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Abstract
Humanity appears on the cusp of one of the most challenging periods to date. An
ever-growing population and subsequent demand for sustenance, land and living
quality places pressure upon already strained resources. An ever-competitive global
market exacerbates environmental concerns, placing profit over sustainability.
Agriculture is at the forefront of these problems; both causing and being harmed by
the implications. This project investigates the viability of potential sustainable
methods of agricultural practice, in attempt to identify a remedy for much needed
reform; the use of microbial inoculants within agriculture poses as a possible
solution.
This thesis-based hypotheses around the viability of microbial inoculation, the
potential for direct manipulation of the rhizosphere and the comparative
capabilities of microbial inoculation with current agrochemical-based practice.
Initially microbes with the ability to promote plant growth were identified and
isolated. Consortiums of these beneficial microbes were constructed. The
engineering of specific microbiomes were constructed by inoculating sterilised soil
with varying combinations of these microbes. Commercially relevant crop species
(including wheat and mustard) were tested to provide agriculturally relevant data.
The results identified the success of consortium-based treatments by increasing a
multitude of important plant growth characteristics. A clear novel trend in minimal
synthetic soil communities was discovered, providing data that could help shape
future commercial products. While the results did not quite outcompete current
agrochemical practice, it shows promise and highlights the need for further
concentrated efforts in order to achieve agricultural sustainability.
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1. Introduction
1.1 Overview of the State of Agriculture in Association with Sustainability
Humanity appears on the cusp of one of the most challenging periods to date. It is
widely apparent that both anthropogenic stressors and a changing climate are
impacting the environment more than was previously thought (Gross, 2018; Kerr
and Wilson, 2018; Thornton et al., 2018). Achieving global sustainability is
internationally recognised as being paramount to ensuring the longevity of
humanity and the world around us (Struik and Kuyper, 2017; Mathews et al., 2018).
However, this is complicated by the societal expectations to ensure unrestricted
access to adequate resources, facilitating a healthy and fulfilling lifestyle
(Rockström et al., 2017). A rapidly urbanising, ever growing population will continue
to add pressure on already strained resources. Estimates place the population at 10
billion by 2050, all of which will need to be adequately fed and sheltered
(Bongaarts, 2009; Zahid et al., 2015).
To this day we strive to reach a balance between sustainability and productivity. At
the centre of this issue is agriculture, currently the planet’s biggest environmental
change contributor (Godfray and Garnett, 2014; Kuyper and Struik, 2014;
Rockström et al., 2017). Coincidentally, these environmental changes are associated
with many deleterious agricultural implications, ultimately reducing the efficiency
of future practice (Gornall et al., 2010; Raza et al., 2019). It is therefore evident that
widescale agricultural reform will be required, in an attempt to idealistically
intensify agricultural through environmentally conscious means, before potential
damage becomes irreversible (Rockström et al., 2017).
An ever-competitive global market exacerbates environmental concerns, placing
profit over sustainability. Current methods of increasing agricultural output, in
order to meet global demands, have been linked to environmental contamination,
ecosystem damage and serious risk to human health (Carson, 1962; Tilman, 1999;
Palm et al., 2014; Pretty and Bharucha, 2014).
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If no change is made to current agricultural practice, it can be expected that over 1
billion hectares of land will be cleared by 2050, with greenhouse gas emissions
reaching almost 3 gigatons a year (Tilman, 2011). These projected emissions will
have wide-reaching impacts, estimated to raise global temperature by up to 4.5°C
(Raza et al., 2019). Each Celsius degree increase in global temperature would, on
average, reduce global yields of key agricultural crops by almost 5%. This highlights
the short-sightedness of unsustainable practice, and the need for widescale,
reliable innovation (Zhao et al., 2017).
On a smaller scale there exists varying possibilities to both increase agricultural
productivity, while also reducing environmental impact (Folke et al., 2005).
However, to impose meaningful widescale change there are several requirements:
(1) The availability of environmentally conscious methods that produce comparable
results to current agricultural practice; (2) easily understood, informative research
highlighting both the unsustainability of current practice and the possibilities of
new methods; and (3) the adoption of policies that encourage environmentally
conscious practice, helping to kick-start innovation and enable access to the market
(Milder et al., 2014; Liu et al., 2016).
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1.2 History and Scope of Agriculture
Current estimates place the beginning of recognisable agriculture roughly 12,000
years ago (Larson et al., 2014). Agricultural innovation is strongly interwoven into
the rise of civilisation; archaeobotanical records show the importance of crop
cultivation, underpinning the birth of our earliest recognisable sites of civilisation
(Thrall et al., 2010; Fuller et al., 2014; Larson et al., 2014). While the archaic
techniques have long since been replaced, the essence of agronomy remains the
same – ‘harnessing plants in the service of man’ (Forbes and Watson, 1992; Thrall
et al., 2010).
Agricultural practice spans every hospitable country in the world, making it one of
the most globally widespread industries. Land use for agriculture takes up an
estimated 12% of the Earth’s solid surface, spanning over 1 billion hectares of
arable land (Lowder, 2016). There are over 500 million active farms worldwide, 75%
being family-based farms - this share is consistent across all countries, highlighting
them as a key area to focus environmental efforts on (Lowder, 2016).
Approximately 2 billion people are directly engaged within these family-based
agricultural practices (FAO, 2015). The remaining farms are often industrial
corporations or governmental institutions, holding significantly larger areas of
farmland per institutions than family-based farms (Lowder, 2016).
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1.3 Modern Agriculture
The development of recognisable, modern practice appeared in the 1960’s.
Agriculture underwent a global reform, dubbed the ‘Green Revolution’ (Pingali,
2012; Mehta, 2018). This reform saw widescale utilisation of high-yield varieties,
mechanisation and most importantly the application of synthetic ‘agrochemicals’.
Yearly global food production estimates have more than doubled, compared to
those from before the Green Revolution (Pingali, 2012; Popp et al, 2012). The
success of the Green Revolution can largely be attributed to a boom in crop
research investment and a widescale push of government policies, supporting the
innovation and implementation of crop science (Pingali, 2012; Mehta, 2018). Crop
science has continued to develop, largely through the refinement of agrochemical
products, in order to maximise yield and productivity (Carvalho, 2017).
1.4 Agrochemicals
Agrochemicals are chemical compounds, selected for their desired biological
activity, utilised to enhance agricultural growth (Walter, 2002). They can largely be
broken down into two groups: fertilisers and pesticides. Fertilisers are comprised of
molecules that enhance the nutrient profile of agricultural soil, optimising levels of
growth. They are generally nitrogen, phosphorus or potassium based, with smaller
supporting quantities of varying micro/macronutrients (Kiiski et al., 2016).
Pesticides are chemical compounds that deleteriously impact pest, weed and
disease growth or spread. They are often further classified, based upon mode of
action, chemical group or targeted organism (Falconer, 2002; Gilden et al., 2010).
The utilisation of agrochemicals has produced unprecedented results, doubling
global agricultural productivity (Carvalho, 2006; Pingali, 2012; Popp et al, 2012). The
population boom of the 20th century would have undoubtedly been unsustainable
without the paralleled increase in food production, attributed to the widescale
adoption of agrochemical use (Carvalho, 2017). Reliance upon agrochemicals is
deep set within agriculture; the UK alone applies over 1.5 billion kg of fertiliser
annually to arable crop land (TE, 2020). Currently over 6 billion pounds of pesticides
are used annually worldwide, with multiple hundreds of millions of agrochemical
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sales occurring a year (USEPA, 2017; EEA; 2018) Overall, agrochemical use and sales
are trending upwards across the developed world (EEA, 2018).
While successful in increasing agricultural output, it has now become evident that
the long-term reliance on synthetic chemicals is largely unsustainable. Global,
irresponsible intensive agrochemical use has been irrefutably linked to widespread
contamination, severely impacting both human and environmental health (Tilman,
1999; Carvalho, 2017; García Hernández et al., 2018). This being due to the
unfortunate characteristics of many agrochemicals – unspecificity, persistent,
poorly biodegraded and high in toxicity (Ivase et al., 2017). The dangers of
agrochemical misuse can be seen throughout history, evidenced by infamous
‘horror stories’ such as DDT bioaccumulation and neonicotinoid induced colonycollapse disorder in bees (Carson, 1962; Whitehorn et al., 2012; Tosi et al., 2017).
On top of this, increasing levels of resistance to many of these chemicals has been
discovered in pest populations (Chandler et al., 2011).
In the push away from agrochemical dependence, farmers have turned towards
integrated management tools, such as intercropping, cover crops, biocontrol, crop
rotation and the utilisation of reduced risk chemicals (Seiber et al., 2018). In this
area, a tool that has seen increased interest over the past decade is the use of
microbial inoculants. The utilisation of natural microorganisms to confer a change in
rhizospheric conditions, ultimately leading to favourable conditions for crop growth
(Damalas and Koutroubas, 2018; Thomloudi et al., 2019).
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1.5 Microbial Inoculants
Microorganisms encapsulate some of the most diverse and abundant groups on
earth, yet, they are also some of the least understood organisms (Fierer and
Jackson, 2006; Pedrós-Alió and Manrubia, 2016). Only around 7000 bacterial
species have been formally analysed and described, estimated to only account for
1% of total bacteria (Kellenberger, 2001; Stewart, 2012;). These bacteria are
constantly interacting with the environment through chemical cycling (Stewart,
2012; García-Orenes et al., 2013).
The rhizosphere can be defined as the region of soil surrounding the root system,
where processes are mediated by microorganisms and abiotic interactions. It is this
area where a majority of plant-microbe interactions take place (Souza et al., 2015).
Plant roots release exudate, evolutionarily designed to communicate with specific
organisms, attempting to induce an advantageous environment (Timmusk et al.,
2017).
Research has repeatedly shown that complex plant-microbe interactions have
profound impacts upon plant growth, quality and life traits (Huot, et al., 2014;
Ishaq, 2017; Alori and Babalola, 2018; Ferreira et al., 2019). Some microbes confer a
range of abilities which help to promote growth through the removal of stress and
plant antagonists, or through the mobilisation of nutrients (Berg, 2009; Huot, et al.,
2014). Given that the soil microbiota can have such a profound impact on crop
success, it is fair to assume that they present a potential goldmine for agricultural
exploitation (Stewart, 2012; García-Orenes et al., 2013). Gaining an understanding
of these plant-microbe interactions, including those of unknown microorganisms,
could allow for their exploitation, which can be used to diversify agricultural
practice (Berg, 2009). These microbes are commonly referred to as plant growthpromoting bacteria/microbes (PGPB/PGPM)(Souza, 2015; Deng et al., 2019).
PGPM can often be broken down into two different sub-categories, biofertilisers
and biopesticides. Biofertilisers can be further broken down based on their mode of
action: (1) increasing plant growth by mobilising key growth components (e.g.
nitrogen fixation, phosphate solubilisation or indole-3-acetic acid production) or (2)
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reduce the impact of environmental stressors through the production of ACC
deaminase, subsequently lowering ethylene build up (Souza, 2015).
Biofertilisers are ‘agents manufactured from living microorganisms or a natural
product that enhance the rhizospheric environment, ultimately improving plant
growth’. They act by fixing nitrogen, mobilising growth components or reducing
stress (Schütz et al., 2018). Biofertilisers have become of noted interest recently,
due to a growing concern for global biogeochemical cycle imbalance, heavily driven
by the application of conventional agrochemicals (Schütz et al., 2018).
Biopesticides can be defined as an ‘agent manufactured from a living microorganism or a natural product and used for the control of plant pests’ (Chandler et
al., 2011). This interest is largely due to their potential as an alternative to synthetic
pesticides, without many of the undesired effects such as non-specificity, toxicity,
and residue time (Chandler et al., 2011; Seiber et al., 2018). Biopesticides are an
emerging area of the pest management market, with only around 200 products
being available in the United States. In Europe, where regulations are even tighter,
there are currently 60 products available (Balog et al., 2017; Damalas and
Koutroubas, 2018). The global market for biopesticides is steadily increasing every
year (Damalas and Koutroubas, 2018).
Biopesticides can be categorised based on their target organism group. Currently
the most prominent is ‘entomopathogenic biopesticides’, insect targeting microbes.
Such microbes are suggested to have arisen from symbiotic microbe-plant
relationships, helping to account for the specificity and high contact mortality rate
(Schünemann et al., 2014). Many other biopesticides are plant pathogen
suppressors, stemming from microbes that target root rotting bacteria (Berg, 2009).
While relatively sparsely utilised, some biopesticides act as microbial herbicides.
They prevent the spread of weeds and invasive species into arable farmland (Te
Beest et al., 1992; Chandler et al., 2011).
The applicability of commercially relevant microbes is apparent and widely
discussed within the scientific literature (Baum et al., 2015; Schütz et al., 2018;
Thomloudi et al., 2019). This is further supported by their commercial success.
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Biopesticides hold a 5%, $3 billion share of the global crop protection market, while
biofertilisers hold a 1%, $1.34 billion share of the fertiliser market (Damalas and
Koutroubas, 2018; Fortune, 2019a; Fortune, 2019b). The global market for
microbial inoculums is estimated to reach $13.34 billion by 2025 (Fortune, 2019a;
Fortune, 2019b). Notable successful examples such as Bacillus thuringiensis show
that when providing comparable pest controlling effects to conventional technique,
consumers will happily choose the more environmentally conscious option
(Damalas and Koutroubas, 2018).
The current commercial climate for microbial inoculants heavily favours single
isolate products. However, consortiums consisting of multiple beneficial microbes
have been shown to produce favourable results too (Woo et al., 2014; Woo and
Pepe, 2018). There is significant research highlighting the increased effects of
different types of PGPM mixtures upon plant growth and biological control,
compared to single strains (Thomloudi et al., 2019). A host of studies have shown
that taxonomically similar species can be mixed together to confer an increased
beneficial impact upon a range of plant qualities (Hu et al., 2016; Lugtenberg et al.,
2016; Aloo et al., 2019; Emami et al., 2019). While some consortiums that
combining taxonomically different microbes have struggled with constituent
competition (Xu et al., 2010; Guijarro et al., 2019), others have also found
promising increases in effectiveness compared to single strains, especially for
biocontrol (Mendoza and Sikora, 2008; Yobo et al., 2011; El-Katatny and Idres,
2014; Bradáčová et al., 2019). Strangely, even with current literature, there remains
few available mixture-based products on the market (Thomloudi et al., 2019).
However, industry leaders such as Monsanto and Syngenta have begun to lead the
way, producing innovative mixture-based products (Birkett, 2014; O’Callaghan,
2016; Thomloudi et al., 2019).
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1.6 Microbiome engineering
Microbiome engineering is the construction of specific microbial communities,
selected in order to optimise biotic conditions, attempting to maximise host
performance (Mueller and Sachs, 2015; Rillig et al., 2016). Within the microbiome
exists the ‘core-microbiome’, a select few microbes that play a pivotal role in the
well-being of the plant (Gopal et al., 2013). It is hypothesised that the alteration of
this core-microbiome holds massive agricultural potential (Rillig et al., 2016; Busby
et al., 2017; Qiu et al., 2019).
Rhizospheric microbiome engineering is largely done through one of two methods:
(1) Host-mediated, multi-generation microbiome selection or (2) rhizospheric
inoculation.
Host-mediated selection is an indirect method of microbiome generation. It places
plants within disadvantageous conditions over multiple generations, relying upon
natural selection (Rillig et al., 2016; Orozco-Mosqueda et al., 2018). The organisms
that produce root exudate favourable to microbes that alleviate the stressor
prevail. Ultimately this creates a plant-microbe interaction that generates soil
containing a microbiome that can then be transferred to areas where the same
stressor is present, improving the local plant fitness (Orozco-Mosqueda et al.,
2018). This method has been successfully used to introduce tolerance to both
drought (Zolla et al., 2013) and pH stress (Swenson et al., 2000).
Rhizospheric inoculation is a direct method of microbiome generation (OrozcoMosqueda et al., 2018). There are two methods of rhizospheric inoculation: (1) the
transfer of beneficial soil or (2) the transfer of beneficial microbes. Both
methodologies involve extracting soil from the rhizosphere of organisms that
appear healthy or express desired qualities. Soil transfer involves mixing this
potentially beneficial soil at a 1:9 ratio with diseased or poor soil. Microbial
transfer utilises metagenomic screening of the beneficial soil, identifying microbial
species that are conserved across samples of the high performing organisms. These
microbes are then isolated and mass cultured. Soil is then inoculated in order to
induce colonisation of the selected microbe in attempt to produce the desired
qualities (Gopal et al., 2013; Orozco-Mosqueda et al., 2018; Pérez-Jaramillo et al.,
9

2018; Liu et al., 2019). This method has shown to be successful in counter-acting
both wilting (Santhanam et al., 2015; Liu et al., 2019) and root associated disease
(Mendes et al., 2011). One study has shown that the manipulation of the
rhizospheric microbiome can be utilised to enhance both plant biomass and
nutritional quality (Chihaoui et al., 2015).
While utilising microbes has become increasingly common within agriculture,
microbiome engineering is a new technique. It appears a potentially viable
approach to sustainable agriculture (Qiu et al., 2019). Current methods are largely
based around above-ground spraying or seed inoculation (O’Callaghan, 2016;
Thomloudi et al., 2019). Currently there remains a very limited pool of research
actually testing the potential of microbiome engineering. On top of this, a majority
of the current studies have been performed on A. thaliana (Swenson et al., 2000;
Zolla et al., 2013). While the results can be extrapolated to other plants, there is a
need for studies focusing on more agriculturally representative species (Foo et al.,
2017).
This thesis will explore the possibilities of inducing a specific core-microbiome
through the inoculation of sterilised soils. It appears fair to assume that given
altering the soil post-exposure to stressors can improve crop growth and quality,
constructing a core-microbiome during seed planting will be both preventative to
future stressors and provide enhanced rhizospheric conditions. This thesis will
attempt to identify a minimal synthetic core-microbiome that enhances crop
growth without introducing deleterious competition, upon agriculturally relevant
species.
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1.7 Hypothesis and concluding remarks
Ultimately humanity is attempting to harness agriculture to create the idyllic
society, free from hardship. In this context it is through achieving total food
security, defined by the World Food Programme as ‘all people at all times having
access to sufficient, safe and nutritious food to maintain a healthy and active life’
(WFP, 2018). This goal, however is antagonised by three important factors: (1) the
aforementioned ever-growing global population and subsequent increased demand
for food; (2) the overwhelming evidence suggesting current practice is largely
unsustainable; and (3) the lack of a reliable, tested means to replace and advance
modern practice (Satterthwaite et al., 2010; Kearney, 2010; Tilman et al., 2011;
Arbuckle et al., 2013; Steffen et al., 2015; Nicolopoulou-Stamati et al., 2016; Tian et
al., 2016; Ivase et al., 2017). The road towards intensive, environmentally conscious
agricultural practice is incredibly complex. As the ‘world’s single largest driver of
global environmental change’ it is undoubtedly paramount that further exploration
of all sustainable avenues must be explored, in order to meet the needs of today,
without limiting the potential of tomorrow (Kuyper and Struik, 2014; Rockström et
al., 2017).
It is apparent that there is significant potential for microbial inoculants to reduce or
replace the levels of agrochemical use. This thesis aims to solidify this and to
highlight it through novel combinations of plants and microbes. On top of this, it
aims to fill in gaps within the scientific literature, shedding light on PGPM
interactions through the possibilities of microbiome engineering. Ultimately it aims
to provide statistical research determining the viability of these microbial
treatments, in order to help direct the development of microbial treatments of the
future. This thesis explores the current agricultural landscape and attempts to
identify possible solutions to very real challenges faced.
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This thesis will explore 3 main hypotheses:
1.

‘Certain soil derived microbes confer beneficial growth to crops when used

in isolation’.
2.

‘Combinations of microbes can further enhance the benefit conferred to

crops and there is ‘a minimal synthetic soil community’ that can be constructed’.
3.

‘Biological treatments can be comparable to traditional agrochemical

treatments’.
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2. Methods
2.1 Microbial Identification
Microbes were obtained from Barworth Agriculture; they provided varying
microbial consortiums noted as ‘developmental products’. Identification of the
constituent microbes was required. The microbes were identified through
morphological isolation, DNA extraction and then rRNA Sequencing (16s and ITS).
This would allow identification to at least the genus level.
Given the largely unknown constituency of the products, wide spectrum media was
utilised in order to cultivate and isolate the microbes: PGA agar (Thermofisher,
Massachusetts, United States), LB agar (Thermofisher, Massachusetts, United
States) and LB broth (Thermofisher, Massachusetts, United States)(Table 1). All
growth media was autoclaved and stored at 55°C. All microbiological work was
carried out within a ‘category II cabinet: Thermo scientific safe 2020’.
PGA agar

LB agar

LB broth

4g potato

20g

15g agar

1L purified

extract

dextrose

10g

5g yeast

10g sodium 12g agar

1L purified

tryptone

extract

chloride

water

10g

5g yeast

10g sodium

1L purified

tryptone

extract

chloride

water

water

Table 1: Media constituencies
5 products were obtained: ‘Delftia’ an agar plate isolate, ‘Bactolife’ a fine white
powder, ‘Beta’ an opaque green liquid, ‘Lactobacillus parafarraginis’ an identified
agar plate isolate, and ‘Developmental Product’ a grey powder.
All unidentified products would be inoculated into individual 15ml falcon tubes
containing 9ml of LB broth. A sterile inoculation loop was swiped across the ‘Delftia’
medium to collect bacteria, the loop was then swirled into the broth. 1g of the
powdered samples ‘Bactolife’ and ‘Developmental Product’ was added to their
respective tubes and then vortexed for 15 seconds. 1ml of ‘Beta’ was added to 9ml
of LB broth, then vortexed. All broths, plus a control, were incubated at 20°C and
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28°C, 150rpm, for 48 hours. The cultures were then spread onto both LB and PGA
agar, using conventional streak plating technique. The plates were then incubated
at their respective incubation temperature for 48 hours.
Visual identification of colony morphology was used to identify potentially different
microbes from each product (Table 2). There appeared no microbes that grew only
on 20°C. A single colony of each morphology was picked using a sterile inoculation
loop and mixed into 9ml of LB broth. The broths were incubated for 28°C, 150rpm,
for 48 hours then streaked onto their respective plates, to ensure the extracted
colony appeared to be only one singular species. The selected growth mediums are
favourable to colonisation of differing microbes; LB favours bacteria while PGA
favours fungi.
Delftia

Bactolife

Beta

L. PF

Experimental
product

LB

A

B1, B2, B3,

C1, C3, C5

B4
PGA

D

E1, E2, E3,
E4, E5

C2, C4

Table 2: Assigned code given to morphologically identified, unique samples
obtained from either LB or PG agar as well as their respective product origin.
Isolated samples were stocked in glycerol in a 2ml screw cap at -80°C. 700ul of
glycerol was vortexed with 700ul inoculated LB broth.
Once identified, DNA was extracted and the genetic material was replicated.
2.1.1 Bacteria (16s)
Primer Sequence
16S_F: TCCTACGGGAGGCAGCAGT
16S_R: GGACTACCAGGGTATCTAATCCTGTT
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Extraction
A sterile tip was used to pick a single colony. This colony material was mixed into
100ul of sterile distilled water within flip-cap microtubes. These tubes were then
incubated at 95°C for 10 minutes and then spun down at 4200rpm for 5 minutes.
Replication
1x (μl)
Taq

30

Primer

12

Water

6

DNA

12

Table 3: 16s PCR mixture (Thermofisher, Massachusetts, United States) for DNA
extraction (Per sample).
Step

Temperature (°C)

Time (Mins)

1

95

3.00

2

92

0.20

3

61

0.20

4

72

0.40

5

Repeat 2-5

X24

6

72

5.00

7

12

Infinite hold

Table 4: 16s PCR temperature cycle.
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2.1.2 Fungi (ITS)
Primer Sequence
ITS1F: CTTGGTCATTTAGAGGAAGTAA
ITS4R: TCCTCCGCTTATTGATATGC
Extraction
A sterile tip was used to pick a single colony. This colony material was mixed into
10ul of Zymolyase buffer (Thermofisher, Massachusetts, United States) within flipcap microtubes, 10 ul of Zymolyase solution (Thermofisher, Massachusetts, United
States) was added. These tubes were then incubated at 37°C for 30 minutes,
followed by 95°C for 10 minutes. 3ul of this extracted product was diluted with 27ul
of sterile distilled water within a flip-cap microtube for later use in PCR (Table 5,
Table 6).

Replication
1x (μl)
Taq

30

Primer

3

Diluted 27
DNA
Table 5: ITS PCR mixture (Thermofisher, Massachusetts, United States) for DNA
extraction.
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Step

Temperature (°C)

Time (Mins)

1

95

2:00

2

95

0:30

3

54

0:30

4

72

1:30

5

Repeat 2-5

X30

6

72

10:00

7

10

Infinite Hold

Table 6: ITS PCR temperature cycle.
Gel Electrophoresis
In order to ensure PCR had successfully replicated the DNA, gel electrophoresis was
ran. A 2% agarose gel with a 1ul/10ml sybr safe stain (Sigma Aldrich, Missouri,
United States) was used. 2ul of PCR product, a negative control and a positive
control was mixed with 5ul of loading dye. The mixtures were then loaded into
individual wells. The gel was ran for 20 minutes at 110/400. Once finished the gel
was removed and imaged under UV light. If the PCR produced thick, bright bands, in
the absence of material in the negative control, the remaining product could be
purified.
Purification
55ul of PCR amplicon is taken for purification. 44ul of ampure beads (Beckman
Coulter California, United States) were added to the amplicon, then mixed well and
left at room temperature for 5 minutes. The mixture was moved onto a magnet and
the liquid was carefully removed. The remaining beads were washed with 180ul of
85% ethanol (Thermofisher, Massachusetts, United States). The ethanol was
removed, and the beads were left to dry at room temperature for 5 minutes. The
bead containing tube was the removed from the magnet. The beads were
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suspended in 30ml of purified water. The mixture was moved back onto the magnet
and 25ul of purified amplicon was extracted.
Chromatogram and BLAST
The purified amplicon was sent to Macrogen to be Sanger sequenced, producing
fluorescent peak trace chromatograms. The excitation points were read to produce
a nucleotide sequence. The sequence was copied and put into BLAST’s nucleotide
blast, comparing the obtained sequence to known microbes (Table 7).
Assigned Code

Identification

Certainty

A

Delftia lacustris

N/a

B1

Bacillus cereus

99%+

B2

Bacillus cereus

99%+

B3

Azotobacter spp

97%

B4

Bacillus subtilis

99%+

C1

Lactobacillus paracasei

99%+

C2

Trichoderma spp.

97%

C3

Lysinibacillus

99%+

boronitolerans
C4

Trichoderma spp

97%

C5

Paenibacillus odorifer

98%

D

Lactobacillus

N/a

parafarraginis
E1

Bacillus thuringiensis

99%+

E2

Bacillus Licheniformis

99%+

E3

Bacillus Subtilis

99%+

E4

Bacillus

99%+

Amyloliquefaciens
E5

Bacillus Pumilus

99%+

Table 7: Nucleotide BLAST results, showing the identification and certainty
produced, based on the Sanger produced sequences. N/a signifies that the isolate
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was received as a pre-identified isolate and therefore identification was not
required.

Growth Curves
Growth curves were generated in order to standardise microbial concentrations for
future trials. Ultraviolet–visible spectroscopy was performed using a nanodrop
machine, measuring at a wavelength of 600nm. 1ml of sterile LB broth was ran to
allow the machine to account for broth density.
Two 50ml falcon tubes (control and sample) were filled with 30ml of LB broth. The
sample tube was then inoculated with the desired microbe. The culture was
incubated at 28°C, 150 rpm. After 8 hours had passed, every following hour a
sample was taken, until an apparent drop off in growth was present.
At every sample point, 1ml of the inoculated broth was ran in the nanodrop
machine to produce an OD600. 100ul of the same broth was also taken and diluted
with MRD (maximum recovery diluent/peptone saline diluent) (Thermofisher,
Massachusetts, United States), from -1 to -9. Each dilution was used to inoculate
plate count agar. The PCA plates were incubated for 24 hours. The 2 lowest dilution
plates that produced a countable number of colonies were then taken and used to
produce a CFU/ml. (figure 1).
(n1+n2

Formula: 𝑁 = 1x(1+0.1 𝑥10𝑛
Where:
N = CFU/ml
n1 = Colony count of second lowest dilution plate
n2 = Colony count of lowest dilution plate
n = Dilution number
Formula 1: Formula and explanation of algebraic symbols to produce a CFU/ml.
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CFU/ml was then plotted against the OD600, producing a growth curve. This could
then be used, allowing a simple OD reading to give a reliable estimate of the
microbial concentration of the stocked samples.

All samples appeared to still be in the exponential phase at a concentration of 10-6,
this was therefore designated as the standardised concentration for future trials.

Soil preparation
Agricultural soil was obtained from Barworth Agriculture’s agronomic farm, taken
from a plot of fallowed land, and was then autoclaved in pressure-tight bags in
order to sterilise the soil. This attempted to maximise colonisation success of the
applied microbes (Berg and Koskella, 2018; Schütz et al., 2018). After sterilisation,
the soil was thoroughly mixed for 1 minute per bag, in order to redistribute
moisture and nutrients. Soil containing seeds (Barworth Agriculture, Lincolnshire,
United Kingdom) were inoculated with assigned microbes; the differing microbes
were hypothesised to alter the subterranean environmental conditions, possibly
inducing a knock-on effect on plant growth. The individual isolates were applied at
the highest common log phase concentration to sterilised soil, in attempted to
induce colonisation of the applied microbe. The isolates were primed to increase
likely colonisation success; the application of inoculum at high volume nearing the
end of the exponential phase reduces the lag period after inoculation, allowing for
rapid colonisation of viable, young and active cells (Lee, 2012).

20

3. Greenhouse Trials
3.1 Background
Plant-microbe interactions are one of the largest biological constraints of modernday agriculture (Timmusk et al., 2017). The rhizospheric microbiome influences
plant growth and fitness, largely through direct biotic interaction (both mutualistic
or pathogenic) or indirect alteration of local abiotic conditions (Glick, 1995). When
beneficial, microbes within the rhizosphere can enhance plant morphology,
increase growth and improve nutritional quality (Lakshmanan et al., 2014). Large
scale metagenomic studies have shown that agricultural success is intertwined with
variability (e.g time, location, and climate), partially due to the effect it has on the
local rhizospheric microbiome (Turner et al., 2013; Chaparro et al., 2013; Orellana
et al., 2017; Feng et al., 2018). It is therefore evident that through manipulation of
the local microbiota, a more favourable condition could be obtained, leading to a
potential increase in agricultural productivity (Foo et al., 2017).
While plant-microbe interactions are a core fundament in plant ecology, the
complex mechanisms and potential for manipulation are poorly understood (Turner
et al., 2013). It is largely believed that plants are constantly attempting to influence
their local microbiota through the expulsion of root exudate (Lareen et al., 2016).
This is commonly hypothesised to be through the evolution of a recognition
mechanism, ultimately helping to encourage the presence of beneficial microbes.
Both plant roots and rhizospheric bacteria are known to expell communicative
chemicals (e.g flavonoids and terpenoids), these are suspected to be utilised in
order to help the plant identify local beneficial microbes, and then adjust root
exudate properties to in order to induce favourable conditions for microbes that
provide services for the plant (Bais et al., 2006; Massalha et al., 2017; Timmusk et
al., 2017). The fact rhizospheric plant-microbe interactions largely rely on the
expulsion of costly root exudate, in order to induce a favourable microbiome,
should be indicative of the importance, and therefore the possibilities microbiome
manipulation could bring (Liu et al., 2019).
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The application of beneficial microbes could tie nicely into hypothesised plantmicrobe interactions. Introducing the colonisation of beneficial microbes in the
local rhizosphere, then allowing these mutualistic interactions to maintain a healthy
microbiome. The development of synthetic microbial consortiums could possibly
provide radical agricultural reform, both replacing/reducing agrochemical use, as
well as potentially reversing microbiome damage caused by current agricultural
practice (Hart et al., 2018; Kong et al., 2018;)
Schütz et al., (2018) produced a meta-analysis summarising the effectiveness of
biological treatments across Web of Science, Scopus and Google Scholar; the
analysis encapsulated the use of 90 microbial species upon 47 plant species. It
reported an average yield increase of 16.2% ± 1.0%. This widescale positive impact
shows that the use of biological treatments is feasible, and the possibility of novel
microbial treatment discovery is a realistic and obtainable goal.
With this in mind, it is unsurprising the investigation into microbiome manipulation
is very much a hot topic right now; the pool of current scientific literature is rapidly
expanding, and the biological share of the agricultural market is on an upward
trend. Furthermore, the cultural shift towards environmentally conscious practice
demonstrates the importance of research into the rhizospheric microbiome (Lee,
2011; Damalas and Koutroubas, 2018).
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3.2 Isolate
The application of single, specific microbes has seen industrial application for the
best part of 50 years, beginning with the development of Bacillus thuringiensis (BT
toxin) insecticidal sprays. To this day it is the best-selling microbial pesticide, with
BT derived products being applied to 40 million hectares of crop per year (Bravo et
al., 2011; Raymond and Federici, 2017).
The rhizospheric microbiome consists of a large number of species, however, only a
very small proportion impact plant physiology and development (Hassani et al.,
2018). It is well documented within the literature that the addition of even a
singular beneficial microbe can therefore have profound impacts on agricultural
productivity through impacts on growth, quality and biotic interaction (Lakshmanan
et al., 2014; O’Callaghan, 2016; Thomloudi et al., 2019). This is reflected by the
commercial biological market, which is heavily dominated by treatments containing
just singular microbial taxon (Kong et al., 2018).
The impact of beneficial isolate inoculations is irrefutably proven to provide a range
of agriculturally significant benefits, across a large range of both microbe and plant
taxa (Baum et al., 2015; Schütz et al., 2018; Thomloudi et al., 2019). The isolate
experiments aim to solidify this data, testing new plant-microbe combinations,
identifying whether any of the provided microbes appear commercially viable as an
isolate inoculum. The experiment measured the impact of singular microbial
isolates on 6 core plant growth factors: shoot length, shoot weight, root length,
root weight, leaf length, and leaf width (Pérez-Harguindeguy et al., 2013). The
studies from these reviews helped to generate a reliable, replicatable methodology.
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3.3 Consortium
Both within industry and the literature, experiments combining these beneficial
microbes into inoculum consortiums, in order to magnify the impacts, have been
attempted. This upon the assumed logic that the addition of multiple, beneficial
isolates will provide either an additive or exponential effect on yield or quality
(Bradáčová et al., 2019; Thomloudi et al., 2019).
Currently commercial applications of beneficial microbes are heavily single isolate
favoured, but with a slight gradual rise in consortium-based products, as research
becomes more thorough and patents get approved (Woo et al., 2014; Woo and
Pepe, 2018). The application of beneficial microbial consortiums has been shown to
increase yields, often considerably more so than the benefits of the isolates on their
own. However, there is likely antagonistic interactions between the different
constituent species, even if they share a common goal (Thomloudi et al., 2019). The
success of consortiums hinges on the ability for the constituent microbes to live, at
least for a short while, in reasonable harmony. This is often hypothesised to be due
to the constituent microbes possessing a reciprocated mechanism of detoxification
upon each other’s toxic outputs (Kelsic et al., 2015; Kamou et al., 2016).
Bacillus species are currently the most widely used for microbial consortiums;
bacillus species have a commercially reliable record and are rather harmonious
when utilised in consortiums (Aloo et al., 2019; Thomloudi et al., 2019). Beneficial
bacteria and fungi are often mixed into consortiums, on the assumption that they
occupy separate niches within the rhizosphere and are therefore less likely to have
a deleterious competitive relationship (Thomloudi et al., 2019).
A question that the literature poses, but does not address, is whether there exists
trends within consortiums that can be utilised to better construct viable products.
Research has tested a wide range of consortium sizes, but a direct comparison has
yet to be carried out (Sivasithamparam and Parker, 1978; Zhang et al., 2010;
Seenivasan et al., 2012; Hu et al., 2016; Emami et al., 2019; Guijarro et al., 2019;
Thomloudi et al., 2019). It is fair to assume, that even in harmonious consortiums,
there will reach a point where adding more constituents will no longer increase
yield. The consortium trials aim to provide an answer to this. Increasing group sizes
24

of beneficial microbes were applied, attempting to identify trends and a ‘sweet
spot’ where increasing input would maximise output, helping to answer the
hypothesis ‘Combinations of microbes can further enhance the benefit conferred to
crops and there is ‘a minimal synthetic soil community’ that can be constructed’.

3.4 Rationale
Garden cress (Lepidium sativum) was utilised as the first experimental species. It is
an edible crop of the Brassicaceae family, largely grown across Europe and Asia
(Singh et al., 2015; Jabeen et al., 2017). It is a species with a fast growth rate,
allowing for large data sets to be collected rapidly (Jabeen et al., 2017). Within the
literature, there are several noted experiments assessing the impact of soil
manipulation through fertilisation on varying cress growth factors; cress appears
sensitive to condition changes, inducing evident changes in both growth rate and
metabolite production (Gerendás et al., 2008; Gyarmati et al., 2008; Choudhary and
Yadav, 2010).
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3.5 Methods
The experiments took place within the University of Lincoln greenhouse
(01/04/2019); a relatively stable temperature of 24°C was maintained. The
experiment utilised segmented plastic trays (30cm x 18cm x 12 cm); a randomised
grid was generated, assigning each segment a treatment group, mitigating possible
location bias. Each tray was filled with sterilised autoclaved agricultural soil, leaving
5cm of room at the top of each segment (figure 1). The soil was lightly patted down
(wearing sterilised nitrile gloves) then 25 cress seeds were evenly distributed across
the soil surface, after 2 days these were thinned out to leave only 10 viable saplings
per segment. The microbial inoculum was then added. As per supplier’s
recommendation, a further 1cm of sterilised agricultural soil was added onto of the
seeds.

Figure 1: Picture showing preparation of segmented plastic trays.
In the isolate trial all 16 of the isolates were used, as well as an additional control
(sterile lb broth). 10 segments were allocated for each isolate, resulting in a total of
170 samples. In the consortium trial, 5 consortiums were created, resulting in a
total of 60 samples.
Each sample received 25ml of the designated microbial inoculum suspended in lb
broth, grown to a concentration of 10-6cfu/ml, poured onto the top of the
prepared soil segment. Consortiums received a designated split of 25ml of
corresponding isolates (e.g T2 received 2x 12.5ml), standardising broth volume.
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The experiment ran for 21 days. After 24 hours each segment received 10ml of
water from a 1 litre spray bottle (10 sprays), this was then repeated every other
day, standardising water availability. On day 21 water was not sprayed, as dry soil
makes for easier separation of the roots from the soil.
10 individual cress plants were randomly selected and removed from each
segment. Using a sharp razorblade, the root was separated from the shoot at the
crown (figure 2). Forceps were lightly ran along the roots to remove excess soil
(figure 3). The 6 plant growth factors were then measured. For length
measurements, the matter was stretched and pinned, then measured with a ruler
(e.g figure 4). Weight measurements were taken on a scale to 4d.p.

Figure 2: Extracted cress plant. Red line indicating the cut point, separating the root
from the shoot (crown).

Figure 3: Prepared cress root having been extracted, separated and cleaned.
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Figure 4: Cress leaf. Red line indicating the measured length for ‘leaf length’. The
blue line indicating the length of a singular leaf, which when halved would provide
the point of ‘leaf width’ measurement.
Consortium Generation
The results of the species-specific isolate trial were utilised to generate the
consortium constituents. The consortiums were generated by assigning each isolate
a ranked score based upon Kruskal-Wallis z-values, for each tested plant growth
characteristic. Isolates could then be ordered in how well they acted as an effective
treatment, by ordering them from highest-lowest overall ranked score.
Consortiums were designated ‘T’, standing for ‘top’; increasing consortium
constituent groups were generated. T2, for example, contained the 2 isolates with
the highest ranked score. For cress trials 5 consortiums were generated: T2, T3, T5,
ALL (all isolates) and AP (all positive).
Statistical Analysis
Microsoft excel was used for the collation and storage of all collected data. Excel
functions were used to stack data. All statistical analysis was performed in Minitab
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19, using the inbuilt analysis functions. This includes normality tests, statistical tests
and the generation of graphical representation.
3.6 Results
3.6.1 Isolates
After Anderson-Darling normality tests, it was evident a non-parametric test would
be required. A large majority of the data did not fit the assumed normal distribution
required for parametric analysis. Kruskal-Wallis tests were conducted, testing the
impact of the varying microbial treatments on 6 plant growth characteristics. The
results showed a statistically significant difference in all 6 characteristics, within
their respective groups: shoot length (H = 958.45, DF = 16, P = <0.01), shoot weight
(H = 673.44, DF = 16, P = <0.01), root length (H = 270.20, DF = 16, P = <0.01), root
weight (H = 530.33, DF = 16, P = <0.01), leaf length (H = 507.29, DF = 16, P = <0.01),
and leaf width (H = 634.04, DF = 16, P = <0.01).
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Shoot Length
A boxplot was generated to allow for the visual analysis of which isolates impacted
shoot length the most (Figure 5). There appears several isolate treatments that
altered the shoot length by a notable margin: A, B4, C3, D, E2 and E5.

Figure 5: Boxplot showing how the application of varying isolates impacted shoot
length (cm). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
length between the control (Cx) and the aforementioned notable treatment groups.
All 6 groups produced a statistically significantly longer shoot length than that of
the control group: A (W = 13786.0 , N = 100, P = <0.01), B4 (W = 5145.5, N = 100, P
= <0.01), C3 (W = 5050.0, N = 90 , P = <0.01), D (W = 5050.0 , N = 80 , P = <0.01) E2
(W = 5050.0 , N = 90 , P = <0.01) and E5 (W = 5050.0 , N = 40 , P = <0.01).
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Shoot Weight
A boxplot was generated to allow for the visual analysis of which isolates impact
shoot weight the most (Figure 6). There appears several isolate treatments that
altered the shoot weight by a notable margin: C3, D, E2 and E5. It also appeared
that E3 significantly reduced shoot weight.

Figure 6: Boxplot showing how the application of varying isolates impacted shoot
weight (g). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
weight between the control and the aforementioned notable treatment groups. All
4 groups produced a statistically higher shoot weight than that of the control group:
C3 (W = 5922.0, N = 90, P = <0.01), D (W = 5125.0, N = 80, P = <0.01), E2 (W =
6153.5, N = 90, P = <0.01), E5 (W = 5297.5, N = 40, P = <0.01). A Mann-Whitney test
also revealed that E3 statistically significantly reduce shoot weight compared to the
control (W = 8952.5, N = 40, P = <0.01).
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Root Length
A boxplot was generated to allow for the visual analysis of which isolates impact
root length the most (Figure 7). There appears one isolate treatment that enhanced
the root length by a notable margin, B4. It also appeared that C2, C5, D and E2
significantly reduced root length.

Figure 7: Boxplot showing how the application of varying isolates impacted root
length (cm). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
A Mann-Whitney Tests was conducted, investigating a significant difference in root
length between the control and B4. B4 produced a statistically significant increase
in root length (W = 8186, N = 100, P = <0.01). All 4 potentially deleterious groups
produced a statistically significant reduction in root length: C2 (W = 7985.0, N = 40,
P = <0.01), C5 (W = 13647.0, N = 100, P = <0.01), D (W = 11004.0, N = 80, P = <0.01)
and E2 (W = 11282.0, N = 90, P = <0.01).
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Root Weight
A boxplot was generated to allow for the visual analysis of which isolates impact
root weight the most (Figure 8). There appear several isolate treatments that
enhanced the root weight by a notable margin: B4, C3, E2.

Figure 8: Boxplot showing how the application of varying isolates impacted root
weight (g). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference root
weight between the control and the aforementioned notable treatment groups. All
4 groups produced a statistically higher root weight than that of the control group:
B4 (W = 11854.0, N = 100, P = 0.01), C3 (W = 12375.0, N = 90, P = 0.01) and E2 (W =
11387.0, N = 90, P = 0.01).
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Leaf Length
A boxplot was generated to allow for the visual analysis of which isolates impact
leaf length the most (Figure 9). There appears several isolate treatments that
altered the leaf length by a notable margin: C3, C5, D and E2. It also appeared that
C2, E3 and E4 had a deleterious impact on leaf length.

Figure 9: Boxplot showing how the application of varying isolates impacted leaf
length (cm). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference
between the control and the aforementioned notable treatment groups. All 4
groups produced a statistically longer leaf length than that of the control group: C3
(W = 11242.5, N = 90, P = <0.01), C5 (W = 12999.5, N = 100, P = <0.01), D (W =
9018.0, N = 80, P = <0.01) and (W = 11341.5, N = 90, P = <0.01). All 3 potentially
deleterious groups produced a statistically significant reduction in leaf length: C2
(W = 2159.5, N = 40, P = <0.01), E3 (W = 1228.0, N = 40, P = <0.01) and E4 (W =
3403.0, N = 70, P = <0.01).
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Leaf Width
A boxplot was generated to allow for the visual analysis of which isolates impact
shoot length the most (Figure 10). There appears several isolate treatments that
enhanced the leaf width by a notable margin: C5 and D.

Figure 10: Boxplot showing how the application of varying isolates impacted leaf
width (cm). Each box shows the range, quartile range and median of 10 samples
taken from multiple replicates for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference
between the control and the aforementioned notable treatment groups. Both
groups produced a statistically wider leaf than that of the control groups: C5 (W =
14124.0, N = 100, P = <0.01) and D (W = 8500.0, N = 80, P = <0.01).

3.6.2 Consortiums
Kruskal-Wallis tests were conducted, testing the impact of the varying microbial
consortium treatments on 6 plant growth characteristics. These results were
graphically presented (Figure 11-16) The results showed a statistically significant
35

difference in the characteristics between 4 groups: shoot length (H =387.18, DF = 5,
P = <0.01), shoot weight (H =326.50, DF = 5, P = <0.01), root length (H= 86.17, DF =
5, P = <0.01) and root weight (H = 45.71. DF = 5, P = <0.01). However, some groups
did not show a statistical significance between the groups: leaf length (H = 6.73, DF
= 5, P = 0.24) and leaf width (H = 8.85, DF = 5, P = 0.12)
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Shoot Length

Figure 11. Boxplot showing how the application of varying microbial groups
impacted shoot length (cm). Each box shows the range, quartile range and median
of 10 samples taken from multiple replicates for each isolate trial.
Mann-Whitney
The control group had statistically shorter shoots than 4 groups: T2 (W = 5050.0, N
= 100, P = <0.01), T3 (W = 5050.0, N = 100, P = <0.01), T5 (W = 5268.5, N = 100, P =
<0.01) and AP (W = 5532.0, N = 100, P = <0.01). There was no statistically significant
difference between Cx and ALL (W = 9309.0, N = 100, P = 0.07).
T2 had statistically significantly longer shoots than 3 groups: Cx (W = 15050.0, N =
100, P =0.01), AP (W = 12674.5, N = 100, P = <0.01) and ALL (W = 14777.0, N = 100,
P = <0.01). T2 had statistically significantly shorter shoots than T3 (W = 8311.0, N =
100, P = <0.01). There was no statistically significant difference between T2 and T5
(W = 10153.5, N = 100, P =0.801).
T3 had statistically significantly longer shoots than all 5 other groups: Cx (W =
14850.0, N = 100, P = <0.01), T2 (W = 11589.0, N = 100, P = <0.01), T5 (W = 11324.5,
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N = 100, P = <0.01), AP (W = 13482.5, N = 100, P = <0.01) and ALL (W = 14674.0, N =
100, P =<0.01).
T5 had statistically significantly longer shoots than 3 groups: Cx (W = 14831.5, N =
100, P = <0.01), AP (W = 12091.0, N = 100, P = <0.01) and ALL (W = 14285.0, N =
100, P = <0.01). T5 had statistically significantly shorter shoots than T3 (W = 8575.5,
N = 100, P = <0.01). There was no statistically significant difference between T5 and
T2 (W = 9946.5, N = 100, P = 0.801).
AP had statistically significantly longer shoot lengths to 2 groups. Cx (W = 14568.0,
N = 100, P = <0.01) and ALL (W = 13667.5, N = 100, P = <0.01). AP had statistically
significantly shorter shoot lengths than 3 groups: T2 (W = 7425.5, N = 100, P =
<0.01), T3 (W = 6417.5, N = 100, P =<0.01) and T5 (W = 8009.0, N = 100, P = <0.01).
ALL had statistically significantly shorter shoot lengths than 4 groups: T2 (W =
5323.0, N = 100, P = <0.01), T3 (W = 5226.0, N = 100, P = <0.01), T5 (W = 5815.0, N =
100, P = <0.01) and AP (W = 6432.5, N = 100, P = <0.01). There was no statistically
significant difference between ALL and Cx (W = 10791.0, N = 100, P = 0.07).
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Shoot Weight

Figure 12. Boxplot showing how the application of varying microbial groups
impacted shoot weight (g). Each box shows the range, quartile range and median of
10 samples taken from multiple replicates for each isolate trial.
Mann-Whitney
The control group had statistically significantly lighter shoots than 4 of the groups:
T2 (W = 5695.5, N = 100, P = <0.01), T3 (W = 5791.5, N = 100, P = <0.01), T5 (W =
5596.0, N = 100, P = <0.01) and AP (W = 6356.5, N = 100, P = <0.01). Cx had
statistically significantly heavier shoots than ALL (W = 11307.0, N = 100, P = <0.01).
T2 had statistically significantly heavier shoots than Cx (W = 14404.5, N = 100, P =
<0.01), AP (W = 12265.0, N = 100, P = <0.01) and ALL (W = 14673.0, N = 100, P =
<0.01). There was no statistical significance between T2 and T3 (W = 10265.5, N =
100, P = 0.514) or T5 (W = 10692.5, N = 100, P = 0.117).
T3 had statistically significantly heavier shoots than Cx (W = 14108.5, N = 100, P =
<0.01), AP (W = 11824.5, N = 100, P = <0.01) and ALL (W = 14413.5, N = 100, P =
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<0.01). There was no statistical significance between T3 and T2 (W = 9634.5, N =
100, P = 0.514) or T5 (W = 10233.5, N = 100, P = 0.412).
T5 had statistically significantly heavier shoots than Cx (W = 14504.0, N = 100, P =
<0.01), AP (W =12101.0, N = 100, P = <0.01) and ALL (W =14720.0, N = 100, P =
<0.01). There was no statistical significance between T5 and T2 (W =9407.5, N =
100, P = 0.117) or T3 (W =9666.5, N = 100, P = 0.412).
AP had statistically significantly heavier shoots than Cx (W = 13743.5, N = 100, P =
<0.01) and ALL (W =14255.5, N = 100, P = <0.01). AP had statistically significantly
lighter shoots than T2 (W = 7835.0, N = 100, P = <0.01), T3 (W =8075.5, N = 100, P =
<0.01) and T5 (W =7999.0, N = 100, P = <0.01).
ALL had statistically significantly lighter shoots than all 5 of the groups: Cx (W =
8793.0, N = 100, P = <0.01), T2 (W =5427.0, N = 100, P = <0.01), T3 (W =5486.5, N =
100, P = <0.01), T5 (W =5380.0, N = 100, P = <0.01) and AP (W =5844.5, N = 100, P =
<0.01).
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Root Length

Figure 13. Boxplot showing how the application of varying microbial groups
impacting root length (g). Each box shows the range, quartile range and median of
10 samples taken from multiple replicates for each isolate trial.
Mann-Whitney
The control group had statistically significantly shorter root lengths than 4 of the
groups: T2 (W = 7773.5, N = 100, P = <0.01), T3 (W = 6389.5, N = 100, P = <0.01), T5
(W = 8312.0, N = 100, P = <0.01) and AP (W = 9239.5, N = 100, P = 0.04). There was
no significant difference between Cx and ALL (W = 9701.5, N = 100, P = 0.394)
T2 had statistically longer root lengths than 3 of the groups: Cx (W = 12326.5, N =
100, P = <0.01), AP (W = 11488.5, N = 100, P = <0.01) and ALL (W = 12036.5, N =
100, P = <0.01). T2 had significantly shorter root lengths than T3 (W = 8355.0, N =
100, P = <0.01). There was no statistically significance between T2 and T5 (W =
10632.5, N = 100, P = 0.154)
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T3 had statistically significantly longer root lengths than all of the other groups: Cx
(W = 13510.5, N = 100, P = <0.01), T2 (W = 11545.0, N = 100, P = <0.01), T5 (W =
12033.5, N = 100, P = <0.01), AP (W = 12788.0, N = 100, P = <0.01) and ALL (W =
13215.0, N = 100, P = <0.01).
T5 had statistically significantly longer root lengths than 3 of the groups: Cx (W =
11788.0, N = 100, P = <0.01), AP (W = 10982.0, N = 100, P = 0.02) and ALL (W =
11484.5, N = 100, P = <0.01). T5 had statistically shorter root lengths than T3 (W =
7866.5, N = 100, P = <0.01). There was no statistically significant difference between
T5 and T2 (W = 9467.5, N = 100, P = 0.154).
AP had statistically significantly longer rooted than Cx (W = 10860.5, N = 100, P =
0.04). AP had statistically significantly shorter roots than 3 groups: T2 (W = 8611.5,
N = 100, P = <0.01), T3 (7112.0, N = 100, P = <0.01) and T5 (9118.0, N = 100, P =
0.02). There was no statistically significant difference between AP and ALL (W =
10556.5, N = 100, P = 0.216).
ALL had statistically significantly shorter roots than 3 of the groups: T2 (W = 8063.5,
N = 100, P = <0.01), T3 (W = 6685.0, N = 100, P = <0.01) and T5 (W = 8615.5, N =
100, P = <0.01). There was no statistical significance between ALL and Cx (W =
10398.5, N = 100, P = 0.394) or AP (W = 9543.5, N = 100, P = 0.216).
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Root Weight

Figure 14. Boxplot showing how the application of varying microbial groups
impacting root length (g). Each box shows the range, quartile range and median of
10 samples taken from multiple replicates for each isolate trial.
Mann-Whitney
The control group had statistically significantly lighter roots than 3 groups: T2 (W =
9110.5, N = 100, P = 0.02), T3 (W = 7786.5, N = 100, P = <0.01) and T5 (W = 9160.0,
N = 100, P = 0.03). There was no statistically significant difference between Cx and
AP (W = 9808.5, N = 100, P = 0.056) or ALL (W = 9947.0, N = 100, P = 0.802).
T2 had statistically significantly heavier roots than 3 groups: Cx (W = 10989.5, N =
100, P = 0.02), AP (W = 10856.5, N = 100, P = 0.049) and ALL (W = 11068.5, N = 100,
P = 0.01). T2 had statistically significantly lighter roots than T3 (W = 8526.0, N = 100,
P = <0.01). There was no statistical significance in root weight between T2 and T5
(W = 10087.5, N = 100, P = 0.928).
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T3 had a statistically significantly heavier root than all 5 groups: Cx (W = 12113.5, N
= 100, P = <0.01), T2 (W = 11374.0, N = 100, P = <0.01), T5 (W = 11358.5, N = 100, P
= <0.01), AP (W = 11948.0, N = 100, P = <0.01) and ALL (W = 12090.5, N = 100, P =
<0.01).
T5 had a statistically significantly heavier root than 3 groups: Cx (W = 10940.0, N =
100, P = 0.029), AP (W = 10772.0, N = 100, P = 0.078) and ALL (W = 10946.5, N =
100, P = 0.028). T5 had a statistically significantly lighter root than T3 (W = 8541.5,
N = 100, P = <0.01). There was no statistically significant difference between T5 and
T2 (W = 10012.5, N = 100, P = 0.928).
AP had a statistically significantly lighter root than 2 groups: T2 (W = 9243.5, N =
100, P = 0.049) and T3 (W = 7952.0, N = 100, P = <0.01). There was no statistically
significant difference between AP and Cx (W = 10291.5, N = 100, P = 0.056), T5 (W =
9328.0, N = 100, P = 0.078) and ALL (W = 10232.0, N = 100, P = 0.65).
ALL had a statistically significantly lighter root than 3 groups: T2 (W = 9031.5, N =
100, P = 0.01), T3 (W = 7809.5, N = 100, P = <0.01) and T5 (W = 9153.5, N = 100, P =
0.029). There was no statistically significant difference between ALL and Cx (W =
10153.0, N = 100, P = 0.802) or AP (W = 9868.0, N = 100, P = 0.657).
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Leaf Length

Figure 15. Boxplot showing how the application of varying microbial groups
impacted leaf length (cm). Each box shows the range, quartile range and median of
10 samples taken from 10 replicates for each trial.
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Leaf Width

Figure 16. Boxplot showing how the application of varying microbial groups
impacted leaf width (cm). Each box shows the range, quartile range and median of
10 samples taken from 10 replicates for each trial.
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3.7 Discussion
Isolate
The preliminary data produced by the cress trials appeared in line with much of the
current available literature. It showed that a considerable proportion of the
microbes that were expected to confer an increase in plant growth factors, did in
fact do so. It confirmed the fact that the provided products consisted of constituent
microbes that advantageously impact plant growth. 7 of the 16 isolates induced at
least one statistically significantly increase upon a growth characteristic compared
to the control. All 6 growth characteristics saw a statistical increase from at least
two of the applied isolates.
However, the isolate trial showed that some of the constituents appeared inactive,
and in some cases, deleterious to varying growth characteristics. 5 of the 16 applied
isolates produced at least one significantly lower growth characteristic. 2 of these
isolates overlapped, having both a significant increase and decrease on different
characteristics.
As expected, the data from this initial isolate trial allows the hypothesis ‘certain soil
derived microbes confer beneficial growth to crops when used in isolation’ to be
confidently accepted. The data produced fits in similarly with the accepted scientific
consensus, once again showing PGPM isolate introduction enhances growth
characteristics (Baum et al., 2015; Schütz et al., 2018; Schütz et al., 2018;
Thomloudi et al., 2019). The trial provides data for a previously undocumented
plant species, further confirming this ecological paradigm is highly conserved across
a wide range of both microbial and plant taxon.
The fact some isolates acted disadvantageously to plant growth was somewhat
surprising, given that the derivative products were designed to promote growth. It
does however fit the accepted concept that the rhizosphere contains a range of
microbes that can either increase or decrease plant growth (Glick, 1995). On top of
this, a small amount of the literature produced comparable results. It is generally
hypothesised that this is due to the fact that the products beneficial effects are
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caused by a direct interaction between the microbes, and therefore is only present
when they’re mixed into a consortium (Sivasithamparam and Parker, 1978;
Thilagavathi et al., 2007; Myresiotis et al., 2011; Guijarro et al., 2019).
Consortium
The first consortium trial also produced results aligned with the literature. It was
clear that the combination of PGPM produced a product that was beneficial to
increasing plant growth characteristics. This is likely due to either an additive or
associative interaction between the constituent microbes (Zhang et al., 2010;
Lugtenberg et al., 2016; Hussein et al., 2018; Zaim et al., 2018; Aloo et al., 2019;
Emami et al., 2019).
However, two of the growth characteristics (leaf length and leaf width) that showed
an increase in the isolate trials, did not see a statistical increase when treated with
any of the consortiums. This has also been seen within the literature. It is likely that
varying combinations of the PGPM antagonistically interacted, reducing the plant
growth promoting factors (Glick, 1995; Kim et al., 2008; Krauss et al., 2013; Jousset
et al., 2014; Mehrabi et al., 2016; Thomloudi et al., 2019). It could be possible that
plant-microbe interactions pertaining to isolates were in some way modified by
either the plant or one of the other constituent microbes, when the corresponding
microbe was mixed into a consortium. It may be that when present within the
consortium, the cause of growth promotion was in some way diverted, presenting
in the growth of one of the other plant growth factors.
Within the trials that produced positive results, an apparent left-skewed bell
shaped trend was present. A sharp increase in trait promotion is seen with the
initial rise in consortium constituents, followed by a gradual drop of as it continues
to increase. Smaller sized consortiums produced the maximal plant growth
characteristic increase. 3 of the 4 altered characteristics (shoot length, root length
and root weight) produced the highest value with a consortium containing just 3
microbes. The remaining characteristic, shoot weight, was tied between
consortiums containing both 2 and 3 microbes. Microbes’ inherently competitive
nature is most likely the cause of this, increasing constituents will undoubtedly
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increase the chance of negative competitive interactions being present, therefore
reducing the effectiveness of the consortium. This competition has been noted
within microbial inoculants within the literature (Kim et al., 2008; Krauss et al.,
2013; Kamou et al, 2016; Thomloudi et al., 2019).
Initial results appear to suggest that the hypothesis ‘combinations of microbes can
further enhance the benefit conferred to crops and there is ‘a minimal synthetic soil
community’ that can be constructed’ can be investigated. It is evident, both within
the literature and the initial results, that the generation of PGPM consortiums do
induce a beneficial increase in important plant qualities. It also begins to indicate a
minimal synthetic soil community can be achieved. It is likely that microbial
competition imposes a low constituent threshold upon consortiums.
Concluding remarks
The results obtained are interesting and largely outline what is seen within the
literature; the possibilities of biological treatment are evidently plausible. It did so
on a crop species that hasn’t seen microbial inoculant investigation within the
literature before, bolstering the breadth of scientific knowledge. Both hypotheses
‘certain soil derived microbes confer beneficial growth to crops when used in
isolation’ and ‘combinations of microbes can further enhance the benefit conferred
to crops and there is ‘a minimal synthetic soil community’ that can be constructed’
have begun to be investigated. It is apparent the former can be accepted and a
basis for the latter has also been produced.
It has been highlighted that the addition of microbes in small, greenhouse trials
provides a largely stress-free environment that is conducive to inoculation and
provides a wide array of both biotic and abiotic controls (Bradáčová et al., 2019). It
has been hypothesised that this may results in amplified results, appearing
incredibly effective. In order to make the results more viable to large scale
agriculture, the next trials will take place on a larger scale within polytunnels. This
will decrease ease of inoculation and also providing less artificial shielding to
environmental stressors, while also maintaining enough experimental control.
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In summary, it can be confidently stated that a selection of the provided microbes
confer a significant improvement on a variety of important growth characteristics. It
can also be stated that co-inoculation of these PGPMs leads to an increase in
several growth characteristics too. There appears a possible trend in co-inoculation,
a sharp significant increase, followed by a gradual drop off as microbial group size
increases. This trial can now be used going forward to experiments that can
evaluate the effectiveness of biological treatment upon both a more robust
experiment and agriculturally relevant species. This will allow the data, if replicated,
to help shift the development of biological products towards industrial viability.
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4. Glasshouse Trials
4.1 Introduction
This chapter will build upon the results of the previous trial, it will attempt to
identify whether the data is replicated when tested upon a larger scale. The
applicability between the results from either in vitro or greenhouse trials, when
compared with realistic scenarios, is split within the literature (Thomloudi et al.,
2019). In many cases the results of these trials remain relatively consistent when
upscaled (Ruano-Rosa et al., 2013; Prasad and Babu, 2017; Santiago et al., 2017).
However it is argued that as trials are upscaled the proportion of natural
antagonistic interactions increases, often negatively effecting results compared to
the pilot trial (Becker et al., 2012). On top of this, as experimental scale increases,
experimental control often inversely decreases (Bradáčová et al., 2019).
Utilising cress as the model species also provides some questions when attempting
to relate the data to commercial agriculture; cress is substantially morphologically
different to most popular crop species, as well as having a considerably shorter
growth period. This study will utilise the knowledge obtained from the first trial and
apply them to notable crop species, making the results more agriculturally relevant
(Couëdel et al., 2019; Royal Botanic Gardens, Kew, 2020). The experiments will take
place using larger containers, within commercial glasshouses, helping to generate
more commercially applicable data.
4.2 Rationale
White mustard (Sinapis alba) is another fast growing, edible crop of the
Brassicaceae family. It is a common agricultural crop, spanning large parts of
Europe, Asia and Oceania (Rahman et al., 2018). White mustard provides a good
comparative crop with the initial cress trials; they share both morphological and
taxonomic similarities, but with white mustard being a more agriculturally and
economically relevant crop (Couëdel et al., 2019). Mustard plants have been shown
to react well to the addition of beneficial microbes, inducing significant changes in
biomass, yield and crop quality (Saha et al., 1985; Hoe et al., 2019).
Common wheat (Triticum aestivum) is a cereal grain of the Poaceae family. It is the
most widely grown crop species in the world and the highest monetary yielding
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cereal. Common wheat is grown across all 6 agricultural continents (Royal Botanic
Gardens, Kew, 2020). Thus, making it the ideal species to test upon, with data being
globally agriculturally relevant. Wheat has been proven to be highly sensitive to
biological inputs, expressing high increase in growth and nutritional quality over
controls, possibly due to the longer growth period allowing for the benefits to be
more easily seen (Rana et al., 2012; Soleimanzadeh and Gooshchi, 2013; Esmailpour
et al., 2013; Ashraf et al., 2019). As the last tested species, the longer growth period
was hypothesised to show similar, exaggerated results to the previous experimental
species.
4.3 Methods
The isolate trials took place within Barworth Agriculture’s commercial glasshouse, a
stable temperature of 25°C was maintained. The consortium trials took place within
the University of Lincoln glasshouse, a stable temperature of 24°C was maintained.
The experiment utilised rows of plastic trays; a randomised grid was generated,
assigning each row a treatment group, mitigating possible location bias (figure 17).
Each tray was filled with 150g of sterilised autoclaved agricultural soil. The soil was
lightly patted down (wearing sterilised nitrile gloves). Seeds (2 wheat or 3 mustard)
were added to the soil. The microbial inoculum was then added. The seeds were
then lightly covered with a further 1 cm of soil. Only 1 plant would be measured per
segment, therefore, following the germination of the first seed, remaining seeds
would be removed. This attempted to standardise the area allocated for growth.
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Figure 17: Image showing plastic tray rows utilised in mustard and wheat
experiments.
In the isolate trial all 16 of the isolates were used, as well as an additional control
(sterile lb broth). 2 trays were allocated per isolate, resulting in a total of 136
samples per crop species.
In the consortium trials 6 consortiums were created. On top of this, the three
isolates that produced the highest ranked score were grown alongside the
consortiums, allowing for a direct comparison between isolate and consortium
treatments to be made. An additional fertilised treatment was ran, allowing for
comparative analysis between traditional agrochemical treatments and microbial
inoculations.
Each sample received 35ml of the designated microbial inoculum suspended in lb
broth, grown to a concentration of 10-6cfu/ml, poured onto the top of the prepared
soil segment. Consortiums received a designated split of 35ml of corresponding
isolates (e.g T2 received 2x 17.5 ml), standardising broth volume. A standard,
readily available fertiliser was also added within the consortium trials, added to act
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as a comparison between traditional agrochemical practice and microbial
inoculation.
The mustard trials ran for 35 days while the wheat trials ran for 56 days. After 24
hours each segment received standardised daily water. This was then repeated
every other day. On the final respective day, water was not applied.
Measurements methodology was replicated from the cress experiment (figure 18;
figure 19). Shoot length, shoot weight, root weight and root length were obtained
from mustard. Only shoot length and shoot weight was recorded for wheat; the
tray design ended up catching a lot of the wheat roots, damaging them when
attempting to remove the roots, making the results unreliable. Therefore they were
not included.

Figure 18: Extracted mustard plant. Shoot length indicated by red markers.
Root/shoot separated at the crow.
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Figure 19: Extracted wheat plant. Red line indicating the cut point, separating the
root from the shoot (crown).
Consortium generation and statistical analysis was kept the same as the cress trials.
4.4 Results
4.4.1 Mustard
Isolates
After Anderson-Darling normality tests, it was evident a non-parametric test would
be required. A large majority of the data did not fit the assumed normal distribution
required for parametric analysis. Kruskal-Wallis tests were conducted, testing the
impact of the varying microbial treatments on 4 plant growth characteristics. The
results showed a statistically significant difference in all 4 characteristics, within
their respective groups: shoot length (H = 95.33, DF = 16, P = <0.01), shoot weight
(H = 62.33, DF = 16, P = <0.01), root length (H = 50.79, DF = 16, P = <0.01), root
weight (H = 75.58, DF = 16, P = <0.01).
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Shoot length
A boxplot was generated to allow for the visual analysis of which isolates impacted
shoot length the most (Figure 20). There appears several isolate treatments that
altered the shoot length by a notable margin: A, B4, D, E3 and E5

Figure 20: Boxplot showing how the application of varying isolates impacted shoot
length (cm). Each box shows the range, quartile range and median of 8 samples
taken for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
length between the control (Cx) and the aforementioned notable treatment groups.
All 5 groups produced a statistically significantly longer shoot length than that of
the control group: A (W = 100.0, N = 8, P = <0.01), B4 (W = 100.0, N = 8, P = <0.01),
D (W = 100.0 N = 8, P = <0.01) E3 (W = 100.0, N = 8, P = <0.01) and E5 (W = 100.0, N
= 8, P = <0.01).
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Shoot weight
A boxplot was generated to allow for the visual analysis of which isolates impacted
shoot weight the most (Figure 21). There appears several isolate treatments that
altered the shoot weight by a notable margin: A, B4, D, E3 and E5

Figure 21: Boxplot showing how the application of varying isolates impacted shoot
weight (g). Each box shows the range, quartile range and median of 8 samples
taken for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
weight between the control (Cx) and the aforementioned notable treatment
groups. All 5 groups produced a statistically significantly heavier shoot weight than
that of the control group: A (W = 88.0, N = 8, P = 0.04), B4 (W = 92.0, N = 8, P =
0.01), D (W = 88.0 N = 8, P = 0.04) E3 (W = 91.0, N = 8, P = 0.02) and E5 (W = 96.0, N
= 8, P = <0.01).
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Root length
A boxplot was generated to allow for the visual analysis of which isolates impacted
root length the most (Figure 22). There appears several isolate treatments that
altered the root length by a notable margin: A, B4, D, E3 and E5

Figure 22: Boxplot showing how the application of varying isolates impacted root
length (cm). Each box shows the range, quartile range and median of 8 samples
taken for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in root
length between the control (Cx) and the aforementioned notable treatment groups.
2 of the groups produced a statistically longer root length than that of the control
group: E3 (W = 90.0, N = 8, P = 0.02) and E5 (W = 94.0, N = 8 , P = <0.01). 3 of groups
did not produce a statistically longer root length than the control group: A (W =
84.0, N = 8, P = 0.10), B4 (W = 64.0, N = 8, P = 0.87), D (W = 86.0 N = 8, P = 0.06).
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Root weight
A boxplot was generated to allow for the visual analysis of which isolates impacted
root weight the most (Figure 23). There appears several isolate treatments that
altered the shoot length by a notable margin: A, B4, D, E3 and E5

Figure 23: Boxplot showing how the application of varying isolates impacted root
weight (g). Each box shows the range, quartile range and median of 8 samples
taken for each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in root
weight between the control (Cx) and the aforementioned notable treatment
groups. 4 of the groups groups produced a statistically significantly heavier root
weight than that of the control group: A (W = 89.0, N = 8, P = 0.03), B4 (W = 96.0, N
= 8, P = <0.01), E3 (W = 95.0, N = 8, P = <0.01) and E5 (W = 100.0, N = 8, P = <0.01).
1 group did not produce a statistically significantly heavier root weight than that of
the control group: D (W = 80.5 N = 8, P = 0.20)
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Consortiums
Kruskal-Wallis tests were conducted, testing the impact of the varying microbial
consortium treatments on 4 plant growth characteristics. The results showed a
statistically significant difference in the characteristics between 4 groups: shoot
length (H =71.83, DF = 9, P = <0.01), shoot weight (H =72.10, DF = 9, P = <0.01), root
length (H= 69.28, DF = 9, P = <0.01) and root weight (H = 71.34. DF = 9, P = <0.01).
Consortiums were compared with fertilisers, controls and the best performing
isolates (figure 24, 26, 28, 30). Graphical representation of Mann-Whitney tests
were produced for easier, quicker interpretation of differences in key
characteristics (figure 25, 27, 29, 31).
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Shoot Length

Figure 24. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted shoot length (cm). Each box shows the range, quartile
range and median of 8 samples taken for each applied group.

61

CX
Cx

T2

T3

T4

T5

ALL

A

E3

E5

T2

T3

T4

T5

ALL

A

E3

E5

F

W=
36.0,
P=
<0.01

W=
36.0,
P=
<0.01
W=
38.5,
P=
<0.01

W=
36.0,
P=
<0.01
W=
73.0 ,
P=
0.63
W=
100.0,
P=
<0.01

W=
37.0,
P=
<0.01
W=
99.5,
P=
<0.01
W=
100.0,
P=
<0.01
W=
98.0,
P=
<0.01

W=
68,
P=
1.00
W=
100, P
=
<0.01
W=
100.0,
P=
<0.01
W=
100.0,
P=
<0.01
W=
99.0,
P=
<0.01

W=
36.5,
P=
<0.01
W=
99.5,
P=
<0.01
W=
100.0,
P=
<0.01
W=
98.0,
P=
<0.01
W=
64.0,
P=
0.71

W=
36.0,
P=
<0.01
W=
72.5,
P=
0.67
W=
100.0,
P=
<0.01
W=
68.0,
P=
1.00
W=
36.0,
P=
<0.01

W=
36.0,
P=

W=
36.0,
P=

W=
71.5,
P=
0.75
W=
99.0,
P=
<0.01
W=
66.0,
P=
0.87
W=
36.5,
P=
<0.01

W=
36.0,
P=
<0.01
W=
38.5,
P=
<0.01
W=
36.0,
P=
<0.01
W=
36.0,
P=
<0.01

W=
36.5,
P=
<0.01

W=
36.0,
P=
<0.01
W=
36.0,
P=
<0.01

W=
36.0 ,
P=
<0.01
W=
36.5,
P=
<0.01
W=
67.0,
P=
0.96

W=
36.0 ,
P=
<0.01
W=
36.0,
P=
<0.01
W=
36.0,
P=
<0.01
W=
36.0,
P=
<0.01

<0.01 <0.01

F
Figure 25: Graphical representation of Mann-Whitney tests for mustard
consortiums, shoot length (cm), denoting statistical differences between each set of
two groups. The left column representing sample one, the top row representing
sample two. N = 8 for all tests. Black shading indicates either an impossible or
duplicate test, green indicates a statistically significant difference between sample
one and sample two and red indicates no statistically significant difference between
sample one and sample two.
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Shoot Weight

Figure 26. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted shoot weight (g). Each box shows the range, quartile
range and median of 8 samples taken for each applied group.
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Figure 27: Graphical representation of Mann-Whitney tests for mustard
consortiums, shoot weight (g), denoting statistical differences between each set of
two groups. The left column representing sample one, the top row representing
sample two. N = 8 for all tests. Black shading indicates either an impossible or
duplicate test, green indicates a statistically significant difference between sample
one and sample two and red indicates no statistically significant difference between
sample one and sample two.
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Root length
Figure 28. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted root length (cm). Each box shows the range, quartile
range and median of 8 samples taken for each applied group.
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Figure 29: Graphical representation of Mann-Whitney tests for mustard
consortiums, root length (cm), denoting statistical differences between each set of
two groups. The left column representing sample one, the top row representing
sample two. N = 8 for all tests. Black shading indicates either an impossible or
duplicate test, green indicates a statistically significant difference between sample
one and sample two and red indicates no statistically significant difference between
sample one and sample two.
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Root Weight
Figure 30. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted root weight (g). Each box shows the range, quartile range
and median of 8 samples taken for each applied group
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Figure 31: Graphical representation of Mann-Whitney tests for mustard
consortiums, root weight (g), denoting statistical differences between each set of
two groups. The left column representing sample one, the top row representing
sample two. N = 8 for all tests. Black shading indicates either an impossible or
duplicate test, green indicates a statistically significant difference between sample
one and sample two and red indicates no statistically significant difference between
sample one and sample two
68

4.4.2 Wheat
Isolates
After Anderson-Darling normality tests, it was evident a non-parametric test would
be required. A large majority of the data did not fit the assumed normal distribution
required for parametric analysis. Kruskal-Wallis tests were conducted, testing the
impact of the varying microbial treatments on 4 plant growth characteristics. The
results showed a statistically significant difference in all 4 characteristics, within
their respective groups: shoot length (H = 49.67, DF = 16, P = <0.01), shoot weight
(H = 66.54, DF = 16, P = <0.01), root length (H = 64.20, DF = 16, P = <0.01), root
weight (H = 46.61, DF = 16, P = <0.01).
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Shoot Length
A boxplot was generated to allow for the visual analysis of which isolates impacted
shoot length the most (Figure 32). There appears several isolate treatments that
altered the shoot length by a notable margin: B1, B2, E1, E4 and E5.
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Figure 32: Boxplot showing how the application of varying isolates impacted shoot
length (cm). Each box shows the range, quartile range and median of 8 samples for
each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
length between the control (Cx) and the aforementioned notable treatment groups.
All 5 groups produced a statistically significantly longer shoot length than that of
the control group: B1 (W = 94.5, N = 8, P = <0.01), B4 (W = 95.0, N = 8, P = <0.01), E1
(W = 100.0, N = 8 , P = <0.01), E4 (W = 93.5 , N = 8 , P = <0.01) and E5 (W = 90.5 , N =
8 , P = 0.02).
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Shoot Weight
A boxplot was generated to allow for the visual analysis of which isolates impacted
shoot weight the most (Figure 33). There appears several isolate treatments that
altered the shoot weight by a notable margin: B1, B2, E1, E4 and E5.
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Figure 33: Boxplot showing how the application of varying isolates impacted shoot
weight (g). Each box shows the range, quartile range and median of 8 samples for
each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in shoot
weight between the control (Cx) and the aforementioned notable treatment
groups. All 5 groups produced a statistically significantly heavier shoots than that of
the control group: B1 (W = 95, N = 8, P = <0.01), B4 (W = 98.0, N = 8, P = <0.01), E1
(W = 100.0, N = 8 , P = <0.01), E4 (W = 94 , N = 8 , P = <0.01) and E5 (W = 89.0 , N = 8
, P = 0.03).
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Root Length
A boxplot was generated to allow for the visual analysis of which isolates impacted
root length the most (Figure 34). There appears several isolate treatments that
altered the root length by a notable margin: B1, B2, E1, E4 and E5.
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Figure 34: Boxplot showing how the application of varying isolates impacted root
length (cm). Each box shows the range, quartile range and median of 8 samples for
each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in root
length between the control (Cx) and the aforementioned notable treatment groups.
All 5 groups produced a statistically significantly longer roots than that of the
control group: B1 (W = 98, N = 8, P = <0.01), B4 (W = 94.0, N = 8, P = <0.01), E1 (W =
96.5, N = 8 , P = <0.01), E4 (W = 94 , N = 8 , P = <0.01) and E5 (W = 96.0 , N = 8 , P
=<0.01).
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Root Weight
A boxplot was generated to allow for the visual analysis of which isolates impacted
root weight the most (Figure 35). There appears several isolate treatments that
altered the root weight by a notable margin: B1, B2, E1, E4 and E5.
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Figure 35: Boxplot showing how the application of varying isolates impacted root
weight (g). Each box shows the range, quartile range and median of 8 samples for
each isolate trial.
Mann-Whitney Tests were conducted, investigating a significant difference in root
weight between the control (Cx) and the aforementioned notable treatment
groups. 4 of the groups produced a statistically significantly heavier roots than that
of the control group: B1 (W = 91, N = 8, P = 0.02), B4 (W = 90.5, N = 8, P = 0.02), E1
(W = 89.0, N = 8, P = 0.03) and E5 (W = 89.0, N = 8, P =0.03). E4 did not not produce
a statistically significantly heavier root (W = 84.0, N = 8, P = 0.10).
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Consortium
After Anderson-Darling normality tests, it was evident a non-parametric test would
be required. A large majority of the data did not fit the assumed normal distribution
required for parametric analysis. Kruskal-Wallis tests were conducted, testing the
impact of the varying microbial treatments on 2 plant growth characteristics. The
results showed a statistically significant difference in all 4 characteristics, within
their respective groups: shoot length (H = 72.52, DF = 9, P = <0.01) and shoot
weight (H = 67.69, DF = 9, P = <0.01). Consortiums were compared with fertilisers,
controls and the best performing isolates (figure 36 and 38). Graphical
representation of Mann-Whitney tests were produced for easier, quicker
interpretation of differences in key characteristics (figure 37 and 39).
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Figure 36. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted shoot length (cm). Each box shows the range, quartile
range and median of 8 samples taken for each applied group.
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Figure 37: Graphical representation of Mann-Whitney tests for wheat consortiums
shoot length, (cm), denoting statistical differences between each set of two groups.
The left column representing sample one, the top row representing sample two. N
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= 8 for all tests. Black shading indicates either an impossible or duplicate test, green
indicates a statistically significant difference between sample one and sample two
and red indicates no statistically significant difference between sample one and
sample two
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Figure 38. Boxplot showing how the application of varying isolates, microbial group
and fertiliser (F) impacted shoot weight (g). Each box shows the range, quartile
range and median of 8 samples taken for each applied group.
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Figure 39: Graphical representation of Mann-Whitney tests for wheat consortiums
shoot weight, (g), denoting statistical differences between each set of two groups.
The left column representing sample one, the top row representing sample two. N
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= 8 for all tests. Black shading indicates either an impossible or duplicate test, green
indicates a statistically significant difference between sample one and sample two
and red indicates no statistically significant difference between sample one and
sample two

4.5 Discussion
Isolate
The data produced by both the mustard and wheat trials aligned with the current
literature, and with the cress trials (Baum et al., 2015; Schütz et al., 2018;
Thomloudi et al., 2019). It showed that a considerable proportion of the microbes
that were expected to confer an increase in plant growth factors, did in fact do so. 9
of the 16 isolates induced at least one statistically significant increase upon a
growth characteristic, compared to the control. As expected, the data from these
trials further supported the initial cress trials, allowing the hypothesis ‘certain soil
derived microbes confer beneficial growth to crops when used in isolation’ to be
irrefutably accepted.
Across all three trials, the isolates that conferred an increase in plant growth
characteristics was inconsistent, with only 1 (E5) being conserved across all species.
This indicates that specific plant-microbe interactions must be at play, somehow
unlocking the potential of PGPMs. This could also account for why some of the
isolates did not show any beneficial activity on some or all the plant species; it
could well be that the specific plant-microbe interaction required to facilitate
growth promotion are not present within the either the selected plant or microbial
species. Given that rhizospheric plant-microbe interactions are heavily driven by
plant root exudate (Timmusk et al., 2017; Orozco-Mosqueda et al., 2018), I would
hypothesise one of two things: (1) The plant-microbe combinations that did not
produce enhanced growth qualities are ones that do not often interact in nature,
therefore co-evolution of a mutualism has not arisen through selection (Occhipinti,
2013); or (2) given that root exudate is costly, it is only logical to assume the returns
must be worthwhile, it could therefore assumed that the applied isolates did not
facilitate a function required by the plant, and therefore did not interact (Liu et al.,
2019).
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It appears evident that the range of microbial constituents obtained from the
developmental products have a generalised beneficial impact upon a range of key
crop growth characteristics. I therefore believe the microbes identified in this thesis
have commercially relevant attributes and are a step in the right direction towards
sustainable, intensive agriculture.
E5 - Bacillus Pumilus
The objectively best performing isolate was ‘E5’, this was identified as Bacillus
Pumilus. Bacillus Pumilus is a naturally occurring bacterium that is frequently found
within natural soil, often in areas with dead plant matter. Certain strains are often
found around developing soybean root systems and are believed to colonise the
young shoots, preventing the germination of antagonistic fungi, including
Rhizoctonia and Fusarium. A strain of Bacillus Pumilus was found to be inhibitory
against marine pathogens within black tiger shrimp (Penaeus monodon). With this
in mind, it could assumed that ‘E5’ acted in a similar way, inhibiting the growth of
varying antagonistic microbes, ultimately enhancing the crops growth potential by
reducing stressors.
Consortium
As with the isolate trials, the consortium trials yet again produced data as expected
from both the current literature and the initial trial. It is clear that combining the
best performing isolates produced successful consortiums for increasing plant
growth. It can once again by hypothesised that this is likely due to the constituent
microbes’ interaction in a way conducive to plant growth promotion (Thomloudi et
al., 2019).
From the microbes within the study, the first part of the hypothesis ‘combinations
of microbes can further enhance the benefit conferred to crops and there is ‘a
minimal synthetic soil community’ that can be constructed’ can now be confidently
accepted. Comparative analysis upon both mustard and wheat showed that the
highest performing consortiums provided an increase in plant growth promotion,
when compared to their isolated constituents. It appears clear that there exists a
‘sweet spot’ where competition remains relatively low, enough so to facilitate
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beneficial interactions, ultimately exaggerating the plant growth promoting above
what appears possible on their own (Bradáčová et al., 2019).
It also appears that there exists an ideal minimal synthetic soil community;
adhering to the adage that sometimes less is more. Across all plant three species a
very similar trend was seen. It appears highly conserved across the range of both
plant and microbial taxon that a combination of the three best performing isolates
into a consortium provides the highest plant growth promotion. This is most likely
due to the fact that as microbial diversity increases, competition increases
drastically (Becker et al., 2012). It is evident that microbiome engineering is a viable
method to increase agricultural yield, and that with further refinement it could
possibly hold the key to sustainable practice of the future. As previously mentioned,
microbial consortiums within both academic research and industrial products vary
greatly in the number of constituents they contain. To my best knowledge there is
not currently any widely available research investigating a scaled comparison
between consortium sizes. This research will hopefully set a precedent, so that this
can be further understood, ultimately enhancing the viability of microbial
inoculants as one possible method of increasing agricultural sustainability.
However, it must be noted that when compared with traditional agrochemical use,
microbial inoculants fell short. In both the mustard and wheat trials, even the best
performing consortiums produced failed to even match the results of a simple,
store bought fertiliser. This allows the hypothesis ‘biological treatments can be
comparable to traditional agrochemical treatments’ to be rejected. Following the
results of the trial, at least for now, agrochemicals remain the most beneficial
treatment for increasing plant growth.
However, there still remains a positive to be taken away from this. The likelihood
that out of the countless microbe species, these specific sets of microbial
consortiums represent the most efficient consortiums, would be highly/completely
unlikely. With this in mind, and utilising the data produced from this project, I
believe further research, knowledge and resources could undoubtedly producing
significantly better performing consortiums. With time it may very well be possible
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to identify mixtures that could one day surpass the abilities of todays agrochemical
treatments.
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5. Conclusion and Future Study
This thesis investigated the idealistic possibilities of next generation agricultural
practice; attempting to expand the understanding of the capabilities of microbial
inoculants as an alternative to current agrochemical-based practice. It was
conducted on the assumption that through intentional manipulation of the
rhizospheric microbiome, a viable method of plant growth promotion could be
achieved.
Identifying microbes that promoted plant growth when isolated allowed for the
construction of plant growth promoting consortiums. The combination of the most
successful isolates was theorised to produce an interactive product, designed to
increase growth above that of the initial constituents. The experiment was in large
a success; beneficial microbes were successfully isolated, combined and harnessed
in order to confer a significant increase in yield upon commercially relevant crop
species. The consortiums successfully outcompeted their constituents, inducing an
increased level of growth. On top of this, significant trends among consortiumsbased products was determined. A clear minimal synthetic soil community was
constructed, highlighting the importance of thoughtful consortium construction.
Unfortunately, the methodology used did not produce results parallel to those of
traditional agricultural practice. However, it could be argued that given the scale
and comparative time frames of the two methodologies, it certainly performed
well.
This study hopefully highlights the possibilities of up and coming technologies. As
sustainability gets pushed to the forefront of discussion it is more than likely that
attempting to influence the natural rhizospheric microbiota will be widely regarded
at the forefront of innovation. Studies such as this show the real-world relevance of
microbial inoculation.
I would enjoy seeing further, more comprehensive studies attempting to identify
microbial consortiums trends. This thesis has appeared to discover a measurable
trend in the benefits of keeping consortium constituents low, ultimately reducing
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in-product conflict. I would recommend wider studies, investigating whether this
trend is highly conserved across the taxon or appears a niche interaction.
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