits found in the three strains, such as the CDSs for the Catalase-2 KatE and 

Manganese catalase YdbD, have protective activity towards the cells by decomposing 

hydrogen peroxide into water and oxygen (Mishra and Imlay, 2012). 

 
Rhizoremediation of heavy metals and xenobiotic compounds 

Many metals and xenobiotics are released into soil and persist due to their scarce 

degradability. Several microbial processes that alter elements and metal bioavailability in soil 

have already been discussed in this chapter as they perform multiple functions. These 

mechanisms include acidification (by organic acids and H+ protons release), chelation (by 

siderophores and other compounds) and redox reactions (Amstaetter et al., 2010; Fomina et 

al., 2005). 

The consortium exhibits traits that can be specifically involved in heavy metal tolerance 

and rhizoremediation (Table 3.23). The three strains all have the arsenical-resistance operon 

arsRBC, the overexpression of which is induced by arsenate, arsenite, and antimonite (Sato 

and Kobayashi, 1998). In particular, the arsenate reductase ArsC catalyses the reduction of 

arsenate in arsenite, the arsenite resistance protein ArsB is involved in cellular extrusion, and 

ArsR is the transcriptional repressor of the Ars operon. 

In the three genomes, genetic features related to the homeostasis of cadmium, zinc and 

cobalt were detected. Particularly, activities of sensing (czcS), export (cadA, Gaballa and 

Helmann, 2003) and active efflux (czcD, Guffanti et al., 2002) could be conducted by the 

strains. 
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Table 3.23 Heavy metal bioremediation and resistance by the consortium strain. The Venn diagram 
on the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, 
Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared 
by the three strains. Complete list of features can be found in appendix A8 to A14. 

Heavy metals rhizoremediation BL BT3 BT7 

Nitrilotriacetate   ntaA 

Mercuric merR1   

Arsenical resistance arsRBC arsRBC arsRBC 

Cadmium, Zinc and Cobalt cadA, czcD cadA, czcD cadA, czcD, cadI 

Chromate chrA chrA chrA 

Sensors   czcS 

 

Additionally, the three strains all encode the chrA CDS, encoding chromate reductase 

that performs the reduction of the toxic form Cr+6 to Cr+3. A study on the Cr-tolerant bacterium 

Cellulosimicrobium cellulans demonstrated that the microbial reduction activity by ChrA is up-

regulated under toxic Chomate levels and lead to improved uptake of Cr+3 in green chilli plant 

organs (Chatterjee et al., 2009). 

Uniquely among the consortium BT7 encodes genes  to produce the cadmium induced 

protein CadI (Hotter et al., 2001) and nitriloacetic acid monooxygenase NtaA. The latter is a 

biodegradable chelating agent with activity towards heavy metals. Its pollutant 

bioremediation function has been reported to benefit ryegrass (X. Liu et al., 2018). BL is the 

only one strain in the consortium with the merR1 CDS that encodes the mercuric resistance 

protein, a mediator of the mercuric-dependent induction of mercury resistance operon 

(Helmann et al., 1989). 

Traits involved in the metabolic degradation of other xenobiotics, such as petroleum-

derivative compounds were identified in the consortium (Table 3.24). In particular, key 

enzymes for the catabolism of carbazole (2-hydroxy-6-oxo-6-(2'-aminophenyl) hexa-2,4-

dienoic acid hydrolase CarC), ethylbenzene (Acetophenone carboxylase apc3 and apc4) and 

naphthalene (2-hydroxychromene-2-carboxylate isomerase nahD, Eaton, 1994) were features 

detected in BL. 
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NItroaromatic compounds, such as nitrobenzene and nitrotoluene are frequently used 

as components of pesticides, dyes, polymers and explosives. The comparative analysis 

indicates features for the modification of nitrobenzene, such as cnbH encoding 2-amino-5-

chloromuconic acid deaminase (in BL) and nbzA nitrobenzene nitroreductase (in BT3 and BT7). 

Whereas nitroaromatic explosives cold be potentially be modified by the N-ethylmaleimide 

reductase encoded by nemA in BT3 and BT7 (González-Pérez et al., 2007; Williams et al., 2004). 

Genetic features related to the catabolism of Azo compounds and azo dyes were 

identified throughout the three genomes. These features include azobenzene reductase azr 

and azo dyes reductases azoR, azoR1 and azoR2, which catalyse the cleavage of azo bond and 

reduction to corresponding amines. 

Genetic elements that suggest the involvement in the rhizoremediation of xenobiotic 

compounds, such as herbicides and pesticides, are found across the genomes of the 

consortium strains. Specifically, the comparative analysis revealed the possible degradation 

of compounds like p-Nitrophenol (by p-benzoquinone reductase PnpB), 4-Chlorobenzoate (by 

4-hydroxybenzoyl-CoA thioesterase FcbC), halogenated aliphatic compounds (by Haloalkane 

dehalogenase LinB), atrazine (by Atrazine chlorohydrolase Atza and N-isopropylammelide 

isopropyl amidohydrolase AtzC), pyrethroids (by Pyrethroid hydrolase estP), Bialaphos 

(phosphinothricin acetyltransferase YwnH) and organophosphonates (Xaa-Pro dipeptidase 

PepQ) (Park et al., 2004; Wu et al., 2006; Zhang et al., 2009). 

Exporters are crucial for bacterial tolerance and survival in polluted condition. The 

Guanidinium ion exporter Gdx is detected in the three consortium strains. Gdx overexpression 

lead to resistance against quaternary ammonium salts that are used as disinfectants, 

surfactants and fabric softeners (Chung and Saier, 2002). The multidrug efflux pump encoded 

by ebrAB in BL and BT3, confers resistance to cationic lipophilic dyes such as ethidium 

bromide, acriflavine, pyronine Y and safranin O. The efflux transporter YhhS in BT3 and BT7 

confers high-level resistance to glyphosate when overexpressed (Staub et al., 2012). 
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Table 3.24 Xenobiotics detoxification and genes involved in the consortium. The Venn diagram on 
the right shows the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, 
Pink for BT3, dark purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared 
by the three strains. Complete list of features can be found in appendix A8 to A14. 

Xenobiotics detoxification BL BT3 BT7 

Petroleum-
derivatives 

Carbazole carC   

Ethylbenzene apc4, apcr3   

Naphtalene nahD/doxJ   

Nitroaromati
c compounds 

Nitrobenzene cnbH nbzA nbzA 

Nitroaromatic 
compounds 

nfrA2 nfrA2 nfrA2 

Nitrate ester explosives 
(GTN/PETN) 

 nemA nemA 

Dyes Aromatic azo compounds 
azoR, azr, 
azoR1, azoR2 

azr, azoR1, azoR2 azr, azoR1, azoR2 

Insecticides/P
esticides 

Halogenated organic 
insecticides 

linB   

Herbicid atrazine atzA atzC atzC 

Insecticide 
organophosphate 
triesters and 
organophosphonate 
diesters 

 pepQ pepQ 

Glyphosate  yhhS yhhS 

Pyrethroids pesticides  estP  

Herbicide 
Phosphinothricin 
tripeptide (PTT or 
bialaphos) 

ywnH ywnH ywnH 

Para-nitrophenol pnpB   

4-chlorobenzoate  fcbC  

Others 

D-serine   dsdA dsdA 

Nylon 6-oligomers nylA nylB nylB 

Guadinium ion 
transporter - toxic 
quaternary ammonium 
compounds 

gdx gdx gdx 

Carboxylesterase est est est 

Cationic liphophilic dyes 
(ethidium bromide, 
acriflavine, pyronini 
Y,safranin O) 

ebrAB, bmrA ebrAB, bmrA bmrA 
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3.5.6.  Genome plasticity 

 

 

Figure 3.16 Consortium genetic features that could be involved in genome plasticity include restriction 
modification and toxin-antitoxin systems, transposon and bacteriophage elements, genes encoding DNA 
recombination and competency mechanisms. 

 

Among the variety of elements that indicate a certain degree of genome plasticity, 

transposons, Toxin-Antitoxin systems and genomic islands were detected across the 

chromosomes of the consortium strains (Table 3.25). 

 

Transposons 

Transposons generally range in size from 2.5 to 60 kb and usually possess long terminal 

inverted repeats and one or several accessory genes that confer an advantageous phenotype 

to their bacterial host, such as antibiotic, heavy metal, or phage resistance (Babakhani and 

Oloomi, 2018; Frost et al., 2005; Rankin et al., 2011; Scott, 2002). 

In the consortium genomes there are elements related to transposition activities, 

including the genes encoding the transposition protein TnsA (required for Tn7 transposition), 

TetC and TetD proteins (from transposonTn10), the integrase Int (from transposon Tn916), 

TntR resolvase (that regulates its frequency of Tn1000 transposition) and the 

metallopeptidase ImmA (for regulation of horizontal gene transfer through the integrative and 

conjugative element ICEBs1) (Bose et al., 2008; Braus et al., 1984; Rice, 1998; Sarnovsky et al., 

1996). This incredible amount of transposition traits suggests that the consortium 

chromosomes were subjected to multiple mutagenesis events.  
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Table 3.25 Genome plasticity elements found in the consortium. The Venn diagram on the right shows 
the colour legend that indicate the gene membership: Blue for BL, Yellow for BT7, Pink for BT3, dark 
purple for BL-BT3, green for BL-BT7, dark orange for BT3-BT7, dark grey for shared by the three 
strains. Complete list of features can be found in appendix A8 to A14. 

Genome plasticity BL BT3 BT7 

Competency 

ssbB, comFB, comGG, rok, 
degU, comK, comN, clpC, 
oppB-C-D-F, bdbCD, coiA, 
comEA, comEC, comFA, 
comGA, comGC, ecsA 

mrr, degU, ydcV, comK, 
comN, clpC, bdbCD, oppB-
C-D-F, coiA, comEA, 
comEC, comFA, comGA, 
comGC, ecsA 

traG, ydcV, comK, 
comN, clpC, bdbCD, 
oppB-C-D-F, coiA, 
comEA, comEC, comFA, 
comGA, comGC, ecsA,  

Transposons immA tnsA, int, tetD, immA tetC, tnpR, int, tetD 

Bacteriophage 
pspA, xkdG, xkdH, xkdM, 
phiRv2, yueB, sunS 

yokD, xkdM, phiRv2, 
yueB, sunS 

yokD, yueB, sunS 

DNA recombination xerCD, yneB, recR, mutSB 
recT, xerCD, yneB, recR, 
mutSB 

xerCD, yneB, recR, 
mutSB 

Extracellular 
ribonuclease 

bsn  bsn 

Restriction 
modification systems 

cmoM, 
hndIIIR, haeIIIM 

bspRIM, hhaIM, mcrB(M), 
haeIIIM 

dpnA(M), hpaIIM 
bspRIM, hhaIM, 
mcrB(M), haeIIIM 

Toxin-Antitoxin 

ywqJ(T), 
yobL-K(TA), 
yqcG (T), 
yxiD (T)-yxxD (A), 
ndoA- endoAI 

wapA(T)-wapI (A),  
ywqJ(T)-ywqK (A), 
yeeF (T), 
hipB (A), 
yxxD (A) 
ndoA- endoAI, 

wapA(T), 
yokI-yokJ, 
yezG(A)- yeeF(T), 
hipB (A), 
yxxD (A) 
ndoA-endoAI, 

 

Toxin-antitoxin systems 

A wide range of toxin-antitoxin (TA) systems was found in the consortium. These self-

poisoning agents are small mobile modules that can be found in bacterial chromosomes, 

viruses and mobile elements(Yamaguchi et al., 2011). TAs are generally composed of two CDSs 

encoding an auto regulated toxin and its neutralising counterpart. As their loss can be fatal for 

cells, TAs play a role in the maintenance of mobile elements as well as large dispensable DNA 

regions and protection against other invading DNA elements. 

Besides participating to the genome stability, TAs can influence several aspects of the 

host lifestyle (Bardaji et al., 2019; Holberger et al., 2012; Shidore and Triplett, 2017). For 

instance, toxin activities might kill a portion of a bacterial population that have lost a mobile 
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genetic element or that have been infected by phage, or they may induce a metabolically 

dormant state that confers tolerance to stress. TAs are abundant among plant-pathogenic and 

-symbiotic bacteria, whether they may play an important role in plant-associated lifestyles is 

still debated though (Bardaji et al., 2019). 

The three consortium strains present a heterogeneous TA patterns, with missing toxin 

or antitoxin counterparts for some TA couples. It has been shown that in many species of 

Bacillus and Listeria the complementary antitoxin can vary considerably between different 

strains of the same species (Holberger et al., 2012). For instance, the strains B. pumilus ATCC 

7061 and B. pumilus SAFR-032 have the same five toxins but only one antitoxin in common. 

For this reason, it is possible that at the same toxin the consortium strains might respond with 

different but equally efficacious antitoxin. In order to further investigate this further analysis 

are required. 

 
Genomic islands 

Genomic islands (GIs) are large DNA portions (up to 200 kb) incorporated in bacterial 

chromosomes. The percentage of GC content and the codon usage of GIs are usually different 

from the rest of the chromosome, suggesting that they originate from distantly related species 

and propagate by horizontal gene transfer events (Langille et al., 2008). 

GIs have attracted research attention because of the peculiar genetic information that 

they encode. In fact, they frequently are responsible for conferring adaptive traits and favour 

the fitness of microorganisms in a particular niche (Carniel, 2001; Hacker and Carniel, 2001; 

Schmidt and Hensel, 2004). In order to evaluate the GIs in the genomes, IslandViewer 4 

software was used (see Chapter 2.4.7). The results revealed that the three strains harbour 

several GIs. 

 In particular, BL genome contains seven GIs that encode features related to adaptation 

and gene transfer as well as a conspicuous number of hypothetical proteins (Figure 3.17). 

Among the identified attributes are the vitamin B12 ATP-binding protein BtuD, the accessory 

urease protein UreD1 required for urease maturation, the energy-coupling factor transporters 

EcfA1, EcfA2 and EcfT involved in riboflavin uptake could contribute to bacterial survival in 

highly competitive or nutriments depleted environment. On the other hand, traits related to 



 136 

biotic suppression were also found, including lantibiotic lichenicidin LchA2, Alpha-D-

kanosaminyltransferase KanE and toxin-antitoxin YobL-YobK.  

Other interesting features are involved in the regulation of ICEBs1 horizontal gene 

transfer (metallopeptidase ImmA), exoprotein production, sporulation and competence 

(transporter EscA) site-specific recombination of DNA molecules (XerC-XerD complex) and pili 

formation (type IV prepilin). 

 

 
 

Figure 3.17 Circular and linear visualisation of predicted GIs in Bacillus licheniformis. Blocks are colored according 
to the prediction method; IslandPick (green), IslandPath-DIMOB (blue), SIGI-HMM (orange), as well as the 
integrated results (dark red). Indicated in the circular plot are the main features for each GI, including length, 
number of CDSs and relevant annotated traits. At the bottom of the figure the linearised genome is reported and 
with the GI locations indicated in blue. 

 

Software prediction about BT3 returned seven GIs with most of the features identified 

as hypothetical proteins and some transposase elements (Figure 3.18). The GI carrying the 

genes encoding aspartate ammonia-lyase AspA and L-asparaginase 1 AnsA (responsible for 

aspartate and asparagine hydrolysis to form NH4
+) can confer ecological advantage. Aspartate 
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and asparagine are components of the root exudate and their deamination lead to increased 

level of N available for bacterial adsorption and metabolism. 

Interestingly, the GI that harbours 20 CDSs, including the CDS for formidase amiF and 

three cytochrome c oxidase subunits (top left in the circular map), shares very similar structure 

with the second GI found in BT7 (second top right in figure 3.13). AmiF is an aliphatic amidase 

with specificity for the hydrolysation of formamide, which is an important source of N in soil 

and in fact is widely applied as fertiliser (Cantarella, 1983). Whereas cytochrome c oxidase is 

a key enzyme in aerobic metabolism with ancient archea origins (Castresana et al., 1994). 

The fact that BT3 and BT7 were collected at the same expedition site and isolated from 

the same soil type, highlights possible reasons for the persistance of a very similar GI in the 

two genomes. This GI could have been acquired via HGT by a common ancestor or after 

lineage-splitting by donors of the same soil community. However, since the GI insertion site 

and the flanking CDSs are different, the acquisition of the GI from same-similar donor after 

lineage-splitting could be a coherent explanation. 

 

 
 

Figure 3.18 Circular and linear visualisation of predicted GIs in Bacillus thuringiensis Lr 3/2. Blocks are colored 
according to the prediction method; IslandPick (green), IslandPath-DIMOB (blue), SIGI-HMM (orange), as well as 
the integrated results (dark red). Indicated in the circular plot are the main features for each GI, including length, 
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number of CDSs and relevant annotated traits. At the bottom of the figure the linearised genome is reported and 
with the GI locations indicated in blue. 

 
Fourteen GIs were predicted for BT7 (Figure 3.19). Those feature several recombinases 

and transposases as well as favourable trait involved in soil bacterial survival and proliferation. 

Same of the traits found in the predicted GIs were discussed previously in this chapter as they 

are involved in biotic stress management (such as, cold shock protein CspA, ribosome 

hibernation promotion factor YvvD, UvrABC system protein C, Peroxiredoxin Bcp), heavy 

metals resistance (arsenic resistance proteins ArsA, ArsC, ArsD and Acr3) and biocontrol 

(undecaprenyl phosphatase BcrC confers resistance to bacitracin, multidrug resistant proteins 

YkkD-YkkC-Bmr3, demethyllactenocin mycarosyltransferase tylCV involved in the production 

of the macrolide antibiotic tylosin) (Bate et al., 2000; Bernard et al., 2005). 

 

 
 

Figure 3.19 Circular and linear visualisation of predicted GIs in Bacillus thuringiensis Lr 7/2. Blocks are colored 
according to the prediction method; IslandPick (green), IslandPath-DIMOB (blue), SIGI-HMM (orange), as well as 
the integrated results (dark red). Indicated in the circular plot are the main features for each GI, including length, 
number of CDSs and relevant annotated traits. At the bottom of the figure the linearised genome is reported and 
with the GI locations indicated in blue. 
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Plasmids 

Plasmids are a resourceful extension of the cellular genetic material that must be taken 

into consideration for a comprehensive analysis. The genomic analysis of the consortium 

highlighted that BL does not possess any plasmids, whereas BT3 and BT7 carry one (pBT3) and 

two plasmids (pBT7-1 and pBT7-2), respectively (summarised in table 3.26). 

 

Table 3.26 Plasmids found in the consortium by sequencing. The strain B. thuringiensis Lr 3/2 (BT3) presents one 
plasmid (pBT3), while the strains B. thuringiensis Lr 7/2 (BT3) has two plasmids (pBT7-1 and pBT7-2). B. 
licheniformis does not present any plasmid. 

Plasmid Strain Length (bp) CDSs 

pBT3 BT3 269720 329 

pBT7-1 BT7 267121 327 

pBT7-2 BT7 79425 112 

 

The plasmid nucleotide sequences were utilised to search for similar plasmids in NCBI 

nonredundant nucleotide database. Plasmids that display regions of similarity were 

downloaded and compared. After a first comparison pBT3 and pBT7-1 resulted similar to the 

plasmid pBFI-1 (isolated from Bacillus cereus 03BB108), whereas pBT7-2 shared a portion of 

high similarity with pHD1200112 from Bacillus thuringiensis. 

BLAST Ring Image Generator (BRIG) was then used to generate comparisons of the 

plasmid sequences, as explained in Chapter 2.4.9 (Alikhan et al., 2011). In figure 3.20, pBT3 

found in BT3 (blue ring) and pBT7-1 found in BT7 (purple ring) were compared with the 

reference pBFI-1 from B. cereus 03BB108. The representation of the results shows high 

identity match among the three plasmids, which are likely to have the same origin. 

Furthermore, the GC skew is inverted in the sections where no match was detected, 

suggesting that insertion or recombination events might have occurred at those sites in B. 

cereus 03BB108. 
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Figure 3.20 BRIG circular representation and comparison of pBFI-1-like plasmids found in the consortium strains 
Bacillus thuringiensis Lr3/2 and Lr7/2. The reference sequence used (back inner circle) is Bacillus cereus 03BB108 
plasmid pBFI-1 (Accession number NZ_CP009639.1). The innermost rings show GC content (black) and GC skew 
(purple/green).  The colour intensity of the circles fades as the identity of the allignement decreases. 

In order to investigate whether pBT3 and pBT7-1 are the results of the incorporation of 

mobile genetic elements or other plasmid fragments, a second blast was carried out. In this 

test, pBT3 was used as reference and compared with the analogous pBT7-1, pBFI-1 from B. 

cereus 03BB108 and additional six plasmids isolated from strains of the Cereus group (Figure 

3.21). The comparison with pBT7-1 (inner blue circle) shows the high similarity of the two 

genetic elements, with the exception of a small region around the 125kbp position. This 

enables to convey that the strains BT3 and BT7 could have acquired the plasmids from each 

other or from a common donor. 

 

pBT3 

pBT7-1 
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Figure 3.21 BRIG circular representation and comparison of pBFI-1-like plasmids found in the consortium strains 
Bacillus thuringiensis Lr3/2 and Lr7/2. The reference sequence used (back inner circle) is pBT3. The innermost 
rings show GC content (black) and GC skew (purple/green). The blue ring shows the alignement with pBT7-1, the 
purple ring presents the alignement with Bacillus cereus 03BB108 plasmid pBFI-1 (Accession number 
NZ_CP009639.1), whereas the other coloured rings exhibit the comparison with six plasmids of the cereus group. 
The colour intensity of the circles fades as the identity of the allignement decreases. 

The purple circle in figure 3.21 indicates the alignment against pBFI-1 from B. cereus 

03BB108. In the previous analysis the sequence widely corresponds to BT3 plasmid with the 

exception of about 50 Kb, which do not present any match. This particular section partially 

aligns with other plasmids included in this comparative analysis. Specifically, fragments of the 

plasmids pT0139-6 and pD17 (belonging to B. thuringiensis strain T0139 and B. cereus D17, 

respectively) show high similarity to the reference sequence. In addition, short fragments of 

the plasmids pIS56-285 and pYC1 (from B. thuringiensis serovar thuringiensis str. IS5056 and 

B. thuringiensis strain YC-10, respectively) match with small sections pf pBT3 throughout the 

sequence. 

BT3 pBT3 

pBT7-1 
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The second plasmid found in BT7, pBT7-2, was compared with ten plasmids from the 

Cereus group to individuate potential similarities (Figure 3.22). 

 

Figure 3.22 BRIG circular representation and comparison of pHD120112-like plasmid found in the consortium 
strain Bacillus thuringiensis Lr7/2. The reference sequence used (back inner circle) is pBT7-2. The innermost rings 
show GC content (black) and GC skew (purple/green). The blue ring shows the alignement with Bacillus 
thuringiensis strain HD12 pHD120112 plasmid (Accession number CP014851.1), whereas the other coloured rings 
exhibit the comparison with nine plasmids of the cereus group. The colour intensity of the circles fades as the 
identity of the allignement decreases. 

 

In figure 3.22, the blue circle representing the alignment against B. thuringiensis plasmid 

pHD1200112 exhibits high similarity (between 90 and 100%) across the majority of the 

reference sequence with the exception for a 20 Kb fragment. Some sections of this fragment 

match significantly with pBMB28, pFCC41-3-257K and pG9842-209 (respectively belonging to 

BT7 pBT7-2 
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B. thuringiensis serovar finitimus YBT-020, B. wiedmannii bv. thuringiensis strain FCC41, B. 

cereus G9842). 

These results provide an indication of the mutagenesis events to which the plasmid has 

been subjected. The high sequence affinity with a heterogeneous pool of plasmids suggests 

once again that wild type bacteria, and in particular soil bacteria from the Cereus group, are 

prone to genetic material exchange. The analysis described in this chapter highlighted that the 

consortium strains have been exposed to this phenomenon, which included transposons, 

genetic islands and plasmids. Since these modifications can create genomic instabilities and 

deep changes in the host phenotype and lifestyle, we can hypothesise that systems (like TA 

and modification-recombination) are adopted by the three strains to regulate the 

maintenance of genetic elements, the invasion of exogenous DNA and the balance with the 

original genome. 

 

Plasmid annotation 

The functional annotation of the plasmids was carried out using blast2go (Götz et al., 

2008), as described in Chapter 2.4.2. The annotation of the three plasmids showed many traits 

responsible for plasmid plasticity and modification. Among them, transposases, integrases, 

recombinases, resolvases, methyltransferases and related endonucleases can be enumerated. 

More than half of the CDSs present in pBT3 and pBT7-1 returned with hypothetical or 

putative attributes. Nevertheless, some remarkable features were identified. Peptidase, 

phosphatase, adhesin, pilus assembly protein CpaB, oligopeptide and peptide ABC 

transporters were distinguished, as well as traits encoding lactococcin 972 and its immunity 

protein. Other features, including cold-shock, universal stress proteins as well as glycine 

betaine and L-proline ABC transporters could confer stress tolerance in bacteria carrying the 

plasmids. 

Two genetic clusters with specific functions were also identified. The first one shows 

clear involvement in arsenic resistance and includes elements like transcriptional regulator 

ArsR and repressor ArsD, arsenical resistance protein Acr3, pump-driving ATPase ArsA and 

arsenate reductase ArsC. The second cluster presents sulphate assimilation activities by a 

sulphate permease, an inorganic anion transporter and phosphoadenosine phosphosulfate 

reductase CysH, which catalyses the reduction of sulphate into sulphite. 
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The vast majority of the CDSs in pBT7-2 encodes hypothetical proteins. It is interesting 

though that a cluster of seven CDSs were identified as hypothetical belonging to Bacillus 

thuringiensis serovar israelensis strain bthur0013, an entomophatogenic bacterium of the 

Cereus group. 

The full list reporting the plasmid annotation can be found in the appendix (A.6 and A.7). 

 

Toxins presence on plasmids 

The three consortium plasmids were screened in order to assess the presence of toxins, 

with the purpose of establishing the safety level of the strains and gathering more information 

about their ecology. Antrax toxins are commonly harboured by Bacillus anthracis plasmids 

pXO1 and pXO2 but occasionally present in some closely related Cereus strains (Hoffmaster et 

al., 2006, 2004). The three plasmids were compared with pXO1 and pXO2, and the identified 

matches were analysed. The visualisation through BRIG shows that pBT7-1 displays no 

significant alignments with pXO1 and pXO2 (figure 3.23). The sections that present high 

similarity with pXO1 and pXO2 are related to transposition elements (IS231, IS1627), 

germination response factors GerXb, UV-damage repair protein uvr were detected. pXO1 and 

pXO2 toxins and other genes related to toxicity were not found in the consortium plasmids. 

 

 

Figure 3.23 Comparison among pXO1, pXO2 and the plasmids identified in the consortium 
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Furthermore, the plasmids were evaluated for the presence of traits coding for 

insecticidal crystal proteins, so called cry and cyt genes (Castagnola and Stock, 2014). Some 

Bacillus thuringiensis species are well known to have pesticidal activities, and to date, more 

than 700 genetic elements have been associated with the production of parasporal crystals 

that can cause toxicity, gut damage and death in some orders of insects and invertebrates 

(Bravo et al., 2007; Méric et al., 2018). 

To establish the presence of Cry CDSs in the three plasmids, a Hidden Markov Modeler 

(HMMER) search was performed, as reported in Chapter 2.4.9. The prediction results showed 

no meaningful matches between the Cry toxin profiles and the plasmid sequences found in 

Bt3 and BT7. 
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3.6.   Metabolic model and flux balance analysis of the consortium strains and B. rapa 

 
The comparative genomic analysis discussed in this chapter (section 3.5) provided a 

conspicuous amount of information about the potential PGP activities in the consortium. 

Nevertheless, these results allowed to formulate only few hypotheses about the interactions 

that might occur among the three strains and with a plant partner. To improve our 

understanding of the consortium interactions and investigate metabolic partnerships within 

the consortium and with the plant, individual and community metabolic modelling as well as 

flux balance analysis (FBA) were employed. 

In the current section, the work done using the Kbase modelling platform is described 

(refer to Chapter 2.4.10 for details). Particular interest in this section of the work has been 

given to the nitrogen flux. N is crucial for plant as well as for bacterial growth and development 

and could represent a key in understanding plant-microbe interactions and cross-feeding 

metabolism. 

In order to investigate the impact of the nitrogen source in the interactions among the 

three strains and B. rapa (model plant used in this study), four simulations with different 

nitrogenous forms have been performed. The first simulation was done using ammonia (rich 

medium) as N source, following by tests with nitrite, a mix of nitrite and L-glutamate and finally 

L-glutamate. Nitrite and L-glutamate were chosen as the plant is not able to assimilate N in 

these forms and would require bacterial transformation for N acquisition and survival in the 

plant partner. In this analysis the growth level is described by the objective value, which 

represents the maximum flux through the biomass of the metabolic model in mmol per gram 

cell dry weight per hour (mmol/gDW/h). A value of zero means that the model is not able to 

perform growth in the applied media. 

The table 3.27 collects the values obtained during the consortium analysis. Reported in 

the FBA section of the table, the objective values can be appreciated. It is clear that nitrogen 

is a determinant element that deeply influences the growth of the organisms in this study, 

either considered as communities or individuals. In presence of ammonia, the single strains 

(BL, BT3 and BT7) and the compartmentalised and mixed-bag communities (CC and MBC) 

achieve a flux toward the biomass of 0.8 mmol/gDW/h. The flux increases to 1.6 mmol/gDW/h 

when nitrite is provided instead of ammonia. Medium supplemented with both nitrite and L-

glutamate boosts the growth of the individual strains and reaches 39.2 and 33.3 mmol/gDW/h 
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when the strains are considered as part of a compartmentalised and mixed bag community, 

respectively. Slightly lower values are shown when the broth is supplemented with L-

glutamate as sole N source. 

 

Table 3.27 Quantitative data obtained by metabolic models and FBA using KBase platform. Four growth 
conditions were simulated, which differ for the utilised nitrogenous source: ammonia, nitrite, L-glutamate and 
nitrite and sole L-glutamate. Models and FBA were run for single bacteria (BT3, BL and BT7), compartmentalised 
(CC) and mixed bag (MBC) consortium. The model produced data about reactions, compounds and compartments 
in each tested system. Gapfilling introduced in the model reactions that were neglected due to annotation limits. 
Some of these reactions were made reversible (R). The FBA section of the table gives the indication of the growth 
degree feasible in the specified media (objective value highlighted in blue). This value represents the flux toward 
biomass in mmol per gram cell dry weight per hour (mmol/gDW/h). The number of reactions and compounds that 
participate in the flux within the systems are also specified. 

 

 
 
  

Reactions Compounds Compartments Gapfills Objective	value Reactions Compounds

BT3 1281 1226 2 0.802083 1281 128

BL 1323 1238 2 0.802145 1323 140

BT7 1263 1202 2 0.802081 1263 123

CC 3867 3429 4 0.802103 3867 154

MBC 1446 1320 2 0.802103 1446 149

BT3 1281 1226 2 10+2R 1.60417 1281 128

BL 1322 1238 2 7+2R 1.60429 1322 140

BT7 1263 1202 2 10+2R 1.60416 1263 123

CC 3856 3428 4 1.60421 3856 154

MBC 1445 1320 2 1.60421 1445 149

BT3 1281 1226 2 10+2R 29.6239 1281 128

BL 1322 1238 2 7+2R 14.1272 1322 140

BT7 1262 1202 2 9+3R 31.2849 1262 123

CC 3865 3429 4 39.279 3865 154

MBC 1445 1320 2 33.3808 1445 149

BT3 1281 1226 2 10+2R 29.6239 1281 128

BL 1322 1238 2 7+2R 14.1272 1322 140

BT7 1262 1202 2 9+3R 29.8316 1262 123

CC 3865 3429 4 36.8088 3865 154

MBC 1445 1320 2 30.1428 1445 149

Gapfilling	model FBA

Rich	media

Nitrite

L-glutamate-Nitrite

L-glutamate

Ammonia 
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Consortium interactions 

In order to identify the interactions occurring among BL, BT3 and BT7, the flux from the 

cytosols to the shared extracellular compartment (and the other way around) was taken into 

consideration (Figure 3.24). The heatmap exhibits the direct comparison between 

compartmentalised and mixed bag models when diverse media are supplied. The FBA of the 

compartmentalised community model (CC) provides a perspective of the interactions within 

the consortium, whereas the FBA of the mixed bag community model (MBC) gives an insight 

of the overall exchange between the consortium and the environment. 

When ammonia is provided, the CC strains engage in a dense network of amino acids, 

sugars and organic acids uptake and secretion, which suggest active exchange within the 

community. For instance, the same amount of L-serine secreted by BL can be taken up by BT7, 

fumarate and succinate flowing out from BT3 can be adsorbed by BL, and the total D-fructose 

discharged between BL and BT7 can be taken up by BT3. These trades mostly exist within the 

community and therefore are not shown when the consortium is considered as a mixed bag 

system. As other N sources are applied to substitute ammonia, the rate of the exchange 

decreases in both systems, compartmentalised and mixed bag, while the flux employed to 

achieve biomass rises. 
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Figure 3.24 IŜŀǘƳŀǇ ǎƘƻǿƛƴƎ ǘƘŜ ŦƭǳȄ ƻŦ ǎǳōǎǘŀƴŎŜǎ ŀŎǊƻǎǎ ǘƘŜ ƳƛŎǊƻƻǊƎŀƴƛǎƳǎΩ ŎŜƭƭ ǿŀƭƭ (previous page). Column 
is labelled with the compounds subjected to the flux. Row presents the organisms in compartmentalised and 
mixed bag community and the media used in the simulation. Each square includes a flux value in mmol per gram 
cell dry weight per hour (mmol/gDW/h) and the corresponding shade of colour. Squares drifting to blue indicate 
a flux from the extracellular space to the cytosol, suggesting the compound uptake into the cytosol. On the 
contrary, red-drifting squares represent an opposite flux, which means the secretion of the substance by the single 
organism or the community to the extracellular surrounding.  

 

The figure 3.25 reports a schematic representation of the N flux within the consortium 

strains (as a Compartmentalised Community) when different forms of N are provided. 

 

 

 

Figure 3.25 Representation of the main nitrogen flux within the community using FBA of the reconstructed 
compartmentalised community model of the three consortium strains. The direction of the arrows indicates the 
flow, whereas the colour indicates the N source utilised in the simulation media (legend on the bottom left). Flux 
values are expressed in mmol per gram cell dry weight per hour (mmol/gDW/h). 

 

In medium supplemented with ammonia (blue arrows), nitric oxide (NO) appears to play 

a strategic role in the three strains. NO is produced (from L-Arginine and O2) and transformed 

in nitrate and nitrite subsequently. The nitrate is secreted by BT3 and adsorbed by BL and BT7, 
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which transform it in nitrite. Nitrite partially flows into ammonia and biomass and some is 

discharged in the environment where is taken up by BT3. 

The deamination of amino acids, which leads to ammonia production, occurs in every 

strain even though the substrate usage differs. In BL, flux of 596 mmol/gDW/h of urea toward 

ammonia is also registered.  Ammonia is released in the extracellular space by BL and BT3 and 

taken up by BT7. Additionally, L-Glutamate undergoes trades and transformations across the 

consortium. 

When nitrite is applied as sole nitrogenous source (violet dashed arrows), the CC strains 

all uptake minimum quantity of it (7 to 2 mmol/gDW/h), which is directly converted in 

ammonia and a small amount of L-glutamate. BT3 spares 0.5 mmol/gDW/h of L-glutamate and 

releases it in the extracellular compartment; the same quantity is then adsorbed by BL. 

When nitrite and L-glutamate are both provided to the consortium (red dashed arrows), 

nitrite is taken up by the CC strains in higher quantity and converted in nitrate, which is then 

secreted by the three strains. L-glutamate is assimilated by BT3 and BT7 and transformed in 

L-glutamine. The latter undergoes deamination that results in L-glutamate and ammonia in 

the strains. BT3 secretes 10 mmol/gDW/h of L-glutamate, which are taken up by BL, part of it 

flows to the production ammonia in BL cells. L-serine deamination contributes to increase 

ammonia availability in the three strains. 

In figure 3.25, the green arrows represent the N flux when L-glutamate is the only N 

supplement in the medium. In the previous simulation, L-glutamate is taken up by BT3 and 

BT7, transformed in L-glutamine and then broken down in ammonia and L-glutamate. 

In the three strains NO produces nitrate through the following reaction: 

NADH + 2 O2 + 2 NO <=> NAD + H+ + 2 NO3
-
 

Each NO molecule is converted in two molecules of nitrate, which is exported to the 

extracellular compartment. 

The figure 3.26 shows the main N flux related to the FBA of the mixed bag consortium 

(MBC). It is manifest that the exchanges and metabolic transformations are minimised if the 

consortium is considered as a single organism. When ammonia is provided as sole N source 
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(blue arrows), this is uptaken at a rate of 6 mmol/gDW/h, whereas if nitrite is provided (dashed 

violet arrows), 12 mmol/gDW/h of it are internalised and transformed in ammonia. 

When L-glutamate is added to the simulations (in both media represented with green 

and red arrows), it is adsorbed and transformed in L-glutamine and 2-oxoglutarate with the 

production of phosphate and ammonia, respectively. Part of the ammonia is then redirected 

to the extracellular compartment and part of it is dedicated to L-aspartate synthesis and 

biomass. NO is transformed into nitrate and subsequently secreted. In the nitrite and L-

glutamate medium, nitrite is taken up and oxidised into nitrate, which is also redirected to the 

extracellular space. 

 

 
 

Figure 3.26 Representation of the main nitrogen flux reconstructed from the mixed bag model of the consortium 
strains. In this model the three strains are considered as a single organism in one compartment. The direction of 
the arrows indicates the flow, whereas the colour indicates the N source utilised in the simulation media (legend 
on the bottom left). Flux values are expressed in mmol per gram cell dry weight per hour (mmol/gDW/h). 
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Consortium-B. rapa interactions 

B. rapa metabolic reconstruction was obtained applying autotrophic medium, which 

supplies the plant with light for photosynthetic carbon production and ammonia as N source. 

The ensuing FBA reported a flux into biomass of 1.69 mmol/gDW/h. 

The plant model was then merged with the mixed bag consortium model to generate a 

compartmentalised community model with twelve compartments, ten plant compartments, 

one bacterial cytosol and one shared extracellular space. The reconstructed model was used 

to obtain the related FBA, using the same set of media employed for the consortium analysis 

(Table 3.28). The objective value, indicating the flux toward biomass, is stable at 3.38 

mmols/gDW/h across the four simulations with different N sources, suggesting that balance 

is maintained, and growth is preserved within the plant-microbiome system in different 

nutritional regimens. 

 

Table 3.28 Quantitative data obtained by metabolic models and FBA using the KBase platform. Four growth 
conditions were simulated, which differ for the utilised nitrogenous source: ammonia, nitrite, L-glutamate and 
nitrite and sole L-glutamate. Models and FBA were run for B. rapa in autotrophic medium (light to produce carbon 
and ammonia as N source) and B. rapa with mixed-bag bacterial community (Br_MBC). The model produced data 
about reactions, compounds and compartments in each tested system. Gapfilling introduced in the model 
reactions that were neglected due to annotation limits. The FBA section of the table gives the indication of the 
growth degree feasible in the specified medium (objective value highlighted in blue). This value represents the 
flux toward biomass in mmol per gram cell dry weight per hour (mmol/gDW/h). The number of reactions and 
compounds that participate in the flux within the systems are also specified. 

 

 
 

The heatmap in figure 3.27 collects the values related to the intake and secretion flux 

between B. rapa and the mixed bag consortium (MBC) with the surrounding environment. B. 

rapa FBA, as individual and as part of a community with MBC, reveals an incredible consistency 

in terms of flux, in and out the plant. The MBC exhibits the same endurance with the only 

difference being the nitrogenous compound intake, which is dependent upon the specified 

media. Interestingly, the plant is able to uptake 5.576 mmol/gDW/h of ammonia even when 

it is not provided in the media. At the same time the bacterial MBC shows the capacity to 

Reactions Compounds Compartments Objective	value Reactions Compounds

Rich	media Br_MBC 2512 2445 12 3.38458 2512 154

Nitrite Br_MBC 2511 2445 12 3.38458 2511 154

L-glutamate-Nitrite Br_MBC 2511 2445 12 3.38458 2511 154

L-glutamate Br_MBC 2511 2445 12 3.38458 2511 154

Autothrophic Brassica 1066 1134 11 1.69229 1066 17

FBAGapfilling	model

Ammonia 

B. rapa 
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internalise and utilise nitrite and L-glutamate, and extrude ammonia at 5.576 mmol/gDW/h. 

This datum suggests that in simulated environment with limited nitrogen availability, the 

consortium can act as fertilising agent and provide the plant partner with nitrogen in a form 

that is suitable for plant uptake, i.e., ammonia. 

 

 

 

Figure 3.27 Heatmap showing the flux of substances among B. rapa, the mixed bag consortium (MBC) and the 
environment. Column is labelled with the compounds subjected to the flux. Row presents the organisms in 
communities and the media used in the simulation. Each square includes a flux value in mmol per gram cell dry 
weight per hour (mmol/gDW/h) and the corresponding shade of colour. Squares drifting to blue indicate a flux 
from the extracellular space to the cytosol, suggesting the uptake of the compound into the cytosol. On the 
contrary, red-drifting squares represent an opposite flux, which means the secretion of the substance by the single 
organism or the community to the extracellular surrounding. The light was included in the media and uptaken by 
the plant with a rate of 1000 mmol/gDW/h. This value is omitted in the heatmap to enable a clearer colour usage 
and a better appreciation of the data. 

  

B. rapa B. rapa B. rapa B. rapa B. rapa 
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3. 7.    Conclusions 
 

This chapter details the in-silico analysis of three strains of the genus Bacillus, Bacillus 

thuringiensis Lr 7/2 (BT7), Bacillus thuringiensis Lr 3/2 (BT3), Bacillus licheniformis (BL). These 

strains were selected to constitute a consortium based for their in vitro functions and in vivo 

synergistic plant-fertilising activities (Hashmi, 2019; Hashmi et al., 2019).  

The aim of this chapter was therefore to investigate the genomes of these microbes and 

establish correlations between the genotypes and the phenotypes observed, which include 

plant-promotion and bacterial cooperation. The whole genome sequencing of the strains 

enabled a protein-based comparison that was fundamental in this research to identify unique 

and shared genetic features involved in PGP activities and bacterial interactions. 1116 PGP 

traits were identified and clustered into functional categories: plant recruitment and 

colonisation, participation to nutrient cycles, biocontrol, adaptation to plant-associated 

environment and genome plasticity. The table 3.29 summarises the principal activities that 

could be exerted by the strains based on the genomic analysis reported in this chapter. 

 

Plant-promotion 

According to the comparative analysis, the three consortium strains have the genetic 

traits that allow them to sense rhizodeposits and move toward the rhizosphere environment 

(by chemotaxis towards peptides, amino acids, sugars and oxygen). Moreover, the strains all 

encode genes for the uptake and assimilation of substances that are frequently found as 

exudate components. 

BL encodes an extensive set of genetic traits for biofilm formation and disruption of 

primary and secondary plant cell walls. It is possible to speculate that BL has the assets to 

conduct an endophytic lifestyle within the host plant. While BT3 gene fimA encoding for 

fimbriae and the adhesin found in the plasmids pBT3 and pBT7-1 could enable the bacteria 

BT3 and BT7 to attach to the rhizoplane. 

The results suggest an involvement of the three consortium strains in the ecology of N, 

P, Fe and S. Many shared features among the three strains were identified in relation to N 

transformations like transport, AA deamination (with some degree of substrate partitioning) 

and denitrification. While BL encodes traits of urea ammonification and allantoin degradation, 
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which are two mechanisms that increase the N turnover in soil (Palatinszky et al., 2015; Xu et 

al., 1993). 

Features of organic P solubilisation and inorganic P mineralisation were both detected 

in the three consortium genomes, as well as features related to desulfonation of organo-S 

forms and sulphate reduction. Furthermore, siderophores required to competitively 

sequester iron in the surrounding area were identified in the three consortium genomes. In 

particular, genes encoding bacillibactin and enterobactin were shared among the strains, 

while genes encoding aerobactin were shared between BL and BT7. Interestingly, the three 

strains encode many features related to the internalisation of siderophores which they do not 

produce. This behaviour has been described before in rhizospheric bacteria as siderophore 

cheating ό.ŜƘƴǎŜƴ ŀƴŘ wŀŦŦŀǘŜƭƭǳΣ нлмсΤ .ǳǘŀƛǘŤ Ŝǘ ŀƭΦΣ нлмтύ. 

Genetic traits encoding biocontrol-related effectors were identified in the three 

genomes, with some differences among the strains. BL resulted the most peculiar of the three 

strains, presenting antimicrobial (surfactin, lichenicidin) and antimycotic (kanosamine and 

plipastatin) traits. Bacilysin and other bacteriocins were common elements, with some 

differences in the bacteriocins produced. 

The three genomes contain CDS that encode for chitin degradation and other hydrolytic 

enzymes that could actively be involved in antagonistic activities upon contact with 

competitors. Antibiotic detoxification features were also identified in three strains with some 

dissimilarities in terms of substrates. These traits could be responsible for mechanisms of 

efflux (multi drugs pumps) and antibiotic deactivation that could benefit the entire bacterial 

community or biofilm. 

Furthermore, BL, BT3 and BT7 contain elements that could contribute to the biotic plant 

protection by triggering plant immune system via ISR by 2,3-butanediol (Choudhary and Johri, 

2009; Yi et al., 2016), HS by nitric oxide (Klessig et al., 2000; Stöhr and Stremlau, 2006b) and 

ISS by spermidine (Melnyk et al., n.d.). 

Beside the shared traits related to vitamins and cofactors biosynthesis that can be 

leading to beneficial effects in plants (Ahn et al., 2005b; Marek-Kozaczuk and Skorupska, 2001; 

Palacios et al., 2014), the three strains encode many genetic elements that can mitigate stress 

response among bacteria and in plants. Those traits include osmoprotectants biosynthesis 

(Vardharajula et al., 2011), peroxides detoxification (Mishra and Imlay, 2012; Wasim et al., 
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2009) and relieving the ethylene-mediated stress response in plants (Bal et al., 2013; Khan et 

al., 2014). 

Furthermore, the consortium encodes genetic features that can shape plant-plant 

interactions (by producing and degrading compounds with phytotoxic action, like phenols and 

terpenoids) and plant-microbiome signalling (isoprenoids, auxin and ethylene management). 

Finally, the last section of the comparative genomic analysis described the genome 

plasticity of the three strains. Transposable elements together with several toxin-antitoxin 

systems and genomic islands were detected across the chromosomes of the consortium 

strains, suggesting that the three strains have been exposed to multiple mutagenesis events. 

A particular attention was given to the megaplasmids found in BT3 (pBT3) and BT7 

(pBT7-1 and pBT7-2). pBT3 and pBT7-1 showed a remarkable sequence similarity and a wide 

range of accessory genes, including peptidase, phosphatase, adhesin, lactococcin 972 and its 

immunity protein, glycine betaine and L-proline ABC transporters and elements involved in 

arsenic resistance. On the other hand, pBT7-2 annotation reported a large majority of 

hypothetical proteins. 

 

Table 3.29 Summary of the main PGP functions that could be exerted by the consortium strains based on the 

genomic analysis. ṉ symbol indicates the presence of genetic traits related to the function, while ṉ*  indicate that 
the genes encoding for the functions are different among the strains. 

Categories Function BL BT3 BT7 

Microbiome recruitment 

Chemotaxis ṉ ṉ ṉ 

Exudate uptake ṉ*  ṉ*  ṉ*  

Exudate utilisation ṉ ṉ ṉ 

Plant colonisation 

EPS production ṉ   

Quorum sensing ṉ ṉ ṉ 

Cell density coordination ṉ*  ṉ*  ṉ*  

Cell-wall degradation ṉ   

Nutrient acquisition 

Denitrification ṉ*  ṉ ṉ 

AA deamination ṉ*  ṉ*  ṉ*  

Urea ammonification ṉ   

Allantoin degradation ṉ   
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Organic Phosphorous solubilisation ṉ ṉ ṉ 

Inorganic P mineralisation ṉ ṉ ṉ 

Organic-sulphur AA catabolism ṉ*  ṉ*  ṉ*  

Inorganic Sulphate reduction ṉ ṉ ṉ 

Iron sequestration by siderophores ṉ*  ṉ*  ṉ*  

Siderophore cheating ṉ ṉ ṉ 

Biocontrol 

Surfactin production ṉ   

Lichenicidin production ṉ   

Bacilysin and bacilysocin biosynthesis ṉ ṉ ṉ 

Bacteriocins ṉ*  ṉ*  ṉ*  

Chitin degradation ṉ ṉ ṉ 

Kanosamine and plipastatin synthesis ṉ   

Hydrolytic enzymes ṉ*  ṉ*  ṉ*  

Induced Systemic Resistance (ISR) by 2,3-butanediol ṉ ṉ ṉ 

Induced hypersensitivity (HS) by nitric oxide ṉ ṉ ṉ 

Induced Systemic Susceptibility (ISS) by spermidine ṉ ṉ ṉ 

Putrescine uptake and synthesis ṉ ṉ ṉ 

Hydrogen cyanide synthesis  ṉ ṉ 

Multidrug efflux pumps ṉ*  ṉ*  ṉ*  

Chloramphenicol, oleandomycin, Fosfomycin, ß-lactams 

deactivation 
ṉ ṉ ṉ 

Macrolide, lincosamide, and streptogramin B ṉ   

Virginiamycin-like and aminoglycoside antibiotics  ṉ ṉ 

Adaptation to plant-

associated environment 

Vitamins and cofactors ṉ ṉ ṉ 

Allelophaty ṉ*  ṉ*  ṉ*  

IAA biosynthesis from tryptophan  ṉ ṉ 

ACC deamination ṉ   

Osmoprotectants biosynthesis ṉ*  ṉ*  ṉ*  

Oxidative stress mitigation ṉ ṉ ṉ 

Rhizoremediation of arsenic, cadmium, cobalt, chromate ṉ ṉ ṉ 

Genome plasticity 

Transposons ṉ*  ṉ*  ṉ*  

Toxin-Antitoxin systems ṉ*  ṉ*  ṉ*  

Genomic Islands ṉ*  ṉ*  ṉ*  

Plasmids  ṉ*  ṉ*  
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Cooperation within the consortium 

The comparative genomic analysis and the metabolic reconstruction coupled with the 

FBA highlighted some aspects of the consortium cooperation and mechanisms by which the 

strains could influence each other. 

Firstly, the microbial interactions require to be contextualised in the metabolic niche. 

The rhizosphere constitutes a rich nutrient hotspot for soil bacteria, and therefore it attracts 

an incredible number of microorganisms with different metabolic needs and capabilities. The 

coexistence of microbes in this competitive environment is mainly due to the niche 

partitioning, which occurs when different bacteria can uptake and utilise different metabolites 

avoiding outcompeting other microbes over the same resource (Baran et al., 2015). 

The co-habitation of the three consortium strains could be initially attributed to the 

divergent patterns of metabolite uptake and utilisation that were reported by the comparative 

analysis. Metabolic niche partitioning could occur also for other catabolic pathways, like the 

deamination of AA, the catabolism of organic-sulphur AA or more generic proteases and 

peptidases that are important to retrieve nitrogen, sulphur and carbon from organic 

compounds. The genetic traits involved in these metabolic pathways differ among the strains 

(particularly in BL, but with some differences in BT3 and BT7 too). 

In this chapter the metabolic interdependency among the three strains was also 

investigated by metabolic reconstruction and FBA. Simulations with different nitrogenous 

sources showed that the three strains can engage in a dense network of molecular exchanges 

and that the nitrogenous element supplied in the medium drastically modifies those 

exchanges. If ammonium is provided, a low flux towards biomass is reported, as well as an 

incredible variety of cross-feeding reactions in the compartmentalised model that are not 

present in the mixed-bag model. Whereas, in presence of L-glutamate or a combination of L-

glutamate and nitrite, the flux redirected to the biomass reaches the highest levels with 

reduced metabolic trades among the strains, suggesting that with favourable N sources there 

is no need for metabolic trading. 

Beside the compatibility within the same metabolic niche, more hypotheses explaining 

the consortium cooperation can be formulated based on the strain physical closeness and 

potential organisation traits found in the comparative analysis. Biofilms found along the roots 

are multispecies bacterial colonies that can provide a protected and organised niche to many 
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bacteria, contribute to the plant health and successfully compete with other microbes on the 

plant roots (Pandit et al., 2020). BL was the only strain possessing the canonical genetic traits 

to produce complex biofilm structures and exopolysaccharides (eps operon) that are the most 

abundant part of the extracellular matrix (Naseem et al., 2018; Sutherland, 1972). However, 

it is possible to hypothesise that when the strains are inoculated as a consortium, BT3 and BT7 

are potentially incorporated in biofilms with BL. BT3 and BT7 encode genetic features 

responsible for adhesion to the roots, like fimbriae (in BT3) and adhesin (in pBT3 and pBT7-1), 

as well as matrix-regulating glycosyltransferases (in BT3 and BT7). 

The genomes of the three strains contain the genetic features encoding the QS cell-cell 

interspecies communication molecule, autoinducer-2, that enables communication and 

coordination of gene expression and behaviours at colony level (Duanis-Assaf et al., 2016). 

Additionally, the three strains encode features to manage cell density by pulcherrimin 

production (in BT3 and BL) and the AI-2 processing mechanism mediated by the lsr cluster (in 

BT3 and BT7). 

It is, therefore conceivable that BT3 and BT7 participate in the biofilm lifestyle even 

without actively producing the EPS (Besset-Manzoni et al., 2018). BT3 and BT7 could 

potentially cooperate in other ways, for instance, with detoxification mechanisms of a 

different spectrum of antibiotics, or production of different varieties of bacteriocin, or by tight 

exchange of metabolites (as predicted by the FBA), or by involvement with the plant 

processes. One of the potential synergistic mechanisms that the data suggest is a plant fitness 

boost by the combined activities of auxin production (by BT3 and BT7) and ACC deamination 

(by BL). Furthermore, the FBA of the three strains as a mixed-bag compartment and Brassica 

rapa showed that the consortium has the metabolic potential to supply nitrogen to the plant 

when the system is provided with nitrogenous forms that are not directly available for plant 

utilisation. 

Additionally, the comparative analysis highlighted some redundancy in the three strains 

features, such as siderophore formation and cheating, osmoprotectants biosynthesis and 

induction of defence in plants. All these activities seen in a community perspective could 

represent a form of cooperation that strengthens the consortium beneficial effects towards 

the plant partner and the interaction within the bacterial community. It is also possible that 

the regulatory mechanisms of the gene expression of these traits vary in the three strains, 

conferring a basal level of these activities in different environmental conditions. In natural 
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communities, microbiome gene compositions or functional profiles are often remarkably 

conserved across individuals, suggesting that some traits are responsible for the microbiome 

resilience in the environment (Avila-Jimenez et al., 2020; Franzosa et al., 2015; Huttenhower 

et al., 2012; Lozupone et al., 2012; Qin et al., 2010). 

Although, all the theories and mechanisms described in this chapter require 

experimental tests to be proven, the results obtained by comparative genomic analysis and 

FBA have been essential to lay the foundation for future in-depth studies of the consortium. 

So far, the use of a computational approach to compare multiple genomes and reconstruct 

the metabolism of a community at such molecular resolution has not been reported in the 

literature, and therefore represents a novelty in the field. Untangling the interactions 

occurring in a plant-associated bacterial community is important for developing effective 

bioformulations to use in agriculture and this chapter provides an example of how consortia 

characterisation at molecular level could be achieved. 

 

3.8.   Prospective for engineering the Bacillus consortium 
 

The results collected in this chapter describe the genetic potential of the consortium to 

cooperate and improve plant fitness. These results represent an important indication of the 

consortium functions and allow to propose genetic traits for the genetic engineering of these 

strains. The bacterial genome manipulation can regard single genes, operons or pathways 

encoding for biocontrol and biofertilisation activities. These genetic modifications could lead 

to increased PGP functions and higher yield in the crop partner. 

Some examples of functions and relative genetic traits for future modification of the 

consortium metagenome or individual strains are reported below. 

 

Phosphorous availability 

Phosphorus, for instance, is an essential element in plant growth and development. The 

analysis displayed that the consortium genomes contain many alkaline and neutral 

phosphatases and a phytase (in BL) (Chapter 3.4.3). These enzymes catalyse the hydrolysis of 

insoluble P compounds with the release of inorganic phosphorus, which is the main P form 

available for plant uptake. However, previous studies demonstrated that the consortium 
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strains were not able to solubilise phosphorous in the form of Ca3(PO4)2 in vitro (Hashmi, 

2019). The solubilisation of tricalcium phosphate by rhizobacteria has been demonstrated to 

be inversely proportional to the pH value at which the activity takes place (Cao et al., 2018), 

suggesting that acid phosphatases are more effective in this process. 

Furthermore, phytases able to hydrolyse soil phytate to produce P, have been confirmed 

to increase P availability in plants leading to fertilising effects (Rodríguez et al., 2006). Multiple 

copies of the phytase cassette from Aspergillus fumigatus have been introduced in Bacillus 

mucilaginous strain D4B1 resulting in the 36-46-fold increase of phytase activity compared to 

the wild type (Li et al., 2005). 

Based on this evidence, room for genetic improvement of the P solubilising activities of 

the consortium strains can be established. The introduction of genes encoding bifunctional 

enzymes with both acid phosphatase and phytase activities is an attractive strategy to improve 

P solubilisation in microbes. Genes from E. coli, appA and appA2, have been isolated and 

characterized in literature (Golovan et al., 2011; Rodriguez et al., 1999). The enzyme AppA has 

demonstrated pH optimum of 2.5, protease resistance, and high activity (Vmax values of 3165 

U·mg-1of protein for phytase activity and 712 U·mg-1 of protein for acid phosphatase). AppA 

and AppA2 were also expressed in Pichia pastoris, showing AppA2 higher affinity for 

substrates like para-Nitrophenylphosphate and sodium phytate at pH 2.5. These results make 

the genes, appA and appA2, good candidate for future tests and strain engineering. 

 

ACC Deamination 

Ethylene is a gaseous phytohormones that controls many aspects of plant development 

and has a fundamental role in plant response to stress conditions, such as high salt, presence 

of heavy metals, excess of water and phytopathogen attack. The amount of ethylene is tightly 

regulated in plants, since its excess can trigger a cascade with detrimental effects on plant 

health (Gamalero and Glick, 2012; Vanderstraeten and Van Der Straeten, 2017). Rhizobacteria 

have been reported to contribute lowering the ethylene levels and mitigating the related 

stress response by biochemical reactions that modify the ethylene precursor 1-

aminocyclopropane-1-carboxylate (ACC) (Figure 3.28) (Bal et al., 2013; Glick, 2014; Gupta and 

Pandey, 2019; Kim et al., 2014). 
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Figure 3.28 ACC conjugation and deamination. The reaction that can occur in the consortium strain BL is catalysed 
ōȅ ʴ-glutamyl-ǘǊŀƴǎǇŜǇǘƛŘŀǎŜ όDD¢ύΣ ǊŜǉǳƛǊŜǎ ƎƭǳǘŀǘƘƛƻƴŜ όD{Iύ ŀƴŘ ŦƻǊƳǎ ʴ-glutamyl-ACC (GACC). While the 
ŘŜŀƳƛƴŀǘƛƻƴ ƻŦ !// ōȅ !// ŘŜŀƳƛƴŀǎŜ ȅƛŜƭŘǎ ʰ-ketobutyrate and ammonium. 

 

The functional analysis in this chapter (section 3.5.5) suggests that BL has the genetic 

capability to convert ACC to D!// ōȅ ʴ-glutamyl-transpeptidase in a reaction that requires 

gluthathione and releases cyteinylglycine. However, this process has not been validated or 

reported in other rhizobacteria, but only in plants (Martin et al., 1995; Peiser and Fa Yang S, 

1998).  

The vast majority of rhizospheric bacteria involved in ACC transformation is represented 

by endophytic species and carries out ACC deamination by ACC deaminase (AcdS). The 

reaction leads to the production of 2-Oxobutanoate and NH3. AcdS has been heterologously 

expressed in endophytic PGPR, like Serratia grimesii BXF1(Tavares et al., 2018), Sphingomonas 

faeni, Mesorhizobium ciceri strain LMS-1 (Nascimento et al., 2012), Trichoderma asperellum 

(F. Zhang et al., 2015), Azoarcus sp. CIB (Fernández-Llamosas et al., 2020) and Sinorhizobium 

meliloti (Ma et al., 2004). The application of these transgenic bacterial formulations resulted 

in improved plant growth under various stress conditions. 

The current analysis also suggests that BL has the capability to establish itself as an 

endophyte and can be therefore considered a good candidate to express AcdS. 
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Gibberellins 

Gibberellins (GAs) are phytohormones involved in many plant processes, including seed 

germination, seedling emergence, stem and leaf growth, fruit and flower development, root 

growth, root hair abundance, delay of senescence in plant organs (Bottini et al., 2004; Fulchieri 

et al., 1993; King and Evans, 2003; Pharis and King, 1985; Tanimoto, 1987). Synthetised by 

plants, fungi and bacteria, GAs represent a wide class of tetracyclic diterpenoids, of which only 

four forms have been reported to be bioactive (GA1, GA4, GA7, GA3) (Bömke and Tudzynski, 

2009; Salazar-Cerezo et al., 2018). 

The precursor of the GAs synthesis pathway is Isopentenyl diphosphate (IPP), the 5-

carbon building block for terpenoids and isoprenoids. The enzyme GGPP synthase catalyses 

the reaction that transforms IPP in Geranyl-geranyl diphosphate (GGPP), which is the first 

compound of the biochemical route for GAs biosynthesis (Salazar-Cerezo et al., 2018). In order 

to produce GA4, bacteria and plants use a 12 steps pathway that is encoded by a nine CDSs 

operon. 

Figure 3.29 shows a schematic representation of the GA operon in Rhizobium meliloti, 

which is one of the most studied GAs-producing bacterium (Nett et al., 2017). GAs production 

has also been reported to alleviate drought stress in maize by Azospirillum spp.(Lucangeli and 

Bottini, 1997), to promote growth in Oryza sativa by Bacillus amyloliquefaciens (Shahzad et 

al., 2016), to increase the fresh weight in peppers by Bacillus pumilus όDǳǘƛŞǊǊŜȊπaŀƷŜǊƻ Ŝǘ 

al., 2001; Joo et al., 2005) and to increase stem length and chlorophyll content in tomato 

plants by Sphingomonas sp.(Khan et al., 2014). 

 

 

Figure 3.29 Schematic illustration of the GA operon in Rhizobium meliloti. The operone is composed by nine CDSs 
represented by the arrows (showing the transcription direction): CYP, cytochrome P450; FDGA, ferredoxin; SDRGA, 
ǎƘƻǊǘπŎƘŀƛƴ ŀƭŎƻƘƻƭ ŘŜƘȅŘǊƻƎŜƴŀǎŜκǊŜŘǳŎǘŀǎŜΤ L5{Σ ƛǎƻǇǊŜƴȅƭ ŘƛǇƘƻǎǇƘŀǘŜ ǎȅƴǘƘŀǎŜΤ /t{Σ ŜƴǘπŎƻǇŀƭȅƭ ŘƛǇƘƻǎǇƘŀǘŜ 
ǎȅƴǘƘŀǎŜΤ Y{Σ ŜƴǘπƪŀǳǊŜƴŜ ǎȅƴǘƘŀǎŜΤ ŀƴŘ L5LΣ ƛǎƻǇŜƴǘŜƴȅƭ ŘƛǇƘƻǎǇƘŀǘŜ ƛǎƻƳŜǊŀǎŜΣ ǿƘƛŎƘ ƛǎ ƴot found in all copies 
of the operon in Rhizobium meliloti.  

 

The heterologous expression of the pathway in bacteria has not been reported in the 

literature. However, the amount of information regarding the bacterial CDSs and regulation, 
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as well as the clear link between bacterial GAs biosynthesis and plant promotion have been 

highlighted and make the pathway an interesting candidate for PGPR genome editing. 

Pathways composed by various CDSs can be cloned by MoClo (Weber et al., 2011) and 

Bacilloflex (Wicke et al., 2017), which are synthetic biology tools (based on Golden Gate 

technology) that allow the modular and hierarchical assembly of multiple DNA fragments. 
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Chapter 4. Bacillus consortium activities in vitro and in vivo 
 

 

4.1.   Introduction 

 

4.1.1.  Plant-microbe interactions in the rhizosphere 

 
Plant and microbes have evolved mechanisms to communicate and coexist (Bais et al., 

2006b; Dodds and Rathjen, 2010; Whipps, 2001). At the beginning of the plant life cycle, dry 

seeds already constitute a microhabitat for microbes. The seed microbiota, inherited from the 

mother plant, can be found in all the seed components, such as embryonic axis, cotyledons, 

storage tissues and seed coat (Johnston-Monje et al., 2лмсΤ YǳȋƴƛŀǊ Ŝǘ ŀƭΦΣ нлнлΤ wȅōŀƪƻǾŀ Ŝǘ 

al., 2017). 

Seed germination occurs upon water uptake which activates the plant physiology 

(Copeland and McDonald, 2012). At this stage the germinating seed starts releasing nutritious 

compounds that attract the microorganisms present in the surrounding soil. This particular 

zone is called spermosphere and is already characterised by incredible competition among the 

recruited bacteria (Chen and Nelson, 2012; Nelson, 2004). Successful early colonisation relies 

on the microbial ability to move towards and efficiently utilise the seed exudate, as well as to 

be able to adhere onto the seed coat (Kloepper et al., 1985; Ugoji et al., 2005). 

From an agricultural application point of view, the introduction of beneficial bacteria at 

the spermosphere stage has resulted in particularly effective and long-lasting PGP activities, 

which include promotion of seed germination and seedling vigour, phytopathogen 

suppression and stress protection (Jack and Nelson, 2018; Shweta et al., 2008; Verma and 

White, 2018). Even at this early stage, plants and bacteria are involved in complex and 

convoluted molecular dynamics, many of which have not been entirely elucidated yet. Seed 

colonisation is such an important step that it influences the progressive assembly of the 

rhizosphere community around the roots and the plant growth and yield. 
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While the seed germinates, the root starts its development releasing a large quantity of 

organic compounds. In doing so, the plant is capable of altering the surrounding soil and the 

inhabiting microbial community. Many of the compounds that compose the exudate function 

as microbial attractants, while others promote bacterial colonisation and biofilm formation 

(for example organic acids and indole derivatives) (Badri and Vivanco, 2009; Bais et al., 2006b; 

De Weert et al., 2002; Oku et al., 2014; Roworth, 2017; Zhang et al., 2014). 

Bacteria are involved directly or indirectly in plant growth promotion via mechanisms of 

biofertilisation and biocontrol (Anand, 2017; Berendsen et al., 2012; Chapelle et al., 2016; 

Whipps, 2001), as already mentioned in previous chapters. 

Eventually, the seedling grows into an adult plant by developing roots together with 

aboveground structures like stems, branches, leaves, flowers and also the following 

generation of seeds. Both below ground and above ground organs emit a range of inter- and 

intra-kingdom chemical signals specialised in communicating plant conditions like stress, 

predation and nutrient availability (van Geem et al., 2013). Receptive microbes, that are 

associated with all the plant organs, are therefore tuned in their PGP functions by their host 

and at the same time tune plant physiology with their activities. 

One example of this reciprocal influence is represented by the root-to-shoot (R:S) 

biomass partitioning, a commonly used indicator of the plant fitness όaŀǑƪƻǾł ŀƴŘ IŜǊōŜƴΣ 

2018). Plants display a certain R:S plasticity by distributing a higher proportion of biomass into 

the shoot when growing in rich substrate to favour photosynthetic processes, while allocating 

more biomass to the root system to increase the uptake in nutrient-limited media (Cambui et 

al., 2011; Gedroc et al., 1996). However, bacteria are able to strongly influence both root and 

shoot development shifting the R:S paradigm and improving plant growth even in 

unfavourable conditions (Belimov et al., 2007; Chu et al., 2020, p. 1; Gedroc et al., 1996; 

Shaharoona et al., 2007; A. Wang et al., 2020). 

Due to their remarkable and convoluted association, microbiota and plant host are often 

ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀƴ ΨƘƻƭƻōƛƻƴǘΩΣ ŀ ǳƴƛǉǳŜ ŦǳƴŎǘƛƻƴŀƭ Ŝƴǘƛǘȅ ƛƴ ǿƘƛŎƘ ŜǾƻƭǳǘƛƻƴŀǊȅ ǎŜƭŜŎǘƛƻƴ Ŏŀƴ 

cause changes in the hologenome (the collective genomic content of all the individual 

members of the holobiont) (Anand, 2017; Hassani et al., 2018; Morris, 2018; Rosenberg and 

Zilber-Rosenberg, 2016). 
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4.1.2.  Distinctive microbiomes and model plant 

 

Microbiome recruitment has been shown to be a sophisticated and targeted process 

that is influenced by several factors, such as seed-borne microorganisms (Johnston-Monje et 

al., 2016), selective attractant or repellent capacity of the exudated molecules and their 

diffusion into soil (Moe, 2013; Scharf et al., 2016; (Badri and Vivanco, 2009; Bais et al., 2006b) 

and plant defence signalling (Doornbos et al., 2012). The latter is of particular interest as the 

plant immune system is implicated in the fine distinction between mutualistic, commensal 

and pathogenic microbes that reach the root-soil interface (Dodds and Rathjen, 2010; Jones 

and Dangl, 2006). 

In the last decade, the plant microbiome has been extensively investigated in model 

plants like Arabidopsis thaliana (Bulgarelli et al., 2012; Koornneef and Meinke, 2010; Lundberg 

et al., 2012) and staple crop species like oat (Dahiya et al., 2019; Iannucci et al., 2013; Sapre 

et al., 2018), rice (Bal et al., 2013; Ding et al., 2019; Jamali et al., 2020; Shenton et al., 2016) 

and barley (Bulgarelli et al., 2015; Cardinale et al., 2019; Yao et al., 2020). These studies have 

made it possible to collect an incredible amount of information regarding mechanisms, 

composition and functions of the recruited microbes in different experimental conditions. 

Nevertheless, there are still many gaps in our knowledge of the plant microbiome, particularly 

in relation to plants of agricultural interest such as vegetable crops. 

In this research, the studied plant was Brassica rapa var. parachinensis (B. rapa), a 

vegetable of Asian origins commonly known as Choy sum. B. rapa belongs to the Brassicaceae 

family, which also contains cabbage, broccoli, cauliflower and radish. Beside the agricultural 

importance (70.13 million tons per year,  , this family of vegetables has attracted research 

interest for its cancer-preventing properties (Halkier and Gershenzon, 2006).  

The Brassica vegetable microbiomes have been shown to harbour a bacteria-dominated 

microbiome and no arbuscular mycorrhizal fungi. (Granér et al., 2003; Rumberger and 

Marschner, 2003). A recent study analysed the metagenomes of seven plants of the 

Brassicaceae family, showing that plant genotype is the main driver of the assembly of the 

microbiome community (Wassermann et al., 2017). Genes encoding bacterial myrosinase (6-

phospho- -̡glucosidases) were also mined from the metagenomes and found more 

abundantly in rhizosphere and phyllosphere rather than in the surrounding soil. Myrosinases 

catalyse the hydrolysis of glucosinolates (distinctive secondary metabolites produced by 
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Brassicaceae for defence) into products like isothiocyanates and nitriles that exert 

suppression on nematodes and soil-borne fungal pathogens (Cole, 1976; Granér et al., 2003). 

In light of this evidence, it is clear that in vivo and in vitro analyses of new PGPR consortia are 

essential to establish their actual effectiveness on non-model plants. 

 

4.1.3.   Tools to study plant-microbe interactions 

 

Experimental design is a crucial aspect in plant studies. Holistic approaches that aim at 

the characterisation of the plant microbiome in its natural environment are often used in 

ecology studies (Carrasco et al., 2020; Hacquard and Schadt, 2015; Pineda et al., 2017). 

However, these types of experiments present many challenges due to the intrinsic variability 

of the natural environment and sometimes constitutes an unsuitable setting for early-stage 

research. In recent years, reductionist approaches have emerged as an effective way to break 

down the interactions that occur within the plant microbiome without the unpredictable and 

uncontrollable conditions. Factors like plant genotype, nutrient content and microbial 

communities can be controlled to remove some variability within the system. This control can 

be achieved by the use of mesocosms, which are experimental tools that enclose a natural 

environment under controlled conditions (Figure 4.1). 

Beside pot experiments, in this study a mesocosm named LEAP (Live-Exudation Assisted 

Phytobiome) was used (Ee, 2018). LEAP enables a researcher to co-culture plant and microbes 

as an holobiont and collect plant phenotype data in a non-disruptive manner (details can be 

found in chapter 2.5.5). Plant phenotyping provides quantitative data that constitute a 

resourceful readout for plant fitness and physiology (Gibbs et al., 2018; Martins et al., 2018; 

Watt et al., 2020). In addition, at the end of the LEAP assay both microbes and metabolites 

can be collected and analysed via metagenome sequencing and mass spectrometry, 

respectively (chapter 2.5.7, 2.5.8 and 2.5.9). Therefore, this experimental setting makes it 

possible to establish correlations between plant phenotypes, microbial composition and 

functions, and metabolites exchanged within the holobiont system (Figure 4.2). 
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Figure 4.1 Different plant growth experimental settings. In field conditions, abiotic factors (like temperature, wind 
and rain) and biotic factors (like insects, nematodes and other soil dwelling organisms) cannot be controlled. The 
use of controlled chambers, like greenhouses or incubators reduces many of the variable factors, while 
maintaining some variability in soil nutritional content and microbial population. The adoption of mesocosms 
enables the control of most of the variables, by introducing cultured microbiome and specific types and quantities 
of nutrients. 

 

 

Figure 4.2 Schematic representation of the LEAP mesocosm assay, samples collection and analysis. 

 

[9!tΣ ŘŜǾŜƭƻǇŜŘ ōȅ 5ǊΦ {Φ {ǿŀǊǳǇΩǎ ǘŜŀƳ ŀǘ ǘƘŜ b¦{Σ Ƙŀǎ ōŜŜƴ ǾŀƭƛŘŀǘŜŘ ƻƴ ǘƘŜ ƳƻŘŜƭ 

A. thaliana and two vegetable crops Brassica rapa subsp. parachinensis and Brassica oleacea 

var. alboglabra (Ee, 2018). The plants were grown in the presence or absence of microbiome 

that was previously retrieved from bulk soil or plant rhizosphere. Plant phenotype upon those 

microbial inoculations was measured as root length and plant weight. In the presence of the 

rhizospheric community, A. thaliana showed longer roots, whereas the vegetables showed an 

increase in the fresh weight. The analysis of the microbiomes collected at the end of the assay 

showed that the bulk soil microbiome profile converged to the rhizospheric one, suggesting a 

strong influence of the plant on the community. The plant influence was also observed in the 
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metabolomic analysis, in which root exudation patterns in the presence of rhizospheric 

bacteria enumerated PGP metabolites, such as gibberellin and salicylic acid. 

In this work, LEAP was adopted as it provides the possibility to test different kinds of 

bacterial treatments and collect a wide range of data. This resourceful tool was used to 

preliminarily establish the effects and the activities of the Bacillus consortium (detailed in 

chapter 3) on the growth of the vegetable crop B. rapa. Co-cultures of the consortium and 

indigenous microbiomes were also tested to study potential microbe-microbe interactions 

and their involvement in plant growth promotion. 

 

4.4.   Purpose of the chapter 

 

The main aim of this chapter was to elucidate the effects of the Bacillus consortium 

application on the vegetable crop Brassica rapa subsp. parachinensis. Particularly, phenotypic 

data from LEAP assays and pot experiments will be described, as well as the analysis of 

metabolite exchange between plant and inoculated microbes and metagenomic analysis of 

the indigenous microbial community. All these experiments were carried out to answer two 

principal sets of questions: 

 

1. Can the consortium improve B. rapa growth? Is the consortium more effective when 

inoculated as a community rather than the individual strain inocula? Which are the 

metabolites involved in consortium-plant interactions? (Chapter section 4.2) 

 

2. Are the consortium PGPR activities affected by the indigenous microbiome? Which 

kind of metabolites are exchanged in these complex communities? (Chapter section 

4.3) 

 
The plant experiments described in this chapter were entirely carried out at the National 

University of Singapore, in the Biology Department, Dr. Sanjay SwarupΩǎ [ŀō ƛƴ !ǳƎǳǎǘ нлму 

and October 2019. I was assisted by Yong Liang Ee, Miko Pho Chin Hong and Irfana Nikhath in 

the plant experiments and by Dr. Shruti Pavaghadi in the mass spectrometry analysis.  
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4.2.   Consortium effects on B. rapa growth 
 

4.2.1.  Consortium effects on plant phenotype 

 
In order to characterise the effects of the consortium inocula on Brassica rapa growth, 

LEAP assays were performed. LEAP is a mesocosm system that consists in co-culturing bacteria 

and plant on an agar plate (see chapter 2.5.5 for details). This assay enables the monitoring of 

the early seedling development and the observation of the plant phenotype in the presence 

of different bacterial inocula. LEAP settings facilitate plant measurements, such as root length 

and plant weight, without disrupting the entirety of the plant organs. In addition, the 

metabolites can be collected and analysed to extrapolate information regarding the 

metabolite exchange occurring between the inoculated microbes and the plant. 

The first experiment was conducted to determine whether the three strains that 

compose the consortium (BL, BT3 and BT7) are able to increase plant fitness when inoculated 

together as a community rather than as individual inocula. For the fresh weight fold change, 

the data reported in figure 4.3 show a slight increase in plants inoculated with the consortium, 

even though the difference between this treatment and individual strains is not statistically 

significant. 

 

 
 

Figure 4.3 Effect of the individual strains and consortium inocula on the fresh weight of Brassica rapa. The plants 
were grown together with the inocula in LEAP assay plates for seven days. After weight measurement the fold 
change was calculated as (weight day 7 ς weight day 0)/ weight day 0. The treatments were Control (PBS 
solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2) and 
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Effect of bacterial inocula on B. rapa weight 
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Consortium (equal concentration of BL, BT3 and BT7). The box plots show the distribution of the data set. The 
samples included three replicates. The box identifies the inter-quartile range, i.e., the middle 50% of the data, and 
the line within the box marks the median that is the mid-data point. While the upper and lower whiskers are 
determined by the higher and lower data point. 

Data regarding the change in the root apparatus length were also collected (Figure 4.4). 

It is evident from the box plot that the LEAP assay favours the root development over the plant 

weight. The absence of nutritious supplements in the mesocosm (water-agar layer) 

constitutes a driving force for the plant to increase the root apparatus (Kohli et al., 2020; G. 

Liu et al., 2018; Zhu et al., 2016). At the same time, this could also lead to an increase network 

of plant-microbes interactions (Eltlbany et al., 2019; Lata et al., 2018). 

In figure 4.4, the data points related to the consortium treatment appear scattered and 

the median value is similar to the control. When the three strains are inoculated separately, 

applying a BT7 suspension appears to enhance the root development more than the other 

two strains. 

 

 
 

Figure 4.4 Effect of the individual strains and consortium inocula on the root length of Brassica rapa. The plants 
were grown together with the inocula in LEAP assay plates for seven days. The root length was measured and the 
fold change was calculated as (root length day 7 ς root length day 0)/ root length day 0. The treatments were Control 
(PBS solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2) 
and Consortium (equal concentration of BL, BT3 and BT7). The box plots show the distribution of the data set. The 
samples included three replicates. The box identifies the inter-quartile range, i.e., the middle 50% of the data, and 
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the line within the box marks the median that is the mid-data point. While the upper and lower whiskers are 
determined by the higher and lower data point.  

The R:S index for the different treatments is shown in figure 4.5. The three strains 

inoculated together appear to have higher R:S than the strains individually. Moreover, the 

consortium presents significant difference compared with the control (p= 0.0374). 

 

 
 

Figure 4.5 Effect of the individual strains and consortium inocula on the root-to-shoot ratio (R:S) of Brassica rapa. 
The plants were grown together with the inocula in LEAP assay plates for seven days. The shoot and root of each 
plant were then weighed and the ratio calculated as root weight/shoot weight. The treatments were Control (PBS 
solution), BL (Bacillus licheniformis), BT3 (Bacillus thuringiensis Lr 3/2), BT7 (Bacillus thuringiensis Lr 7/2) and 
Consortium (equal concentration of BL, BT3 and BT7). The box plots show the distribution of the data set. The 
samples included three replicates. The box identifies the inter-quartile range, i.e., the middle 50% of the data, and 
the line within the box marks the median that is the mid-data point. While the upper and lower whiskers are 
determined by the higher and lower data point. The lower-case letters on the boxes indicate statistical significance 
between treatments. The values were calculated by analysis of variance ANOVA one-way and post hoc Tukey test 
with p value cut-off 0.05.  

 

4.2.2.   Metabolite exchange among consortium and plant 

 

In order to investigate the chemical communication between plant and different 

microbial inocula, the metabolites were collected from the LEAP assay. After seven days, the 

metabolites were extracted from the membranes and the roots to be analysed at the MS type 
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1 (details in Chapter 2.5.7 and 2.5.8). Thousands of features were detected for each sample 

(Table 4.1). 

Table 4.1 Metabolites detected in samples collected from LEAP assay with different bacterial treatments (BT3, 
BT7, BL, Consortium, Control). Control is constituted by PBS, that is also the buffer used to prepare the bacteria 
inocula. Three replicates per treatments were used. The metabolites were taken from root and membranes and 
analysed by Mass Spectrometry type 1. The peaks detected were firstly analysed using Progenesis QI. 

Treatment Root metabolites Membrane metabolites 

BT3 6408±1035 4863±147 

BT7 5412±390 4883±39 

BL 7142±180 5114±325 

Consortium 6852±354 5003±237 

Control 6739±231 4822±210 

 

The scatter plot in figure 4.6 reports the metabolites detected from B. rapa roots treated 

with no bacteria (Control sample). 

 
 

Figure 4.6 Metabolite features detected from Brassica rapa root samples in the absence of bacterial inoculum. 
The samples were analysed at MS type 1. On the x axis the metabolite retention time (minutes) is reported, while 
the y axis shows the mass-to-charge (m/z). 
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The data were analysed by Progenesis QI and then subjected to statistical analysis to 

identify the metabolites differentially present in samples from plants treated with the 

different inocula (Control, BT3, BT7, BL, Consortium). The root samples had 251 differential 

metabolites, while the membrane samples presented 103 differential metabolites. The server 

MetaboAnalyst (https://www.metaboanalyst.ca) was used to infer pathways from the ranked 

list of MS peaks identified by untargeted metabolomics (more details in chapter 2.5.7). In 

particular, the pick-to-path module was used selecting as references Bacillus subtilis and 

Arabidopsis thaliana KEGG libraries. The complete list of results can be found in the appendix 

A.15 (root metabolites) and A.16 (membrane metabolites). 

For the root metabolites, only 94 features found significant hits with components of 51 

pathways from Arabidopsis thaliana and Bacillus subtilis KEGG pathway libraries (Table S.4.1). 

The scatter plot in figure 4.7 shows the differential metabolites found in root samples with 

hits in the KEGG A. thaliana pathway library. 

 

Figure 4.7 Differential pathways among control, individual strain and consortium inocula. Metabolites were 
extracted from plant roots after seven-days LEAP assay. On the x axis, the enrichment factor represents the 
number of hits within the pathway library (KEGG ς Arabidopsis thaliana). On the y axis -log10(p value). The scatter 

Pathway hits found in control, individuals and consortium metabolite samples  






























































































































































































































































